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Abstract	

One	of	the	objectives	of	nuclear	safeguards	is	the	prevention	of	the	non‐peaceful	use	of	nuclear	

material,	 the	 handling	 of	 which	 typically	 goes	 along	 with	 the	 release	 of	 radioactive	 single	

particles.	As	the	isotopic	signature	of	both	uranium	(U)	and	plutonium	(Pu)	directly	reflects	the	

origin	 and	 the	 intended	 use	 of	 nuclear	material,	 its	 knowledge	 is	 of	 particular	 relevance	 for	

fulfilling	 the	 aforementioned	 objective.	 The	 strength	 of	 particle	 analysis	 is	 that	 it	 allows	

detecting	even	small	amounts	of	nuclear	material	exhibiting	an	undeclared	isotopic	signature	in	

the	 presence	 of	 an	 entity	 of	 particles	 having	 a	 declared	 or	 known	 natural	 composition.	 Even	

though	 most	 reliable	 and	 state‐of‐the‐art	 analytical	 techniques	 are	 currently	 applied	 for	

determining	 the	 isotopic	 signatures	 of	 particles,	 it	 is	 important	 to	 look	 into	 complementary	

techniques	as	well	in	order	to	extend	the	amount	of	safeguards‐relevant	information	that	can	be	

gained	 from	 the	 analysis	 of	 swipe	 and/or	 environmental	 samples.	 Thus,	 in	 this	 work	 the	

applicability	of	laser	ablation	–	multi	collector	–	inductively	coupled	plasma	mass	spectrometry	

(LA‐MC‐ICPMS)	 was	 evaluated	 for	 the	 U	 and	 Pu	 isotopic	 analysis	 of	 single	 particles.	

Introductorily,	 general	 information	 about	 the	 international	 safeguards	 system	 of	 the	

International	 Atomic	 Energy	 Agency,	 the	 isotopic	 systems	 of	 interest,	 radioactive	 particles	 as	

well	as	analytical	techniques	currently	applied	in	nuclear	safeguards	are	given.	Special	emphasis	

was	 put	 on	 the	 description	 of	 basic	 principles	 of	 LA‐MC‐ICPMS.	 The	 first	 part	 of	 the	

accomplished	 scientific	 work	 addressed	method	 development	 and	 validation,	 whereupon	 the	

use	 of	 certified	 reference	 materials	 (CRMs)	 allowed	 demonstrating	 the	 reliability	 and	

robustness	of	LA‐MC‐ICPMS	for	single	particle	analysis.	Another	study	focused	on	the	evaluation	

of	different	data	processing	strategies	for	the	computation	of	isotope	ratios	from	short	transient	

signals.	The	‘fitness	for	purpose’	of	a	so	called	‘finite	mixture	model’	for	the	computation	of	an	

unknown	 number	 of	 different	 isotopic	 compositions	 of	 an	 entity	 of	 particles	 present	 on	 the	

same	substrate	could	be	demonstrated	using	particle	CRMs,	as	well.	 In	 the	 third	study	micro‐

samples	of	the	Chernobyl	fallout	were	analyzed	for	their	Pu	isotopic	compositions,	giving	new	

insight	 into	 the	 variation	 of	 the	 Pu	 isotopic	 distribution	 within	 the	 Chernobyl	 reactor.	 The	

analyses	 of	 these	 samples	 enabled	 to	 demonstrate	 the	 usefulness	 of	 LA‐MC‐ICPMS	 for	

determining	radioactive	contamination	sources	in	environmental	matrices.	The	scientific	work	

was	performed	at	the	VIRIS	laboratory	at	the	University	of	Natural	Resources	and	Life	Sciences,	

Vienna	in	collaboration	with	the	International	Atomic	Energy	Agency.	



	

	

Kurzfassung	

Ein	 Ziel	 der	 „Nuclear	 Safeguards“	 ist	 die	 Verhinderung	 des	 nicht‐friedlichen	 Gebrauchs	 von	

nuklearem	Material,	 dessen	Handhabung	 üblicherweise	mit	 der	 Freisetzung	 von	 radioaktiven	

Einzelpartikeln	 einhergeht.	 Da	 die	 Isotopensignatur	 sowohl	 von	 Uran	 (U)	 als	 auch	 von	

Plutonium	 (Pu)	 die	 Herkunft	 sowie	 die	 beabsichtigte	 Verwendung	 des	 nuklearen	 Materials	

direkt	 widerspiegelt,	 hat	 deren	 Kenntnis	 besondere	 Bedeutung	 für	 die	 Erreichung	 des	 zuvor	

erwähnten	Ziels.	Die	Stärke	der	Partikelanalyse	liegt	darin,	dass	sogar	kleine	Mengen	nuklearen	

Materials,	 welches	 eine	 nicht	 deklarierte	 oder	 unbekannte	 Isotopensignatur	 aufweist,	 in	

Gegenwart	 einer	 größeren	 Anzahl	 an	 Partikeln	 mit	 einer	 deklarierten	 oder	 bekannten	

(natürlichen)	 Zusammensetzung,	 nachgewiesen	 werden	 können.	 Obwohl	 gegenwärtig	

zuverlässige	 und	 hochmoderne	 analytische	 Techniken	 für	 die	 Bestimmung	 von	 Partikel‐

Isotopensignaturen	eingesetzt	werden,	ist	es	wichtig,	auch	die	Anwendbarkeit	komplementärer	

Techniken	 zu	 untersuchen.	 Hierdurch	 kann	 der	 Umfang	 von	 „International	 Safeguards“	

relevanter	Information	aus	der	Analyse	von	Wisch‐	und/oder	Umweltproben	erweitert	werden.	

In	 dieser	 Arbeit	 wurde	 die	 Anwendbarkeit	 von	 Laser	 Ablation	 –	 Multi	 Kollektor	 –	 Induktiv	

gekoppelter	 Plasma	Massenspektrometrie	 (LA‐MC‐ICPMS)	 für	 die	 U‐	 und	 Pu‐Isotopenanalyse	

von	 Einzelpartikeln	 untersucht.	 Einleitend	 findet	 man	 allgemeine	 Informationen	 über	 das	

„International	 Safeguards“‐System	 der	 Internationalen	 Atomenergiebehörde,	 über	 relevante	

Isotopensysteme,	über	radioaktive	Partikel	als	auch	Informationen	über	analytische	Techniken,	

die	 momentan	 in	 den	 „Nuclear	 Safeguards“	 eingesetzt	 werden.	 Ein	 besonderer	 Schwerpunkt	

wurde	 auf	 die	 Beschreibung	 der	 grundlegenden	 Prinzipien	 von	 LA‐MC‐ICPMS	 gelegt.	 Die	

durchgeführte	 wissenschaftliche	 Arbeit	 befasste	 sich	 mit	 Methodenentwicklung	 und	

Validierung,	 wobei	 die	 Verwendung	 von	 zertifizieren	 Referenzmateralien	 (RM)	 erlaubte,	 die	

Zuverlässigkeit	 und	 Robustheit	 von	 LA‐MC‐ICPMS	 für	 die	 Einzelpartikelanalyse	 zu	

veranschaulichen.	Eine	weitere	Studie	konzentrierte	sich	auf	die	Evaluierung	von	verschiedenen	

Datenauswertungsstrategien	 für	 die	 Berechnung	 von	 Isotopenverhältnissen	 aus	 kurzen	

transienten	 Signalen.	 Die	 Anwendbarkeit	 eines	 sogenannten	 „Finite	 Mixture“‐Modells	 für	 die	

Berechnung	 einer	 unbekannten	 Anzahl	 von	 verschiedenen	 Isotopenverhältnissen	 von	 einer	

Gesamtheit	 an	 Partikeln,	 die	 auf	 demselben	 Substrat	 abgeschieden	 waren,	 konnte	 anhand	

zertifizierter	 Partikel‐RM	 gezeigt	 werden.	 In	 der	 dritten	 Studie	 wurden	 Mikro‐Proben	 vom	



	

	

Tschernobyl‐Fallout	 bezüglich	 ihrer	 Pu‐Isotopenzusammensetzung	 analysiert,	 wodurch	 neue	

Erkenntnisse	über	die	Pu‐Isotopenverteilung	 im	Tschernobyl‐Reaktorkern	gewonnen	wurden.	

Die	Analyse	dieser	Proben	ermöglichte	es,	das	Potential	von	LA‐MC‐ICPMS	für	die	Bestimmung	

von	 radioaktiven	 Kontaminationsquellen	 in	 Umweltmatrices	 zu	 zeigen.	 Die	 wissenschaftliche	

Arbeit	wurde	an	der	Universität	für	Bodenkultur	Wien	in	Kollaboration	mit	der	Internationalen	

Atomenergiebehörde	durchgeführt.			
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1 Introduction	

1.1 International	 safeguards	 system	 of	 the	 International	 Atomic		

Energy	Agency	

The	 need	 for	 a	 nuclear	 safeguards	 system	 became	 evident	 in	 the	 aftermath	 of	 the	 nuclear	

bombing	of	Hiroshima	and	Nagasaki	in	1945,	when	fear	about	uncontrolled	spreading	of	nuclear	

weapons	 technology	 arose	 (Goldschmidt,	 1999).	 A	 milestone	 was	 the	 proposal	 of	 Dwight	 D.	

Eisenhower,	 President	 of	 the	 United	 States	 of	 America,	 in	 December	 1953	 at	 the	 General	

Assembly	of	the	United	Nations	to	create	an	organization	promoting	the	peaceful	use	of	nuclear	

energy	 and	 to	 seeking	 to	 ensure	 that	 nuclear	 energy	 would	 not	 serve	 any	 military	 purpose	

(Fisher,	1997).		

In	 1957	 the	 international	 atomic	 energy	 agency	 (IAEA),	 which	 headquarters	 are	 situated	 in	

Vienna,	Austria,	was	 created	as	 an	 autonomous	 intergovernmental	 organization	 in	 the	United	

Nations	family,	and	was	assigned	dual	responsibilities:	1)	promoting	the	safe	and	peaceful	use	of	

nuclear	energy	and	2)	providing	assurances	that	nuclear	energy	 is	not	being	misused	for	non‐

peaceful	 purposes	 (Goldschmidt,	 1999).	 The	 IAEA’s	 principal	 objective	 is	 “to	 accelerate	 and	

enlarge	the	contribution	of	atomic	energy	to	peace,	health	and	prosperity	throughout	the	world”	

(IAEA,	2002).		

A	 major	 step	 towards	 a	 global	 international	 safeguards	 system	 was	 the	 Treaty	 on	 the	 Non‐

Proliferation	of	Nuclear	weapons	(NPT)	which	entered	into	force	in	1970.	As	of	2010	more	than	

190	 countries	 have	 signed	 the	 Treaty	 (Zendel	 et	 al.,	 2011),	 and	 have	 committed	 to	 three	

objectives:	 1)	 preventing	 the	 proliferation	 of	 nuclear	 weapons,	 2)	 pursuing	 nuclear	

disarmament	 and	 3)	 promoting	 the	 peaceful	 uses	 of	 nuclear	 energy.	With	 signing	 this	 Treaty	

non‐nuclear	weapon	States	 (NNWS)	are	pledging	to	not	develop	or	otherwise	acquire	nuclear	

weapons	 (IAEA,	 2001).	 Moreover,	 the	 NPT	 makes	 it	 mandatory	 for	 all	 NNWS	 to	 conclude	

comprehensive	 safeguards	 agreements	 (CSAs)	 with	 the	 IAEA,	 and	 thus	 to	 allow	 for	 the	

application	 of	 safeguards	 to	 all	 their	 nuclear	material.	 Hence,	 the	 international	 community	 is	

assured	 that	 no	 nuclear	 material	 is	 diverted	 to	 nuclear	 weapons	 or	 other	 nuclear	 explosive	
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devices	 (IAEA,	 2011)	 and	 that	 all	 nuclear	materials	 and	 activities	 under	 safeguards	 are	 used	

exclusively	for	peaceful	purposes	(Zendel	et	al.,	2011).			

Traditional	 safeguards	 focused	 on	 the	 verification	 of	 the	 correctness	 of	 declared	 nuclear	

materials	 and	 activities.	 Within	 comprehensive	 safeguards	 agreements,	 a	 State	 is	 obliged	 to	

declare	all	nuclear	material	and	facilities	subject	to	safeguards	under	the	agreement	to	the	IAEA.	

In	addition,	the	State	has	the	obligation	to	update	the	declared	information.		

The	 basic	 measure	 used	 by	 the	 IAEA	 for	 safeguarding	 declared	 material	 is	 nuclear	 material	

accountancy,	which	monitors	the	quantities	of	nuclear	material	present	in	a	nuclear	facility	and	

the	 changes	 in	 these	quantities	 that	 take	place	over	 time	 to	ensure	 consistency	with	a	State’s	

declarations	 (IAEA,	2001),	 and	 to	 verify	 that	nuclear	material	 had	not	been	diverted	 for	non‐

peaceful	purposes	(Zendel	et	al.,	2011).	However,	the	capability	to	detect	undeclared	activities	is	

limited	under	such	a	safeguards	system	as	inspectors	just	have	access	to	specified	points	during	

routine	inspections	(Goldschmidt,	1999;	IAEA,	2001).		

1.1.1 Strengthened	nuclear	safeguards	and	environmental	sampling		

The	discovery	of	 Iraq’s	clandestine	nuclear	weapon	program	in	the	early	1990s	as	well	as	 the	

discovery	of	undeclared	nuclear	material	in	the	Democratic	People’s	Republic	of	Korea	(DPRK)	

demonstrated	 the	 need	 for	 strengthening	 traditional	 safeguards	 measures.	 The	 key	 to	 the	

strengthened	safeguards	system	is	the	Model	Additional	Protocol	(AP),	which	measures	helped	

to	improve	the	IAEA’s	capability	to	detect	undeclared	nuclear	material	or	activities,	and	thus	to	

verify	that	State’s	declarations	are	both	correct	and	complete.		

The	AP	includes	the	following	specific	measures:	1)	information	about,	and	access	to,	all	aspects	

of	 State’s	 nuclear	 fuel	 cycle,	 from	 uranium	 mines	 to	 nuclear	 waste	 and	 any	 other	 locations	

where	 nuclear	 material	 intended	 for	 non‐nuclear	 uses	 is	 present,	 2)	 short‐notice	 inspector	

access	 to	 all	 buildings	 on	 a	 nuclear	 site,	 3)	 access	 to	 other	 nuclear‐related	 locations	 and	 4)	

collection	of	environmental	samples	beyond	declared	locations	(IAEA,	2001).		

Especially	 environmental	 sampling	 (ES)	 is	 a	 powerful	 tool	 for	 detecting	 undeclared	 nuclear	

material	 and	activities.	 Every	nuclear	process	 emits	 small	 amounts	of	process	material	 to	 the	

environment.	The	emitted	material	can	settle	on	equipment	and	surfaces	within	buildings	but	it	

can	also	be	transported	away	from	the	facility	where	it	can	deposit	on	vegetation	or	soil	or	it	can	

be	carried	 into	water	systems.	Worth	mentioning	 is	 that	 the	quantities	of	 the	emitted	nuclear	

material	 are	 below	 concern	 from	 a	 health	 physics	 and	 safety	 standpoint.	 However,	 analytical	
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techniques	have	to	be	capable	to	detect	these	low	amounts	in	order	to	gain	information	about	

the	process	from	which	the	emitted	nuclear	material	originated	(IAEA,	2005).			

The	 strength	 of	 environmental	 sampling	 was	 demonstrated	 through	 a	 series	 of	 field	 trials	

during	 the	 so	 called	 ‘Program	 93+2’,	 which	 aimed	 at	 the	 systematical	 evaluation	 of	 a	

strengthened	 and	 more	 cost‐effective	 safeguards	 regime.	 The	 IAEA	 conducted	 twelve	

environmental	 sampling	 field	 trials	 in	 and	 around	 various	 nuclear	 facilities	 from	 September	

1993	to	March	1995.	The	purpose	of	these	field	trials	was	the	evaluation	of	sampling	methods	as	

well	 as	 of	 analytical	 techniques,	 which	 results	 help	 to	 detect	 and	 identify	 nuclear	 activities.	

During	 these	 field	 trials	 it	 was	 demonstrated	 that	 swipe	 sampling	 is	 the	 preferred	 sampling	

method	as	a	variety	of	nuclear	signatures	can	be	detected	by	means	of	this	sampling	material.	In	

addition,	sampling	and	transport	are	easy.	An	environmental	sample	is	a	sample	that	is	taken	in	

the	 environment	 of	 the	 nuclear	 facility	 for	 the	 purpose	 of	 assisting	 the	 IAEA	 to	 verify	 the	

absence	of	undeclared	nuclear	materials	or	activities	(IAEA,	2005).		

Environmental	 sampling	was	 approved	 as	 a	 new	 safeguards	measure	 by	 the	 IAEA’s	 Board	 of	

Governors	(BOG)	in	1995	and	the	first	environmental	samples	were	taken	in	1996	(IAEA,	2005).		

1.1.1.1 Swipe	sampling	

Swipe	 sampling	 is	 the	 standard	 sampling	 method	 for	 environmental	 sampling.	 However,	 in	

special	cases	sampling	of	vegetation,	biota,	soil	or	water	is	accomplished	(IAEA,	2005)	as	well.	

Such	 sampling	 is	not	performed	on	a	 routine	basis	 as	 large	dilution	 and	mixing	effects	of	 the	

isotopic	 signatures	 of	 interest	 were	 observed	 during	 the	 field	 trials	 under	 ‘Program	 93+2’.	

Nonetheless,	 nuclear	 materials	 were	 detectable	 10‐20	 km	 away	 from	 the	 facilities	 by	 use	 of	

water,	 sediment,	 biota	 and	 vegetation	 samples	 (Zendel	 et	 al.,	 2011),	which	 demonstrates	 the	

usefulness	of	such	samples	in	special	cases.			

In	general,	swipe	samples	can	either	be	collected	at	a	selected	point	or	as	a	composite	of	several	

sampling	points.	Point	samples	are	usually	 taken	at	a	specific	 location	 in	 the	 facility	such	as	a	

glove	 box	 or	 a	 fume	 hood.	 On	 the	 other	 hand,	 composite	 samples	 involve	 the	 collection	 of	

replicate	swipes	at	multiple	locations	over	a	wider	area	than	a	point	sample	(IAEA,	2005).		

Two	 different	 types	 of	 sampling	 kits	 were	 developed	 for	 swipe	 sampling:	 the	

1)	cotton	swipe	sampling	kit	and	the	2)	hot	cell	swipe	sampling	kit.	The	cotton	swipe	sampling	

kit	 (Fig.	 1.1‐1)	 is	 the	 most	 common	 and	 versatile	 sampling	 kit,	 and	 contains,	 amongst	 other	

things,	a	piece	of	cloth	—	the	cotton	swipe	(~	10	x	10	cm)	—	that	is	used	for	swipe	sampling	at	
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all	areas	other	than	inside	a	hot	cell	or	a	glove	box.	For	the	latter	the	hot	cell	swipe	sampling	kit,	

which	contains	a	cellulose	paper	disc	with	folded	tab,	is	applied.	Usually,	sampling	kits	consist	of	

several	 replicate	 swipes	 for	 taking	 sub‐samples	 that	 are	 simultaneously	 analyzed	by	different	

laboratories	 (see	below)	 (IAEA,	2005).	Typically,	300	–	700	 swipe	 samples	are	 collected	each	

year.	 Each	 sample	 is	 subject	 to	 screening	 and	 further	 isotopic	 and	 elemental	 analysis	 at	 two	

separate	 laboratories	 in	order	 to	obtain	 cross	 confirmation	about	 the	presence	of	 undeclared	

nuclear	material	(Zendel	et	al.,	2011).		

	

Fig.	1.1‐1:	Cotton	swipe	sampling	kit	(adopted	from	(Zendel	et	al.,	2011)).	

	

Analyses	 (see	 1.4)	 of	 environmental	 samples	 are	 accomplished	 at	 the	 IAEA	 Clean	 Laboratory	

(CL)	 for	Safeguards	and	by	Network	Analytical	Laboratories	 (NWAL)	 that	 are	 located	 in	 IAEA	

Member	 States.	 In	 general	 Network	 Analytical	 Laboratories	 are	 a	 group	 of	 laboratories	 that	

were	 approved	 by	 the	 IAEA	 to	 analyze	 safeguards	 samples	 (IAEA,	 2002).	 In	 Table	 1.1‐1	 the	

member	laboratories	for	environmental	sample	analysis	are	given.		

The	Clean	Laboratory	is	a	unit	of	the	Safeguards	Analytical	Laboratory	(SAL),	which	is	located	in	

Seibersdorf,	 Lower	Austria,	 and	 is	 responsible	 for	 the	 provision	 and	 certification	 of	 sampling	

kits	 and	 for	 the	 receipt,	 screening	 and	 distribution	 of	 environmental	 samples	 taken	 by	 IAEA	
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inspectors.	In	order	to	reduce	the	risk	of	cross‐contamination,	part	of	its	laboratory	space	is	at	

‘Class	100’	cleanliness	level	(IAEA,	2002).	Moreover,	cross‐contamination	is	also	checked	at	the	

sampling	site	as	the	inspection	team	has	to	collect	swipe	samples	from	the	surface	of	their	hands	

before	entering	the	facility	of	interest	(IAEA,	2005).		

	

Table	1.1‐1:	Member	laboratories	of	the	IAEA	NWAL	for	environmental	sample	analysis		
(adopted	from	(Zendel	et	al.,	2011)).	

Laboratory	
Particle	
analysis	

Bulk	
analysis	

U.K.	Atomic	Energy	Authority	–	Aldermaston,	U.K.	 FT‐TIMS	 	

QinetiQ	–	Malvern,	U.K.	 SIMS	 	

Australian	Nuclear	Science	and	Technology	Organization,	
Lucas	Heights,	Australia	

	 AMS	

Air	 Force	 Technical	 Applications	 Center	 –	 Patrick	 Air	
Force	Base,	Florida,	U.S.A	

FT‐TIMS	 	

U.S.	 Department	 of	 Energy	 –	 Oak	 Ridge	 National	
Laboratory,	 Los	 Alamos	 National	 Laboratory,	 Pacific	
Northwest	 National	 Laboratory,	 Lawrence	 Livermore	
National	Laboratory	

	
HRGS,	TIMS	

and	ICPMS	

Commissariat	a`	l’Energie	Atomique,	Bruye`res‐le	Chatel,	
France	

FT‐TIMS	 	

European	 Commission	 Joint	 Research	 Centre	 Institute	
for	Transuranium	Elements,	Karlsruhe,	Germany	 SIMS	

HRGS,	TIMS	

and	ICPMS	

Khlopin	 Radium	 Institute,	 St.	 Petersburg,	 Russian	
Federation	

	 HRGS,	TIMS	

Laboratory	 for	Microparticle	Analysis,	Moscow,	Russian	
Federation	

SIMS	 	

Japan	 Atomic	 Energy	 Research	 Institute,	 Tokai‐mura,	
Japan	

SIMS,	SEM,	
FT‐TIMS	

HRGS,	TIMS	

(FT	–)TIMS	:	(Fission‐track)	thermal	ionization	mass	spectrometry	

SIMS:	secondary	ion	mass	spectrometry	

SEM:	scanning	electron	microscopy	

HRGS:	high‐resolution	gamma	spectrometry	

ICPMS:	inductively	coupled	plasma	mass	spectrometry	
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1.2 Isotopic	systems	of	interest	in	this	study	

1.2.1 Uranium	

Uranium	(U)	has	the	atomic	number	92	and	is	a	naturally	occurring	radioactive	element	(Melo	

and	 Burkart,	 2004).	 U	was	 discovered	 in	 1789	 by	 the	 German	 chemist	Martin	 Klaproth,	who	

extracted	uranium	oxide	 from	pitchblende,	 a	black	mineral	 (Goldschmidt,	1989).	U	 is	 a	heavy	

(i.e.	 density	 of	 ~18.9	 g/cm3)	 (Melo	 and	 Burkart,	 2004),	 silvery‐white,	 ductile	 and	 slightly	

paramagnetic	 and	 pyrophoric	—when	 finely	 divided	—	 element	 (Bleise	 et	 al.,	 2003),	 with	 a	

melting	point	of	1132°C	and	a	boiling	point	of	3818°C	(Melo	and	Burkart,	2004).		

The	 International	 Atomic	 Energy	 Agency	 defines	 U	 as	 Low	 Specific	 Activity	 material	 (IAEA.	

Features:	 Depleted	 Uranium).	 Natural	 U	 consists	 of	 three	 isotopes,	 which	 are	 given	 in	 Table	

1.2‐1.	 238U	 has	 the	 lowest	 specific	 activity	 as	 the	 radioactivity	 depends	 on	 the	 half‐life	 of	 the	

radionuclide.	Even	though	234U	is	the	less	abundant	U	isotope,	it	contributes	to	the	same	extent	

as	 238U	 to	 the	 radioactivity	of	natural	U	due	 to	 its	 rather	 short	half‐life.	However,	natural	U	 is	

considered	as	a	weakly	radioactive	element	(Bleise	et	al.,	2003).	235U	is	the	fissile	isotope	as	its	

atoms	have	a	high	probability	of	undergoing	fission	after	capturing	a	thermal	neutron	(Nuclear	

Fuel	 Cycle	 Information	 System,	 2009).	 Moreover,	 236U	 may	 additionally	 be	 present	 in	 tiny	

amounts	 (i.e.	 236U/238U	 ≤	 10‐10)	 in	 natural	 U	 ores	 (Hotchkis	 et	 al.,	 2000;	 Richter	 et	 al.,	 1999;	

Sahoo,	 2009;	 Zhao	 et	 al.,	 1994).	 Is	 it	 generated	 by	 neutron	 capture	 in	 235U.	which	 is	 also	 the	

dominant	path	for	its	anthropogenic	generation	in	a	nuclear	reactor	(Hotchkis	et	al.,	2000).		

	

Table	1.2‐1:	Properties	of	natural	U	isotopes.	

Isotope	 Representative	isotopic	
composition	(mole	fraction)1	

Half‐life	 /	
years2		

Specific	 activity	 /	
Bq	mg‐1	2	

234U	 0.000	054(5)	 2.47	x	105	 231000	

235U	 0.007	204(6)	 7.1	x	108	 80	

238U	 0.992	742(10)	 4.51	x	109	 12.4	

1	(Berglund	and	Wieser,	2011)	

2	(IAEA.	Features:	Depleted	Uranium)	
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235U	and	238U	are	the	starting	points	for	two	different	decay	chains,	which	are	shown	in	Fig.	1.2‐1	

and	Fig.	1.2‐2.	Both	isotopes	decay	to	a	stable	lead	(Pb)	isotope;	238U	finally	decays	to	206Pb	and	

235U	decays	to	207Pb.			

	

Fig.	1.2‐1:	Natural	decay	series	of	238U	(Natural	Decay	Series:	Uranium,	Radium,	and	Thorium).	The	
symbols	α	and	β	are	indicating	alpha	and	beta	decay,	whereas	the	times	are	presenting	the	half‐lives.	The	*	

symbol	indicates	isotopes	that	are	also	a	gamma	(γ)	emitter	(Argonne	National	Laboratory,	2005).		
	

	



1	 Introduction	 Isotopic	systems	

16	

	

	

Fig.	1.2‐2:	Natural	decay	series	of	235U	(Natural	Decay	Series:	Uranium,	Radium,	and	Thorium).	The	
symbols	α	and	β	are	indicating	alpha	and	beta	decay,	whereas	the	times	are	presenting	the	half‐lives.	The	*	

symbol	indicates	isotopes	that	are	also	a	gamma	(γ)	emitter	(Argonne	National	Laboratory,	2005).		
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Natural	occurrence		

U	can	be	found	in	trace	amounts	in	the	Earth’s	crust	(~	2.4	µg	g‐1)	and	in	seawater	(~	1‐3	ng	g‐1)	

(Melo	and	Burkart,	2004).	Typical	U	concentrations	in	granite	range	from	2	µg	g‐1	to	20	µg	g‐1,	

whereas	higher	concentrations	(i.e.	50	µg	g‐1	to	1000	µg	g‐1)	can	be	found	in	soils	associated	with	

phosphates	(IAEA.	Features:	Depleted	Uranium).		U	is	also	present	in	surface	and	ground	water,	

in	which	the	U	concentrations	range	from	3	x	10‐2	µg	L‐1	to	2.1	µg	L‐1.	Typical	concentrations	in	

air	 range	 from	2.5	x	10‐8	mg	m‐³	 to	10‐7	mg	m‐³.	As	a	consequence	U	 is	also	present	 in	plants,	

animals,	food	and	drinking	water.	The	daily	intake	is	estimated	to	be	1‐2	µg	from	food	and	1.5	µg	

from	water.	The	U	content	of	the	human	body	is	approximately	56	µg,	whereas	56	%	are	stored	

in	the	skeleton	(Bleise	et	al.,	2003).	

Uranium	 mainly	 occurs	 in	 oxidized	 form,	 e.g.	 as	 uranite	 (UO22+),	 pitchblende	 (UO32+)	 or	 as	

secondary	minerals	(complex	oxides,	silicates,	phosphates,	vanadates)	(Bleise	et	al.,	2003).	The	

solubility	in	water	and	hence	the	migration	behavior	of	U	depends	on	the	oxidation	state	and	the	

presence	of	organic	chelators.	E.g.	U	present	 in	the	+4	oxidation	state	under	anoxic	conditions	

has	a	much	lower	solubility	than	U	present	in	the	+6	oxidation	state	(Melo	and	Burkart,	2004).	

Because	 of	 U’s	 solubility	 chemical	 toxicity	may	 under	 some	 circumstances	 surpass	 radiotoxic	

effects.	 Mostly,	 U	 is	 present	 in	 the	 form	 of	 the	 uranly	 ion	 (UO22+)	 in	 the	 mammalian	 body	

(Domingo,	2001).		

Nuclear	fuel	cycle	

Uranium’s	principle	use	is	as	primary	fuel	for	nuclear	power	reactors.	The	following	fuel	types	

can	be	distinguished:	natural	U	(NU,	0.7	%),	low	enriched	U	(LEU,	3	–	5%	235U),	high	enriched	U	

(HEU,	 >	 90%	 235U),	 mixtures	 of	 U	 and	 plutonium	 (Pu)	 and	 mixtures	 of	 U	 and	 thorium	 (Th)	

(Lieser,	2008).		

The	 set	 of	 processes	 and	 operations	 needed	 to	 manufacture	 nuclear	 fuel,	 its	 irradiation	 in	

nuclear	power	reactors	and	storage,	reprocessing,	recycling	or	disposal	of	the	irradiated	fuel	is	

defined	as	nuclear	fuel	cycle.	It	starts	with	the	U	exploration	and	ends	with	the	disposal	of	the	

materials	used	and	generated	during	the	cycle.	The	nuclear	fuel	cycle	is	subdivided	into	a	front‐

end	 and	 a	 back‐end	 stage.	 The	 front‐end	 stage	 includes	 the	 stages	 before	 irradiation	 and	 the	

back‐end	 begins	 with	 the	 discharge	 of	 spent	 fuel	 from	 the	 reactor	 (Nuclear	 Fuel	 Cycle	

Information	System,	2009).		

The	 first	 steps	 of	 the	 front‐end	 stage	 are	 uranium	 ore	 exploration	 and	 uranium	 ore	 mining.	

Uranium	ores	typically	contain	0.1	%	to	0.5	%	of	U.	After	U	was	extracted	by	e.g.	underground‐
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mining,	open‐pit	mining	or	in	situ	leaching,	it	is	processed	in	a	mill,	where	it	is	leached	from	the	

ore	 by	 means	 of	 an	 acid	 or	 alkaline	 leaching	 solution.	 Afterwards	 ion	 exchange	 or	 solvent	

extraction	 is	used	 to	 recover	U	 from	 the	 leaching	 solution.	The	mill	 product	 is	 a	uranium	ore	

concentrate.	Because	of	its	color	it	 is	named	yellowcake.	Typically,	the	yellowcake	is	heated	to	

remove	 impurities,	 thereby	 increasing	 the	 U3O8	 concentration.	 Afterwards	 the	 yellowcake	 is	

converted	to	either	uranium	hexafluoride	(UF6)	for	the	production	of	enriched	fuel	or	natural	U	

oxide	(UO2)	for	fuel	for	pressurized	heavy	water	reactors	or	metal	U	for	fuel	based	on	metallic	U	

alloy.	 Enrichment	 of	 U	 (i.e.	 increasing	 the	 concentration	 of	 235U)	 is	 usually	 accomplished	 by	

means	of	gaseous	diffusion	or	centrifugal	enrichment	of	UF6.	Finally,	fuel	fabrication	takes	place	

with	fuel	assemblies	as	end‐products	(Nuclear	Fuel	Cycle	Information	System,	2009).		

The	back‐end	stage	involves	the	at‐reactor	spent	fuel	storage,	the	away	from	reactor	spent	fuel	

storage,	spent	fuel	reprocessing	and	recycling,	spent	fuel	conditioning	(i.e.	production	of	spent	

fuel	 packages	 suitable	 for	handling,	 transport,	 storage	 and/or	disposal)	 and	disposal	 of	 spent	

fuel.	The	insertion	of	fuel	into	the	reactor	and	the	irradiation	is	considered	as	a	step	in	between	

the	front‐	and	the	back‐end	stage	(Nuclear	Fuel	Cycle	Information	System,	2009).		

The	main	steps	of	the	nuclear	fuel	cycle	are	schematically	shown	in	Fig.	1.2‐3.		

	

	

Fig.	1.2‐3:	Schematic	illustration	of	the	nuclear	fuel	cycle		
(adopted	from	(IAEA	NFCIS.	Nuclear	Fuel	Cycle)).	
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Generally,	 there	 are	 two	 fuel	 cycle	 options:	 1)	 open	 and	 2)	 closed	 fuel	 cycle.	 In	 the	 open	 (or	

once‐through)	 fuel	 cycle	 the	nuclear	material	 is	 not	 reused.	After	 irradiation	 the	 spent	 fuel	 is	

sent	away	for	storage.	This	strategy	is	applied	for	pressurized	heavy	water	reactors	(PHWR)	and	

graphite	moderated	 light	water	 cooled	 reactors	 (RBMK).	 In	 the	 closed	 fuel	 cycle	 spent	 fuel	 is	

reprocessed	 to	 extract	 the	 remaining	U	and	Pu	 from	 the	 fission	products	and	other	 actinides.	

Reprocessed	fuel	is	mainly	reused	in	light	water	reactors	(LWR)	in	the	form	of	mixed	oxide	fuel	

(MOX).	 However,	 the	 closed	 fuel	 cycle	 is	 also	 used	 with	 respect	 to	 fast	 reactors,	 which	 can	

produce	more	fissile	Pu	than	it	consumes.		

Further	details	on	the	nuclear	fuel	cycle	can	be	found	in		the	IAEA‐TECDOC	document	‘Nuclear	

Fuel	Cycle	Information	System’	(Nuclear	Fuel	Cycle	Information	System,	2009).		

Depleted	uranium	

Depleted	uranium	(DU)	is	a	by‐product	of	the	enrichment	step	in	the	nuclear	fuel	cycle,	having	a	

lower	relative	concentration	of	235U	(<	0.7	%)	and	234U	than	natural	U.		The	235U	concentration	of	

DU	 is	 typically	 ranging	 from	 0.2	%	 to	 0.3	%,	whereas	 the	 radioactivity	 is	 about	 60	%	 of	 the	

activity	of	natural	U	(Bleise	et	al.,	2003).	Besides	its	use	for	military	purposes	(i.e.	kinetic	energy	

penetrators	or	tank	armor),	DU	is	also	applied	for	civilian	applications	such	as	counterweights	

or	 ballasts	 in	 aircraft,	 radiation	 shields	 in	medical	 equipment,	 containers	 for	 the	 transport	 of	

radioactive	material	or	as	chemical	catalyst	(Betti,	2003).	

1.2.2 Plutonium	

Plutonium	(Pu),	which	has	the	atomic	number	94,	was	a	primeval	element	(Taylor,	2011).	It	was	

named	 after	 the	 planet	 Pluto	 (Clark	 et	 al.,	 2006)	 and	 is	 because	 of	 its	 high	 alpha	 particles	

emission	 rate	 a	 very	 radiotoxic	 element.	 In	 biological	 systems	 it	 predominantly	 exists	

predominantly	in	the	+4	oxidation	state	(Wallenius,	2001).		

Giga	 tons	 of	 239Pu	 and	 244Pu	 were	 produced	 during	 the	 creation	 of	 the	 universe	 and	 at	 the	

genesis	 of	 the	 earth	 by	 supernova	 explosions.	 Since	 all	 Pu	 isotopes	 are	 radioactive,	 all	

cosmogenic	 Pu	 has	 been	 lost	 due	 to	 radioactive	 decay.	 Natural	 239Pu	 is	 produced	 by	 nuclear	

processes	 occurring	 in	 uranium	 ore	 bodies,	 whereas	 minute	 traces	 of	 244Pu	 exist	 as	 a	

consequence	of	primordial	stellar	nucleosynthesis	(Clark	et	al.,	2006).	It	is	estimated	that	about	

2	x	10‐17	g	g‐1	natural	239Pu	are	present	in	the	Earth’s	crust	due	to	spontaneous	neutron	capture	

in	238U	(Taylor,	2011).		
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Pu	(i.e.	238Pu)	was	first	artificially	produced	in	1940	by	Seaborg,	McMillian,	Kennedy	and	Wahl	

by	bombarding	238U	with	deuterons.	239Pu	was	discovered	in	1941	by	bombardment	of	238U	with	

neutrons,	which	produced	239U	that	decayed	to	239Np	and	finally	to	239Pu	(Fig.	1.2‐4).	Since	then	

numerous	Pu	isotopes	(i.e.	228Pu‐247Pu)	have	been	produced	(Clark	et	al.,	2006).		

Pu	 that	 is	present	 in	 today’s	Earth’s	 surface	environment	principally	 consists	of	 five	 isotopes:	

238Pu	(t1/2	=	87.74	y),	239Pu	(t1/2	=	24110	y),	240Pu	(t1/2	=	6563	y),	241Pu	(t1/2	=	14.4	y)	and	242Pu	

(t1/2	=	373000	y).		While	238Pu,	239Pu,	240Pu	and	242Pu	decay	by	the	emission	of	α	particles,	241Pu	

decays	 by	 β	 decay,	 thereby	 producing	 241Am	 (Ketterer	 and	 Szechenyi,	 2008).	 Abundances	 of	

these	 isotopes	cannot	be	stated	as	Pu	 isotopes	are	virtually	of	anthropogenic	origin.	However,	

239Pu	 and	 240Pu	 are	 the	 isotopes	 with	 the	 highest	 abundance.	 The	 major	 pathways	 of	 Pu	

formation	using	235U	and	238U,	respectively,	as	starting	materials	are	given	in	Fig.	1.2‐4.		

‘Man‐made’	Pu	is	produced	in	nuclear	reactors	by	irradiation	of	U	fuel	with	any	type	of	neutron	

spectrum	(i.e.	 thermal	or	 fast).	The	main	 isotopes	 that	are	produced	are	 238Pu‐242Pu.	Reactors	

with	fast	spectrum	predominantly	yield	239Pu,	whereas	heavier	Pu	isotopes	are	more	abundant	

in	the	spent	fuel	of	thermal	reactors.	Besides	the	neutron	spectrum,	burn‐up,	neutron	flux	and	

the	 initial	 235U	 enrichment	 of	 the	 U	 fuel	 are	 additional	 reactor‐type	 specific	 parameters	

influencing	 the	 generation	 of	 different	 Pu	 isotopes.	 Highly	 235U	 enriched	 nuclear	 fuel,	 for	

example,	results	in	a	build‐up	of	238Pu,	whereas	high	neutron	fluxes	result	in	larger	amounts	of	

Pu	 isotopes	heavier	 than	 239Pu	 (Wallenius,	 2001).	Thus,	 the	Pu	 isotopic	 composition	 is	highly	

dependent	on	nuclear	reactor	properties.		

	

	

Fig.	1.2‐4:	Major	pathways	for	the	formation	of	Pu	isotopes	in	uranium	fuels	(Clark	et	al.,	2006).	

	

Pu	 is	 very	 valuable	 in	 nuclear	 reactors	 and	 nuclear	weapons	 as	 neutrons	 of	 all	 energies	 are	

inducing	 fission	 in	 239Pu	 (Wallenius,	 2001),	which	 yields	 about	 the	 same	 energy	 as	 fission	 in	

235U.	More	 than	 half	 of	 the	 Pu	 created	 in	 the	 reactor	 core	 is	 ‘burned’	 in	 situ	 (World	 Nuclear	
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Association.	 Plutonium).	 In	 general,	 it	 has	 to	 be	 distinguished	 between	 reactor‐grade	 and	

weapons‐grade	Pu.	Reactor‐grade	Pu	is	a	by‐product	of	spent	fuel,	which	has	been	irradiated	for	

about	three	years.	On	the	other	hand,	weapons‐grade	Pu	is	produced	by	irradiating	fuel	for	only	

2‐3	 months	 in	 a	 Pu	 production	 reactor	 (World	 Nuclear	 Association.	 Plutonium).	 The	 short	

irradiation	 time	 for	producing	weapons‐grade	Pu	 is	a	prerequisite	 in	order	 to	 circumvent	 the	

generation	of	Pu	isotopes	heavier	than	239Pu.	Especially	240Pu	is	regarded	as	a	contaminant	due	

to	 its	relatively	high	rate	of	 spontaneous	 fission	and	subsequent	neutron	emission	and	higher	

heat	production	(World	Nuclear	Association.	Plutonium).	Pu	is	used	in	mixed	oxide	(MOX)	fuel	

after	reprocessing	of	spent	nuclear	fuel	(World	Nuclear	Association.	Mixed	Oxide	(MOX)	Fuel).	

Today,	 the	main	 amounts	 of	 Pu	 found	 in	 the	 environment	mainly	 results	 from	 stratospheric	

nuclear	weapons	tests	that	took	place	between	1945	and	1975	(Carter	and	Moghissi,	1977).	The	

Pu	input	into	the	ecosystem	due	to	atmospheric	weapons	tests	is	known	as	‘global	fallout’	that	

reached	its	maximum	around	1963	(Ketterer	and	Szechenyi,	2008).	The	Pu	isotopic	signature	of	

this	 global	 fallout	 is	 well	 known	 as	 regional	 Pu	 isotopic	 baselines	 have	 been	 established	 for	

recognizing	further	Pu	inputs	into	the	ecosystem.	Kelley	et	al.	(Kelley	et	al.,	1999),	for	example,	

monitored	54	 locations	around	the	world	with	regard	to	 the	Pu	 isotopic	signatures	present	at	

these	locations.	The	mean	239Pu	concentration	for	the	surface	soil	level	is	approximately	10‐13	g	

g‐1.	 However,	 Pu	 concentrations	 of	 ≥	 10‐12	 g	 g‐1	 are	 regarded	 as	 hazardous	 level	 when	

accumulated	in	the	human	body	(Perelygin	and	Chuburkov,	1997).	

Anthropogenic	 sources	 other	 than	 atmospheric	weapons	 tests	 are	 nuclear	 power	 production,	

fuel	 processing,	 nuclear	 waste	 disposal	 and	 nuclear	 accidents	 (Taylor,	 2011).	 Considering	

nuclear	accidents,	about	1‐2	%	of	 the	total	Pu	content	 in	the	environment	was	emitted	during	

the	accident	at	the	4th	unit	of	the	Chernobyl	nuclear	power	plant	(ChNPP‐4)	on	the	26th	of	April	

1986	 (Perelygin	 and	 Chuburkov,	 1997).	 Accidental	 Pu	 releases	 into	 the	 environment	 (e.g.	

aircraft	accidents	above	Palomares	and	Thule)	are	summarized	in	Taylor	(Taylor,	2011).		

Because	of	Pu’s	high	 specific	 activities	 (e.g.	634	kBq	µg‐1	 for	 238Pu	and	2.3	kBq	µg‐1	 for	 239Pu)	

radiotoxic	effects	are	predominating	over	chemical	toxicity.	Generally,	Pu	is	entering	the	human	

body	 by	 inhalation	 of	 contaminated	 air	 or	 by	 ingestion	 of	 food	 and	 drinking	 water	 (Taylor,	

1995).	However,	as	the	fractional	absorption	of	Pu	from	the	gastrointestinal	tract	is	rather	low	

(i.e.	 ~	 (1‐10)	 x	 10‐4	 of	 the	 ingested	 activity),	 inhalation	 is	 regarded	 as	 the	major	 route	 of	 Pu	

intake.	Less	than	0.1	%	of	 ingested	Pu	 is	absorbed	into	the	bloodstream	from	where	 it	will	be	

deposited	 predominantly	 in	 the	 liver	 and	 the	 skeleton.	 Inhaled	 Pu	 will,	 depending	 on	 its	

chemical	form,	penetrate	deep	into	the	lung	from	where	it	is	absorbed	into	the	blood,	whereas	

another	fraction	will	migrate	into	the	alveolar	macrophages.	It	is	assumed	that	30	%	of	the	Pu	
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that	enters	the	bloodstream	will	be	deposited	in	the	liver,	where	it	will	be	retained	with	a	half‐

time	of	20	years.	Another	50	%	will	be	deposited	 in	the	skeleton	with	a	half‐time	of	50	years.	

The	remaining	amount	will	be	deposited	in	other	tissues	or	will	be	excreted	(Taylor,	2011).		

1.2.3 Isotopic	signatures	of	U	and	Pu	

The	 knowledge	 of	 uranium’s	 and	 plutonium’s	 isotopic	 signature	 is	 of	 special	 importance	 for	

international	 safeguards	 (see	 1.1),	 which	 aim	 to	 provide	 assurance	 to	 the	 international	

community	that	nuclear	energy	is	not	misused	for	non‐peaceful	purposes	(Goldschmidt,	1999).	

Furthermore,	the	knowledge	of	these	signatures	is	also	of	particular	interest	for	nuclear	forensic	

investigations	 (Mayer	 et	 al.,	 2007;	Mayer	 et	 al.,	 2005;	Wallenius	 et	 al.,	 2007;	Wallenius	 et	 al.,	

2006),	 which	 address	 questions	 related	 to	 the	 intended	 use	 of	 illicitly	 trafficked	 nuclear	

material,	its	origin	and	its	last	legal	owner	(Wallenius	et	al.,	2007).	Conclusions	on	the	origin	and	

on	 the	 last	 legal	 owner	 of	 nuclear	 material	 helps	 to	 improve	 physical	 protection	 measures	

(Mayer	et	al.,	2005)	in	order	to	prevent	future	diversions	from	poorly	guarded	sites,	which	is	of	

particular	importance	with	respect	to	radiological	hazards	arising	from	inappropriate	handling,	

transport	or	storage	(Wallenius	et	al.,	2007).			

Nuclear	material	e.g.	useable	for	nuclear	explosion	devices	can	be	either	produced	in	a	reactor	

(weapons‐grade	 Pu)	 or	 via	 enrichment	 of	U.	 The	 nature	 of	 the	production	 process	 is	 thereby	

reflected	inter	alia	in	the	elemental	and	isotopic	composition	of	the	nuclear	material	(Wallenius	

et	al.,	2007).	Thus,	the	identification	of	both	U’s	and	Pu’s	isotopic	signatures	helps	for	instance	to	

determine	the	origin	of	nuclear	material	or	to	detect	undeclared	nuclear	materials	or	activities.		

The	classification	of	nuclear	material	is	based	on	the	element	that	is	contained	and	on	the	purity	

of	 the	 fissile	 isotope.	 The	 following	 six	 classes	 are	 defined:	 Pu,	 high	 enriched	 U	 (HEU),	 233U,	

depleted	U	(DU),	natural	U	(NU),	low	enriched	uranium	(LEU)	and	Th	(Zendel	et	al.,	2011).	The	

IAEA	 uses	 so	 called	 significant	 quantities	 (SQ)	 (Table	 1.2‐2)	 as	 estimates	 of	 the	 amount	 of	

material	that	would	be	sufficient	to	manufacture	a	nuclear	explosive	device	(Zendel	et	al.,	2011).		
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Table	1.2‐2:	IAEA	Significant	Quantities	(SQ).	

Material	type	 Isotopic	composition Significant	Quantities	

HEU	 235U	>	20	% 25	kg	235U

LEU	 235U	<	20	% 75	kg	235U

Natural	U	(NU)	 235U	=	0.7	% 10	t	NU

Depleted	U	 235U	<	0.7	% 20	t	DU

233U	 8	kg	233U

Plutonium	 <	80	%	238Pu 8	kg	Pu

Thorium	 20	t	Th

	

The	 uranium	 types	 shown	 in	 Table	 1.2‐2	 are	 categorized	 according	 to	 the	 enrichment	 or	

depletion	of	 235U	compared	 to	 the	 235U	abundance	 found	 in	natural	U	(see	Table	1.2‐3)	 (IAEA,	

2005).		

Table	1.2‐3:	Types	of	U	categories	(adopted	from	(IAEA,	2005)).	
Uranium	type 235U

Depleted	U	(DU) <	0.71	%

Natural	U	(NU) 0.71	%

Low	enriched	U	(LEU) > 0.71	%	and	<	20	%

High	enriched	U	(HEU) ≥ 20	%

Weapons‐grade	U ≥	90	%

	

The	 identification	 of	 the	 U	 enrichment	 can	 be	 helpful	 for	 identifying	 undeclared	 nuclear	

activities.	E.g.	 235U	enrichment	greater	 than	90	%	 indicates	 the	presence	of	weapons‐grade	U.	

Moreover,	 the	minor	U	 isotopes	234U	and	236U	are	valuable	 for	 identifying	the	type	of	uranium	

feed	used	in	an	enrichment	process	as	their	content	will	vary	according	to	the	origin	of	the	feed	

(i.e.	uranium	ore,	DU,	recycled	U	or	commercial‐grade	NU).	Both	recycled	and	commercial‐grade	

NU	may	contain	236U	(IAEA,	2005)	and	234U	outside	the	range	of	natural	U	(Axelsson	et	al.,	2009).	

Furthermore,	the	presence	of	236U	in	nuclear	material	is,	together	with	Pu	and	fission	products,	

an	 indicator	 that	 U	 has	 been	 irradiated	 (IAEA,	 2005).	 However,	 the	 determined	 U	 and	 Pu	

isotopic	compositions	of	 irradiated	fuel	should	be	consistent	with	the	predicted	compositions.	

Modeling	 implies	 the	 knowledge	 of	 the	 initial	 fuel	 composition,	 burn‐up	 and	 cooling	 time	

(Donohue,	1998).	Both	isotopic	compositions	are	good	indicator	of	the	reactor	history	and	the	

used	source	material.		
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Considering	 the	 236U/238U	 isotope	ratio,	Boulyga	and	Heumann	(Boulyga	and	Heumann,	2006)	

demonstrated	the	use	of	this	isotope	ratio	for	monitoring	environmental	contaminations	by	low	

amounts	 of	 uranium	 from	 spent	 fuel.	 They	 observed	 that	 236U/238U	 is	 a	 more	 sensitive	 and	

accurate	 indicator	 than	235U/238U	as	 235U/238U	originating	 from	reactor	uranium	 is	mixed	with	

natural	U	(Boulyga	and	Heumann,	2006).		

Pu	is	solely	generated	in	a	nuclear	reactor.	Hence	its	isotopic	composition	varies	with	regard	to	

the	used	source	material	and	irradiation	history	(see	also	1.2.2)	(Ketterer	and	Szechenyi,	2008).	

In	Fig.	1.2‐5	 240Pu/239PU	 isotope	ratios	of	various	potential	nuclear	contamination	sources	are	

shown.		

	

Fig.	1.2‐5:	240Pu/239Pu	in	potential	nuclear	contamination	sources		
(adopted	from	Taylor	et	al.	(Taylor	et	al.,	2001)).	

	

Plutonium	 is	 often	 characterized	 by	 the	 quantity	 of	 fissile	 material	 available	 (i.e.	 239Pu).	

However,	 Plutonium	 grades	 (see	 Table	 1.2‐4)	 are	 expressed	 as	 a	 percentage	 of	 240Pu	 as	 this	

isotope	 decays	 by	 spontaneous	 fission	 and	 is	 considered	 as	 an	 impurity	 by	 weapons	

manufacturers	(IAEA,	2005).		

Table	1.2‐4:	Pu	grades	(adopted	from	(IAEA,	2005)).	

Plutonium	grade 240Pu 239Pu

Super‐grade <	3	%

Weapons‐grade <	7	% >	90	%

Fuel‐grade 7	%	to	18	%

Reactor‐grade >	18	% <	60	%
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Plutonium	 isotopes	 are	 useful	 for	 age	 determination	 of	 nuclear	 material	 as	 well.	 For	 this	

purpose,	 the	 four	 parent/daughter	 relations	 are	 used:	 238Pu/234U,	 239Pu/235U,	 240Pu/236U	 and	

241Pu/241Am.	The	age	is	the	time	span	since	the	last	chemical	separation	and	provides	important	

indication	with	respect	to	the	origin	of	the	nuclear	material.	Information	about	the	age	can	help	

to	exclude	production	or	reprocessing	plants	that	were	not	operating	at	a	given	time	as	origin	

sources	(Wallenius	et	al.,	2007).		

Moreover,	 the	 Pu	 isotopic	 fingerprint	 is	 a	 useful	 tracer	 for	 assessing	 e.g.	 soil	 and	 sediment	

erosion	(Everett	et	al.,	2008;	Schimmack	et	al.,	2002)	or	ocean	processes,	including	circulation,	

sedimentation	and	biological	productivity	(Lindahl	et	al.,	2010).		
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1.3 Radioactive	particles		

According	 to	 the	 IAEA	 (Fesenko,	 2011)	 ‘radioactive	 particles	 are	 defined	 as	 localized	

aggregation	 of	 radioactive	 atoms	 that	 give	 rise	 to	 an	 inhomogeneous	 distribution	 of	

radionuclides	significantly	different	from	that	of	the	matrix	background’.	As	the	particles	exhibit	

high	specific	activities	compared	with	that	of	the	bulk	material,	they	are	often	referred	to	as	‘hot	

particles’	(Vajda,	2001).	Vajda	(Vajda,	2001)	emphasized	that	a	clear	definition	of	hot	particles	

with	respect	to	the	particle	size	and	the	activity	cannot	be	given,	but	that	hot	particles	are	often	

referred	to	as	particles	having	sizes	 larger	 than	0.5	µm	(Vajda,	2001).	However,	radionuclides	

that	are	released	into	the	environment	can	be	classified	into	five	main	groups	(Fesenko,	2011):		

 fuel	particles	or	particles	of	 fissile	material	with	sizes	 from	sub‐µm	to	 fragments	(>	2	

mm)	(e.g.	U/Pu	particles)		

 condensed	aggregates	or	molecular	particles,	or	particles	 formed	due	to	condensation	

of	volatile	radionuclides	

 discrete	radioactive	particles	or	clusters	(e.g.	Ru	particles)	

 colloids	or	pseudo‐colloids	with	sizes	ranging	from	1‐450	nm	

 low	molecular	 species	 (e.g.	 complexes,	 chelates)	with	 sizes	 smaller	 than	 1	 nm	 and	 a	

nominal	molecular	mass	less	than	1	kDa		

Considering	 the	 emission	 of	 radioactive	 particles,	 the	 following	 sources	 can	 be	 distinguished	

(Salbu	and	Lind,	2005):		

 nuclear	 weapons	 tests	 (Marshall	 Islands;	 Nevada	 test	 site,	 U.S.;	 Maralinga,	 Australia;	

Semipalatinsk,	 Kazakhstan;	 Mururoa,	 French	 Polynesia;	 Novaya	 Zemlya,	 Russian	

Federation),	

 use	of	depleted	U	munitions	in	the	Gulf	war	and	the	Balkan	Conflict	

 accidents	with	nuclear	devices,	 i.e.	US	B52	aircrafts	and	reactor	driven	Soviet	satellite	

Cosmos	954	(Palomares,	Spain;	Thule,	Greenland;	Canada)	

 nuclear	accidents	(e.g.	Windscale,	UK	(former	Sellafield);	Chernobyl)	

 nuclear	facilities	(e.g.	nuclear	power	plants	and	reprocessing	plants)	

 dumped	nuclear	waste		

Radioactive	particles	emitted	and	deposited	in	the	environment	represent	point	sources	of	short	

and	long‐term	radioecological	significance.	Inhalation	of	respiratory	(≤10	µm)	particles	and	skin	

doses	 due	 to	 surface	 contaminations	 are	 attributed	 to	 short‐term	 effects,	 whereas	 long‐term	
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effects	 relate	 to	 an	 ecosystem	 transfer	 as	 a	 consequence	 of	 the	mobilization	 of	 radionuclides	

from	 radioactive	 particles	 due	 to	weathering	 (Salbu	 and	 Lind,	 2005).	 The	weathering	 rate	 is	

influenced	 by	 the	 particle	matrix	 (e.g.	 fuel	matrix),	 structural	 changes	 (e.g.	 transformation	 of	

UO2	 to	U3O8)	and	chemical	conditions	 (i.e.	pH,	 redox,	microbial	activity)	at	 the	deposition	site	

(Fesenko,	2011;	Salbu	et	al.,	1998).	The	ecosystem	transfer	finally	results	in	an	incorporation	of	

radionuclides	 into	 the	 biosphere.	 The	 knowledge	 of	 their	 chemical,	 physical	 and	 transport	

properties	is	a	necessity	to	assess	potential	human	health	risks.	In	addition,	it	helps	to	respond	

to	 emergency	 cases	 and	 to	 facilitate	 the	 environmental	 management	 of	 contaminated	 areas	

(Fesenko,	2011).		

It	 should	 be	 noted	 that	 in	 this	 section	 just	 a	 brief	 general	 introduction	 about	 radioactive	

particles	 is	 given.	 Comprehensive	 compendiums	 can	 be	 found	 elsewhere	 (Admon,	 2009;	

Fesenko,	2011;	Vajda,	2001).	Admon	(Admon,	2009)	paid	particular	attention	to	single	particles	

handling,	 discussing	 for	 instance	 algorithms	 for	 particle	 re‐location.	 Fesenko	 (Fesenko,	 2011)	

and	 Vajda	 (Vajda,	 2001)	 focused	 on	 radioactive	 particles	 in	 the	 environment,	 including	 their	

release	 from	 various	 sources	 and	 their	 identification,	 localization	 and	 characterization	 (i.e.	

morphology,	 elemental	 and	 isotopic	 composition,	 etc.)	 by	nuclear	 analytical	 as	well	 as	micro‐

analytical	 techniques	 and	 mass	 spectrometry.	 In	 addition	 to	 the	 description	 of	 analytical	

principles,	characteristics	of	particles	released	from	individual	sources	(e.g.	Chernobyl,	nuclear	

weapon	tests,	etc)	are	given	as	well.	Analytical	techniques	that	are	closely	related	to	the	subject	

of	this	thesis	and	that	are	currently	applied	in	international	safeguards	for	radioactive	particle	

analysis	 are	 discussed	 in	 section	 1.4.	 Hot	 particles	 released	 from	 the	 accidental	 Chernobyl	

nuclear	power	plant	are	discussed	in	section	2.3	of	this	thesis.	
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1.4 Analytical	 techniques	 currently	 applied	 in	 international	 safeguards	

for	 the	 determination	 of	 U	 and	 Pu	 isotopic	 signatures	 of	 single	

particles	collected	by	swipe	sampling	

Analytical	 techniques	 that	 are	 applied	 in	 international	 safeguards	 for	 the	 analysis	 of	 swipe	

samples	 can	 be	 broadly	 divided	 into	 techniques	 used	 for	 1)	 sample	 screening	 (e.g.	 gamma	

spectrometry,	 x‐ray	 fluorescence	 spectrometry),	 2)	 bulk	 analysis	 (e.g.	 TIMS,	 ICPMS)	 and	 3)	

particle	analysis	(e.g.	SEM,	FT‐TIMS,	SIMS)	(Zendel	et	al.,	2011).		

Bulk	 analysis	mainly	 aims	 at	 the	 detection	 of	 uranium	 (U)	 and	 plutonium	 (Pu)	 at	 the	 lowest	

possible	levels	and	the	measurement	of	both	concentration	and	isotopic	composition.	It	involves	

the	 analysis	 of	 the	 entire	 swipe,	 which	 is	 typically	 destructed	 by	 high‐temperature	 ashing	

followed	by	acid	dissolution.	U	and	or	Pu	concentration	measurements	are	usually	performed	by	

isotope	 dilution	 (Zendel	 et	 al.,	 2011)	 using	 thermal	 ionization	 mass	 spectrometry	 (TIMS)	 or	

inductively	 coupled	 plasma	 mass	 spectrometry	 (ICPMS).	 Sample	 preparation	 and	 separation	

procedures	 that	 are	 applied	 are	 given	 elsewhere	 (Donohue,	 2002;	 Zendel	 et	 al.,	 2011).	 Other	

bulk	analytical	techniques	that	are	applied	in	international	safeguards	are	low‐background	high	

resolution	 gamma	 spectrometry	 (HRGS),	 alpha	 spectrometry,	 liquid	 scintillation	 counting,	

delayed	neutron	activation	analysis	(DNAA)	and	accelerator	mass	spectrometry	(AMS).	HRGS	is	

used	for	the	determination	of	gamma‐emitting	 fission	and	activation	products	(e.g.	 241Am,	131I,	

137Cs,	 etc.),	 whereas	 alpha	 and	 beta	 emitters	 are	 detected	 by	 means	 of	 liquid	 scintillation	

counting.	AMS	is	a	useful	method	to	measure	very	low	abundant	isotopes	such	as	129I	and	236U	in	

environmental	samples	as	well	as	trace	amounts	of	Pu	(IAEA,	2005).		

While	 bulk	 analysis	 yields	 an	 average	 value	 of	 U	 and/or	 Pu	 isotopic	 compositions,	 particle	

analysis	 involves	 the	 analysis	 of	 individual	micro‐meter	 sized	 particles.	 This	 allows	 detecting	

even	small	amounts	of	 for	example	enriched	U	 in	 the	presence	of	 large	amounts	of	natural	or	

depleted	 U	 (see	 1.2.1).	 In	 bulk	 analysis,	 these	 small	 amounts	 would	 be	 most	 likely	 masked	

(Donohue,	 1998).	 Thus,	 particle	 analysis	 is	 especially	 useful	 for	 identifying	 the	 presence	 of	

multiple	nuclear	signatures	present	on	a	swipe	sample	(IAEA,	2005).	Moreover,	particle	analysis	

is	powerful	as:		
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“	1.	 Fine	 particulate	 material	 or	 aerosols	 are	 often	 released	 in	 the	
handling	of	nuclear	material.	

			2.	 The	 particles	 are	 representative	 of	 the	 original	 material	 and	
their	 composition	 provides	 specific	 information	 about	 the	
source.	

			3.	 The	 released	 particles	 are	 highly	 mobile	 and	 can	 be	 found	 in	
many	locations	at	a	nuclear	facility.	

			4.	 It	is	difficult	to	clean	up	and	remove	the	released	particles.	
			5.	 Samples	 taken	 at	 a	 facility	 that	 has	 been	 operated	 over	 a	 long	

period	 provide	 an	 insight	 into	 the	 entire	 history	 of	 the	
operation.”	(Ranebo	et	al.,	2009)	

	

In	 the	 following	chapters	 techniques	 that	are	currently	applied	 in	 international	safeguards	 for	

the	U	and	Pu	isotopic	analysis	of	single	particles	collected	by	swipe	sampling	are	described	 in	

more	 detail.	 Information	 about	 other	 techniques	 used	 for	 the	 characterization	 (i.e.	 elemental	

analysis,	 morphology,	 etc.)	 of	 radioactive	 particles	 can	 be	 found	 elsewhere	 (Fesenko,	 2011;	

Vajda,	2001).		

1.4.1 Particle	identification	and	localization	

This	 section	 is	 dedicated	 to	 a	 short	 overview	 about	 commonly	 applied	 techniques	 for	 the	

identification	and	localization	of	single	particles	containing	U	and/or	Pu	for	subsequent	isotopic	

analysis.	These	single	particles	are	 typically	embedded	 in	an	environmental	matrix	 (dust,	 soil,	

pollen,	 fibers,	 etc.	 (Zendel	 et	 al.,	 2011))	when	 collected	by	 swipe	 sampling.	 This	 step	 ensures	

that	 only	 single	 particles	 containing	U	 and/or	Pu	 are	 selected	 and	 analyzed	 for	 their	 isotopic	

compositions.		

1.4.1.1 Fission	track	

Fission	track	(FT)	(Esaka	et	al.,	2004;	Lee	et	al.,	2007a;	Lee	et	al.,	2005;	Lee	et	al.,	2007b;	Park	et	

al.,	2006;	Shen	et	al.,	2008;	Stetzer	et	al.,	2004)	is	applied	for	the	identification	of	single	particles	

containing	fissile	isotopes	(i.e.	233U,	235U,	239Pu).	Typically,	the	subsequent	analysis	is	performed	

by	means	of	TIMS	(see	1.4.2.1)	(IAEA,	2005).	Fission	track	is	a	highly	selective	method	as	only	

fissile	 isotopes	 producing	 fission	 fragments	 due	 to	 the	 irradiation	with	 thermal	 neutrons	 are	

leaving	 tracks	 in	 the	 detector.	 Natural	 U	 particles	 yield	 smaller	 number	 of	 tracks	 than	 HEU	

particles	at	the	same	neutron	flux.	Therefore,	the	number	of	tracks	compared	to	the	particle	size	

indicates	the	presence	of	enriched	U	or	Pu	(Zendel	et	al.,	2011).				
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Particles	 are	 typically	 removed	 from	 swipes	 by	 ashing	 or	 ultrasonic	 treatment	 in	 a	 suitable	

suspension	 medium	 such	 as	 ethanol	 or	 siloxane	 (Zendel	 et	 al.,	 2011).	 This	 is	 followed	 by	

spreading	 the	 particles	 onto	 a	 plastic	 track	 etch	 film	 in	 a	 layer	 of	 collodion	 (nitrocellulose).	

Lexan®	is	typically	used	as	detector	and	collodion	for	fixing	the	particles	(IAEA,	2005).	However,	

other	 procedures	 for	 removing	 particles	 from	 swipes	 (Esaka	 et	 al.,	 2004)	 as	 well	 as	 other	

detectors	such	as	mica	(Shen	et	al.,	2008)	were	 investigated	as	well.	Esaka	et	al.	 (Esaka	et	al.,	

2004),	for	example,	suggested	to	collect	the	particles	on	a	polycarbonate	membrane	filter	using	

a	filtration	system	which	is	similar	to	a	vacuum	impactor	(see	5.1.1).	Dissolution	of	the	film	and	

drying	of	 the	suspension	yields	a	membrane,	 in	which	 the	particles	are	embedded.	Moreover,	

Shen	 et	 al.	 (Shen	 et	 al.,	 2008)	 proposed	 to	 use	 a	 Lexan®	 sheet	 as	 substrate	 and	mica	 as	 FT‐

detector.		

The	detectors	are	subsequently	irradiated	for	several	minutes	with	thermal	neutrons	(~	1	x	1015	

n/cm²)	in	a	nuclear	reactor,	whereupon	fissile	isotopes	undergo	fission	and	leave	damage	tracks	

in	 the	detector	(IAEA,	2005;	Zendel	et	al.,	2011).	The	tracks	can	be	made	visible	under	a	 light	

microscope	after	 etching	 (IAEA,	 2005),	 e.g.	 using	NaOH	 (Park	 et	 al.,	 2006)	 or	HF	 (Shen	 et	 al.,	

2008).	 The	 particles	 are	 selected	 upon	 their	 number	 of	 fission	 fragments,	 their	 size	 and	

appearance	(IAEA,	2005).	Finally,	 the	selected	particles	are	removed	from	the	film	and	placed	

onto	filaments	for	TIMS	analysis	(see	also	1.4.2.1)	(IAEA,	2005).		

Concerning	 the	 localization	 of	 radioactive	 particles	 in	 environmental	 samples	 (e.g.	 soil,	

sediment,	dust,	etc.	)	a	SEM‐grid	coated	with	e.g.	boron	(Lee	et	al.,	2007b)	or	thorium	(Lee	et	al.,	

2005)	 can	be	applied	as	 reference	grid	 in	order	 to	get	 reference	points	 for	 the	 localization	of	

particles	 after	 etching	 of	 the	 detector.	 However,	 localization	 of	 alpha	 emitting	 radioactive	

particles,	which	contain	Pu	and/or	241Am	isotopes,	in	environmental	samples	is	also	very	often	

performed	by	 alpha	 track	 analysis	 (Boulyga	 et	 al.,	 1997;	Boulyga	 et	 al.,	 1999a;	Boulyga	 et	 al.,	

1999b;	Lee	et	al.,	2007b;	Zhuk	et	al.,	1995),	which	is	also	a	nuclear	track	radiography	method.	In	

alpha	track	analysis	the	sample	is	placed	in	firm	contact	with	a	solid	state	nuclear	track	detector	

(SSNTD)	 that	 records	 the	 tracks	 resulting	 from	 alpha	 emitting	 nuclides.	 On	 the	 contrary	 to	

fission	track,	no	reactor	irradiation	is	required	(Lee	et	al.,	2007b).	The	exposure	to	the	detector	

usually	 lasts	 for	 several	 days	 to	 weeks.	 	 Alpha	 track	 analysis	 allows	 in	 addition	 to	 the	

identification	of	particles	the	determination	of	their	alpha	activities	and	their	sizes	(Boulyga	et	

al.,	1999a;	Boulyga	et	al.,	1999b;	Zhuk	et	al.,	1995).	Moreover,	it	was	shown	by	Lee	et	al.	(Lee	et	

al.,	2011)	that	alpha	track	analysis	 is	helpful	 for	detecting	particles	containing	Pu	present	 in	a	

matrix	of	U	and	Pu	particles,	when	combined	with	fission	track	analysis.		
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1.4.1.2 Scanning	 electron	microscopy	 combined	with	 energy‐dispersive	 x‐ray	

spectrometry	

Scanning	 electron	 microscopy	 (SEM)	 combined	 with	 energy	 dispersive	 x‐ray	 (EDX)	

spectrometry	is	an	excellent	tool	for	searching	and	locating	particles	(sizes	down	to	0.1	µm),	and	

determining	 their	 elemental	 composition	 (overall	 detection	 limit:	 10‐15	 g)	 (IAEA,	 2005)	 from	

which	 the	 stoichiometric	 compositions	 can	 be	 derived	 (Ciurapinski	 et	 al.,	 2002).	 It	 should	 be	

noted	that	as	a	consequence	of	the	average	path	length	of	an	electron	in	U	and	Pu	(i.e.	~	2	µm	

when	 using	 an	 impinging	 energy	 of	 30	 keV)	 only	 surface	 elemental	 compositions	 can	 be	

determined	(Ranebo	et	al.,	2007).		

A	 SEM‐EDX	 instrument	 allows	 performing	 an	 automated	 search	 of	 the	 sample	 planchet,	

whereupon	 elements	 containing	 high	 Z	 (atomic	 number)	 are	 detected	 by	 means	 of	 a	

backscattered	 electron	 detector	 (Zendel	 et	 al.,	 2011).	 After	 identification	 and	 localization	 of	

particles	 containing	 U	 and/or	 Pu,	 the	 particles	 can	 be	 additionally	 analyzed	 by	 means	 of	 a	

wavelength‐dispersive	x‐ray	(WDX)	detector,	which	has	superior	energy	resolution	but	lower	x‐

ray	 efficiency	 (≤	 10	 times	 lower	 compared	 to	 EDX).	 Another	 disadvantage	 is	 that	 only	 one	

element	can	be	measured	at	a	time	(Ciurapinski	et	al.,	2002).		

Single	particle	analysis	using	SEM‐EDX	in	combination	with	SIMS	(see	1.4.2.2)	was	proven	to	be	

very	 useful	 for	 the	 morphological	 and	 isotopic	 characterization	 of	 particles	 (Donohue	 et	 al.,	

2008;	Erdmann	et	al.,	2000;	Kips	et	al.,	2007;	Ranebo	et	al.,	2007;	Ranebo	et	al.,	2010).	Ranebo	et	

al.	(Ranebo	et	al.,	2007),	 for	example,	combined	these	two	methods	for	the	characterization	of	

mixed	 Pu	 and	 U	 particles	 originating	 from	 the	 Thule	 accident	 in	 Greenland.	 Two	 different	

surface	 morphologies	 were	 identified	 by	 SEM.	 SIMS	 depth	 profiling	 enabled	 to	 determine	 a	

heterogeneous	distribution	of	U	and	Pu	present	in	the	particles.	Donohue	et	al.	(Donohue	et	al.,	

2008)	even	further	applied	focused	ion	beam	(FIB)	etching	in	order	to	examine	the	interior	of	

particles	by	SEM‐EDX.	The	 relocation	of	particles	 in	 the	FIB	 instrument	 (1540XB,	Zeiss	 cross‐

beam	 machine	 combining	 a	 high	 –resolution	 (3	 nm)	 Schottky	 field	 emission	 SEM	 with	 a	

scanning	micro‐focused	(<	6	nm)	Ga	ion	beam	gun)	was	feasible	by	using	reference	marks	(i.e.	

three	 SEM	 grids)	 and	 a	 relocation	 algorithm.	 After	 SEM	 and	 FIB	 analyses	 the	 particles	 were	

manipulated	for	SIMS	analysis	for	determining	the	Pu	and	U	isotopic	composition	(Donohue	et	

al.,	2008).		

Both	 SEM	 and	 SIMS	 analyses	 require	 that	 the	 particles	 are	 deposited	 on	 a	 polished	 flat	 and	

conducting	surface	(i.e.	pyrolytic	graphite	planchets).	The	particles	can	either	be	removed	from	

a	 (heptane)	 suspension	 or	 the	 particles	 can	 be	 deposited	 by	 applying	 a	 vacuum	 impactor	
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technique	(see	also	5.1.1)	(Zendel	et	al.,	2011).	Another	strategy	was	presented	by	Donohue	et	

al.	 (Donohue	et	al.,	2008)	who	used	a	conductive	adhesive	tape	attached	to	an	aluminum	SEM	

stub	for	removing	the	particles	from	the	swipes.		

1.4.2 U	and	Pu	isotopic	analysis	of	single	particles	

In	 the	 following	 chapters	 (1.4.2.1	 and	 1.4.2.2)	 the	main	 analytical	methods	 that	 are	 currently	

applied	 in	 international	 safeguards	 for	 analyzing	 the	U	 and	Pu	 isotopic	 composition	 of	 single	

particles	 are	 explained.	 Laser	 ablation	 ‐	 multi	 collector	 –	 inductively	 coupled	 plasma	 mass	

spectrometry	(LA‐MC‐ICPMS),	the	technique	that	was	applied	in	this	thesis,	is	explained	in	detail	

in	chapter	1.5.		

1.4.2.1 Thermal	ionization	mass	spectrometry	

TIMS	 allows	 determining	 both	 U	 and	 Pu	 isotopic	 compositions	 from	 the	 same	 particle,	 with	

detection	limits	in	the	picogram	(10‐12)	range	(IAEA,	2005).	As	just	one	particle	can	be	analyzed	

per	filament,	a	pre‐selection	of	particles,	 typically	performed	by	fission	track	(see	1.4.1.1),	 is	a	

pre‐requisite	 for	 subsequent	 analysis.	 Usually,	 the	 particle	 of	 interest	 is	 removed	 from	 the	

fission	 track	 film	 and	 placed	 on	 a	 zone‐refined	 rhenium	 (Re)filament	 (IAEA,	 2005).	 Other	

filaments	that	can	be	used	are	tungsten	(W)	or	tantalum	(Ta).	The	filaments	are	heated	 in	the	

vacuum	system	by	passing	a	current	of	several	amperes	through	the	filaments.	At	temperatures	

of	1400°C	–	1800	°C	U	and	Pu	are	evaporating	from	the	particle	and	positive	ions	are	generated.	

However,	a	competition	between	evaporation	of	analyte	atoms	and	ionization	poses	a	challenge,	

which	 is	 more	 pronounced	 for	 single	 filament	 TIMS	 compared	 to	 the	 use	 of	 two	 separate	

filaments	 for	evaporation	and	 ionization.	The	 latter,	however,	 suffers	 from	reduced	 ionization	

efficiency	(i.e.	0.1‐1	%	under	best	conditions)	(Zendel	et	al.,	2011).	Detailed	explanations	about	

the	basic	concepts	of	TIMS	can	be	found	elsewhere	(Becker,	2007;	Smith,	2000)	.	

1.4.2.2 Secondary	ion	mass	spectrometry	

Secondary	 ion	 mass	 spectrometry	 (SIMS)	 is	 a	 well	 implemented	 technique	 in	 international	

safeguards	and	nuclear	forensics	for	single	particle	analysis	(Betti	et	al.,	1999;	Donohue,	1998;	

Donohue,	 2002;	 Esaka	 et	 al.,	 2007;	 IAEA,	 2005;	 Tamborini,	 2004;	 Tamborini	 and	Betti,	 2000;	

Tamborini	et	al.,	2002;	Zendel	et	al.,	2011).	Regarding	international	safeguards	SIMS	is	mainly	
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applied	 for	 determining	 the	 U	 isotopic	 composition	 only	 (IAEA,	 2005).	 However,	 particle	

characterization	with	respect	to	the	Pu	isotopic	composition	is	also	feasible	(Betti	et	al.,	1999;	

Tamborini,	2004;	Tamborini	and	Betti,	2000;	Tamborini	et	al.,	2002).		

SIMS	analyses	 require	 the	particles	 to	be	deposited	on	a	 flat,	polished	and	conducting	sample	

substrate,	which	is	often	referred	to	as	planchet	(see	also	1.4.1.2).	After	insertion	of	the	planchet	

into	a	vacuum	chamber,	an	energetic	beam	of	primary	ions	(i.e.	typically	O2+	with	an	energy	of	

10‐15	keV)	is	applied	to	the	sample	(Zendel	et	al.,	2011).	As	a	consequence	of	the	impact	of	the	

primary	 ion	beam	on	the	sample	surface	and	the	resulting	collision	cascade,	primary	particles	

are	implanted	into	the	surface,	resulting	in	a	reshuffling	of	50‐500	matrix	atoms	(Betti,	2005).	A	

fraction	 of	 the	 sputtered	material	 is	 released	 as	 secondary	 ions	 that	 are	 accelerated	 into	 the	

mass	analyzer	part,	e.g.	a	double‐focusing	mass	spectrometer	(Zendel	et	al.,	2011).		

SIMS	allows	performing	raster	scanning	of	the	sample	surface	for	the	generation	of	an	ion	image	

(Zendel	et	al.,	2011)	by	using	an	 imaging	detection	system	(i.e.	channel	plate/	resistive	anode	

encoder	 system,	which	 registers	 the	x	and	y	locations	of	 individual	 ions)	 (Donohue,	 2002).	 In	

this	so	called	 ion	microscope	mode	a	defocused	primary	 ion	beam	(5‐300	µm)	 is	used	 for	 the	

fast	 scanning	of	 large	surface	areas	 (Betti,	2005;	Donohue,	1998).	The	resulting	 ion	 images	of	

the	 isotopes	 measured	 (i.e.	 235U	 and	 238U)	 enable	 locating	 the	 particles	 of	 interest	 having	

diameters	 in	 the	 range	 of	 0.5	 µm	 to	 10	 µm.	 Moreover,	 enrichments	 can	 be	 determined	 by	

comparing	the	ion	images	of	235U	and	238U.		Scanning	of	one	cm²	of	a	planchet	area	with	ion	field	

sizes	 of	 ca.	 150	 x	 150	 µm	 takes	 about	 6‐8	 hours	 (Zendel	 et	 al.,	 2011).	 However,	 particles	 of	

special	 interest	 can	 be	 re‐analyzed	 for	 determining	 the	 complete	 U	 isotopic	 composition,	

including	the	minor	U	isotopes	234U	and	236U,	of	a	particle	(IAEA,	2005).	This	is	accomplished	by	

using	 the	 so	 called	 ion	microprobe	mode	 in	 which	 a	 focused	 ion	 beam	 is	 used	 (Betti,	 2005;	

Donohue,	1998).		

Pre‐selection	of	single	particles	—	as	is	the	case	for	TIMS	(1.4.2.1)	—	is	due	to	the	use	of	an	ion	

microscope	mode	not	a	necessity	 for	SIMS	analyses.	However,	Esaka	et	al.	 (Esaka	et	al.,	2007)	

demonstrated	the	usefulness	of	U	particle	pre‐selection	using	SEM.	The	isolation	of	U	particles	

from	Pb	particles	present	in	a	simulated	swipe	sample	enabled	to	reduce	biases	of	234U/238U	and	

236U/238U	 isotope	 ratio	 measurements	 as	 contributions	 from	 isobaric	 interferences	 (i.e.	

206Pb12C16O+	 and	 208Pb12C16O+)	 were	 reduced.	 Increased	 deviations	 from	 the	 certified	 values	

were	observed	with	increasing	208Pb/238U	intensity	ratios	(Esaka	et	al.,	2007).		

Generally,	 isobaric	 interferences	 occurring	 especially	 at	 the	m/z	of	 the	minor	U	 isotopes	 234U	

and	 236U	 are	 a	 main	 limitation	 with	 regard	 to	 SIMS	 analyses,	 especially	 when	 the	 uranium	
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particle	 itself	 contains	 interfering	 elements.	 Moreover,	 interferences	 may	 also	 result	 from	

organic	clusters	occurring	at	the	masses	of	interest	(Ranebo	et	al.,	2009).	In	Table	1.4‐1	common	

isobaric	interferences	for	swipe	samples	are	given.		

Table	1.4‐1:	Common	isobaric	interferences	for	swipe	samples	at	the	masses	of	U,	and	required	mass	
resolutions	(MRP	=	mass	resolving	power).	The	table	was	adopted	from	Ranebo	et	al.	(Ranebo	et	al.,	2009).	

	

A	 strategy	 to	 overcome	 the	 isobaric	 interferences	 given	 in	 Table	 1.4‐1	 is	 the	 use	 of	 large	

geometry	(LG)‐SIMS	instruments	providing	high	mass	resolution	and	high	transmission	due	to	a	

larger	 radius	 of	 the	 magnetic	 sector	 (compared	 to	 small	 geometry	 (SG)‐SIMS	 instruments).	

However,	it	should	be	noted	that	it	is	not	possible	to	resolve	hydrogen	interferences:	1H234U	and	

1H235U.	While	 the	 contribution	of	 1H234U	 is	usually	neglected,	 corrections	are	 typically	applied	

for	the	1H235U	hydrogen	interference	occurring	at	the	m/z	of	236U.	

Moreover,	LG‐SIMS	instruments	are	equipped	with	a	multi	collector,	which	is	advantageous	with	

respect	 to	 the	useful	 yield	 (i.e.	 ratio	 of	 ions	measured	 relative	 to	 the	number	 of	 atoms	 in	 the	

sample)	(Ranebo	et	al.,	2009).		
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1.5 Laser	ablation	–	(multi	collector)	–	inductively	coupled	plasma	mass	

spectrometry		

Since	 its	 introduction	 in	 the	 1980s	 (Gray,	 1985),	 laser	 ablation	 (LA)	 in	 combination	 with	

inductively	coupled	plasma	mass	spectrometry	(ICPMS)	has	evolved	to	a	widely	used	technique	

for	 the	 direct	 analysis	 of	 solid	 samples	 determining	 major,	 minor	 and	 trace	 elements	 and	

isotope	 ratios	 in	 geology	 (Cottle	 et	 al.,	 2009;	 Leisen	 et	 al.,	 2012;	 Pettke	 et	 al.,	 2011a),	

archaeology	(Golitko	and	Terrell,	2012;	Wagner	et	al.,	2012),	authenticity	(Brunner	et	al.,	2010;	

Swoboda	 et	 al.,	 2008)	 and	 provenancing	 studies	 (Fontaine	 et	 al.,	 2010),	 environmental	

monitoring	 (Cizdziel	et	al.,	2012;	Holá	et	al.,	2011)	and	migration	studies	 (Hobbs	et	al.,	2012;	

Zitek	et	al.,	2010),	biomonitoring	and	–imaging	(Becker	et	al.,	2008;	Sela	et	al.,	2007;	Stadlbauer	

et	 al.,	 2005;	Waentig	 et	 al.,	 2012)	 as	well	 as	 in	 forensics	 (Abrego	 et	 al.,	 2012;	 Grainger	 et	 al.,	

2012;	Pointurier	et	al.,	2012),	to	just	cite	examples.		

LA	 is	 a	 quasi	 non‐destructive	 sampling	 technique	 on	 the	 macroscopic	 scale	 that	 requires	

minimal	 or	 no	 sample	 preparation,	 which	 makes	 the	 technique	 especially	 attractive	 for	

chemically	resistant	samples	 (Koch	and	Günther,	2011).	 In	comparison	 to	sample	preparation	

for	 liquid	 nebulization,	 contamination	 risks	 are	 reduced	 as	 well	 as	 the	 loss	 of	 volatile	

components.	 Furthermore,	 high	 spatial	 and	 in‐depth	 resolutions	 enable	 to	 determine	 sample	

heterogeneities	(Russo	et	al.,	2002b).		

Especially	the	combination	of	LA	and	multi‐collector	(MC)‐ICPMS	exhibits	an	excellent	tool	 for	

directly	determining	and	resolving	 isotopic	compositions	of	solid	samples	(Duffin	et	al.,	2012;	

Fontaine	et	al.,	2010;	Iizuka	et	al.,	2011;	Iizuka	and	Hirata,	2005;	Souders	and	Sylvester,	2008,		

2010)	 as	 MC‐ICPMS	 instruments	 yield	 superior	 performance	 —	 compared	 to	 instruments	

equipped	 with	 a	 single	 collector	 —	 in	 terms	 of	 accuracy	 and	 precision	 of	 isotope	 ratio	

measurements	(Albarède	et	al.,	2004;	Ingle	et	al.,	2003;	Lacan	et	al.,	2010;	Morgan	et	al.,	2011;	

Rehkämper	et	al.,	2001;	Wieser	and	Schwieters,	2005).	

The	 relevance	 of	 LA	 as	 solid	 sample	 introduction	 technique	 for	 ICPMS	 is	 highlighted	 by	 the	

number	of	review	and	trend	articles	dedicated	to	this	topic	(e.g.	(Fernández	et	al.,	2007;	Garcia	

et	 al.,	 2009;	Günther‐Leopold	et	 al.,	 2005;	Koch	and	Günther,	2007,	 	2011;	Russo	et	al.,	 1998;	

Russo	et	al.,	2002b;	Russo	et	al.,	2004;	Shaheen	et	al.,	2012))	as	well	as	by	the	yearly	increasing	

number	 of	 publications	 (see	 Fig.	 1.5‐1).	 Alone	 in	 2011	 almost	 400	 entries	 for	 ‘laser	 ablation	

inductively	coupled	plasma	mass	spectrometry’	were	registered	in	SciFinder.		
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Fig.	1.5‐1:	Number	of	entries	in	SciFinder	for		
‘laser	ablation	inductively	coupled	plasma	mass	spectrometry’.	

In	the	last	years,	LA‐(MC)‐ICPMS	has	been	recognized	more	and	more	as	a	useful	method	for	the	

U	 and	 Pu	 isotopic	 characterization	 of	 nuclear	 fuel	 samples	 or	 samples	 that	 are	 of	 special	

relevance	for	nuclear	forensics	(Becker,	2005;	Boulyga	et	al.,	2003;	Cizdziel	et	al.,	2008;	Guillong	

et	al.,	2007;	Günther‐Leopold	et	al.,	2008;	Marin	et	al.,	2012;	Stefánka	et	al.,	2008).	Moreover,	

LA‐ICPMS	 has	 proven	 to	 be	 a	 promising	 technique	 for	 determining	 the	 U	 and	 Pu	 isotopic	

compositions	of	single	particles	(Aregbe	et	al.,	2011;	Becker	et	al.,	2008;	Boulyga	and	Prohaska,	

2008;	Lloyd	et	al.,	2009;	Pointurier	et	al.,	2012;	Pointurier	et	al.,	2011;	Varga,	2008).		

The	usefulness	of	LA‐MC‐ICPMS	as	a	complementary	technique	to	(FT‐)TIMS	and	SIMS	(see	1.4)	

results	from	its	potential	to	overcome	current	limitations	of	these	two	methods.	However,	it	has	

to	 be	 stressed	 that	 each	method	 provides	merits	 (e.g.	 precision,	 accuracy,	 time‐effectiveness,	

high	sensitivity,	reduced	molecular	interferences,	etc.)	for	specific	safeguards	related	questions.	

Thus,	 taking	 advantage	 of	 the	 benefits	 of	 each	 technique	 helps	 to	 extend	 the	 amount	 of	

safeguards‐relevant	information.		

In	comparison	to	TIMS,	LA‐(MC‐)ICPMS	offers	higher	sensitivity,	which	 is	of	advantage	for	the	

analysis	of	particles	with	sizes	in	the	(sub)‐µm	range	and	U	amounts	in	the	low	pg	range.	Such	

particle	 analyses	 pose	 a	 challenge	 for	 TIMS	 (Pointurier	 et	 al.,	 2011).	 In	 addition,	 high	

sensitivities	 are	 also	 important	 for	 the	 analysis	 of	 environmental	 matrices	 (Boulyga	 and	

Prohaska,	 2008).	 Thus,	 LA‐(MC‐)ICPMS	 is	 a	 very	 promising	 technique	 for	 the	 analysis	 of	

particles	 embedded	 in	 complex	matrices	 containing	 organic	 compounds	 and	 heavy	metals.	 In	

addition,	 it	 is	 less	 prone	 to	molecular	 interferences	 than	 SIMS,	which	 use	may	 be	 limited	 for	

such	 samples	 because	 of	molecular	 interferences	 present	 at	 the	mass‐to‐charge	 ratios	 of	 the	
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isotopes	of	interest	(Ranebo	et	al.,	2009).	Moreover,	in	LA‐(MC‐)ICPMS	non‐conducting	samples	

can	be	readily	analyzed,	whereas	in	SIMS	samples	have	to	be	provided	with	a	conductive	layer	

(Boulyga	and	Prohaska,	2008).		

Pre‐selection,	 using	 either	 FT	 or	 SEM,	 of	 particles	 with	 sizes	 down	 to	 the	 sub‐µm	 range	 is	

regarded	as	a	pre‐requisite	for	fast	LA‐(MC‐)ICPMS	analyses	(Pointurier	et	al.,	2012;	Pointurier	

et	 al.,	 2011).	 FT	 offers	 the	 advantage	 that	 highly	 enriched	 particles	 are	 definitely	 detected,	

whereas	they	might	be	overlooked	in	SIMS	and	SEM‐LA‐ICPMS	(Pointurier	et	al.,	2011).		

Pointurier	 et	 al.	 (Pointurier	 et	 al.,	 2011)	 estimated	 the	 time	 needed	 for	 the	 analysis	 of	 60	 U	

particles	 for	 SIMS,	 FT‐TIMS,	 FT‐LA‐ICPMS	 and	 SEM‐LA‐ICPMS.	 The	 analysis	 steps	 that	 were	

taken	into	account	included:	deposition	on	disk,	irradiation	(including	transport	and	cooling	of	

the	 samples),	 particle	 deposition	 on	 filament,	 particle	 localization	 and	 isotope	 ratio	

measurements	 (including	 instrument	 optimization	 and	 calculation).	 SIMS	 and	 SEM‐LA‐ICPMS	

yielded	comparable	overall	analysis	times	with	4	and	3.5	days,	respectively,	whereas	21	and	13	

days	 were	 estimated	 for	 FT‐TIMS	 and	 FT‐LA‐ICPMS,	 respectively.	 FT‐LA‐ICPMS	 provides	 a	

shorter	analysis	time	than	FT‐TIMS	as	the	isotopic	analysis	can	be	performed	in	less	time.	It	was	

estimated	 that	 isotope	 ratio	 measurements	 of	 60	 particles	 by	 means	 of	 LA‐ICPMS	 can	 be	

performed	 in	 1.5	 days,	whereas	 6	 days	would	 be	 required	 for	 TIMS	 analyses.	 In	 addition,	 no	

micro‐handling	 and	 individual	 loading	 of	 particles	 is	 necessary.	 In	 case	 of	 SIMS,	 3	 days	were	

estimated	for	the	isotopic	analysis	of	60	particles	(Pointurier	et	al.,	2011)	

Pointurier	et	al.	(Pointurier	et	al.,	2011)	additionally	compared	FT‐LA‐ICPMS,	FT‐TIMS	and	SIMS	

with	respect	 to	accuracy	and	precision.	SIMS	yielded	the	best	precision	(i.e.	0.7	%	(n=30)	and	

the	 smallest	 deviation	 from	 the	 certified	 value	 (i.e.	 0.5	 %	 (n=30)),	 followed	 by	 TIMS	 (i.e.	

precision:	 4.8	 %	 (n=18),	 bias	 from	 certified	 value:	 2.7	 %	 (n=18))	 and	 LA‐ICP‐QMS	

measurements	 (i.e.	 precision:	 24.2	 %	 (n=19),	 bias	 from	 certified	 value:	 11.5	 %	 (n=19))	

(Pointurier	et	al.,	2011).	However,	it	has	to	be	stressed	that	in	that	study	a	single	collector	ICP‐

QMS	 instrument	 was	 applied	 for	 the	 analysis	 of	 235U/238U	 (Pointurier	 et	 al.,	 2011).	

Improvements	 in	 precision	 and	 smaller	 biases	 from	 the	 certified	 value	 could	 be	 achieved	 by	

applying	 a	multi	 collector‐ICPMS.	 In	 addition,	 the	 use	 of	 a	 MC‐ICPMS	 instrument	 would	 also	

allow	measuring	the	minor	U	isotopes	234U	and	236U.		
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1.5.1 Basic	concepts	of	laser	ablation		

1.5.1.1 Laser	ablation	fundamentals	

Ablation	for	removing	a	portion	of	a	sample	requires	energy	absorption.	In	case	of	laser	ablation	

this	 energy	 is	provided	by	 laser	 light	 energy,	which	 results	 in	mass	 leaving	 the	surface	of	 the	

sample	 in	 form	 of	 electrons,	 ions,	 atoms,	 molecules,	 clusters	 and	 particles.	 The	 ablation	

mechanism	is	significantly	influenced	by	laser	parameters	such	as	pulse	duration	(i.e.	ns	and	fs)	

and	wavelength	(i.e.	IR,	UV	and	vacuum	UV);	with	both	having	a	great	impact	on	stoichiometric	

sampling	of	the	solid	of	interest.	However,	the	significance	of	the	influence	of	a	laser	parameter	

on	 e.g.	 stoichiometric	 sampling	 is	 highly	 dependent	 on	 the	 sample	 material	 properties	 (e.g.	

transparent	versus	opaque	or	metal	versus	isolator,	etc.)	(Russo	et	al.,	2007).		

Ablation	mechanism		

The	ablation	mechanism	can	be	divided	into	three	main	processes:	1)	bond	breaking	and	plasma	

ignition,	2)	plasma	expansion	and	cooling	and	3)	particle	ejection	and	condensation.	However,	

the	mechanisms	occurring	due	to	the	incident	of	 laser	light	strongly	depend	on	the	irradiation	

(i.e.	energy	per	unit	area	and	time	in	W	cm‐2)	and	the	pulse	duration	of	the	applied	laser.	While	

thermal	 vaporization	 is	 the	 dominant	 mechanism	 for	 nanosecond	 (ns)	 laser	 pulses	 with	

irradiances	less	than	108	W	cm‐2,	Coulomb	explosion	is	the	main	bond	breaking	mechanism	for	

femtosecond	laser	pulses	with	irradiances	higher	than	1013	W	cm‐2	(Russo	et	al.,	2007).	In	fs‐LA	

higher	irradiances	are	always	applied	for	the	same	fluences	as	in	ns‐LA	as	the	laser	energy	hits	

the	 sample	 in	much	 shorter	 time	 (Glaus	 et	 al.,	 2010).	However,	 if	 the	 laser	 irradiance	 is	 high	

enough	 in	 ns‐LA	 non‐thermal	mechanisms	 are	 existing	 in	 addition	 to	 thermal	 ones.	 Thermal	

mechanisms	comprise	phase	transition	from	solid	to	liquid,	liquid	to	vapor	and	vapor	to	plasma.	

Thus,	 the	 sample	 surface	will	melt	 and	vaporize.	On	 the	 contrary	 laser	ablation	using	 fs	 laser	

pulses	 comprise	 a	 direct	 solid‐vapor	 (or	 solid‐plasma)	 transition.	 Thermal	 conduction	 can	 be	

neglected	as	the	lattice	is	heated	by	non‐thermal	melting,	which	is	followed	by	the	creation	of	a	

laser‐induced	plasma	with	rapid	expansion	rates	(Russo	et	al.,	2007).		

Laser‐induced	 plasma	 is	 generated	 due	 to	 the	 ionization	 of	 vaporized	mass	 by	 absorption	 of	

incident	 laser	 light.	 The	 laser‐induced	 plasma	 causes	 plasma	 shielding,	 which	 is	 more	

pronounced	for	ns‐LA	as	the	plasma	does	not	decay	as	fast	as	plasma	induced	by	a	fs	laser	pulse.	
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In	case	of	ns	laser	pulses,	the	plasma	is	reheated	by	the	absorption	of	the	later	part	of	a	pulse.	On	

the	 contrary,	 in	 case	of	 fs	 laser	 pulses	 plasma	 shielding	 can	be	neglected.	After	 ending	of	 the	

laser	 pulse,	 the	 laser‐induced	 plasma	 is	 expanding	 into	 the	 ambient,	 which	 is	 referred	 to	 as	

plume.	 Plasma	 expansion	 in	 form	of	 a	 shockwave	 from	ns	 laser	 pulses	 takes	 place	 in	 a	 three	

dimensional	way	whereas	 fs	 pulse	 durations	 yield	 one	 dimensional	 (i.e.	 perpendicular	 to	 the	

sample	surface)	plasma	expansions	(Russo	et	al.,	2007).		

The	 last	 stage	of	 the	LA	processes	comprises	particle	 formation	 from	condensed	vapor,	 liquid	

sample	ejection	and	solid‐sample	exfoliation.	Condensation	of	vapor	results	in	the	formation	of	

nanoparticles,	whereby	 their	 sizes	 are	determined	by	 the	 cooling	 time	 and	 the	density	 of	 the	

vapor.	Generally,	condensation	starts	when	the	vapor	reaches	the	boiling	temperature	(~	3000	

K)	of	the	material	and	stops	when	the	condensation	temperature	(~	2000	K)	is	reached.	Liquid	

sample	 ejection	 takes	 place	 as	 a	 consequence	 of	 high	 pressure	 gradient	 forces	 at	 the	molten	

surface.	 Ejection	 of	 solid	 particles	 results	 from	 thermal	 stress	 forces	 that	 are	 breaking	 the	

sample	into	particles	(Russo	et	al.,	2007).	However,	melting	of	the	surface	and	solid	ejection	are	

more	prominent	 for	ns‐LA	than	for	fs‐LA	(Fernández	et	al.,	2007;	Liu	et	al.,	2004;	Russo	et	al.,	

2007).		

1.5.1.2 Elemental	fractionation	during	laser	ablation	

Laser	 parameters	 such	 as	 pulse	 duration	 and	 laser	 wavelength	 have	 a	 major	 influence	 on	

elemental	fractionation	(Fryer	et	al.,	1995;	Longerich	et	al.,	1996)	and	stoichiometric	sampling	

(i.e.	 laser	 aerosol	 composition	 is	 representative	 for	 the	 bulk	 composition	 (Koch	 and	Günther,	

2011))	 as	 they	 strongly	 influence	 the	 particle	 size	 and	 distribution	 and	 the	 chemical	

composition	 of	 the	 laser	 generated	 aerosol	 (Glaus	 et	 al.,	 2010;	 Koch	 et	 al.,	 2004;	 Kuhn	 and	

Günther,	 2004;	 Liu	 et	 al.,	 2005).	 Elemental	 fractionation	 is	 regarded	 as	 one	 of	 the	 main	

limitations	of	LA‐ICPMS	for	performing	quantitative	analyses	of	elemental	concentrations	in	the	

absence	of	matrix	matched	calibration	standards	(e.g.	(Glaus	et	al.,	2010;	Günther‐Leopold	et	al.,	

2005;	Koch	and	Günther,	2007,		2011)),	which	availability	is	limited	for	many	applications	(Koch	

and	Günther,	2007).	Generally,	elemental	 fractionation	does	not	only	occur	at	the	ablation	site	

(Glaus	et	al.,	2010;	Liu	et	al.,	2004)	but	also	during	transport	to	the	ICP	(Koch	et	al.,	2002)	and	in	

the	ICP	itself	(Guillong	and	Günther,	2002;	Guillong	et	al.,	2003;	Kroslakova	and	Günther,	2007;	

Kuhn	and	Günther,	2003,		2004).		

The	use	of	laser	ablation	systems	providing	shorter	wavelengths	and	pulse	durations	helped	to	

minimize	 elemental	 fractionation	 (e.g.	 (Glaus	 et	 al.,	 2010;	 Liu	 et	 al.,	 2004;	 Poitrasson	 et	 al.,	
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2003)),	 and	 thus	 to	 improve	 quantification	 capabilities	 without	 the	 use	 of	 matrix	 matched	

calibration	 standards	 (Koch	 and	 Günther,	 2007).	 However,	 other	 parameters	 such	 as	 laser	

fluence	(i.e.	 laser	energy	density)	 (Claverie	et	al.,	2009a;	Garcia	et	al.,	2008;	Koch	et	al.,	2005;	

Koch	 et	 al.,	 2004;	 Koch	 et	 al.,	 2006;	 Russo	 et	 al.,	 2002a)	 and	 repetition	 rate	 (Claverie	 et	 al.,	

2009a;	 Gonzalez	 et	 al.,	 2008)	 have	 to	 be	 additionally	 taken	 into	 account.	 A	 comprehensive	

review	dealing	with	the	 influence	of	various	 laser	parameters	(i.e.	pulse	duration,	wavelength,	

beam	 profile,	 pulse	 frequency,	 power	 density	 and	 fluence)	 and	 ablation	 cell	 peculiarities	 (i.e.	

ambient	atmosphere,	configuration	and	transport	system)	on	the	performance	of	ns‐	and	fs‐LA	

can	be	found	in	(Shaheen	et	al.,	2012).	This	section	only	provides	a	brief	discussion	about	the	

influence	of	pulse	duration,	laser	wavelength	and	carrier	gas	on	LA‐ICPMS	analyses.	

Influence	of	pulse	duration	on	LA‐ICPMS	analyses	

LA	 results	 in	 the	 generation	 of	 particles	 having	 different	 sizes	 and	 size‐dependent	 chemical	

compositions	(Glaus	et	al.,	2010;	Koch	et	al.,	2005;	Koch	et	al.,	2004;	Kuhn	and	Günther,	2004;	

Liu	 et	 al.,	 2005).	 In	 fs‐LA	 smaller	 particles	with	 a	more	 uniform	particle	 size	 distribution	 are	

produced	 compared	 to	 ns‐LA	 (Koch	 et	 al.,	 2004;	 Liu	 et	 al.,	 2004).	 The	 presence	 of	 smaller	

particles	results	in	reduced	elemental	fractionation	due	to	reduced	incomplete	vaporization	and	

ionization	 in	 the	 ICP	 as	 is	 the	 case	 for	 larger	 particles	 (Aeschliman	 et	 al.,	 2003;	 Kuhn	 and	

Günther,	 2003;	 Liu	 et	 al.,	 2004).	 Considering	 ns‐LA,	 Kuhn	 and	 Günther	 (Kuhn	 and	 Günther,	

2003)	ablated	brass	using	ns	laser	pulses	and	observed	that	particles	larger	than	100	nm	were	

Zn	 depleted	 whereas	 particles	 smaller	 than	 20	 nm	 were	 enriched	 in	 Zn	 (measurements	

conducted	by	SEM‐EDX).		

Liu	et	al.	(Liu	et	al.,	2004)	observed	that	fs	pulses	yielded	particles	with	sizes	of	100‐200	nm	that	

formed	large	agglomerates	of	irregular	shape	with	sizes	of	5‐10	µm	when	ablating	brass.	On	the	

contrary,	ns	 laser	ablation	produced	single	spherical	entities	with	sizes	ranging	from	10‐1000	

nm.	Single	large	droplets	that	most	likely	ejected	from	the	molten	surface	were	observed	in	ns	

laser	ablation	but	not	in	fs	ablation.	In	addition,	a	raised	rim	around	the	crater	perimeter,	caused	

by	 re‐solidification	 of	molten	 brass,	 could	 be	 identified	 for	 ns	 laser	 ablation.	 Compared	 to	 ns	

laser	ablation,	enhanced	signal	 intensities	and	 improved	precisions	were	observed	for	 fs	 laser	

ablation,	even	 though	 large	agglomerates	were	produced.	However,	 the	authors	assumed	that	

these	agglomerates	were	more	 effectively	digested	 in	 the	 ICP	 than	 larger	 single	particles	 that	

resulted	 in	 spike	 signals	 in	 ns	 laser	 ablation.	 In	 addition,	 the	 use	 of	 fs	 laser	 pulses	 allowed	

improving	 the	 precision	 of	 elemental	 ratios	 as	 elemental	 fractionation	 was	 less	 pronounced	

compared	 to	 ns	 laser	 ablation.	 Moreover,	 a	 larger	 (~10‐15	 times)	 crater	 volume	 for	 fs	 laser	
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ablation	demonstrated	the	enhanced	ablation	efficiency	compared	to	ns	laser	ablation	(Liu	et	al.,	

2004).	Generally,	fs	laser	pulses	are	enabling	higher	ablation	rates	than	ns	pulses	as	they	are	not	

affected	 by	 plasma	 shielding.	 In	 addition,	 less	 pulse	 energy	 is	 lost	 by	 thermal	 diffusion	 (heat	

affected	zone)	in	the	sample	(Russo	et	al.,	2007).		

Different	morphologies	and	elemental	compositions	of	aerosol	particles	generated	by	ns	and	fs	

laser	ablation	were	observed	by	Glaus	et	al.	(Glaus	et	al.,	2010)	who	investigated	silicate,	metal	

and	 semiconductor	 samples.	 Fs	 laser	 generated	aerosols	 showed	 less	matrix	 dependence	 and	

similar	 particle	 morphologies	 for	 all	 samples	 compared	 to	 ns	 laser	 ablation,	 where	

morphological	 differences	were	 found	 for	 silicate	 and	metal	 and	 semiconductor,	 respectively,	

samples.	No	wavelength	dependency	with	respect	to	particle	morphology	could	be	identified	for	

fs‐UV‐LA	 and	 fs‐IR‐LA.	 Even	 though	 no	 obvious	 fractionation	 could	 be	 observed	 by	 ICPMS	

measurements,	electron	microscopy	measurements	revealed	different	chemical	compositions	of	

fs	laser	generated	aerosol.	In	case	of	zircon,	large	particles	consisted	of	almost	pure	zirconium	

dioxide	whereas	nanoparticle	agglomerates	consisted	of	silicon	dioxide	(for	both	fs‐UV‐LA	and	

fs‐IR‐LA).	No	separation	could	be	found	for	aerosol	generated	by	ns	laser	ablation	of	zircon.	The	

analysis	of	brass	revealed	the	enrichment	of	Cu	in	 large	particles	for	both	ns	and	fs	generated	

aerosol.	However,	the	elemental	separation	was	less	distinct	for	fs‐UV‐LA,	for	which	—as	well	as	

for	 fs‐IR‐LA—	 no	 significant	 Cu/Zn	 fractionation	 could	 be	 observed	 in	 contrast	 to	 ns	 laser	

pulses.	No	elemental	separation	according	to	particle	size	as	well	as	fractionation	during	ICPMS	

measurements	 could	 be	 identified	 for	 pyrite,	 representing	 a	 semiconductor	 sample,	 and	 for	

stainless	 steel.	 It	 was	 assumed	 that	 gas‐to‐particle	 conversion	 in	 the	 vapor	 phase	 and	

hydrodynamic	 sputtering	 of	 the	 remaining	 liquid	 led	 to	 the	 formation	 of	 nanoparticle	

agglomerates	and	large	spherical	particles,	respectively,	in	case	of	ns‐LA.	Temporal	fractionation	

of	e.g.	Cu/Zn	ratios	may	be	observed	due	to	the	loss	of	droplets,	which	are	enriched	in	Cu,	with	

increasing	crater	depth	and	the	formed	debris	around	the	crater.	In	case	of	fs‐LA	it	was	assumed	

that	droplets	and	vapor	may	be	released	in	the	same	expansion	process	at	a	much	higher	kinetic	

energy,	which	 led	 to	 reduced	elemental	 fractionation.	However,	 the	elemental	 separation	 into	

individual	particle	sizes	was	regarded	as	a	major	limitation	with	respect	to	quantitative	analyses	

without	using	matrix‐matched	standards,	even	for	fs‐LA	(Glaus	et	al.,	2010).	

Garcia	et	al.	(Garcia	et	al.,	2008)	determined	that	elemental	fractionation	was	independent	of	the	

matrix	(i.e.	binary	metallic,	semiconductor	samples	and	multi‐component	glass)	and	that	at	high	

shot	 numbers	 stoichiometric	 sampling	 could	 be	 accomplished	 when	 applying	 fs‐IR‐LA.	

Elemental	 fractionation	 could	 be	 observed	 during	 the	 first	 shots	whereas	 at	 higher	 shots	 the	

elemental	 ratios	 approached	 an	 asymptotic	 fluence‐independent	 value.	 It	 was	 stressed	 that	

elemental	fractionation	depended	on	the	fluence,	whereupon	larger	effects	could	be	observed	at	
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the	ablation	threshold.	The	application	of	high	fluences	yielded	constant	elemental	ratios	after	

the	second	shot	(Garcia	et	al.,	2008).		

Moreover,	Poitrasson	et	al.	(Poitrasson	et	al.,	2003)	observed	that	fs‐UV‐LA	was	superior	to	ns‐

UV‐LA	in	terms	of	precision,	accuracy	and	repeatability	for	elemental	Pb/U	and	Pb/Th	ratios	as	

well	as	for	Pb	isotopic	ratios	analyzed	in	glass,	monazite	and	zircon	samples.		

Influence	of	laser	wavelength	on	LA‐ICPMS	analyses	

Generally,	 shorter	wavelengths	—	UV	versus	 IR	—	provide	higher	photon	energies	 (1064	nm:	

1.16	eV,	266	nm:	4.7	eV,	213	nm:	5.8	eV,	193	nm:	6.4	eV)	for	bond	breaking	and	ionization	of	the	

sample.	If	the	photon	energy	is	higher	than	the	bond	energy	(typically	a	few	eV)	of	the	sample,	

non‐thermal	mechanisms	become	more	pronounced.	Moreover,	more	energy	per	unit	volume	is	

provided	 for	 ablation	 by	 UV	 wavelengths	 because	 of	 the	 shorter	 optical	 penetration	 depth	

(Russo	 et	 al.,	 2007).	 UV	 wavelengths	 are	 also	 more	 efficiently	 penetrating	 the	 laser‐induced	

plasma	and	thus	bond‐breaking	is	directly	initiated	(Russo	et	al.,	2002b).	Advantages	for	the	LA	

process	 (e.g.	 reduced	 elemental	 fractionation)	 by	 applying	 shorter	 wavelengths,	 particularly	

with	regard	to	samples	such	as	silicate	glass,	were	demonstrated	by	several	authors	(Guillong	

and	Günther,	2002;	Guillong	et	al.,	2003;	Horn	et	al.,	2001;	Russo	et	al.,	2000).	The	use	of	shorter	

wavelengths	(i.e.	193	nm	<	213	nm	<	266	nm)	for	the	ablation	of	e.g.	silicates	results	in	smaller	

ablation	rates	(amount	of	ablated	mass	per	laser	pulse	per	unit	area)	and	reduced	heat‐affected	

zones	as	the	laser	energy	is	more	effectively	coupled	into	the	sample	(increased	absorption	for	

shorter	wavelengths)	(Günther‐Leopold	et	al.,	2005).	

Horn	et	al.	(Horn	et	al.,	2001)	observed	more	uniform	ablation	rates	for	NIST	glass	samples	(i.e.	

NIST	 610	 (dark	 blue),	 NIST	 612	 (light	 blue)	 and	 NIST	 614	 (transparent))	 when	 applying	 a	

wavelength	of	193	nm	compared	to	266	nm.	At	193	nm	similar	sample	removal	rates	per	pulse	

were	observed	for	all	 three	glasses,	resulting	from	similar	absorption	behaviors	at	193	nm.	 In	

case	 of	 266	 nm,	 ablation	 of	 NIST	 614	 glass,	 representing	 the	 sample	 with	 the	 highest	

transparency	for	266	nm,	resulted	in	higher	ablation	rates	and	the	formation	of	larger	particles	

because	 of	 longer	 optical	 penetration	 depths	 and	 absorption	 of	 the	 laser	 energy	 in	 larger	

volumes	(Horn	et	al.,	2001).		

Guillong	 and	 Günther	 (Guillong	 and	 Günther,	 2002)	 observed	wavelength‐dependent	 particle	

size	distributions	when	analyzing	NIST	glass	samples.	The	analysis	of	transparent	samples	using	

266	nm	as	laser	wavelength	yielded	particle	size	distributions	that	were	dominated	by	particle	

sizes	 >	 1	 µm,	 whereas	 smaller	 particle	 sizes	 (<	 0.2	 µm)	 were	 observed	 for	 opaque	 samples.	

However,	 a	 direct	 comparison	 of	 particle	 size	 distributions	 with	 regard	 to	 the	 different	
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wavelengths	 could	 not	 be	 conducted	 due	 to	 the	 detection	 capabilities	 of	 the	 particle	

measurement	 system	 for	 particles	 produced	by	means	193	nm	 (<	0.1	 µm).	Differences	 in	 the	

particle	 size	 distributions	 were	 nonetheless	 evident.	 In	 addition,	 the	 ratio	 of	 small	 to	 large	

particles	 increased	 with	 increasing	 crater	 depth.	 Filtering	 of	 particles	 larger	 than	 0.8	 µm	

allowed	reducing	elemental	fractionation	during	LA	using	a	266	nm	laser,	indicating	a	reduction	

of	 ICP	 induced	 elemental	 fractionation	 due	 to	 incomplete	 vaporization	 of	 large	 particles	

(Guillong	 and	 Günther,	 2002).	 In	 another	 study,	 Guillong	 et	 al.	 (Guillong	 et	 al.,	 2003)	

investigated	the	influence	of	three	different	wavelengths	(193	nm	versus	213	nm	and	266	nm)	

on	 the	 analysis	 of	 silicate	 samples.	 Except	 for	 the	wavelength	 all	 laser	 parameters	were	 kept	

constant.	As	shorter	wavelengths	have	shorter	penetration	depths	the	aerosol	consisted	of	more	

small	particles,	which	 resulted	 in	better	 signal	 stabilities	 and	 reduced	elemental	 fractionation	

for	all	analyzed	NIST	glass	samples	(i.e.	 from	opaque	to	transparent	(NIST	610,	NIST	612	and	

NIST	614)).	 In	 case	of	213	nm	and	266	nm	reduced	signal	stabilities	and	enhanced	elemental	

fractionation	were	observed	with	 increasing	transparency	of	the	glass	samples,	resulting	from	

increased	 mean	 particle	 sizes	 and	 the	 incomplete	 vaporization	 of	 larger	 particles	 in	 the	 ICP	

(Guillong	et	al.,	2003).		

Considering	the	analysis	of	NIST	610	silicate	glass	by	means	of	 fs‐UV‐LA	using	wavelengths	of	

~200	 nm	 and	 ~	 265	 nm	 both	 aerosols	 mainly	 consisted	 of	 nano‐sized	 particles	 and/or	

agglomerates	with	sizes	ranging	from	50‐250	nm.		Nonetheless,	the	particle	fraction	consisting	

of	100‐250	nm	particles	increased	when	applying	a	wavelength	of	~	265	nm	(Koch	et	al.,	2006).	

The	 study	 conducted	 by	 Koch	 et	 al.	 (Koch	 et	 al.,	 2006)	 demonstrates	 that	 a	 wavelength‐

dependent	particle	size	distribution	for	opaque	silicate	samples	is	less	pronounced	in	fs	LA	than	

in	ns	LA.		

In	 case	 of	metallic	 samples	 the	 optical	 penetration	 depth	 seems	 not	 to	 be	 as	 relevant	 due	 to	

energy	 losses	 through	 reflection	 on	 the	 sample	 and	 thermal	 conductivity	 (Horn	 et	 al.,	 2001).	

Kuhn	and	Günther	(Kuhn	and	Günther,	2003)	observed	that	the	use	of	a	266	nm	laser	yielded	

Cu/Zn	ratios	having	less	deviations	from	the	certified	value	than	the	use	of	193	nm,	for	which	

14	%	higher	Cu/Zn	ratios	were	reported.		

In	Table	1.5‐1	typical	applications	of	laser	wavelengths	and	pulse	durations	are	given.	In	order	

to	 review	 state‐of‐the‐art	 applications	 and	 because	 of	 the	 large	 number	 of	 papers	 yearly	

published,	 special	 emphasis	was	put	 on	 applications	published	 in	2012	with	 regard	 to	ns‐LA.	

Considering	fs‐LA,	applications	published	from	2000	to	2012	were	taken	into	account	because	

of	 the	 small	 number	 of	 papers	 compared	 to	 ns‐LA.	 However,	 it	 should	 be	 noted	 that	 the	 list	

cannot	be	regarded	as	exhaustive.	As	can	be	seen	in	Table	1.5‐1,	in	2012	only	wavelengths	in	the	
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UV	range	were	applied	for	the	analysis	of	various	matrices	in	ns‐LA.	In	case	of	fs‐LA	the	applied	

wavelengths	ranged	from	the	deep	UV	to	the	IR.	The	use	of	fs‐LA	is	 limited	to	only	a	few	non‐

fundamental	investigations,	whereas	ns‐LA	is	widely	applied	for	various	matrices	ranging	from	

e.g.	minerals	to	tumor	tissue	sections.	Hence,	 it	 is	evident	that	shorter	pulse	durations	are	not	

yet	widely	used	in	the	community,	most	likely	resulting	from	higher	acquisition	costs	for	fs‐LA	

systems	compared	to	ns‐LA	systems.	However,	this	may	change	in	the	next	years.	Regarding	the	

list	of	 laser	ablation	systems	currently	available	on	 the	market	 (see	Table	1.5‐2)	 it	 is	obvious	

that	fs‐LA	systems	have	successfully	entered	the	market.	The	nowadays	availability	of	easy‐to‐

use	and	stand‐alone	systems	may	contribute	to	a	more	widespread	use	of	fs‐LA	systems.	

Influence	of	carrier	gas	on	LA‐ICPMS	analyses	

The	 particle‐size	 distribution	 is	 also	 strongly	 dependent	 on	 the	 laser	 ablation	 carrier	 gas,	

especially	 in	 case	of	 shorter	wavelengths	 (Horn	and	Günther,	2003).	 In	 comparison	 to	Ar,	 the	

use	of	He	results	in	enhanced	transport	efficiencies	of	the	generated	aerosol	to	the	ICP	(Eggins	

et	 al.,	 1998;	 Kuhn	 and	 Günther,	 2003),	which	 yields	 enhanced	 signal	 intensities	 and	 reduced	

deposition	of	ablated	material	on	the	sample	surface	(Eggins	et	al.,	1998).	The	gain	in	sensitivity	

under	He	atmosphere	can	be	explained	by	the	generation	of	much	more	smaller	particles	due	to	

a	 more	 rapid	 end	 of	 condensational	 particle	 growth	 from	 vapor.	 The	 laser‐induced	 plasma	

under	He	atmosphere	is	smaller	compared	to	that	using	Ar	as	ablation	carrier	gas.	Moreover,	He	

has	a	higher	thermal	conductivity	which	enables	a	faster	removal	of	thermal	energy	away	from	

the	 ablation	 site.	 However,	 enhanced	 transport	 efficiencies	 under	 He	 atmosphere	 are	 less	

pronounced	when	a	wavelength	of	266	nm	is	applied	for	LA	as	at	this	wavelength	less	vapor	and	

more	 primary	 particles	 are	 generated	 (Horn	 and	 Günther,	 2003).	 Guillong	 and	 Günther	

(Guillong	 and	 Günther,	 2002)	 observed	 a	 3	 fold	 signal	 enhancement	 by	 applying	 He	 for	 the	

transport	of	193	nm	produced	particles,	whereas	no	influence	in	the	transport	efficiency,	using	

either	 Ar	 or	 He	 as	 carrier	 gas,	 could	 be	 detected	 for	 particles	 generated	 by	 applying	 a	

wavelength	of	266	nm.		

	



	

	

	

	

Table	1.5‐1:	Typical	applications	of	laser	wavelengths	and	pulse	durations	for	LA‐ICPMS	analyses	
(ns‐LA:	emphasis	on	applications	published	in	2012	but	also	selected	applications	from		

the	years	before;	fs‐LA:	applications	published	from	2000	to	2012)		
Wave‐
length	

Pulse	
duration	 Laser	 Field	 Sample	type	 Note	 References	

193	nm	 ns	 ArF	Excimer	 Geology/	geochronology	 Zircon	 	 (Helbig	et	al.,	2012)	

193	nm	 ns	 ArF	excimer	 Geology	 Quartz‐hosted	fluid	
inclusions	

	 (Leisen	et	al.,	2012)	

193	nm	 ns	 ArF	excimer	
Environmental	monitoring/	heavy	

metal	exposure	
Teeth	 	 (Shepherd	et	al.,	2012)	

193	nm	 ns	 excimer	 Geology/	geochronology	 Zircon	 	 (Tollstrup	et	al.,	2012)	
193	nm	 ns	 ArF	excimer	 Migration	 Fish	otoliths	 	 (Chang	et	al.,	2012)	

193	nm	 ns	 Nd:YAG	 Nuclear	forensics	 Glass	particles	doped	
with	U	

	 (Kappel	et	al.,	2012)	
	

193	nm	 ns	 ArF	excimer	 Geology/geochronology	 Speleothems	 	 (Drysdale	et	al.,	2012)	
193	nm	 ns	 ArF	excimer	 Geology/geochronology	 Zircon	 	 (Georgiev	et	al.,	2012)	
193	nm	 ns	 ArF	excimer	 Archaeology	 Kiln	sherds	 	 (Zhu	et	al.,	2012)	

193	nm	 ns	 ArF	excimer	 Bioimaging	 Tumor	tissue	sections	
(rat)	 	 (Gholap	et	al.,	2012)	

193	nm	 ns	 ArF	excimer	 Other	 Lead	fire	assay	button	 	 (Compernolle	et	al.,	2012)	

193	nm	
213	nm	

ns	
ns	

Nd:YAG	
Nd:YAG	 Geology	

Stalagmite,	ostracod	
shells	(calcium	
carbonate)	

Comparison	of	193	nm	and	
213	nm	for	the	samples	of	
interest,	need	for	matrix‐
matched	calibration;	

application	of	193	nm	yielded	
more	precise	data,	reduced	
elemental	fractionation,	less	
pronounced	mass	load	and	

matrix	effects	

(Jochum	et	al.,	2012)	

213	nm	 ns	 Nd:YAG	 Nuclear	forensics	 Uranium	oxide	particles	 	 (Pointurier	et	al.,	2012)	
213	nm	 ns	 Nd:YAG	 Archaeology/provenancing	 Ceramics	 	 (Golitko	and	Terrell,	2012)	
213	nm	 ns	 Nd:YAG	 Geology	/	geochronology	 Allanite	 	 (Darling	et	al.,	2012)	
213	nm	 ns	 Nd:YAG	 Environmental	monitoring	 Green	leaves	 	 (Cizdziel	et	al.,	2012)	

213	nm	 ns	 Nd:YAG	
Environmental	monitoring/chemical	

imaging	
Fern	rhizomes	 	

(Koelmel	and	
Amarasiriwardena,	2012)	

213	nm	 ns	 Nd:YAG	 Bioimaging	 Kidney	(rats)	 	 (Moreno‐Gordaliza	et	al.,	
2011)	



	

	

	

213	nm	 ns	 Nd:YAG	 Bioimaging	 Liver	(fish	/gar)	 	 (Barst	et	al.,	2011)	
213	nm	 ns	 Nd:YAG	 Forensics	 Automotive	glass	 	 (Grainger	et	al.,	2012)	
213	nm	 ns	 Nd:YAG	 Archaeology	 Glass	vessels	 	 (Panighello	et	al.,	2012)	
213	nm	 ns	 Nd:YAG	 Migration	 Fish	otoliths	 	 (Reis‐Santos	et	al.,	2012)	
213	nm	 ns	 Nd:YAG	 Food	monitoring	 Herbal	supplements	 	 (Bu	et	al.,	2012)	

213	nm	 ns	 Nd:YAG	 Bioimaging	
Mouse	brain,	chicken	
breast	standard	 Use	of	H2	as	reaction	gas	 (Lear	et	al.,	2012)	

213	nm	 ns	 Nd:YAG	 Biomonitoring	 Tobacco,	wheat	 	 (Judy	et	al.,	2012)	

213	nm	 ns	 Nd:YAG	 Bioimaging	
Western	blot	
immunoassay	

	 (Waentig	et	al.,	2012)	

213	nm	 ns	 Nd:YAG	 Nuclear	industry	
Ni‐based	alloy,	pure	Ni,	
Fe	with	Ni	coating	

	 (Vaculovic	et	al.,	2012)	

213	nm	 ns	 Nd:YAG	 Environmental	monitoring	 Rock	coatings	 	 (Mantha	et	al.,	2012)	

213	nm	 ns	 Nd:YAG	
Environmental	monitoring/	heavy	

metal	exposure	
Teeth	 	 (Abdullah	et	al.,	2012)	

213	nm	 ns	 Nd:YAG	 Migration	 Fish	otoliths	 	 (Hobbs	et	al.,	2012)	

213	nm	 ns	 Nd:YAG	 Fundamental	investigations	
Cu	CRMs,	Cu	powder	

pellets	
Evaluation	of	powder	pellets	
as	calibration	standards	

(Traub	et	al.,	2010)	

213	nm	 ns	 Nd:YAG	 Other	 Thin	film	coated	glasses	 Depth‐profile	analysis	 (Konz	et	al.,	2011b)	

213	nm	 ns	 Nd:YAG	 Bioimaging	
Human	serum	sample	

(gels	from	gel	
electrophoresis)	

	 (Konz	et	al.,	2011a)	

213	nm	 ns	 Nd:YAG	 Environmental	monitoring	 Fish	scales	 	 (Holá	et	al.,	2011)	

213	nm	 ns	 Nd:YAG	 Fundamental	investigations	 Titanite	
Phase	and	composition	
changes	during	LA	

(Fliegel	et	al.,	2010)	

213	nm	 ns	 Nd:YAG	 Nuclear	forensics	 Uranium	oxide	particles	 	 (Pointurier	et	al.,	2011)	
213	nm	 ns	 Nd:YAG	 Archaeology/provenancing	 Glass	 	 (Walton	et	al.,	2012)	

213	nm	 ns	 Nd:YAG	 Bioimaging	

Selenium‐containing	
proteins	(extract	of	
sunflower	leafs,	

polyacrylamide	gels	
from	gel	

electrophoresis)	

	 (da	Silva	and	Arruda,	2012)	

266	nm	 ns	 Nd:YAG	 Bioimaging	 Urine	(single	droplets)	 	 (Kumtabtim	et	al.,	2011)	

266	nm	 ns	 Nd:YAG	 Nuclear	forensics	 Uranium	oxide	pellet,	
HEU	rod	

Minimization	of	mass	
fractionation	using	soft	

ablation	and	defocusing	beam	
strategy	

(Marin	et	al.,	2012)	

266	nm	 ns	 Nd:YAG	 Bioimaging	 Bark	 	 (Siebold	et	al.,	2012)	
266	nm	 ns	 Nd:YAG	 	 IDA‐chip	bioelectronic	 imaging	 (Zoriy	et	al.,	2009)	



	

	

	

device	
266	nm	 ns	 Nd:YAG	 Bioimaging	 Brain	(rat,	pig)	 	 (Pugh	et	al.,	2012)	
266	nm	 ns	 Nd:YAG	 Bioimaging	 Tissue	sections	(snails)	 	 (Santos	et	al.,	2009)	
355	nm	 ns	 Nd:YAG	 Bioimaging	 Brain	(rats)	 	 (Wu	and	Becker,	2012)	

532	nm	 ns	 Nd:YAG	 Fundamental	investigations	
Interdigitated	electrode	

array	(IDA)	chips	

Near	field	LA	for	
measurements	at	nanometer	

scale	
(Zoriy	et	al.,	2009)	

532	nm	 ns	 Nd:YAG	 Fundamental	investigations	
20	nm	Au	film	deposited	

onto	a	Si	substrate	

Near	field	LA	for	
measurements	at	nanometer	

scale	
(Zoriy	et	al.,	2008)	

532	nm	 ns	 Nd:YAG	 Fundamental	investigations	

Copper	isotopic	
standard	reference	

material	
NIST	SRM	976	and	

tungsten‐molybdenum	
alloy	NIST	SRM	480	

Near	field	LA	for	
measurements	at	nanometer	

scale	
(Zoriy	and	Becker,	2009)	

196	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	

Silicate	glass,	
baddeleyite,	zircon,	

metal,	oxide,	hydroxide,	
carbonate	and	sulfide	

Absence	of	elemental	and	
isotopic	fractionation	using	

196	nm	fs‐LA	

(Horn	and	von	Blanckenburg,	
2007)	

200	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	
Silicate	glass	and	

minerals	
Comparison	of	193	nm	ns‐LA	

with	200	nm	fs‐LA	 (Kimura	and	Chang,	2012)	

265	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	
Metals	Brass,	silicate	

glasses	
Evaluation	of	liquid	standard	

calibraiton	
(Wälle	et	al.,	2008)	

265	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	 Cr	thin	layer	on	a	Ni	
substrate	 Depth‐profiling	analysis	 (Pisonero	et	al.,	2007)	

266	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	 Silicate	glass	
Influence	of	repetition	rate	
and	scan	speed	on	LA‐ICPMS	

analysis	
(Gonzalez	et	al.,	2008)	

343	nm	 fs	 Yb:KWG	 Other	 Silicate	glass	 U	isotopic	analysis	of	NIST	
glass	 (Duffin	et	al.,	2012)	

785	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	
Sediment	reference	

material	

Determination	of	the	chemical	
composition	of	seven	

sediment	reference	materials	
(Shaheen	and	Fryer,	2011)	

785	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	 Glass	 	 (Shaheen	et	al.,	2008)	

785	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	 Glass	
Addition	of	hydrogen	and	
nitrogen	to	the	central	gas	

flow	
(Shaheen	and	Fryer,	2010)	

795	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	
Cu	and	Zn	CRMs	and	
powder	pellets	

Evaluation	of	powder	pellets	
as	calibration	standards	 (Traub	et	al.,	2009)	

795	nm	 fs	 Ti:	sapphire	 	 Lead	fire	assay	buttons	 	 (Vanhaecke	et	al.,	2010)	



	

	

	

795	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	 Brass,	aluminum,	silicate	
Glass	

Investigation	of	the	
applicability	of	non‐matrix	

matched	calibration	
(Bian	et	al.,	2006)	

795	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	
Brass,	Ag‐Cu,	Ni‐Fe,	Cr‐
Fe,	Pb‐Sb,	GaAs,	NIST	

glass	

Influence	of	laser	fluence	on	
elemental	fractionation	

(Garcia	et	al.,	2008)	

795	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	 Silicate	glass	

Characterization	of	dielectric	
aerosol	with	respect	to	
elemental	fractionation;	
influence	of	laser	fluence	

(Koch	et	al.,	2005)	

800	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	 Silicate	glass	
Infuence	of	laser	laser	fluence	

on	fractionation	
(Russo	et	al.,	2002a)	

800	nm	 fs	 Ti:	sapphire	 Geology	

Silicate	(NIST	610)	and	
sulfide	(Po‐726	and	Cpy‐
RM)	reference	material,	

natural	pyrite	

Non‐matrix	dependence	of	fs‐
LA	

(Velásquez	et	al.,	2011)	

800	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	 Monazite	
Influence	of	laser	parameters	
on	laser‐induced	aerosols	

(D'Abzac	et	al.,	2011)	

800	nm	 fs	 Ti:	sapphire	 Fundamental	investigations	 Monazite	 Influence	of	energy	and	pulse	
width	on	LA‐ICPMS	analysis	 (D'Abzac	et	al.,	2010)	

800	nm	 fs	 Ti:	sapphire	 Geology	
Quartz‐hosted	melt	

inclusions	
	 (Borisova	et	al.,	2008)	

1030	nm	 fs	 Yb:KWG	 Migration	 Fish	otoliths	 	 (Martin	et	al.,	2010)	

1030	nm	 fs	 Yb:KGW	 Other	 Crude	oils	
Matrix	effects	(transparent	

versus	crude	oil)	
(Ricard	et	al.,	2011)	

1030	nm	 fs	 Yb:KWG	 Fundamental	investigations	 Soil	and	sediment	
Matrix	matched	quantification	
by	solid‐spike	isotope	dilution	 (Fernández	et	al.,	2008b)	

1030	nm	 fs	 Yb:KWG	 Fundamental	investigations	 Soil	and	sediment	 In‐cell	isotope	dilution	 (Fernández	et	al.,	2008a)	

1030	nm	 fs	 Yb:KWG	 Fundamental	investigations	 Selenoproteins	
(polyacrylamide	gels)	

Laser‐induced	aerosol	
characterization	 (Claverie	et	al.,	2009b)	

1030	nm	 fs	 Yb:KWG	 Fundamental	investigations	 Glass	
Influence	of	high	repetition	

rate	on	elemental	
fractionation	

(Claverie	et	al.,	2009a)	

1030	nm	 fs	 Yb:KWG	 Environmental	monitoring	 Calcite	shell	(Great	
Scallop)	 	 (Tabouret	et	al.,	2012)	

1030	nm	 fs	 Yb:KWG	 Migration	 Fish	otoliths	 	 (Feutry	et	al.,	2012)	
193	nm	
266	nm	
800	nm	

ns	
	ns	
fs	

ArF	excimer	
Nd:YAG	

			Ti:	sapphire	
Archaeology	 Corning	archeological	

reference	glasses	 	 (Wagner	et	al.,	2012)	

193	nm	
266	nm	

ns	
ns	

ArF	excimer	
Nd:YAG	

Fundamental	investigations	 Fe‐based	samples	
Evaluation	of	quantification	
capabilities	(matrix	and	non‐

(Mozná	et	al.,	2006)	



	

	

	

265	nm	 	fs	 		Ti:	sapphire	 matrix	matched	calibration)	
193	nm	
795	nm	

ns	
	fs	

ArF	excimer	
Ti:	sapphire	 Authenticity	and	provenancing	 Andesine	 	 (Fontaine	et	al.,	2010)	

193nm	
780	nm	

ns	
	fs	

ArF	excimer	
Ti:	sapphire	

Fundamental	investigations	 Pyrite,	zircon,	glass	
Comparison	ns‐LA	versus	fs‐

LA	
(Hirata	and	Kon,	2008)	

193	nm	
265	nm	
795	nm	

ns	
fs	
fs	

ArF	excimer	
Ti:	sapphire	
Ti:	sapphire	

Fundamental	investigations	
Brass,	Stainless	steel,	
Pyrite,	Galenite,	Zircon,	
Multicomponent	glass	

Comparison	ns‐LA	versus	fs‐
LA;	characterization	of	laser	

generated	aerosol	
(Glaus	et	al.,	2010)	

200	nm	
265	nm	

fs	
fs	

Ti:	sapphire	
Ti:	sapphire	

Fundamental	investigations	
Silicate	glass,	

brass	

Comparison	of	different	UV	
wavelengths	using	fs‐LA;	Less	
dependency	of	signal	ratios	
on	wavelength	and	repetition	
rate	but	on	laser	fluence	

(Koch	et	al.,	2006)	

266	nm	
266	nm	

ns	
	fs	

Nd:YAG		
	Ti:	sapphire	

Fundamental	investigations	 Brass	
Comparison	ns‐LA	versus	fs‐
LA	performance;	aerosol	

characterization	
(Liu	et	al.,	2004)	

266	nm	
266	nm	

ns	
	fs	

Nd:YAG							
Ti:	sapphire	

Fundamental	investigations	 Glass,	monazite,	zircon	
Comparison	UV‐fs‐LA	and	UV‐

ns‐LA;	less	matrix	
dependency	for	UV‐fs‐LA	

(Poitrasson	et	al.,	2003)	

266	nm	
266	nm	

ns	
	fs	

Nd:YAG		
Ti:	sapphire	 Fundamental	investigations	 NIST	glass	

Comparison	ns‐LA	versus	fs‐
LA;	UV‐fs‐LA	produced	less	

spike	signals	
(Gonzalez	et	al.,	2007a)	

266	nm	
266	nm	

ns	
	fs	

Nd:YAG	
			Ti:	sapphire	

Fundamental	investigations	

High	purity	zinc,	
zinc	alloy,	zinc‐
aluminum	

alloy	and	aluminum	
alloy	

Comparison	ns‐LA	versus	fs‐
LA	

(Gonzalez	et	al.,	2007b)	

266nm	
1030	nm	

ns	
	fs	

Nd:YAG	
Yb:KWG	 Fundamental	investigations	

Heteroatom‐containing	
proteins	

(polyacrylamide	gels	
from	gel	

electrophoresis)	

Comparison	ns‐LA	versus	fs‐
LA	 (Ballihaut	et	al.,	2007)	

266	nm	
1045	nm	

ns	
	fs	

Nd:YAG	
Yb:KWG	

	
Fundamental	investigations	 Brass	and	urban	dust	

Comparison	ns‐LA	versus	fs‐
LA,	evaluation	of	particle	

effects	
(Perdian	et	al.,	2008)	

775	nm	
775	nm	

ns	
	fs	

Ti:	sapphire	
Ti:	sapphire	 Fundamental	investigations	 Brass	

Comparison	ns‐LA	versus	fs‐
LA;	particle	size	distributions	

and	compositions	
(Koch	et	al.,	2004)	

	



	

	

	

Table	1.5‐2:	Laser	ablation	systems	currently	available	on	the	market.	

Manufacturer	 Brand	name	 Laser	
Wave‐
length	

Pulse	
duration	

Max	
Energy	 Rep.	Rate	 Spot	size	 Fluence	

Applied	Spectra,	Inc.	(ASI)	 J100	Femto	
Yb:KWG	(amplitude	

laser	head)	
1030	nm	 <	480	fs	 <	1mJ	 1	‐	100		kHz	 5	‐	100	µm	 n.a.	

Applied	Spectra,	Inc.	(ASI)	 J100‐UV	Femto	 Yb:KWG	(amplitude	
laser	head)	

343	nm	 <	480	fs	 <	150	µJ	 1	‐	100		kHz	 3	‐	100	µm	 n.a.	

Applied	Spectra,	Inc.	(ASI)	
Pegasus	Tandem	

LA‐LIBS	
Nd:YAG	 213	nm	 <	5ns	 n.a.	 n.a.	 n.a.	 n.a.	

CETAC	Technologies	and	
Photon	Machines	Inc.	 LSX‐266	 Nd:YAG	 266	nm	 ns	 n.a.	 n.a.	 n.a.	 n.a.	

CETAC	Technologies	and	
Photon	Machines	Inc.	

LSX‐213	G2	 Nd:YAG	 213	nm	 5	ns	 >	4.5	mJ	 n.a.	 5	‐	200	µm	 n.a.	

CETAC	Technologies	and	
Photon	Machines	Inc.	

Analyte	Excite	 ArF	excimer;	ATL	head	 193	nm	 <	4	ns	 n.a.	 1	‐	300	Hz	 2	‐	150	µm	 n.a.	

CETAC	Technologies	and	
Photon	Machines	Inc.	

Analyte	G2	 ArF	excimer;	ATL	head	 193	nm	 <	4ns	 n.a.	 n.a.	 >	2	µm	 n.a.	

CETAC	Technologies	and	
Photon	Machines	Inc.	

Excite	Pharos	FS	 Yb:KGW	(Pharos	laser	
head)	

800	nm,	
257	nm,	
sub	200	
nm	

<	200	fs	 n.a.	 n.a.	 >	2µm	 n.a.	

Coherent	Inc.	 GeoLasPro	 ArF	excimer	 193	nm	 ns	
	 	

4	‐	160	µm	
45	J/cm2;	

>120µm:	35	j/cm2	

Electro	Scientific	
Industries,	Inc.	

NWRFemto	Laser	
Ablation	System	

Yb:KGW	(Pharos	laser	
head		modified)	

800	nm,	
257	nm,	
205	nm	

<	200	fs	 n.a.	 1	‐	1000	Hz	 n.a.	
UV:	>3J/cm2;	
VUV	>1j/cm2	

Electro	Scientific	
Industries,	Inc.	

NWR193	Laser	
Ablation	System	

ArF	excimer	 193	nm	 2	ns	 n.a.	 n.a.	 n.a.	 n.a.	

Electro	Scientific	
Industries,	Inc.	

NWR213	Laser	
Ablation	System	 Nd:YAG	 213	nm	 <	5	ns	 n.a.	 n.a.	 n.a.	 n.a.	

Electro	Scientific	
Industries,	Inc.	

NWR266	Large	
Beam	Laser	

Ablation	System	
Nd:YAG	 266	nm	 <	5	ns	 n.a.	 n.a.	 n.a.	 n.a.	

Resonetics	 RESOlution	
M‐50	HR	

Excimer	‐	Compex	Pro	
Coherent	laser	head	

(ArF)	
193	nm	 20	ns	 200	mJ	 100	Hz	 5	‐	380	µm	 30	J/cm2	

Resonetics	
RESOlution	
M‐50	LR	

Excimer	‐	Compex	Pro	
Coherent	laser	head	

(ArF)	
193	nm	 20	ns	 200	mJ	 20	Hz	 5	‐	380	µm	 30	J/cm2	

Resonetics	 RESOlution	 Excimer	‐	Compex	Pro	 193	nm	 5	ns	 8	mJ	 300	Hz	 4	‐	100	µm	 15	J/cm2	



	

	

	

M‐50	E	 Coherent	laser	head	
(ArF)	

Resonetics	
RESOlution	
S‐50	LR	

ArF	excimer	(ATL	laser	
head)	

193	nm	 5	ns	 8	mJ	 300	Hz	 4	‐	100	µm	 15	J/cm2	

NovaLase	SA;	Amplitude	
Systèmes;	Nexeya	 Alfamet	IR	

Yb:KWG	(amplitude	
laser	head)	 1030	nm	 fs	 n.a.	 1	‐	100	kHz	

25	‐	200	
µm	

30,	80,	112	µm:	
276,	31,	17	J/cm2	

NovaLase	SA;	Amplitude	
Systèmes;	Nexeya	

Alfamet	UV	
Yb:KWG	(amplitude	

laser	head)	
257	nm	 fs	 n.a.	 1	‐	100	kHz	 6	‐	100	µm	

18,	54,	72	µm:	
325,	36,	20	J/cm2	

NovaLase	SA;	Amplitude	
Systèmes;	Nexeya	

Alfamet	L3	 Yb:KWG	(amplitude	
laser	head)	 515	nm	 fs	 n.a.	 1	‐	100	kHz	 variable	

8,	16,	32	µm:	
298,	74,	18	J/cm2	
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1.5.2 Basic	 principles	 of	 (multi	 collector)	 –	 inductively	 coupled	 plasma	mass	

spectrometry	

This	section	is	dedicated	to	a	short	overview	about	the	basic	principles	of	ICPMS	in	general	and	

MC‐ICPMS	 in	 particular.	 If	 the	 reader	 is	 interested	 in	more	 detailed	 information	 about	 (MC)‐

ICPMS,	 it	 is	 recommended	 to	 consult	 one	 of	 many	 ICPMS	 handbooks	 (Jarvis	 et	 al.,	 1992;	

Sylvester,	 2001;	 Nelms,	 2005;	 Becker,	 2007)	 or	 review	 articles	 (Jakubowski	 et	 al.,	 2011;	

Rehkämper	et	al.,	2001;	Wieser	and	Schwieters,	2005)	for	further	reading.	In	this	section	special	

emphasis	is	put	on	the	description	of	detectors	typically	applied	in	a	multi	collector	array	(see	

1.5.2.3)	and	on	multi	 collector	block	configurations	 for	 the	simultaneous	analysis	of	U	and	Pu	

(see	1.5.2.4).		

1.5.2.1 ICPMS	fundamentals	

ICPMS	 is	 regarded	as	one	of	 the	most	 important	analytical	 techniques	 in	atomic	spectroscopy	

(Jakubowski	et	al.,	2011),	not	at	least	due	to	its	capabilities	to	perform	multi‐element	analyses	at	

ultra‐trace	concentration	levels	(i.e.	down	to	the	sub‐ppt	level)	and	isotope	ratio	analyses.	In	the	

following	the	principle	of	ICPMS	is	shortly	described.				

Sample	introduction		

Sample	introduction	systems	for	introducing	liquid	samples	and	laser	ablation	systems	that	are	

applied	 for	generating	an	aerosol	 from	solid	 samples	have	 to	be	 considered	as	main	 systems.	

Laser	ablation	as	sample	introduction	is	described	in	1.5.1.		

A	sample	introduction	system	for	introducing	liquid	samples	into	the	ion	source	usually	consists	

of	 two	main	parts,	namely	 the	nebulizer	 that	generates	an	aerosol	and	 the	spray	chamber	 for	

removing	 large	 droplets	 from	 the	 aerosol	 introduced	 into	 the	 ICP.	 The	most	 commonly	 used	

nebulizer‐spray	 chamber	 combinations	 consist	 of	 a	 pneumatic	 nebulizer	 that	 is	 coupled	 to	 a	

Scott	 type	double	pass	spray	chamber	or	a	cyclonic	spray	chamber.	The	pneumatic	concentric	

nebulizer	 has	 a	 narrow	 capillary	 in	 its	 center	 and	 is	 fixed	 to	 a	 cylindrical	 main	 body.	

Nebulization	 takes	 place	 with	 the	 help	 of	 an	 argon	 gas	 flow,	 which	 emerges	 at	 high	 velocity	

through	the	annulus	between	the	inner	capillary	and	the	external	body.	A	Scott	type	double‐pass	

spray	chamber	consists	of	two	concentric	tubes.	After	passing	the	first	tube	the	aerosol	has	to	

change	its	path	by	180°	(Todoli	and	Vanhaecke,	2005).	The	cyclonic	spray	chamber	is	shown	in	
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Fig.	1.5‐2.	The	nebulizer	is	tangentially	introduced	into	the	spray	chamber.	Benefits	over	Scott	

type	 spray	 chambers	 are	 faster	 wash‐out	 characteristics,	 higher	 aerosol	 transport	 efficiency,	

less	spiking	and	low	internal	volume	(Elemental	Scientific.	Cyclonic	Spray	Chambers.).		

	

Fig.	1.5‐2:	Quartz	cyclonic	spray	chamber.	The	figure	was	adopted	from		
(Elemental	Scientific.	Cyclonic	Spray	Chambers.)	

However,	 in	 order	 to	 increase	 sensitivity	 and	 to	 reduce	 the	 water	 load	 into	 the	 ICP,	 spray	

chambers	are	often	combined	with	heating	or	cooling	modules	or	membrane	desolvation	units.	

The	sample	introduction	system	that	was	used	within	the	course	of	this	thesis	was	the	DSN‐100	

(i.e.	DeSolvation	Nebulizer	System,	Nu	 Instruments	Ltd.,	Wrexham,	U.K.).	The	 liquid	 sample	 is	

usually	nebulized	by	means	of	 a	 self‐aspirating	PFA	nebulizer	having	a	 sample	uptake	 rate	of	

about	 120	 µL	 min‐1.	 The	 generated	 aerosol	 is	 then	 introduced	 into	 a	 heated	 spray	 chamber	

where	 it	 is	 vaporized.	Heating	of	 the	 spray	 chamber	walls	 is	 accomplished	by	 a	 hot	 gas	 flow,	

which	additionally	prevents	the	condensation	of	the	aerosol	at	the	walls.	Afterwards,	the	aerosol	

enters	 a	 heated	 (i.e.	 110	 ±	 10	 °C)	 semi‐porous	 PTFE	 membrane.	 The	 solvent	 passes	 the	

membrane	 and	 is	 carried	 away	 by	 means	 of	 a	 counter‐directed	 Ar	 membrane	 gas	 flow	 (Nu	

Instruments	 Ltd.	 DSN‐100	 ‐	 DeSolvation	 Nebulizer	 System).	 Finally,	 a	 dried	 aerosol	 is	

introduced	 into	 the	 ion	 source.	 The	 reduction	 of	 the	 water	 load	 into	 the	 ICP	 results	 in	 a	

reduction	of	interferences	resulting	from	H2O	and	in	increased	sensitivity. 

Ion	source	‐	Inductively	coupled	plasma	

The	 ion	 source	most	 widely	 used	 in	 inorganic	 mass	 spectrometry	 is	 the	 inductively	 coupled	

plasma	 (ICP),	 which	 is	 operated	 at	 atmospheric	 pressure	 (~	 1000	mbar).	 Typically	 a	 quartz	

torch	is	placed	in	a	load	coil	to	which	a	radiofrequency	(RF)	power	between	750	W	and	1700	W	

is	applied.	An	alternating	current	oscillates	(i.e.	27.1	MHz	or	40.6	MHz)	within	the	field,	setting	

up	electrical	and	magnetic	fields	at	the	top	of	the	torch.	The	application	of	a	spark	using	a	Tesla	

coil	results	in	a	release	of	electrons	from	argon	(Ar)	atoms	present	due	to	the	gas	flow	flowing	
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through	 the	 torch.	The	 released	 electrons	 are	 then	accelerated	 in	 the	magnetic	 field,	which	 is	

referred	to	as	inductive	coupling.	The	fast	moving	electrons	are	colliding	with	neutral	Ar	atoms,	

which	 results	 again	 in	 the	 emission	 of	 electrons.	 Generally,	 the	 plasma	 consists	 of	 neutral	 Ar	

atoms,	positively	charged	Ar	ions	and	electrons.	The	collision	processes	are	responsible	for	the	

high	 temperature	 of	 the	 plasma.	 Depending	 on	 the	 region	 of	 the	 plasma,	 the	 plasma	 is	 at	 a	

temperature	 between	 6000	K	 and	 10000	K.	 Because	 of	 these	 high	 temperatures	 desolvation,	

vaporization,	atomization	and	finally	 ionization	of	the	introduced	sample	aerosol	take	place.	 It	

should	be	mentioned	that	 the	extent	of	 ionization	 is	a	 function	of	an	element’s	 first	 ionization	

potential	 relative	 to	 that	 of	 Ar	 (i.e.	 15.76	 eV),	 whereby	 most	 elements	 of	 the	 periodic	 table	

produce	 predominantly	 singly	 charged	 ions.	However,	 some	 elements	 such	 as	 cerium	 (Ce)	 or	

barium	 (Ba)	 have	 second	 ionization	 potentials	 low	 enough	 so	 that	 a	 significant	 amount	 of	

doubly	charged	ions	is	generated	(Hill	et	al.,	2005).		

Ion	extraction	and	focusing	

While	 the	 ICP	 is	 at	 atmospheric	 pressure,	 the	 mass	 analyzer	 requires	 high	 vacuum	 (i.e.	 10‐7	

mbar	to	10‐8	mbar).	The	interface	is	the	region	where	the	first	pressure	reduction	takes	place	in	

addition	to	the	extraction	of	ions	generated	in	the	ICP.	The	ICP	flame	is	focused	on	the	sampler	

cone	(i.e.	nickel,	platinum,	copper,	aluminum)	which	exhibits	an	orifice	with	a	diameter	of	ca.	1	

mm.	The	sampling	 cone	 is	usually	mounted	on	a	water	 cooled	plate	 in	order	 to	circumvent	 it	

from	melting	due	to	the	high	temperature	of	the	ICP.	The	expansion	chamber	is	directly	located	

behind	the	sampler	cone	and	is	pumped	by	a	rotary	pump,	which	yields	a	pressure	of	about	2‐5	

mbar.	After	 the	expansion	chamber	the	skimmer	cone	having	an	orifice	with	a	diameter	of	ca.	

0.4	–	0.7	mm	is	located	(Hill	et	al.,	2005).		

Recently,	Thermo	Fisher	Scientific	Inc.	introduced	a	so	called	Jet	Interface,	with	which	increased	

sensitivities	 can	 be	 obtained.	 This	 interface	 uses	 a	 high	 capacity	 dry	 interface	 pump	 and	 a	

specially	 designed	 set	 of	 cones	 (i.e.	 x‐skimmer	 and	 jet‐sampler)(Thermo	 Fisher	 Scientifc	 Inc.	

Thermo	 Scientific	 Jet	 Interface).	 Increased	 sensitivities	 can	 also	 be	 achieved	 in	 MC‐ICPMS	

instruments	manufactured	by	Nu	Instruments	by	applying	so	called	high‐performance	cones.		

After	 the	 ions	have	been	extracted	 from	 the	 ICP,	 they	have	 to	be	 focused	and	guided	 into	 the	

mass	 analyzer.	 This	 focusing	 is	 achieved	 by	 means	 of	 the	 ion	 optics,	 which	 consist	 of	

electrostatically	 controlled	 lens	 components.	 These	 components	 that	 are	 at	 high	 voltage	 can	

either	be	a	series	of	metal	plates,	barrels	or	cylinders	(Thomas,	2001).		
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In	the	case	of	a	magnetic	sector	field	instrument	the	extracted	ions	are	accelerated	up	to	10	keV	

by	 a	 high	 extraction	 potential	 (Batey	 et	 al.,	 2005).	 The	 high	 voltage	 is	 either	 supplied	 to	 the	

interface	 with	 the	 analyzer	 at	 ground	 potential	 or	 to	 the	 analyzer	 part.	 In	 the	 later	 case	 the	

interface	 is	kept	at	ground.	Worth	mentioning	 is,	 however,	 that	both	variants	are	available	 in	

commercial	instruments.	E.g.	Nu	Instruments	Ltd.	uses	the	first	variant,	whereas	Thermo	Fisher	

Scientific	keeps	the	interface	at	ground	potential.		

Mass	analyzer	

The	 mass	 analyzer,	 which	 is	 under	 high	 vacuum	 (i.e.	 ~10‐8	 mbar),	 is	 the	 part	 of	 an	 ICPMS	

instrument	where	 the	 separation	 of	 ions	 according	 to	 their	mass‐to‐charge	 (m/z)	 ratio	 takes	

place.	 Three	 types	 of	 analyzers	 are	 typically	 applied	 in	 inorganic	 mass	 spectrometry:	 1)	

quadrupole	 mass	 analyzer,	 2)	 double	 focusing	 sector‐field	 analyzer	 and	 3)	 time‐of‐flight	

analyzer	(Batey	et	al.,	2005).	As	the	MC‐ICPMS	instrument	(i.e.	Nu	Plasma	HR,	Nu	Instruments	

Limited,	Wrexham,	U.K.)	that	was	used	in	this	study	consisted	of	a	double‐focusing	sector	field	

analyzer	 with	 Nier‐Johnson	 geometry,	 the	 principle	 of	 this	 mass	 analyzer	 will	 be	 briefly	

discussed.		

A	 double‐focusing	 sector	 field	 instrument	 consists	 of	 both	 an	 electrostatic	 analyzer	 and	 a	

magnetic	 sector	 analyzer.	 Ions	 generated	 in	 an	 ICP	 typically	 have	 an	 ion	 kinetic	 energy	

distribution	 between	 5	 eV	 and	 10	 eV.	 In	 order	 to	 reduce	 this	 energy	 distribution	 by	 energy	

focusing,	 the	 ions	 are	 passing	 an	 electrostatic	 analyzer	 before	 entering	 the	 magnetic	 sector	

analyzer.	This	geometry	is	referred	to	as	Nier‐Johnson	geometry	if	a	90°	electrostatic	analyzer	is	

combined	with	a	60°	magnetic	 sector.	However,	 the	electrostatic	analyzer	 can	also	be	 located	

after	the	magnet	according	to	the	reversed	Nier‐Johnson	geometry	(Batey	et	al.,	2005).		

Detection	system	

A	comprehensive	overview	about	detection	systems	applied	in	(MC)‐ICPMS	instruments	is	given	

in	1.5.2.3.			

1.5.2.2 Multi	collector	–	ICPMS	

Traditionally,	thermal	ionization	mass	spectrometry	(TIMS)	has	been	the	method	of	choice	for	

achieving	the	highest	accuracy	and	precision	of	 isotope	ratios	(Yang,	2009).	However,	 in	TIMS	

elements	 having	 a	 high	 ionization	 potential	 are	 difficult	 to	 analyze	 (Rehkämper	 et	 al.,	 2001;	
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Wieser	and	Schwieters,	2005;	Yang,	2009).	As	elements	with	high	 ionization	potentials	can	be	

easily	 ionized	 in	 the	 ICP	and	because	accurate	and	precise	 isotope	ratios	comparable	 to	TIMS	

can	be	determined	(Yang,	2009),	MC‐ICPMS	became	a	complementary	 technique	 to	TIMS.	The	

enhanced	 use	 of	 MC‐ICPMS	 since	 its	 introduction	 in	 the	 1990s	 is	 also	 demonstrated	 by	 the	

increasing	number	of	publications	over	the	years	(Fig.	1.5‐3).	Merits	of	MC‐ICPMS	are	its	simple	

and	robust	sample	introduction,	high	sample	throughput	and	high	mass	resolution	(Yang,	2009)	

which	enables	to	get	rid	of	particular	spectroscopic	interferences.		

In	 a	 MC‐ICPMS	 instrument	 an	 ICP	 ion	 source	 is	 combined	 with	 a	 magnetic	 sector	 mass	

spectrometer	 and	 multiple	 detectors	 (e.g.	 Faraday	 cups,	 secondary	 electron	 multiplier)	

(Rehkämper	et	al.,	2001).	Typically,	MC‐ICPMS	instruments	are	based	on	a	Nier‐Johnson	double‐

focusing	geometry.	The	Thermo	Scientific	Inc.	 ‘Neptune’,	 for	example,	uses	the	ICP	interface	of	

the	 ‘Element	2’,	a	single	collector	 ICPMS	 instrument,	and	the	multi‐collector	 technology	of	 the	

‘Triton’,	 which	 is	 a	 Thermo	 Scientific	 Inc.	 TIMS	 instrument	 (Jakubowski	 et	 al.,	 2011).	 On	 the	

contrary	to	the	‘Neptune’,	the	ICP	interface	of	the	Nu	Instruments	Ltd.	‘Nu	Plasma	HR’	MC‐ICPMS	

instrument	 that	 was	 used	 in	 this	 study	 is	 under	 high	 voltage,	 whereas	 the	 analyzer	 and	 the	

collector	part	are	at	ground	potential.	Detailed	descriptions	of	MC‐ICPMS	instruments	that	have	

been	 commercially	 available	 since	 their	 introduction	 in	 the	 1990s	 can	 be	 found	 in	 various	

reviews	(Jakubowski	et	al.,	2011;	Rehkämper	et	al.,	2001;	Wieser	and	Schwieters,	2005;	Yang,	

2009).	

	

Fig.	1.5‐3:	Number	of	entries	in	SciFinder	for		
‘multi	collector	inductively	coupled	plasma	mass	spectrometry’.	
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1.5.2.3 Detectors	typically	used	in	a	multi	collector	array	

Faraday	cups	

Faraday	 cups	 are	 regarded	 as	 the	 detectors	 of	 choice	 for	 high	 precise	 isotope	 ratio	

measurements,	 not	 at	 least	 due	 to	 their	 high	 stability	 and	 linearity	 (Longerich	 and	 Diegor,	

2001).	Moreover,	their	width,	which	is	about	3.5	mm	in	the	case	of	a	‘Neptune	Plus’	Faraday	cup	

(Tuttas	et	al.)	and	about	2	mm	in	the	case	of	a	‘NU	Plasma	HR’	Faraday	cup,	respectively,	allows	

to	easily	arrange	them	in	parallel	to	each	other	in	a	multi	collector	array	for	the	simultaneous	

detection	of	incoming	ions.	

Faraday	 cups	 are	 typically	 applied	 for	 the	 detection	 of	 relatively	 high	 ion	 currents	 (Becker,	

2007;	 Rehkämper	 et	 al.,	 2001).	 Based	 on	 analogue	 detection	 the	 intensity	 of	 the	 ion	 beam	

(current	=	charge	per	unit	time)	is	measured,	in	contrast	to	pulse	counting	where	the	number	of	

ions	are	detected	(Rehkämper	et	al.,	2001).		

Faraday	cups	are	usually	designed	as	a	rectangular	metal	box	with	one	open	end	into	which	the	

ions	are	entering.	The	box	 is	connected	 to	an	amplifier	with	a	high	 impedance	 input	 (Meyers,	

2000).	 Typically	 1011	 Ω	 high	 value	 resistors	 are	 used	 in	MC‐ICPMS	 (Nu	 Instruments	 Ltd.	 NP	

Manual	V2)	or	TIMS	instruments.	However,	it	is	also	feasible	to	apply	resistors	>	1011	Ω	(Tuttas	

et	al.)	for	extending	the	dynamic	range.	When	ions	are	entering	the	box	electrons	are	released	in	

order	to	neutralize	 the	 incoming	positively	charged	 ions	(Meyers,	2000).	The	electron	current	

are	 flowing	 through	 the	 resistor,	 across	 which	 they	 are	 creating	 a	 potential	 difference	

(Longerich	and	Diegor,	2001).	The	detection	efficiency	is	close	to	100	%	as	all	incoming	ions	are	

detected.	In	addition,	gain	stability	 is	given	as	the	gain	does	only	depend	on	the	resistor	value	

(Longerich	and	Diegor,	2001).	However,	 the	 loss	of	secondary	electrons	 that	are	emitted	after	

ions	are	impinging	on	the	inner	surface	of	the	Faraday	cups	may	lead	to	increased	ion	current	

readings.	Therefore,	an	electron	suppressor	and	permanent	magnets	are	used	in	order	to	hinder	

the	escape	of	secondary	electrons	(Meyers,	2000).		

In	the	following	the	Faraday	cups	that	are	used	in	the	‘Nu	Plasma	HR’	multi	collector	array	are	

described	in	order	to	get	a	more	detailed	picture	of	these	detectors	(see	also	Fig.	1.5‐4).		
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Fig.	1.5‐4:	‘Nu	Plasma	HR’	Faraday	cup.	

The	Faraday	detectors	applied	in	the	‘Nu	Plasma	HR’	multi	collector	array	consist	of	a	ceramic	

body	with	 sapphire	 sides.	While	 the	outer	walls	 are	 gold	 coated,	 the	 interior	ones	 are	 coated	

with	graphite.	However,	the	rear	of	the	detector	interior	consists	of	a	graphite	block.	The	gold	

coating	is	grounded	when	the	Faraday	cup	is	mounted	in	the	detector	block	in	order	to	eliminate	

charging	when	ions	pass	along	the	outer	walls	of	the	detector.	An	electron	suppressor	is	located	

near	the	opening	of	the	Faraday	cup	(Nu	Instruments	Ltd.	NP	Faraday	detectors).	This	electron	

suppressor	has	a	potential	of	‐50	V	to	‐100	V	(Nu	Instruments	Ltd.	NP	Manual	V2)	and	ensures	

that	secondary	electrons	are	not	released	from	the	detector.	However,	reduction	of	secondary	

electron	generation	is	accomplished	by	the	graphite	coating	of	the	inner	walls.	Moreover,	small	

magnets	that	are	located	above	and	below	the	collector	block	send	surface	ejected	electrons	into	

a	 circular	 path,	 which	 additionally	 hinders	 the	 escape	 of	 electrons	 (Nu	 Instruments	 Ltd.	 NP	

Faraday	 detectors).	 In	 addition,	 the	 Farady	 cups	 are	 designed	 in	 a	 way	 so	 that	 the	 electron	

escape	 angle	 is	 minimized,	 which	 is	 achieved	 by	 increasing	 the	 Faraday	 cup	 length	 (Nu	

Instruments	Ltd.	NP	Manual	V2).	

The	Faraday	cups	that	are	used	in	the	‘NU	Plasma	HR’	multi	collector	array	are	having	a	dynamic	

range	of	10	V,	whereas	the	ones	used	in	the	‘Nu	Plasma	II’	(latest	generation	of	Nu	Instruments	

Ltd.	MC‐ICPMS)	are	having	a	dynamic	range	of	55	V	(Nu	Instruments	Ltd.	Nu	Plasma	II).	In	both	

cases	 1011	 Ω	 resistors	 are	 used.	 On	 the	 other	 hand,	 the	 Thermo	 Scientific	 Inc.	 ‘Neptune’	MC‐

ICPMS	is	available	with	Faraday	cups	having	a	dynamic	range	of	55	V	(Ball	et	al.,	2008).	

The	lower	end	of	the	dynamic	range	is	limited	by	the	detector	noise	(i.e.	Johnson	noise)	that	is	

associated	 with	 the	 resistance	 value	 (Nu	 Instruments	 Ltd.	 NP	 Manual	 V2).	 The	 relationship	

between	the	random	noise	and	the	resistance	(Nu	Instruments	Ltd.	NP	Manual	V2)	is	given	in	eq	

(1.5‐1)	
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	 (1.5‐1)	

where	 in	is	 the	 random	 noise	 in	 amps	 rms,	 kB	 the	 Boltzmann	 constant	 in	 J/K,	T	 the	 absolute	

temperature	 in	 K,	 Δf	 the	 measurement	 bandwidth	 in	 Hz	 and	 R	 the	 resistance	 in	 Ω.		

Thus,	 the	 noise	 current	 limit	 for	 a	 one	 second	 measurement	 period	 is	 4	 x	 10‐16	 amps	 rms.,	

assuming	that	all	other	noise	sources	have	been	eliminated.	However,	the	limit	can	be	improved	

by	increasing	the	measurement	period	(Nu	Instruments	Ltd.	NP	Manual	V2).			

Typically,	modern	Faraday	cups	that	are	employed	in	a	multi	collector	array	do	not	have	to	be	

cross	calibrated	against	each	other	because	they	have	uniform	registration	efficiency.	The	gain	

calibration	 factors	 of	 the	 individual	 amplifiers	 are	 usually	 determined	 by	 sequentially	

connecting	 the	amplifier	 inputs	 to	a	 stable	 reference	current.	The	response	of	 the	amplifier	 is	

measured,	 whereupon	 the	 ratios	 of	 the	 measured	 signals	 yield	 the	 gain	 or	 cross	 calibration	

factors	(Wieser	and	Schwieters,	2005).	According	to	Wieser	and	Schwieters,	the	uncertainty	of	

the	calibration	factor	for	a	Faraday	cup,	resulting	from	a	cross	calibration	of	two	amplifiers,	is	5	

ppm	(1	RSD).	Taking	this	uncertainty	into	account	for	calculating	the	uncertainty	of	the	external	

reproducibility,	an	uncertainty	of	7	ppm	(1	RSD)	is	obtained	for	the	external	reproducibility.	As	

the	 uncertainty	 is	 determined	 by	 the	 uncertainty	 of	 the	 calibration	 factor,	 the	 reproducibility	

achievable	 for	 one	 isotope	 ratio	 is	 limited	 to	 7	 ppm.	 In	 order	 to	 enable	more	 precise	 isotope	

ratio	measurements,	Thermo	Fischer	Scientific	 Inc.	 implemented	a	so	called	 ‘Virtual	Amplifier’	

design	for	the	Faraday	cup	cross	calibration	(see	Fig.	1.5‐5).	The	advantage	of	this	design	is	that	

biases	 resulting	 from	uncertainties	 in	 the	 gain	 calibration	 are	 eliminated.	 In	 comparison	 to	 a	

classical	 approach,	 in	 which	 each	 Faraday	 cup	 is	 connected	 to	 an	 individual	 amplifier,	 the	

‘Virtual	Amplifier’	design	uses	a	relay	matrix,	whereby	the	amplifiers	can	be	switched	between	

different	Faraday	cups	(Wieser	and	Schwieters,	2005).	The	principle	of	this	design	is	described	

in	detail	in	(Wieser	and	Schwieters,	2005).	
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Fig.	1.5‐5:	Schematic	diagram	of	the	Thermo	Scientific	Inc.	Virtual	Amplifier.	
The	figure	was	adopted	from	Wieser	and	Schwieters	(Wieser	and	Schwieters,	2005).	

Another	peculiarity	employed	by	Thermo	Fisher	Scientific	Inc.	is	the	use	of	a	larger	ion	optical	

magnification	(i.e.	M=2),	which	results	in	an	improved	Faraday	cup	performance.	Since	the	mass	

discpersion	 is	 directly	 proportional	 to	 the	 ion	 optical	magnification,	 the	 Faraday	 cups	 can	 be	

enlarged	(i.e.	twice	as	wide	with	M=2)	in	comparison	to	an	ion	optical	magnification	of	M=1.	As	

the	angular	divergence	of	 the	 ion	beam	at	 the	detector	 is	proportionally	reduced	with	 the	 ion	

optical	magnification,	the	effective	depth	at	which	the	ions	strike	the	side	walls	of	the	Faraday	

cup	is	increased.	Hence,	there	is	a	higher	chance	that	secondary	electrons	are	not	escaping	from	

the	cup.	A	schematic	description	of	the	effects	of	the	larger	ion	optical	magnification	is	given	in	

Fig.	1.5‐6.		

It	was	already	mentioned	above	that	Faraday	cups	are	the	detectors	of	choice	for	precise	isotope	

ratio	 measurements.	 However,	 when	 it	 comes	 to	 the	 data	 acquisition	 of	 short,	 fast	 changing	

signals	as	it	is	the	case	with	transient	signals	resulting	from	e.g.	laser	ablation,	Faraday	amplifier	

outputs	are	lagging	behind	input	signals	after	a	change	in	signal	intensities.	These	differences	in	

amplifier	response	times	are	leading	to	signal	intensities	that	are	enhanced	or	reduced	relative	

to	each	other	(Pettke	et	al.,	2011b),	whereby	a	drift	in	the	measured	isotope	ratios	is	observed	

over	 a	 transient	 (Hirata	 et	 al.,	 2003).	 A	 detailed	 discussion	 about	 differences	 in	 amplifier	

response	times	is	given	in	section	2.2	of	this	thesis.	

Noteworthy	 is	 that	nowadays	Faraday	cups	are	also	employed	together	with	a	dual	mode	(i.e.	

pulse‐counting	for	low	ion	intensities	and	analogue	detection	for	high	ion	currents	combined	in	

one	 detector)	 secondary	 electron	multiplier	 (SEM)	 in	 single	 collector	 ICPMS	 instruments	 for	
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increasing	the	 linear	dynamic	range.	Thermo	Scientific	 Inc.,	 for	example,	 states	 that	 the	 linear	

dynamic	range	is	increased	up	to	>	1012	orders	of	magnitude	by	incorporating	a	Faraday	cup	in	

the	 ELEMENT	 XR*.	 The	 dual	 mode	 SEM	 is	 linear	 over	 nine	 orders	 of	 magnitude.	 Hence,	 the	

additional	 use	 of	 a	 Faraday	 cup	 enhances	 the	 dynamic	 range	 by	 three	 orders	 of	 magnitude	

(Thermo	Fisher	Scientifc	Inc.	Thermo	Scientific	ELEMENT	2	&	ELEMENT	XR).		

	
Fig.	1.5‐6:	Schematic	description	of	the	effects	resulting	from	ion	optical	magnification	(i.e.	M=2).		

At	M=2	the	Faraday	cup	is	enlarged	and	the	ion	beam	strikes	the	wall	at	a	deeper	position		
compared	to	M=1.	The	figure	was	adopted	from	Wieser	and	Schwieters	(Wieser	and	Schwieters,	2005).	

Electron	multipliers	

Generally,	 there	 are	 two	 different	 types	 of	 electron	 multipliers	 that	 are	 used	 in	 MC‐ICPMS	

instruments:	discrete‐dynode	secondary	electron	multipliers	(SEMs)	and	continuous	dynode	or	

channel	electron	multipliers	(CEMs)	(Hunter	and	Stresau,	2005).	Generally,	both	detectors	are	

based	on	signal	multiplying	induced	by	emission	of	secondary	electrons	due	to	impinging	ions.	

Discrete‐dynode	secondary	electron	multipliers	are	the	most	used	detectors	in	single	collector	

ICPMS	 instruments,	 in	which	they	can	be	operated	according	 to	a	dual	mode.	The	principle	of		

SEMs	 operating	 in	 analogue	 and	 dual,	 respectively,	 mode	 is	 given	 elsewhere	 (Hunter	 and	

Stresau,	2005;	Richter	et	al.,	2001). 

Channel	electron	multiplier	

Channel	electron	multipliers	(CEMs)	were	used	 in	early	single	collector	 ICPMS	 instruments	as	

they	were	more	 stable	 in	 air	 than	 the	discrete‐dynode	 secondary	 electron	multipliers	 (SEMs)	

that	were	available	at	these	times.	However,	the	development	of	air‐stable	dynode	materials	in	

SEMs	 favored	 the	 replacement	 of	 CEMs	 in	 single	 collector	 ICPMS	 instruments	 by	 discrete‐

dynode	SEMs	during	the	1990s,	mainly	due	to	their	higher	dynamic	range	(Hunter	and	Stresau,	

2005).				
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However,	Thermo	Fisher	Scientific	Inc.	applied	miniaturized	channeltron	type	detectors	in	their	

‘Neptune’	 MC‐ICPMS	 and	 ‘Triton’	 MC‐TIMS,	 respectively,	 instrument.	 These	 detectors	 were	

applied	as	discrete	dynode	SEMs,	having	a	width	of	about	20	mm,	were	not	compatible	with	the	

tight	space	requirements	in	a	multi	collector	array.	The	channeltron	type	detectors	with	a	width	

of	3.5	mm	had	the	same	dimensions	as	the	applied	Faraday	cups.	Disadvantageous	was	that	they	

were	limited	with	respect	to	their	dynamic	range	(Tuttas	et	al.).		

Recently,	 Thermo	 Fisher	 Scientific	 Inc.	 started	 to	 employ	 compact	 discrete	 dynode	 (CDD)	

multipliers	(see	also	1.5.2.4)	in	the	multi	collector	array	as	an	alternative	to	previously	applied	

MIC	detectors.	In	comparison	to	these	detectors,	CDD	multipliers,	having	about	twice	the	width	

of	the	applied	standard	Faraday	cups	(i.e.~	6‐7	mm),	are	giving	the	same	dynamic	(i.e.	1	cps	to	1	

400	000	cps)	range	and	performance	as	standard	sized	discrete	dynode	SEMs	(Tuttas	et	al.).	

A	 classical	 CEM	 consists	 of	 a	 curved	 glass	 tube	 with	 an	 internal	 diameter	 of	 about	 1	 mm	

(O'Connor	and	Evans,	2007).	The	 interior	 is	coated	with	a	 lead	oxide	semiconducting	material	

(Jarvis	 et	al.,	 1992)	having	an	 inner	high	 resistance	 (O'Connor	and	Evans,	2007).	A	 schematic	

diagram	of	a	CEM	is	given	in	Fig.	1.5‐7.		

	

Fig.	1.5‐7:	Schematic	diagram	of	a	continuous	dynode	electron	multiplier.	
adopted	from	O’Connor	and	Evans	(O'Connor	and	Evans,	2007).	

Typically,	 voltages	 of	 ‐2600	 V	 and	 ‐3500	 V	 are	 applied	 to	 the	 multiplier,	 whereby	 ions	 are	

attracted	 into	 the	 funnel	 opening	 (O'Connor	 and	Evans,	 2007).	 The	back	 of	 the	 tube	near	 the	

collector	 is	held	at	ground	potential	(Jarvis	et	al.,	1992).	 Ions	that	have	entered	the	glass	tube	

are	 impinging	 on	 the	 surface,	 which	 results	 in	 an	 ejection	 of	 secondary	 electrons	 from	 the	

surface.	 These	 electrons	 are	 accelerated	 down	 the	 tube	 as	 a	 result	 of	 the	 potential	 gradient	

across	 the	 tube	 (O'Connor	 and	 Evans,	 2007),	 resulting	 from	 the	 continuous	 varying	 of	 the	

resistance	of	the	interior	coating	across	the	tube	(Jarvis	et	al.,	1992).	The	accelerated	electrons	
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are	 again	 colliding	 with	 the	 tube’s	 inner	 surface.	 As	 a	 consequence	 further	 emissions	 of	

secondary	electrons	and	multiplying	(i.e.	107	–	108)	of	the	ion’s	incident	signal	are	taking	place.	

At	 the	 end	 the	 electron	 pulses	 (i.e.	 50	mV	 to	 100	mV),	which	 last	 about	 10	 ns,	 are	 recorded	

(O'Connor	and	Evans,	2007).	

Discrete‐dynode	secondary	electron	multipliers			

In	 addition	 to	 their	 use	 as	 detection	 systems	 in	 single	 collector	 ICPMS	 instruments,	 discrete‐

dynode	secondary	electron	multipliers	(SEMs)	are	applied	in	MC‐ICPMS	instruments	as	well.	In	

contrast	 to	 Faraday	 cups,	 which	 are	 used	 for	 the	 detection	 of	 high	 ion	 intensities,	 SEMs	 are	

employed	 for	measuring	 low	 ion	 signal	 intensities.	 According	 to	 Richter	 et	 al.	 (Richter	 et	 al.,	

2001)	they	are	currently	among	the	most	sensitive	detectors	for	measuring	extremely	small	ion	

currents	(i.e.	<	10‐15	A),	which	is	a	prerequisite	for	the	detection	of	low	abundant	isotopes	and	or	

isotopes	 that	 are	 present	 in	 very	 small	 concentrations,	 respectively.	 Typically,	 the	 dynamic	

range	goes	up	to	105	‐106	cps	(Richter	et	al.,	2001).		

In	MC‐ICPMS	instruments	SEMs	manufactured	by	ETP	(SGE	Analytical	Science	Pty	Ltd.,	Victoria,	

Australia)	have	been	widely	employed	(Nu	Instruments	Ltd.	NP	Multiplier	Operation;	Ball	et	al.,	

2008;	Hoffmann	et	al.,	2005).	Recently,	Thermo	Fisher	Scientific	Inc.	and	MasCom	developed	a	

new	generation	of	SEMs,	which	show	improved	linearity	(Richter	et	al.,	2009)	(see	below).	SEMs	

are	usually	positioned	off‐axis	to	the	focal	plane	of	the	mass	analyzer	(Rehkämper	et	al.,	2001)	

as	they	are	too	large	in	size	for	being	incorporated	in	the	collector	block	as	is	the	case	with	e.g.	

Faraday	cups	or	CDD	detectors.		
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SEM	design	

A	schematic	diagram	of	a	SEM	is	shown	in	Fig.	1.5‐8.		

	

Fig.	1.5‐8:	Schematic	diagram	of	a	discrete‐dynode	secondary	electron	multiplier,	
adopted	from	Hunter	and	Stresau	(Hunter	and	Stresau,	2005).		

As	can	be	seen	a	high	voltage	is	applied	to	the	dynode	array.	The	dynodes	used	in	SEMs	consist	

of	layered	metals	(i.e.	Be	on	Cu,	Mg	on	Ag)	and	are	constructed	in	a	curved	way	in	order	to	focus	

the	electrons	onto	the	following	dynode	(Meyers,	2000).	Ions	that	are	entering	the	detector	are	

accelerated	 to	 the	 first	 (or	 conversion)	 dynode,	 from	 which	 electrons	 are	 emitted	 as	 a	

consequence	of	an	impinging	ion.	The	secondary	electrons	are	then	accelerated	by	means	of	the	

electron‐optics	to	the	next	dynode,	where	again	several	secondary	electrons	are	generated	per	

incident	 electron	 (Hunter	 and	 Stresau,	 2005).	 Thereby	 an	 electron	 cascade	 (i.e.	 107	 –	 108	

electrons)	 (Richter	 et	 al.,	 2001)	 over	 the	 SEM	 having	 several	 stages	 (i.e.	 typically	 21‐26	 for	

pulse‐counting)	is	created.	The	single	electron	pulse	that	is	generated	from	a	single	incident	ion	

is	finally	collected	at	the	detector’s	output	electrode.		

The	detector’s	output	is	referred	to	as	gain,	which	is	defined	as	the	average	number	of	electrons	

collected	for	each	input	ion	initiating	an	electron	cascade.	The	gain	can	be	adjusted	by	means	of	

the	 high	 voltage	 applied	 to	 the	 multiplier,	 whereby	 higher	 gains	 are	 achieved	 with	 higher	

voltages.	Thus,	 the	 inter‐dynode	voltage	 is	adjusted	and	as	a	consequence	the	electron	 impact	

energy	as	well	(Hunter	and	Stresau,	2005).		
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The	 ion	 detection	 efficiency	 depends	 on	 the	mass	 and	 the	 energy	 of	 an	 incident	 ion	 as	 these	

parameters	determine	the	average	number	of	secondary	electrons	emitted	at	the	first	dynode,	

whereby	proportional	relationships	are	given	between	the	ion‐to‐electron	conversion	yield	and	

1)	 the	 ion	 impact	 energy	 and	 2)	 the	 reciprocal	 of	 the	 square	 root	 of	 the	 mass	 of	 the	 ion.	

Generally,	 higher	 ion‐to‐electron	 yields	 are	 resulting	 in	 higher	 ion	 detection	 efficiencies,	

whereby	the	number	of	secondary	electrons	that	are	emitted	is	determined	by	Poisson	statistics.	

E.g.	 an	 average	 ion‐to‐electron	 yield	 of	 1.0	 results	 in	 a	 detection	 efficiency	 of	 about	 63	 %,	

whereas	 a	 detection	 efficiency	 of	 about	 95	%	will	 be	 obtained	 by	 a	 yield	 of	 3.0	 (Hunter	 and	

Stresau,	2005).		

High	voltage	setting	

Noteworthy	is	that	the	high	voltage	yielding	the	maximum	gain	cannot	be	considered	as	the	high	

voltage	 optimum	 for	 the	 operation	 of	 the	 multiplier	 (Nu	 Instruments	 Ltd.	 NP	 Multiplier	

Operation).	 In	 Fig.	 1.5‐9	 a	 typical	 ion	 counting	 plateau	 curve	 (Hunter	 and	 Stresau,	 2005)	

showing	the	relationship	between	the	high	voltage	applied	to	the	multiplier	and	the	count	rate	is	

given.		

	

	
Fig.	1.5‐9:	Ion	counting	plateau	curve	adopted	from		
Hunter	and	Stresau	(Hunter	and	Stresau,	2005).		
Please	note	that	the	Figure	was	slightly	modified.	

	

Generally,	 the	 optimal	 voltage	 should	 be	 set	 just	 above	 the	 knee	 of	 the	 plateau	 as	 this	 is	 the	

region	of	best	ion	detection	sensitivity,	linearity,	gain	stability	and	operating	life.	At	the	plateau	

region	slight	changes	of	any	applied	voltage	just	have	small	effects	on	the	measured	count	rates.	
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On	the	other	hand,	at	e.g.	the	knee	of	the	curve	already	small	voltage	fluctuations	are	leading	to	a	

pronounced	increase	or	decrease	of	the	count	rate.	

The	 curve	 shown	 in	 Fig.	 1.5‐9	 is	 derived	 by	 step‐wise	 increasing	 the	 voltage	 applied	 to	 the	

multiplier.	At	the	beginning	a	very	low	operating	voltage	is	applied	so	that	no	signal	pulses	are	

measured.	 In	 this	 case	 the	 voltage	 is	 set	 to	 below	 the	 discrimination	 threshold,	which	 is	 the	

threshold	 voltage	 that	 has	 to	 be	 exceeded	 in	 order	 to	 assign	 pulses	 to	 signal	 outputs	 coming	

from	the	multiplier.	Below	this	threshold	pulses	coming	from	the	multiplier	and	pulses	coming	

from	 the	 dark	 noise	 (i.e.	measured	 output	 signal	 in	 the	 absence	 of	 any	 input	 signal)	 are	 not	

distinguishable.	 At	 a	 certain	 voltage	 a	 measurable	 count	 rate	 is	 observed,	 whereas	 further	

increasing	of	the	voltage	yields	a	steep	increase	of	the	count	rate.	However,	at	some	point	—at	

the	plateau	 region	—increasing	voltages	 just	have	a	 small	 effect	 on	 the	observed	 count	 rates.	

After	the	plateau	increasing	voltages	yield	again	a	sharp	increase	of	the	count	rate,	which	can	be	

attributed	 to	 1)	 ion‐feedback	 in	 the	 SEM	 and	 2)	 electronic	 double‐counting	 of	 pulses.	 Ion‐

feedback	occurs	as	a	consequence	of	the	generation	of	positively	charged	residual	gas	molecule	

ions	 within	 the	 multiplier.	 These	 ions	 are	 striking	 a	 dynode,	 thus	 generating	 additional	

secondary	 electrons.	 Hence,	 a	 second	 pulse	 can	 be	 initiated.	 Electronic	 double‐counting	 is	 a	

result	 of	 an	 impedance	 mismatch	 between	 the	 signal	 output	 electrode	 and	 the	 detection	

electronics	 (Hunter	 and	Stresau,	 2005).	 These	 so	 called	 after‐pulsing	 (Ramebäck	 et	 al.,	 2001)	

effects	 result	 in	a	gain	of	measured	count	rates.	That	means	 that	more	counts	are	detected	as	

one	would	expect	from	just	ions	entering	the	detector.		

Dead	time	

Another	 phenomenon	 accompanied	with	 pulse‐counting	 SEMs	 is	 the	 dead	 time,	 which	 is	 the	

time	during	which	a	new	incoming	event	is	neglected	(Ramebäck	et	al.,	2001).	On	the	contrary	

to	after‐pulsing	dead	time	results	in	count	rate	losses.	Thus	lower	count	rates	are	observed	than	

are	actually	occurring	(Jarvis	et	al.,	1992).		

Ion	 counting	 systems	 are	 classified	 either	 into	 a	 paralyzable	 or	 a	 non‐paralyzable	 system	

(Hunter	and	Stresau,	2005;	Müller,	1973).	However,	in	practice	the	SEM	behaves	in	a	way	that	is	

in	between	these	two	(Nelms	et	al.,	2001).	Williamson	et	al.	(Williamson	et	al.,	1988)	attributed	

both	 the	 detector	 and	 the	 amplifier	 discriminator	 to	 the	 paralyzable	 system,	 whereas	 the	

electronic	components	(i.e.	pulse	shaper	within	the	amplifier	discriminator	and	counter)	were	

attributed	to	the	non‐paralyzable	system.	Thus	dead	time	is	a	feature	of	both	the	detector	and	

the	ion	counting	electronics	(Nelms	et	al.,	2001).		
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In	a	paralyzable	system	the	dead	time	can	be	extended	indefinitely	as	each	pulse	resulting	from	

an	 ion	entering	 the	detector	 leads	 to	an	extension	of	 the	dead	 time,	whether	or	not	 the	pulse	

itself	is	counted.	On	the	other	hand,	in	non‐paralyzable	systems	the	precedent	impact	of	an	ion	

creates	a	dead	time,	during	which	a	subsequent	ion	is	not	counted.	Other	than	in	a	paralyzable	

system,	 no	 extension	 of	 the	 dead	 time	 takes	 place	 due	 to	 the	 impact	 of	 an	 ion	 (Hunter	 and	

Stresau,	2005;	Williamson	et	al.,	1988).		

The	dead	time	results	in	a	non‐linear	behavior	(see	below)	of	the	SEM,	whereupon	non‐linearity	

and	 count	 rate	 losses	 are	more	 pronounced	 at	 higher	 count	 rates	 (Jarvis	 et	 al.,	 1992).	 Hence	

taking	non	dead	time	corrected	raw	intensities	into	account	for	the	computation	of	e.g.	isotope	

ratios	may	 result	 in	non‐	accurate	 ratios.	The	equation	usually	 applied	 for	 correcting	 the	 raw	

intensities	 for	 the	dead	time	(Müller,	1973;	Nelms	et	al.,	2001)	 is	given	 in	eq	(1.5‐2)	(see	also	

2.1,	eq	(2.1‐1)):		

	 	 (1.5‐2)	

where	 It	 is	 the	 intensity	 (in	 cps)	 corrected	 for	 the	dead	 time,	 I0	 is	 the	measured	 intensity	not	

dead	time	corrected	and	 	is	the	dead	time	of	the	SEM.	The	equation	given	above	(i.e.	1.3‐2)	is	

only	valid	for	non‐paralyzable	systems.	However,	at	count	rates	≪ 1/ 	the	paralyzable	and	the	

non‐paralyzable	model	are	approximating	each	other	(Hunter	and	Stresau,	2005;	Nelms	et	al.,	

2001).	

A	 common	approach	 for	 determining	 the	dead	 time	of	 SEMs	 applied	 in	 ICPMS	 instruments	 is	

based	on	isotope	ratio	measurements	as	a	function	of	the	analyte	concentration	(Vanhaecke	et	

al.,	 1998).	Nelms	 et	 al.	 (Nelms	 et	 al.,	 2001),	 for	 example,	 compared	 four	different	methods	of	

dead	 time	 calculations	 with	 regard	 to	 their	 ease	 of	 application	 and	 accuracy.	 Three	 of	 these	

methods	were	based	on	 lead	 (Pb)	 isotope	 ratio	measurements.	However,	 another	method	 for	

determining	the	dead	time	is	based	on	pulse‐to‐pulse	timing	measurements,	 in	which	the	time	

distribution	of	 the	pulses	 from	 the	 amplifier	 is	 recorded.	 In	 this	 approach	 the	 observed	dead	

time	 is	 the	 time	 during	which	 no	 pulse	 is	 recorded	 (Ramebäck	 et	 al.,	 2001).	 Ramebäck	 et	 al.	

(Ramebäck	 et	 al.,	 2001)	 observed	 discrepancies	 between	 ratio	 and	 electronically	 determined	

dead	times.	As	the	ratio	determined	dead	time	was	shorter	than	the	electronically	determined	

one,	 the	discrepancies	were	attributed	 to	 secondary	effects	 (i.e.	 after‐pulsing,	 see	above).	The	

authors	additionally	stressed	that	after‐pulsing	may	result	in	negative	dead	times.	After‐pulsing	

was	assigned	to	a	combination	of	a	wrong	voltage	setting	(i.e.	too	high)	applied	to	the	multiplier	

together	 with	 the	 use	 of	 an	 impedance	 mismatching	 cable	 between	 the	 multiplier	 and	 the	

amplifier.	E.g.	after‐pulsing	was	not	observed	when	using	a	50	Ω	cable	instead	of	a	75	Ω	one.		
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Mass	dependence	of	the	dead	time		

Investigations	 of	 the	 possibility	 of	 a	 mass	 dependence	 of	 the	 detector	 dead	 time	 were	

accomplished	by	several	authors	(e.g.	(Nelms	et	al.,	2001;	Vanhaecke	et	al.,	1998)).	While	Nelms	

et	 al.	 (Nelms	 et	 al.,	 2001)	 and	 Richter	 et	 al.	 (Richter	 et	 al.,	 2001)	 did	 not	 identify	 such	 a	

dependency	 (Nelms	 et	 al.,	 2001),	 Vanhaecke	 et	 al.	 (Vanhaecke	 et	 al.,	 1998)	 observed	 a	

dependency	of	the	dead	time	on	the	analyte	mass	when	using	a	channeltron	electron	multiplier	

installed	 in	a	 ICP‐QMS.	No	such	dependency	was	observed	by	 the	same	authors	when	using	a	

SEM	that	was	installed	in	a	single	collector	ICP‐SFMS	instrument	(Vanhaecke	et	al.,	1998).		

SEM	linearity		

Considering	 the	 linearity	of	a	SEM,	 ideally	a	 linear	 relationship	between	 the	 ions	entering	 the	

SEM	 and	 the	 measured	 count	 rate	 should	 be	 given.	 The	 slope	 of	 this	 linear	 relationship	

represents	the	relative	yield	(i.e.	ratio	of	the	measured	count	rate	and	the	actual	number	of	ions	

entering	 the	 SEM)	 of	 the	 SEM,	 whereas	 the	 intercept	 represents	 the	 dark	 noise.	 If	 a	 linear	

relationship	is	given,	the	relative	yield,	which	is	also	referred	to	as	gain,	 is	 independent	of	the	

count	 rate.	 Typically,	 the	 relative	 yield/gain,	 which	 is	 usually	 given	 in	 comparison	 to	 the	

yield/gain	of	a	Faraday	cup,	is	between	90	%	and	100	%	when	the	high	voltage	is	set	to	a	value	

just	above	the	knee	of	the	plateau	(see	above).	It	should	be	mentioned	that	the	Faraday	cup	ion	

detection	efficiency	is	close	to	100	%	(Richter	et	al.,	2009;	Richter	et	al.,	2001)	

It	was	stressed	above	that	dead	time	results	in	a	non‐linear	behavior	of	the	SEM,	which	results	

in	 the	 determination	 of	 non‐accurate	 isotope	 ratios	 as	 less	 counts	 are	 measured	 than	 are	

actually	generated	from	incidents	ions	(Jarvis	et	al.,	1992).	However,	Richter	et	al.	(Richter	et	al.,	

2001)	discussed	measurement	data	 from	Rosman	et	al.	 (Rosman	et	al.,	1987),	who	performed	

SEM	linearity	studies	in	analogue	mode.	As	the	investigated	SEM	showed	a	non‐linear	behavior	

in	analogue	mode,	it	was	concluded	that	non‐linearity	is	not	necessarily	an	effect	resulting	from	

the	dead	time	(Richter	et	al.,	2001).	It	was	assumed	that	the	observed	non‐linearity	was	rather	

caused	 in	the	SEM	itself	 than	 in	the	amplifier	electronics.	Thus,	 	non‐linearity	 is	depending	on	

the	linearity	of	both	the	SEM	itself	and	the	amplifier	electronics	(Richter	et	al.,	2009).	However,	

as	both	systems	might	exhibit	different	linearity	characteristics	(i.e.	linear	vs.	logarithmic),	both	

systems	 should	 be	 investigated	 separately.	 If	 e.g.	 the	 dead	 time	 of	 the	 pulse	 amplifier	 was	

electronically	 determined	 by	 means	 of	 e.g.	 an	 oscilloscope,	 residual	 non‐linearities	 could	 be	

observed	 after	 applying	 corrections	 using	 the	 before	 electronically	 determined	 dead	 time	

(Richter	 et	 al.,	 2009).	 Richter	 et	 al.	 (Richter	 et	 al.,	 2009)	 stated	 that	 the	 electronically	
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determined	 dead	 time	 is	 not	 traceable	 to	 the	 SI‐system,	 though.	 The	 use	 of	 electronically	

determined	dead	times	to	reduce	measurement	uncertainty	has	been	discussed	by	Nygren	et	al.	

(Nygren	et	al.,	2006).		

Richter	 et	 al.	 (Richter	 et	 al.,	 2001)	 observed	 a	 non‐linear	 behavior	 with	 respect	 to	 ETP	 and	

MasCom	 detectors	 when	 performing	 TIMS	 measurements.	 A	 so	 called	 RLR‐algorithm	 (i.e.	

restricted	logarithmic	rate	effect)	was	established	and	applied	for	correcting	for	deviations	due	

to	a	non‐linear	behavior	of	 the	SEM.	According	to	Richter	et	al.	 (Richter	et	al.,	2009)	a	SEM	is	

linear	for	count	rates	below	a	certain	limiting	count	rate,	whereas	the	SEM	response	increases	

logarithmically	with	the	count	rate.	However,	this	is	only	true	for	count	rates	below	the	certain	

limiting	count	rate.	In	the	case	of	the	SEMs	investigated	by	Richter	et	al.	(Richter	et	al.,	2001)	a	

counting	rate	limit	of	ca.	2	x	10‐4	was	observed.	On	the	contrary	to	the	dead	time,	more	pulses	

are	detected	at	higher	count	rates	due	to	SEM	non‐linearity.	If	the	increase	of	the	SEM	efficiency	

was	 ignored	 in	 the	 presence	 of	 relatively	 small	 dead	 times	 (e.g.	 20	 ns),	 negative	 dead	 times	

could	be	observed	as	well	(Richter	et	al.,	2009).	In	addition,	 it	should	be	mentioned	that	if	the	

SEM	 of	 interest	 showed	 a	 non‐linear	 behavior,	 dead	 time	 determinations	 by	 isotope	 ratio	

measurements	 using	 certified	 isotopic	 reference	materials	 (see	 below)	 would	 yield	 incorrect	

results.	The	determined	dead	times	are	 typically	too	 low	when	compared	to	the	electronically	

determined	dead	times	of	the	pulse	amplifier	(Richter	et	al.,	2001).		

Hoffmann	et	al.	(Hoffmann	et	al.,	2005)	performed	SEM	linearity	studies	using	a	‘Neptune’	MC‐

ICPMS.	In	this	study	non‐linearity	of	an	ETP	detector	was	additionally	observed	for	count	rates	

below	104	cps,	whereby	non‐linearity	already	started	at	a	count	rate	of	10	cps.	After	exceeding	

104	to	105	cps	an	additional	non‐linear	behavior	was	observed,	which	is	in	good	accordance	with	

Richter	et	al.	(Richter	et	al.,	2001).		

A	reason	for	observing	an	increase	in	the	count	rate	response	with	increasing	count	rates	may	

be	a	count	rate‐dependent	memory	effect.	Some	surface	charge	may	be	trapped	at	the	last	set	of	

dynodes	where	the	charge	density	of	the	electron	pulse	is	greatest.	This	surface	charge	may	fade	

away	following	an	exponential	function.	In	the	case	of	high	count	rates	the	decay	of	the	surface	

charge	would	take	longer	as	compared	to	low	count	rates.	Thus,	the	voltage	distribution	within	

the	dynode/resistor	array	would	take	some	time	reaching	stable	conditions		again	(Richter	et	al.,	

2001).	 Considering	 non‐linearity	 at	 low	 count	 rates,	 Hoffman	 et	 al.	 (Hoffmann	 et	 al.,	 2005)	

suggested	 that	 thermal	 effects,	 resulting	 from	 ion	 impact	 and	 secondary	 electron	 avalanches,	

could	 have	 an	 influence.	 Heating	 could	 e.g.	 increase	 the	 rate	 of	 released	 electrons	 or	 add	

additional	kinetic	energy	to	the	secondary	electrons.	 In	both	cases	the	final	pulse	height	could	

be	increased.		
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As	it	is	assumed	that	the	mechanisms	resulting	in	the	observed	non‐linearity	are	taking	place	at	

the	last	dynodes,	no	elemental	dependency	on	the	non‐linearity	should	be	observed	(Richter	et	

al.,	 2001).	 Hoffman	 et	 al.	 (Hoffmann	 et	 al.,	 2005)	 checked	 for	 elemental	 dependency	 by	

measuring	U	and	Th	solutions,	but	could	not	identify	any	relationship	between	non‐linearity	and	

the	element	analyzed.		

Generally,	certified	isotopic	reference	materials	are	applied	for	performing	linearity	studies.	The	

applied	CRMs	should	have	multiple	isotopes	differing	in	relative	abundances	by	several	orders	

of	magnitude.	In	addition,	in	order	to	be	able	to	correct	for	mass	bias	without	being	influenced	

by	possible	non‐linearity	effects,	 the	material	should	have	two	isotopes	which	ratio	 is	close	to	

unity	(Richter	et	al.,	2009;	Richter	et	al.,	2001).	This	 is	especially	 important	when	all	 isotopes	

are	measured	with	 the	 same	 SEM	according	 to	 a	 so	 called	peak‐jumping	 routine	 (see	below).	

Richter	et	al.	(Richter	et	al.,	2009)	proposed	to	use	the	IRMM‐072,	IRMM‐073	or	the	IRMM‐074	

series	 for	 linearity	 studies	 as	 these	 certified	 isotopic	 reference	 materials	 are	 fulfilling	 all	

requirements.		

Noteworthy	 is	 that	 the	 IRMM‐073	 series	 was	 diluted	 from	 the	 IRMM‐072	 series	 in	 order	 to	

facilitate	shipment	and	use	of	this	material	in	environmental	U	mass	spectrometry.	The	IRMM‐

074	 series	 on	 the	 other	 hand	was	 prepared	 in	 order	 to	 replace	 the	 quite	 popular	 IRMM‐072	

series.	 Worth	 mentioning	 is	 that	 the	 IRMM‐072	 series	 consisted	 of	 15	 individual	 certified	

isotopic	reference	materials,	whereupon	the	235U/238U	isotope	ratio	was	held	constant	at	a	value	

close	to	unity.	The	233U/235U	isotope	ratios	varied	in	15	steps	across	the	series	from	1.0	to	1.0	x	

10‐6.	The	IRMM‐074	series	was	designed	in	order	to	cover	the	same	working	range,	although	in	

10	steps,	using	the	same	isotope	pairs	for	linearity	studies	(Richter	et	al.,	2009).		

Recently	Richter	et	al.	(Richter	et	al.,	2009)	suggested	two	procedures	for	SEM	linearity	studies	

and	dead	time	determination	using	the	IRMM‐073/‐074	series.	While	it	is	recommended	to	use	

the	 static	 procedure	 for	 linearity	 studies	 of	 SEMs	 installed	 in	 MC‐ICPMS	 instruments,	 the	

dynamic	procedure	was	designed	for	measurements	with	MC‐TIMS.	A	static	procedure	was	also	

recommended	 by	 Hoffman	 et	 al.	 (Hoffmann	 et	 al.,	 2005)	 for	 SEM	 linearity	 studies	 using	MC‐

ICPMS.	The	static	procedure	is	independent	on	plasma	instabilities.	Hence	the	precision	of	MC‐

ICPMS	isotope	ratio	measurements	is	improved	compared	to	the	use	of	the	dynamic	procedure	

(Hoffmann	et	al.,	2005).	In	the	dynamic	procedure,	the	authors	additionally	observed	a	memory	

effect	(i.e.	elevated	SEM	yield)	as	a	consequence	of	applying	high	ion	beam	intensities	to	the	SEM	

before	measuring	a	less	abundant	isotope	(Hoffmann	et	al.,	2005).		

In	the	static	procedure	proposed	by	Richter	et	al.	(Richter	et	al.,	2009)	233U	is	measured	with	the	

SEM	of	interest	at	various	intensity	levels	using	the	IRMM‐073/1‐15	or	IRMM‐074/1‐10	series.	
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Thus	 the	 entire	 range	 of	 count	 rates	 can	 be	 covered.	 The	major	 U	 isotopes	 235U	 and	 238U	 are	

measured	with	Faraday	cups	at	a	uniform	intensity	level.	The	SEM‐Faraday	cup	inter‐calibration	

is	performed	by	additionally	measuring	235U	with	the	SEM.	The	dead	time	can	be	determined	by	

detecting	 233U	 at	 different	 count	 rates.	 It	 is	 derived	 from	 the	 slope	 of	 a	 regression	 line	 with	

(233U/235U)measured/(235U/238U)certified	 ‐1	on	 the	y‐axis	and	with	 the	 233U	count	rate	on	 the	x‐axis.	

Linearity	 is	 observed	 when	 the	 measured	 data	 points	 are	 well	 fitted	 by	 the	 regression	 line.	

Considering	 linearity	studies	and	dead	time	determinations	with	TIMS,	 the	static	procedure	 is	

not	 recommended	 as	 it	 is	 difficult	 to	 realize	 uniform	 intensity	 levels	 for	 different	 standard	

solutions	loaded	on	different	filaments.	In	the	case	of	TIMS,	one	standard	of	the	IRMM‐073/‐074	

series,	preferably	having	a	233U/235U	isotope	ratio	of	about	0.01,	is	measured	at	various	intensity	

levels	in	a	so	called	peak‐jumping	mode.	The	dead	time	can	be	again	determined	from	the	slope	

of	a	 linear	regression.	On	the	contrary	to	the	static	procedure,	the	dead	time	is	determined	by	

measuring	235U	at	the	different	count	rates.	But	 it	has	to	be	accounted	for	the	dead	time	effect	

resulting	from	the	measurement	of	233U	with	the	same	SEM	as	well.	Therefore	the	slope	has	to	

be	divided	by	the	following	term:	1‐	(233U/235U)certified.	Worth	mentioning	is	that	if	the	dynamic	

procedure	 is	 applied	 for	 MC‐ICPMS	 dead	 time	 determinations,	 typically	 larger	 uncertainties,	

mainly	resulting	from	plasma	instabilities,	are	observed	compared	to	TIMS	(Richter	et	al.,	2009).		

Furthermore,	Richter	et	al.	(Richter	et	al.,	2009)	reported	that	the	SEMs	of	interest	in	the	latest	

study	 did	 not	 show	 any	 detector‐inherent	 non‐linearity.	 The	 detectors,	 which	 have	 been	

developed	by	Thermo	Fisher	Scientific	Inc.	 in	collaboration	with	MasCom	in	2006,	were	linear	

within	 0.1	 %	 and	 required	 only	 dead	 time	 correction	 for	 the	 pulse	 amplifier	 (Richter	 et	 al.,	

2009).		

1.5.2.4 Multi	 collector	 configurations	 for	 the	 simultaneous	 analysis	 of		

U	and	Pu	in	ICPMS	

Both	 Nu	 Instruments	 Ltd.	 and	 Thermo	 Fisher	 Scientific	 Inc.	 provide	 multi	 collector	

configurations	for	the	simultaneous	measurement	of	U	and	Pu,	respectively.	In	the	following	the	

‘Nu	Plasma	HR’	collector	block	configurations	that	have	been	applied	within	the	course	of	this	

PhD	 studies	 are	 described.	 The	 ‘Neptune	 Plus’	 L5	 ion	 counter	 package	 collector	 block	

configuration	is	additionally	discussed	in	order	to	give	an	example	of	a	latest	generation	multi	

collector	configuration	for	U	and	Pu	analysis.		
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	‘Nu	Plasma	HR’	collector	block	configurations	

The	 ‘Nu	 Plasma	 HR’	 standard	 collector	 block	 configuration	 used	 throughout	 these	 studies	

consists	 of	 twelve	 Faraday	 cups	 (see	 also	 1.5.2.3)	 and	 three	 SEMs	 (see	 also	 1.5.2.3).	 As	 the	

collector	array	is	fixed,	peak	alignment	of	the	ion	beams	entering	the	collectors	is	accomplished	

by	means	of	a	patented	zoom	 lens	system.	The	standard	collector	block	configuration	enables	

the	simultaneous	determination	of	the	minor	U	isotopes	234U	and	236U	with	SEMs	together	with	

the	 simultaneous	detection	of	 the	major	U	 isotopes	 235U	and	 238U	with	Faraday	 cups	 (see	Fig.	

1.5‐10).	H6	to	H1	refers	to	Faraday	cups	located	at	the	high	mass	side,	whereas	L1	to	L5	refers	

to	the	ones	located	at	the	low	mass	side.	Ax	stands	for	the	center	Faraday	cup.	The	application	of	

the	 ‘Nu	Plasma	HR’	standard	collector	block	arrangement	 for	U	 isotope	ratio	measurements	 is	

also	described	in	detail	in	2.1.	

	

	

Fig.	1.5‐10:	‘Nu	Plasma	HR’	(Nu	Instruments	Ltd.)	standard	collector	block	configuration.		
(H…Faraday	cup	high	mass	side,	Ax…Faraday	cup	axial	mass,	L…Faraday	cup	low	mass	side,		

IC…ion	counting	multiplier	(i.e.	secondary	electron	multiplier).	

Peak	tailing		

236U	is	typically	measured	with	the	SEM	called	IC0	as	a	deceleration	filter	is	installed	in	front	of	

this	 detector.	 Depending	 on	 the	 instrument	manufacturer	 the	 deceleration	 filter	may	 also	 be	

referred	 to	as	 retardation	 filter,	WARP	 (wide‐angle	energy	 retarding	 filter)	or	RPQ	 (retarding	

potential	 quadrupole)	 filter.	 The	 deceleration	 filter	 reduces	 this	 so	 called	 peak	 tailing	 as	 it	

reduces	 the	 amount	 of	 ions	 with	 low	 kinetic	 energy	 (Nu	 Instruments	 Ltd.	 NP	 Abundance	

Sensitivity).	Peak	tailing	is	often	expressed	as	abundance	sensitivity	(Batey	et	al.,	2005),	which	

is	 defined	 as	 the	 ratio	 of	 the	maximum	 ion	 current	 recorded	 at	 	 a	mass	m	 to	 the	 ion	 current	

arising	 from	 the	 same	 species	 recorded	 at	 an	 adjacent	mass	 (m±	 1)	 (IUPAC	 Compendium	 of	

Chemical	Terminology	(1997)).	Low	kinetic	energy	ions	are	a	result	of	collisions	with	residual	

gas	 molecules	 and/or	 scattering	 processes	 at	 the	 edges	 of	 the	 beam	 defining	 apertures.	

Moreover	 these	 processes	 might	 also	 result	 in	 a	 slight	 change	 of	 the	 ion	 optical	 flight	 path	

(Wieser	and	Schwieters,	2005).	The	low	kinetic	energy	ions	are	appearing	at	a	different	position	
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in	 the	mass	spectrum	as	 the	magnetic	sector	deflects	 ions	with	 reduced	kinetic	energy	with	a	

smaller	radius	compared	to	ions	having	a	higher	energy.	Thus,	a	tail	is	built	up	on	the	low	mass	

side	 of	 the	 major	 peak	 (Wieser	 and	 Schwieters,	 2005)	 which	 results	 in	 an	 increase	 of	 the	

background	 at	 neighboring	masses	 (Thermo	 Fisher	 Scientific	 Inc.	 Another	 step	 ahead	 in	MC‐

ICPMS).	Wieser	and	Schwieters	stated	abundance	sensitivities,	without	applying	a	filter,	 in	the	

range	of	1‐5	ppm	for	state	of	the	art	multi	collector	instruments	(Wieser	and	Schwieters,	2005).		

In	the	case	of	U	isotope	ratio	measurements,	238U	ions	are	tailing	into	the	mass	of	236U,	which	is	

usually	present	in	extremely	low	quantities	compared	to	235U	and	238U,	respectively.	A	schematic	

diagram	of	the	238U	peak	tailing	effect	is	shown	in	Fig.	1.5‐11.	It	can	be	seen	that	the	application	

of	the	deceleration	filter	reduces	the	amount	of	238U	ions	tailing	into	the	mass	of	236U.	Boulyga	et	

al.	(Boulyga	et	al.,	2006)	for	example	observed	a	236U/238U	abundance	sensitivity	improvement	

from	1.5	x	10‐6	 to	3	x	10‐9	when	applying	 the	deceleration	 filter	 for	 the	determination	of	 236U.	

Richter	 et	 al.	 determined	 a	 detection	 limit	 of	 1.2	 x	 10‐10	by	 applying	 a	 RPQ	 deceleration	 lens	

system	 for	 236U/238U	 isotope	 ratio	 measurements	 by	 means	 of	 thermal	 ionization	 mass	

spectrometry.	236U/238U	detection	limits	ranging	from	10‐10	(Zhao	et	al.,	1994)	to	10‐12	(Paul	et	

al.,	2000)	were	observed	using	acceleration	mass	spectrometry.		

Noteworthy	 is	 that	 a	 simultaneous	 detection	 of	 238U1H	 together	with	 the	 other	 U	 isotopes	 of	

interest	is	not	feasible	using	the	‘Nu	Plasma	HR’	collector	block	configuration.	In	this	case	238U	

can	be	measured	with	L3	whereas	its	respective	hydride	is	then	measured	with	IC0	at	m/z=239.	

	

	

Fig.	1.5‐11:	Schematic	description	of	the	238U	peak	tailing	effect.	Mass	scanning	was	performed	using	a	‘Nu	
Plasma	HR’	MC‐ICPMS	(A)	238U	peak	tailing	when	no	deceleration	filter	(i.e.	voltages	=	0)	is	applied,	B)	

Reduction	of	238U	peak	tailing	when	applying	a	deceleration	filter).	Different	peak	shapes	in	A)	and	B)	are	
resulting	from	different	x‐y‐scalings.	
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Modified	collector	block	configuration		

Considering	the	analysis	of	Pu,	Faraday	cups	are	mostly	not	sensitive	enough	for	the	detection	of	

Pu	 isotopes.	 Pu	 isotopes	 are	 present	 in	 very	 low	 concentrations,	 especially	 in	 environmental	

samples	such	as	soil	or	sediment	(e.g.	10‐12	to	10‐11	g	g‐1	(Boulyga	et	al.,	2004)).	Regarding	the	

‘Nu	Plasma	HR’	 standard	 collector	 block	 configuration	 in	 Fig.	 1.5‐10,	 it	 can	 be	 seen	 that	 only	

240Pu	and	242Pu	can	be	simultaneously	detected	by	means	of	SEMs	as	the	239Pu	beam	is	directed	

into	the	L4	Faraday	cup.	In	order	to	enable	the	simultaneous	measurement	of	239Pu,	240Pu	and	

242Pu	 by	 means	 of	 SEMs,	 a	 so	 called	 ‘dog	 leg’	 deflector	 was	 inserted	 at	 the	 L4	 Faraday	 cup	

position,	thus	guiding	the	ion	beam	of	239Pu	from	the	L4	position	into	IC2.	A	schematic	diagram	

of	 the	modified	collector	block	configuration	 is	shown	 in	Fig.	1.5‐12.	 In	addition,	 the	modified	

collector	block	enables	the	simultaneous	determination	of	235U,	236U	and	238U	with	SEMs.	Thus,	it	

is	feasible	to	sequentially	analyze	U	and	Pu	in	the	same	sample	as	was	performed	with	respect	

to	the	analysis	of	micro‐samples	originating	from	the	vicinity	of	the	Chernobyl	NPP	(see	2.3).	 

 

	

Fig.	1.5‐12:	‘Nu	Plasma	HR’	(Nu	Instruments	Ltd.)	modified	collector	block	configuration.		
(H…Faraday	cup	high	mass	side,	Ax…Faraday	cup	axial	mass,	L…Faraday	cup	low	mass	side,		

IC…ion	counting	multiplier	(i.e.	secondary	electron	multiplier)	

	

‘Neptune	Plus’	collector	block	configuration	

The	 ‘Neptune	 Plus’	MC‐ICPMS	 L5	 ion	 counter	 package collector	 block	 arrangement	 that	 is	

shown	 in	 Fig.	 1.5‐13	 is	 a	 special	 Multi	 Ion	 Counting	 (MIC)	 setup	 for	 U	 and	 Pu	 isotope	 ratio	

analyses.	The	collector	block	shown	in	Fig.	1.5‐13	consists	of	nine	Faraday	cups,	three	SEMs	(i.e.	

SEM	 1‐3)	 and	 two	 CDDs	 (i.e.	 CDD	 4	 and	 CDD	 5).	 Older	 instrument	were	 equipped	with	 nine	

Faraday	cups	and	eight	miniaturized	channeltron	type	(see	also	1.5.2.3)	detectors	(Wieser	and	

Schwieters,	2005).	
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Fig.	1.5‐13:	‘Neptune	Plus’	(Thermo	Fisher	Scientific	Inc.)	L5	ion	counter	package collector	block	
configuration	for	U	and	Pu	analysis.	

The	SEM	and	the	CDD	detectors	are	both	referred	to	as	ion	counter	detectors.	As	can	be	seen	in	

Fig.	 1.5‐13	 the	 configuration	 consists	 of	 moveable	 and	 switchable	 IC/Faraday	 cup	 detectors.	

Peak	alignment	 is	achieved	by	mechanically	moving	 the	detectors.	This	 is,	 as	aforementioned,	

contrary	to	the	‘Nu	Plasma	HR’	collector	array,	in	which	the	detectors	are	at	fixed	positions	and	

where	peak	alignment	is	performed	by	means	of	a	zoom	lens	system.	In	the	‘Neptune	Plus’	the	

L5	detector	is,	for	example,	fixed,	whereas	the	L4	detector	is	moveable.	It	can	be	driven	by	the	

L3	detector	via	a	clip.	The	CDD	5	detector	is	attached	to	L3,	thus,	it	is	also	moved	by	L3.	Both	L4	

and	CDD5	can	be	moved	towards	the	‘L5	ion	counter	package platform,	which	allows	recording	

m/z=237	with	L4	and	238U	with	CDD5.	In	this	case	a	mass	dispersion	of	one	mass	unit	is	applied	

with	respect	to	all	detectors.	However,	a	mass	dispersion	of	one	mass	unit	is	not	feasible	for	the	

L3	and	the	CDD5	detector	as	they	are	installed	in	a	fixed	way.		

The	‘L5	ion	counter	package	collector	block	configuration	is	designed	in	a	way	so	that	238U,	236U,	

235U,	 234U,	 233U	 can	 be	 simultaneously	 detected	 together	 with	 the	 238U1H.	 While	 the	 major	 U	

isotopes	235U	and	238U	are	detected	with	Faraday	cups	(i.e.	L5	and	L4,	respectively),	234U	and	236U	

are	measured	with	SEM	3	and	SEM	1,	respectively.	As	both	SEM	1	and	SEM3	are	equipped	with	a	

RPQ	 Filter,	 236U/238U	 and	 234U/235U	 abundance	 sensitivities	 can	 be	 improved	 as	 a	 result	 of	

decreased	238U	and	235U	peak	tailing.			
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1.5.3 Application	 of	 LA‐ICPMS	 for	 the	 analysis	 of	 single	 particles	 –	 literature	

review	

LA‐ICPMS	shows	great	potential	 for	the	analysis	of	particles	with	respect	 to	both	 isotopic	and	

elemental	signatures,	mostly	in	environmental	and	nuclear	forensics	(see	1.5.3.4)	as	well	as	for	

the	 characterization	 of	 crime	 scene	 evidence.	 As	 this	 thesis	 aimed	 at	 the	 evaluation	 of	 the	

capability	 of	 LA‐(MC)‐ICPMS	 for	 single	 particle	 analysis	 a	 comprehensive	 literature	 review	

dealing	with	this	topic	is	given	in	the	following.		

1.5.3.1 Analysis	of	airborne	particulate	matter	and	fly	ash	

The	 first	 approaches	 of	 using	 LA‐ICPMS	 for	 single	 particle	 analysis	 were	 applied	 to	 the	

characterization	of	airborne	particulates.	Tanaka	et	al.	 (Tanaka	et	al.,	1998)	used	LA‐ICP‐QMS	

for	 the	determination	of	Al,	 Ti,	 V,	 Cr,	Mn,	 Fe,	 Co,	Ni,	 Cu,	 Zn,	As,	 Se,	 Cd,	 Sb	 and	Pb	 in	 airborne	

particulate	matter	 collected	 in	Tokyo,	 Japan	 from	 January	1996	 to	May	1996.	Calibration	was	

accomplished	by	means	of	four	cellulose	nitrate	membrane	filters,	which	had	been	prepared	by	

dropping	 different	 aliquots	 of	 standard	 solutions	 onto	 it.	 The	 same	 filters	 were	 applied	 for	

collecting	 the	 particulate	 matter.	 Standard	 solutions	 were	 prepared	 from	 multi‐element	

standard	 solutions,	 whereupon	 two	 different	 concentration	 ranges	 were	 chosen	 for	 the	

elements	of	interest	(i.e.	major	and	minor	elements).	The	elemental	concentrations	(i.e.	Al	(110‐

510	ng	m‐3),	Ti	(14‐50	ng	m‐3),	V	(3‐4.5	ng	m‐3),	Cr	(2.6‐7.3	ng	m‐3),	Mn	(13‐32	ng	m‐3),	Fe	(470‐

1000	ng	m‐3),	Co	(0.24‐0.34	ng	m‐3),	Ni	(2.4‐3.9	ng	m‐3),	Cu	(26‐47	ng	m‐3),	Zn	(110‐310	ng	m‐3),	

As	(1.6‐3.4	ng	m‐3),	Se	(0.9‐1.7	ng	m‐3),	Cd	(1.1‐2.2	ng	m‐3),	Sb	(5.7‐16	ng	m‐3)	and	Pb	(53‐120	ng	

m‐3))	determined	by	analyzing	filter	samples	by	LA‐ICPMS	were	in	good	agreement	with	results	

determined	by	means	of	instrumental	neutron	activation	analysis	(INAA)	and	x‐ray	fluorescence	

spectrometry	(XRF)	(Tanaka	et	al.,	1998).		

Another	procedure	for	preparing	calibration	standards	using	standard	reference	materials	(i.e.	

NIST	SRM	1648	and	BCR	176)	for	the	elemental	analysis	of	airborne	particulate	matter	by	LA‐

ICP‐QMS	was	proposed	by	Wang	et	al.	(Wang	et	al.,	1998).	Standard	filters	were	generated	by	

means	 of	 a	 specially	 designed	 sample	 preparation	 chamber	 described	 in	 (Wang	 et	 al.,	 1998).	

Calibration	curves	were	derived	by	analyzing	different	standard	filters	with	varying	amounts	of	

loaded	SRM	particulates.	 The	 study	 showed	 that	 the	PTFE‐membrane	 filter’s	 loading	 capacity	

should	 be	 limited	 to	 about	 2	mg/filter	 in	 order	 to	 get	 a	 linear	 calibration	 curve	 (Wang	 et	 al.,	

1998).	 In	 subsequent	 studies	 Cr	 (Wang	 et	 al.,	 1999a)	 and	 Si	 (Wang	 et	 al.,	 1999b)	 were	

determined	by	LA‐ICP‐QMS	in	airborne	particulate	matter	collected	from	monitoring	stations	in	
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Taiwan,	 using	 the	 procedure	 proposed	 above	 for	 preparing	 filter	 calibration	 standards.	 NIST	

SRM	1648	was	applied	as	certified	standard	reference	material	(Wang	et	al.,	1999a;	Wang	et	al.,	

1999b).		

Okuda	 et	 al.	 (Okuda	 et	 al.,	 2004)	 used	 LA‐ICP‐QMS	 for	 the	 determination	 of	 trace	 metal	

concentrations	(i.e.	Al	,	Ti,	V,	Cr,	Mn,	Fe,	Co,	Ni,	Cu,	Zn,	As,	Se,	Cd,	Sb	and	Pb)	in	aerosol	particles	

collected	 on	 cellulose	 nitrate	 filters	 in	 Beijing,	 China	 from	 March	 2001	 to	 August	 2003.	 A	

comparison	 of	 daily	 average	 metal	 concentrations	 of	 about	 700	 samples	 of	 total	 suspended	

particulate	 matter	 (TSP)	 collected	 in	 Beijing	 with	 average	 metal	 concentrations	 of	 TSP	

originating	from	the	center	of	Tokyo	showed	1.7	–	21.8	times	higher	concentrations	for	Beijing	

(Okuda	 et	 al.,	 2004).	 In	 another	 study	 Okuda	 et	 al.	 (Okuda	 et	 al.,	 2006)	 monitored	

concentrations	 of	 the	 same	 trace	 metals	 as	 in	 a	 previous	 study	 (Okuda	 et	 al.,	 2004)	 in	 TSP	

samples	collected	at	Rishiri	Island,	Hokkaido,	Japan	from	May	2001	to	October	2003.	Typically,	

lower	 concentration	 levels	 were	 observed	 compared	 to	 Beijing,	 China	 and	 Tokyo,	 Japan.	

However,	 elevated	 trace	metal	 concentrations	were	 determined	 several	 times	 per	 year,	most	

likely	 resulting	 from	 long‐range	 emission	 transports.	 The	 use	 of	 sector	 analysis	 in	which	 the	

area	 surrounding	 Rishiri	 Island	 was	 classified	 into	 four	 air	 mass	 inflow	 sectors	 (i.e.	 marine,	

Japan,	China	and	Siberia)	together	with	the	knowledge	of	the	trace	metal	concentrations	allowed	

drawing	conclusions	about	 the	emission	source.	Especially	Pb/Zn,	As/V	and	Pb/V	ratios	were	

useful	indices	for	deriving	emission	sources	(Okuda	et	al.,	2006).			

Recently,	Hsieh	et	al.	(Hsieh	et	al.,	2011)	developed	a	strategy	for	the	determination	of	absolute	

elemental	contents	(i.e.	Na,	Mg,	Al,	Si,	K,	Ca,	Ti,	V,	Cr,	Mn,	Fe,	Ni,	Cu,	Zn,	As,	Sr,	Cd,	Ba	and	Pb)	in	

nanometer‐	 and	 sub‐micrometer‐sized	 airborne	 particulate	 matter,	 which	 were	 collected	 on	

polytetrafluoroethylene	 (PTFE)	 membrane	 filters	 by	 means	 of	 an	 electrical	 low‐pressure	

impactor	(ELPI).	The	use	of	an	ELPI	enabled	to	collect	particles	segregated	into	different	particle	

sizes	 (i.e.	 0.030	 –	 0.108	 µm,	 0.108	 –	 1.000	 µm	 and	 1.000	 –	 9.970	 µm).	 Calibration	 was	

accomplished	by	analyzing	PTFE	membranes,	on	which	defined	amounts	of	standard	solutions	

had	been	dropped.	Grid	patterns	(grid	spacing:	300	µm,	spot	size:	110	µm)	were	applied	for	the	

ablation	of	 individual	 impaction	spots.	Moreover,	a	standard	addition	method	was	applied	 for	

validation	of	the	proposed	method	(Hsieh	et	al.,	2011).		

Gligorovski	et	al.	 (Gligorovski	et	al.,	2008)	applied	LA‐ICP‐QMS	 in	combination	with	an	 image	

analysis	 software	 for	 multi‐elemental	 mapping	 of	 size‐segregated	 aerosol	 particles.	 Both	

industrial‐influenced	and	urban	aerosols	were	collected	using	cascade	impactors	with	different	

collection	stages	to	collect	different	size	ranges	(i.e.	industrial‐influenced	aerosol:	0.17	–	10	µm;	

urban	 aerosol:	 0.038	 –	 16	 µm).	 An	 air	 particulate	 standard	 reference	 material	 (NIST	 2783;	

PM2.5)	certified	for	V,	Fe,	Zn,	As,	Sb,	Ba	and	Pb	concentrations	(ng	cm‐²)	was	used	for	calibration	
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purposes.	 Elemental	 maps	 were	 generated	 by	 rastering	 the	 laser	 beam	 over	 whole	 aerosol	

impaction	spots	on	 the	cascade	 impactor	 foils,	whereas	 the	use	of	an	 image	analysis	 software	

allowed	 to	 study	 the	 elemental	 distributions	 in	 the	 analyzed	 spots.	 E.g.	 high	 Zn	 and	 low	 Pb	

concentrations	 were	 determined	 for	 the	 largest	 particles	 of	 industrial‐influenced	 aerosol	

(Gligorovski	et	al.,	2008).	Moreover,	LA‐ICP‐QMS	was	also	applied	for	the	qualitative	analysis	of		

Pb,	As,	Cr,	Sb,	Sn,	Zn,	Si,	Al,	Mn,	Cu,	Fe,	Ca,	Mg,	Sr	in	aerosol	particles	deposited	on	tree	barks	in	

order	to	assess	the	presence	of	particle	deposits	(Suzuki,	2006).		

Spears	(Spears,	2004)	applied	LA‐ICP‐QMS	for	the	analysis	of	fly	ash.	The	analysis	of	individual	

particles	was	not	feasible,	mainly	due	to	identification	problems	and	lack	of	sensitivity	for	minor	

elements	by	applying	a	laser	spot	size	of	10	µm.	Therefore	transects	were	analyzed	by	scanning	

the	 laser	 beam	 (spot	 size:	 ~	 30	 µm)	 over	 a	 layer	 of	 particles	 resulting	 from	 scattering	 the	

particles	onto	a	resin‐coated	microscope	slide.	Two	different	scans	were	performed	in	order	to	

cover	the	analysis	of	both	the	minor	(Al,	S,	K,	V,	Cr,	Fe,	Cd,	As	and	Hg)	and	the	major	(K,	Cu,	Zn,	

Ga,	 Ge,	 Se,	 Mo,	 Tl,	 Pb	 and	 U)	 elements.	 Interpretation	 of	 the	 data	 was	 accomplished	 by	

correlation	matrices.	E.g.	it	was	determined	that	As,	U,	Pb,	Tl,	Mo,	Se	and	Ge	and	Ga	to	a	lesser	

extent,	are	mainly	present	on	the	surfaces	of	the	fly	ash	particles	(Spears,	2004).		

1.5.3.2 Analysis	of	particles	containing	platinum	group	elements	

Rauch	et	al.	(Rauch	et	al.,	2002)	applied	LA‐ICP‐quadrupole	(Q)MS	for	the	analysis	of	particles	

containing	 platinum	 group	 elements	 (PGE)	 (i.e.	 platinum	 (Pt),	 palladium	 (Pd)	 and	 rhodium	

(Rh)).	 The	 particulate	 samples	 were	 distributed	 onto	 a	 sticky	 tape,	 which	 was	 ablated	 by	

applying	line	scans.	The	analysis	of	PGE	in	automobile	emission	particles	and	particles	in	road	

and	 river	 sediments	 was	 of	 special	 interest	 as	 PGE	 emitted	 into	 the	 environment	 from	

automobile	catalysts	pose	risks	for	both	humans	and	the	environment.	In	all	analyzed	samples,	

PGE	 were	 associated	 with	 cerium	 (Ce),	 a	 major	 catalyst	 component	 (i.e.	 wash‐coat).	 The	 co‐

existence	of	both	Ce	and	PGE	in	particles	was	determined	to	be	a	useful	fingerprint	for	tracing	

particles	 containing	 PGE	 back	 to	 automobile	 catalysts	 and	 to	 determine	 environmental	

transport	mechanisms.	 In	 addition	 it	 was	 concluded	 that	 relative	 Pt/Pd/Rh	 signal	 intensities	

might	give	an	indication	about	specific	automobile	catalysts	(Rauch	et	al.,	2002).	Moreover,	LA‐

ICP‐QMS	was	applied	for	analyzing	road	sediment	samples	(particles	<	63	µm)	for	identifying	Pb	

and	 PGE	 associations	 to	 geochemical	 fractions	 (i.e.	 carbonates,	 hydrous	 Fe,	 Mn	 oxides	 and	

silicate	 phases)	 in	 such	 samples.	 Pb	 showed	 a	 high	 degree	 of	 association	 to	 Ca/Mg/Sr	 and	

Fe/Mn	 phases	 but	 a	 lesser	 degree	 to	 the	 Si/Al/K	 phase.	 However,	 no	 associations	 were	

identified	 for	 Pt,	 which	 was	 studied	 as	 a	 representative	 for	 PGE,	 to	 the	 studied	 geochemical	
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fractions.	Laser	ablation	was	again	accomplished	by	applying	line	scans	on	the	road	sediments	

fixed	on	a	tape	(Rauch	et	al.,	2000a).	Rauch	et	al.	(Rauch	et	al.,	2000b)	further	applied	LA‐ICP‐

QMS	for	the	assessment	of	PGE	distributions	in	airborne	particulate	matter	sampled	by	means	

of	 a	 filter,	 and	 for	 the	 identification	 of	 individual	 airborne	 particles	 having	 high	 PGE	

concentrations.		

1.5.3.3 Analysis	of	crime	scene	evidence	

Scadding	et	al.	(Scadding	et	al.,	2005)	studied	the	application	of	LA‐ICP‐time	of	flight	(TOF)‐MS	

for	the	forensic	analysis	of	micro	debris	(i.e.	spherules	left	behind	after	cutting	open	a	steel	safe	

door	 with	 an	 oxy‐acetylene	 gas	 cutter).	 Two	 different	 measurement	 approaches	 were	

successfully	applied:	1)	analysis	of	an	entity	of	debris	consisting	of	10	spherules	and	2)	analysis	

of	 single	 spherules.	 In	 both	 cases	 three	 different	 steel	 safe	 doors	 were	 distinguishable	 with	

respect	 to	 their	 elemental	 distribution	 patterns.	 In	 addition,	 the	 analysis	 of	 three	 different	

spherule	fractions	(>	63	µm	<	150µm;	>	150µm	<	250µm	and	>	250µm	<	500µm)	did	not	yield	a	

significant	difference	 in	 the	determined	patterns.	 Spherules	 collected	 from	 the	 clothing	of	 the	

person	 who	 cut	 the	 safe	 doors,	 showed	 the	 same	 elemental	 distribution	 patterns	 as	 the	

respective	doors.	Thus,	it	was	demonstrated	that	elemental	distribution	patterns	allow	linking	a	

person	 of	 interest	 (POI)	 to	 a	 crime	 scene	 (Scadding	 et	 al.,	 2005).	 LA‐ICP‐QMS	 was	 further	

applied	 for	 the	 qualitative	 characterization	 of	 gunshot	 residue	 (GSR)	 particles,	 typically	

revealing	 sizes	 between	 0.5	 µm	 and	 5	 µm,	 from	 firearm	 discharges.	 The	 qualitative	

characterization	included	the	analysis	of	elements	that	are	considered	to	be	present	in	GRS	(i.e.	

Al,	Si,	P,	S,	Cl,	K,	Ca,	Fe,	Ni,	Cu,	Zn,	Sn,	Sb,	Ba,	Pb),	whereupon	Pb,	Sb	and	Ba	are	considered	as	the	

key	elements.	GSR	particles	collected	by	means	of	tape	lifts	from	skin	surfaces	could	be	directly	

analyzed	by	applying	a	raster	scanning	ablation	pattern	(spot	size:	160	µm).	Moreover,	it	could	

be	demonstrated	that	skin	cells	covering	the	GSR	particles	do	not	have	an	impact	on	the	analysis	

as	is	the	case	with	respect	to	SEM‐EDX,	which	is	commonly	applied	for	the	characterization	of	

GSR	and	in	which	particles	covered	by	skin	cells	cannot	be	detected	(Abrego	et	al.,	2012).	

1.5.3.4 Application	of	LA‐ICPMS	for	single	particle	analysis	in	nuclear	forensics	

In	a	study	conducted	by	Choi	et	al.	(Choi	et	al.,	2010)	a	variety	of	microparticles	was	analyzed	

with	respect	 to	 their	gadolinium	(Gd)	 isotopic	compositions	by	means	of	LA‐ICP‐TOF‐MS.	The	

authors	analyzed	 the	Gd	 isotopic	 composition	 in	 two	single	Gd2O3	particles	 (~10	µm)	using	a	

slightly	 defocused	 laser	 beam	 (~	 2mm²)	 for	 a	 low	 sample	 consumption	 rate	 and	 stable	 ion	
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signals.	 The	 Gd2O3	 particles	 were	 mixed	 with	 deionized	 water	 for	 dispersing	 them	 onto	 a	

tantalum	 (Ta)	 plate	 for	 analysis.	 A	 collodion	 solution	was	 used	 for	 fixing	 the	particles	 on	 the	

substrate.	Matrix	effects	of	used	metal	plates	were	additionally	investigated	by	analyzing	single	

Gd	coated	silica	particles	(~	60	µm;	50	ng	Gd/particle)	loaded	onto	a	Cu,	Zn	and	Ta,	respectively,	

plate.	Cu	and	Ta	showed	better	S/N	ratios	than	Zn.	In	addition,	a	swiped‐mixed	particle	sample	

consisting	of	Gd2O3	(~10	µm),	Ni	(~	3	µm)	and	Pd	(~	1	µm)	metal	particles	was	analyzed,	which	

demonstrated	the	applicability	of	LA‐ICP‐TOF‐MS	for	the	analysis	of	particle	samples	collected	

by	means	of	swipes	in	international	safeguards.	All	determined	Gd	isotopic	compositions	were	

in	good	agreement	with	the	natural	isotopic	composition	(Choi	et	al.,	2010).	

LA‐MC‐ICPMS	equipped	with	three	discrete‐dynode	secondary	electron	multipliers	was	used	for	

the	 determination	 of	 235U/238U,	 236U/238U,	 145Nd/143Nd,	 146Nd/143Nd,	 101Ru/(99Ru+99Tc)	 and	

102Ru/(99Ru+99Tc)	 isotope	 ratios	 in	 micro‐samples	 originating	 from	 the	 Chernobyl	 fallout	

(Boulyga	and	Prohaska,	2008).	Pre‐identification	of	the	micro‐samples,	with	sizes	ranging	from	

about	100	µm	to	1	mm	and	surface	alpha	activities	of	3‐38	mBq,	 in	 the	collected	soil	samples	

was	 accomplished	 by	 means	 of	 nuclear	 track	 radiography.	 Switching	 between	 the	 isotopic	

systems	 allowed	 the	 sequential	measurement	 of	 all	 isotopes	with	 SEMs.	 If	 the	 particles	were	

large	 enough	 (i.e.	 >	 200	 µm)	 all	 isotopic	 systems	 could	 be	 sequentially	 analyzed.	 Smaller	

particles	 were	 only	 analyzed	 with	 respect	 to	 their	 U	 isotopic	 composition.	 However,	 the	

complete	analysis	of	one	micro‐sample	could	be	accomplished	in	15‐20	min,	excluding	the	time	

needed	for	optimization	and	calibration.	The	latter	was	performed	by	liquid	standards	that	were	

introduced	by	a	membrane	desolvator	system	additionally	coupled	to	the	LA‐MC‐ICPMS	set‐up.	

In	general	 the	usefulness	of	LA‐ICPMS	for	obtaining	spatially	resolved	 isotopic	 information	on	

the	 microscopic	 level,	 which	 is	 of	 particular	 use	 for	 the	 assessment	 of	 environmental	

contaminations	 with	 nuclear	 waste	 was	 demonstrated.	 E.g.	 heterogeneities	 in	 the	 U	 isotopic	

composition	 within	 one	 micro‐sample	 (consisting	 of	 five	 subsamples)	 as	 well	 as	 isotopic	

variations	between	individual	micro‐samples	(n=10)	could	be	identified	(Boulyga	and	Prohaska,	

2008).		

MC‐ICPMS	coupled	to	a	laser	ablation	system	was	further	employed	by	Lloyd	et	al.	(Lloyd	et	al.,	

2009)	for	the	analysis	of	single	DU	uranium‐oxide	grains	(n=115)	retrieved	from	contaminated	

soil	and	dust	samples.	Prior	to	the	LA‐MC‐ICPMS	analysis	the	uranium‐oxide	particles	were	1)	

concentrated	from	the	bulk	samples	by	inter	alia	using	dense‐liquid	for	the	separation	of	 low‐

density	silicates	and	uranium‐oxide	grains	larger	than	20	µm	and	2)	embedded	in	epoxy	resin.	

Natural	uraninite	grains	were	analyzed	for	quality	control	purposes.	The	analysis	time	for	one	

uranium‐oxide	 grain	 was	 about	 2	 minutes,	 whereas	 a	 complete	 analysis	 including	 particle	

location	 and	 the	 measurement	 of	 reference	 materials	 could	 be	 accomplished	 in	 16	 minutes.	
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Relative	expanded	uncertainties	 (2	σ)	of	0.2‐1.8	%	and	2.3‐4.0	%	were	reported	 for	 235U/238U	

and	 236U/238U,	 respectively,	 isotope	 ratios.	 Using	 LA‐MC‐ICPMS	 for	 the	 analysis	 of	 single	

uranium‐oxide	grain	samples,	the	variability	of	the	isotopic	compositions	of	DU	could	be	studied	

(Lloyd	et	al.,	2009).		

Varga	(Varga,	2008)	applied	LA‐ICP‐(sector	field)SF‐MS	for	the	determination	of	the	U	isotopic	

composition	 of	 uranium	 oxide	 powder	 samples	 having	 depleted,	 natural	 and	 low	 enriched	 U	

isotopic	compositions.	A	highly	enriched	uranium‐oxide	powder	stemming	from	a	Round	robin	

exercise	was	additionally	analyzed	for	validation	purposes.	The	uranium	oxide	powder	samples,	

with	sizes	ranging	from	10	µm	to	30	µm,	were	distributed	on	a	double‐sided	tape	and	covered	

by	 another	 tape	 to	 circumvent	 dislocation	 of	 particles	 during	 laser	 ablation.	 Single	 particle	

analysis	 was	 accomplished	 by	 partially	 ablating	 an	 individual	 particle	 and	 calculating	 the	

average	 composition	 from	 three	 to	 five	 parallel	 measurements.	 This	 multiple‐spot	 approach	

enabled	improving	the	precision	of	a	particle	measurement	and	was	useful	for	the	estimation	of	

the	uncertainty.	 In	addition,	soft	ablation	using	 low	laser	energy	yielded	more	data	points	per	

transient	 signal	which	also	resulted	 in	an	 improvement	of	precision.	Medium	mass	 resolution	

(R=4000)	was	applied	 in	order	 to	eliminate	molecular	 interferences,	which	were	contributing	

especially	 to	 the	 signal	 intensities	 of	 the	 minor	 isotopes	 (i.e.	 234U	 and	 236U)	 in	 low	 mass	

resolution.	 Applying	 medium	 resolution,	 the	 determined	 234U/238U,	 235U/238U	 and	 236U/238U	

isotope	 ratios	of	 the	particles	were	 in	 good	agreement	with	 solution	nebulization	based	data.	

The	major	isotope	ratio	235U/238U	of	single	particles	having	dimensions	of	about	19	µm	x	25	µm	

could	 be	 determined	 with	 precisions	 ranging	 from	 0.9‐5.1	 %	 relative	 standard	 deviations	

(Varga,	2008).		

Sub‐micrometer	sized	particles	containing	U	were	analyzed	by	Pointurier	et	al.	(Pointurier	et	al.,	

2011)	 applying	 LA‐ICP‐QMS.	 235U/238U	 isotope	 ratios	 of	 individual	 particles	 of	 two	 different	

samples	(i.e.	NUSIMEP‐6	interlaboratory	comparison	sample	and	IAEA	swipe‐field	sample)	were	

analyzed	after	pre‐selection	by	means	of	fission	track.	The	minor	isotope	ratio	234U/238U	could	

be	determined	for	one	particle,	which	showed	the	highest	number	of	fission	tracks.	In	case	of	all	

other	particles	the	count	rates	for	the	minor	isotopes	234U	and	236U	were	too	low	for	detection.	

The	determined	isotope	ratios	of	the	NUSIMEP‐6	particles	(n=19)	were	in	good	agreement	with	

the	 certified	 value.	 Relative	 uncertainties	 (coverage	 factor	 =1)	 ranged	 from	 2.0	%	 to	 37	 %.	

However,	in	comparison	to	TIMS	and	SIMS	measurements	of	the	NUSIMEP‐6	samples	LA‐ICPMS	

measurements	 were	 less	 precise	 (i.e.	 LA‐ICPMS:	 24.2	 %	 RSD	 (n=19),	 FT‐TIMS:	 4.8	 %	 RSD	

(n=18),	SIMS:	0.7	%	RSD	(n=30)).	In	addition,	the	average	235U/238U	isotope	ratio	also	showed	a	

larger	deviation	from	the	certified	value	(i.e.	LA‐ICPMS:	11.5	%	(n=19),	FT‐TIMS:	2.7	%	(n=18),	

SIMS:	0.5	%	(n=30)).	Single	particle	analyses	of	the	IAEA	swipe‐field	sample	yielded	a	relative	
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standard	 deviation	 of	 22.9	 %	 (n=24).	 TIMS	 measurements	 were	 again	 more	 precise	 with	 a	

relative	standard	deviation	of	5.3	%	(n=19).	Particles	having	natural	and	low	enriched	U	isotopic	

compositions	 could	 be	 identified	 in	 the	 swipe	 samples.	 The	 authors	 assumed	 that	 the	 larger	

dispersion	of	the	isotope	ratios	determined	by	LA‐ICP‐QMS	resulted	from	a	 ‘mixing	effect’	as	a	

consequence	 of	 the	 simultaneous	 analysis	 of	 several	 particles	 present	 on	 the	 substrate.	

Moreover,	 an	 overall	 ionization	 efficiency	 (i.e.	 ratio	 of	 the	 number	 of	 detected	 U	 ions	 to	 the	

number	of	U	atoms	in	a	particle)	ranging	from	1.2	x	10‐4	to	3.9	x	10‐4	was	determined	for	LA‐ICP‐

QMS	(Pointurier	et	al.,	2011).		

Recently	 Pointurier	 et	 al.	 (Pointurier	 et	 al.,	 2012)	 used	 LA‐ICP‐QMS	 for	 the	 determination	 of	

235U/238U	 isotope	 ratios	 of	 single	 particles	 deposited	 on	 the	 NUSIMEP‐7single	 deposition	 test	

sample.	 This	 test	 sample	 was	 distributed	 by	 the	 Institute	 for	 Reference	 Materials	 and	

Measurements	(IRMM)	in	the	course	of	an	interlaboratory	comparison.	Pre‐selection	of	particles	

was	 also	 accomplished	 by	 fission	 track.	 The	 isotope	 ratios	 of	 seven	 particles	 were	 in	 good	

agreement	 with	 the	 certified	 value	 provided	 by	 the	 IRMM	 and	 with	 the	 isotope	 ratios	

determined	 by	 means	 of	 FT‐TIMS	 and	 SIMS.	 However,	 the	 average	 235U/238U	 isotope	 ratio	

determined	by	LA‐ICP‐QMS	showed	a	bias	of	3	%	from	the	certified	value,	whereas	FT‐TIMS	and	

SIMS	 measurements	 yielded	 average	 isotope	 ratios	 with	 biases	 of	 ‐2.7	 %	 and	 ‐2.6	 %,	

respectively.	In	comparison	to	SIMS	and	FT‐TIMS	larger	relative	standard	uncertainties	as	well	

less	precise	isotope	ratios	were	determined	by	LA‐ICP‐QMS.	Standard	uncertainties	(k=1)	of	7.1	

%,	 4.5	 %	 and	 3.0	 %	 were	 determined	 for	 LA‐ICP‐QMS,	 FT‐TIMS	 and	 SIMS,	 respectively.	

Considering	the	precision,	both	SIMS	and	FT‐TIMS	yielded	relative	standard	deviations	of	3.0	%,	

whereas	 LA‐ICP‐QMS	 yielded	 9.6	 %.	 The	 estimated	 detection	 capability	 of	 LA‐ICP‐QMS	 was	

equivalent	to	TIMS	but	below	(i.e.	by	a	factor	of	15)	that	of	SIMS.	However,	the	authors	assumed	

that	 the	 use	 of	 a	 double‐focusing	 ICPMS	 having	 higher	 sensitivity	 would	 yield	 a	 detection	

capability	comparable	to	SIMS.	In	addition,	the	use	of	an	ICPMS	equipped	with	a	multi‐collector	

would	 reduce	 the	 measurement	 uncertainty	 and	 facilitate	 the	 determination	 of	 the	 minor	

isotopes.	 The	 measurement	 yield	 of	 LA‐ICP‐QMS	 was	 comparable	 to	 that	 obtained	 by	

conventional	solution	nebulization	ICP‐QMS	(i.e.	~10‐4).	Nonetheless,	it	was	smaller	than	that	of	

FT‐TIMS	and	SIMS	(i.e.	by	a	factor	of	10	and	20,	respectively)(Pointurier	et	al.,	2012).			

Becker	et	al.	(Becker	et	al.,	2008)	applied	LA‐ICP‐sector	field	(SF)‐MS	for	the	determination	of	

the	average	235U/238U	isotopic	composition	(i.e.	0.032	±	0.004;	n=10)	of	single	UO2	particles	(≤	1	

µm).		

Please	 note	 that	 three	 other	 studies	 (i.e.	 outcome	 of	 this	 thesis)	 dealing	 with	 single	 particle	

analysis	by	LA‐MC‐ICPMS	are	given	in	chapter	2.		
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2 Applications	

The	aim	of	 this	 thesis	was	to	study	the	performance	and	applicability	of	LA‐MC‐ICPMS	for	the	

determination	of	U	and	Pu	isotopic	signatures	of	single	particles.	

Even	 though	 most	 reliable	 and	 state‐of‐the‐art	 techniques	 are	 applied	 for	 particle	 analysis	

within	 international	 safeguards,	 it	 is	 important	 to	 look	 into	 complementary	 analytical	

techniques	 as	 well.	 The	 objective	 is	 to	 provide	 reference	 values	 as	 well	 as	 to	 promote	

improvements	in	analysis	and	to	extend	the	amount	of	safeguards‐relevant	information	that	can	

be	gained	from	the	analysis	of	swipe	and/or	environmental	samples.	The	applicability	of	LA‐MC‐

ICPMS	for	particle	analysis	was	evaluated	as	this	technique	offers	some	advantages	over	well,	in	

international	safeguards,	implemented	mass	spectrometric	techniques.	SIMS	reveals	limitations	

with	 respect	 to	 the	 analysis	 of	 samples	 having	 complex	matrices	 (i.e.	 environmental	matrices	

containing	organic	compounds,	heavy	elements,	etc.),	whereas	 the	analysis	of	particles	with	U	

amounts	in	the	low	pg	range	poses	a	challenge	for	TIMS	due	to	its	lower	sensitivity	compared	to	

LA‐MC‐ICPMS.	 In	 comparison	 to	 SIMS,	 LA‐MC‐ICPMS	 is	 less	 prone	 to	molecular	 interferences,	

which	 is	 advantageous	 for	 the	 analysis	 of	 particles	 embedded	 in	 environmental	 matrices.	 In	

addition,	there	is	no	need	of	a	conducting	substrate.	Thus,	environmental	samples	can	be	readily	

analyzed.		

The	 scientific	 work	 required	 for	 fulfilling	 the	 aim	 of	 this	 thesis	 can	 be	 divided	 into	 three	

categories:		

I) “Method	 development	 and	 validation,	 including	 full	 total	 combined	 uncertainty	

computations,	 and	 demonstration	 of	 the	 capabilities	 of	 LA‐MC‐ICPMS	 for	 the	 direct	

determination	of	the	U	isotopic	signature	in	distinct	single,	µm‐sized	particles.“	

The	 outcome	 of	 this	work	 (see	 2.1)	 is	 presented	 in	 form	 of	 a	 publication	 (Kappel	 et	 al.,	

2012)	that	was	published	in	the	Journal	of	Environmental	Radioactivity.	The	layout	of	this	

paper	was	adapted	for	the	sake	of	layout	conformity	within	this	thesis.	The	presented	text,	

figures	and	tables	correspond	to	the	printed	version.		

II) “Assessment	of	the	applicability	of	different	data	treatment	strategies	for	the	computation	

of	 U	 isotope	 ratios	 from	 transient	 signals	 in	 order	 to	 determine	 accurate	 and	 precise	

isotope	 ratios	 of	 single	 particles	 having	 different	 isotopic	 compositions”	 (see	 2.2).
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The	 outcome	 of	 this	 work,	 which	 is	 provisionally	 accepted	 with	 major	 revisions	 in	

Analytical	and	Bioanalytical	Chemistry,	 is	presented	 in	2.2.	Recommended	revisions	have	

been	considered	 in	 the	manuscript	presented	 in	 this	 thesis.	However,	 the	 final	published	

version	might	slightly	divert	from	the	presented	text.		

III) “Investigation	 of	 the	 applicability	 of	 LA‐MC‐ICPMS	 for	 1)	 analyzing	 Pu	 isotope	 ratios	 in	

particles	 embedded	 in	 environmental	 matrices	 and	 2)	 the	 identification	 of	 nuclear	

contamination	sources”	(see	2.3).	The	results	of	this	study	are	presented	in	form	of	a	paper	

prepared	for	submission.		

All	references	are	integrated	in	chapter	4.	
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2.1 Application	I	
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ABSTRACT		

We	present	the	application	of	nanosecond	laser	ablation	(LA)	coupled	to	a	‘Nu	Plasma	HR’	multi	

collector	inductively	coupled	plasma	mass	spectrometer	(MC‐ICP‐MS)	for	the	direct	analysis	of	

U	 isotope	 ratios	 in	 single,	 10–20	 micrometer‐sized,	 U‐doped	 glass	 particles.	 Method	

development	included	studies	with	respect	to	(1)	external	correction	of	the	measured	U	isotope	

ratios	in	glass	particles,	(2)	the	applied	laser	ablation	carrier	gas	(i.e.	Ar	versus	He)	and	(3)	the	

accurate	determination	of	lower	abundant	236U/238U	isotope	ratios	(i.e.10‐5).	In	addition,	a	data	

processing	procedure	was	developed	 for	 evaluation	 of	 transient	 signals,	which	 is	 of	 potential	

use	 for	 routine	 application	 of	 the	 developed	 method.	 We	 demonstrate	 that	 the	 developed	

method	 is	 reliable	 and	 well	 suited	 for	 determining	 U	 isotope	 ratios	 of	 individual	 particles.	

Analyses	 of	 twenty‐eight	 S1	 glass	 particles,	 measured	 under	 optimized	 conditions,	 yielded	

average	biases	of	 less	 than	0.6 %	 from	 the	 certified	 values	 for	 234U/238U	and	 235U/238U	 ratios.	

Experimental	results	obtained	for	236U/238U	isotope	ratios	deviated	by	less	than	–2.5 %	from	the	

certified	 values.	 Expanded	 relative	 total	 combined	 standard	 uncertainties	 Uc	 (k=2)	 of	 2.6 %,	

1.4 %	and	5.8 %	were	calculated	for	234U/238U,	235U/238U	and	236U/238U,	respectively.			

Keywords:	 Laser	 ablation;	 multi	 collector	 ICP‐MS;	 uranium	 isotope	 ratio	 analysis;	 particle	

analysis;	nuclear	forensics;	nuclear	safeguards	

	

1. Introduction	

The	 isotopic	 fingerprints	 of	 uranium	 (U)	 and	 plutonium	 (Pu)	 are	 of	 particular	 interest	 for	

international	safeguards	(Axelsson	et	al.,	2009)	and	nuclear	forensics	(Mayer	et	al.,	2007)	as	the	

knowledge	 of	 these	 signatures	 enables	 to	 link	 nuclear	 material	 to	 its	 respective	 nuclear	

processes	 and	 activities	 (Donohue,	 2002).	 U	 and/or	 Pu	 isotopic	 signatures	 are	 stored	 in	

micrometer‐sized	particles	(Donohue,	1998)	that	can	be	emitted	during	nuclear	processes.	The	

absolute	 amount	 of	 nuclear	 material	 in	 such	 particles	 usually	 ranges	 from	 picograms	 to	

nanograms	(Axelsson	et	al.,	2009).	Sampling	of	such	material	 is	performed	in	nuclear	facilities	

(e.g.	 enrichment	 facilities,	 hot	 cells,	 etc.)	 and	 the	 nearby	 environment	 by	 means	 of	 swipes	

(Donohue,	1998;	Donohue,	2002).	Analyzing	individual	particles	has	the	advantage	that	possible	

signatures	of	unknown	isotopic	compositions	can	be	detected,	even	if	they	are	masked	by	dust	

particles	 or	 other	 matrices	 that	 have	 declared	 or	 natural	 isotopic	 signatures.	 In	 comparison,	

bulk	 analysis,	which	 comprises	 the	 analysis	 of	 the	 entire	 swipe,	would	 only	 yield	 an	 average	

value	of	different	isotopic	signatures	present	on	the	swipe	(Donohue,	1998).		
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Fission	 track‐thermal	 ionization	mass	 spectrometry	 (FT‐TIMS)	 (Esaka	 et	 al.,	 2004;	 Lee	 et	 al.,	

2007a)	 and	 secondary	 ionization	mass	 spectrometry	 (SIMS)	 (Betti	 et	 al.,	 1999;	 Ranebo	 et	 al.,	

2009;	 Tamborini,	 2004)	 are	 usually	 applied	 for	 the	 isotopic	 characterization	 of	 single,	

micrometer‐sized	 particles	 from	 safeguards	 samples	 (Donohue,	 1998).	 The	 performance	 of	

TIMS	 in	 terms	 of	 accuracy	 and	 precision	 of	 isotope	 ratio	 measurements	 is	 unquestioned	

(Heumann	 et	 al.,	 1998);	 however,	 the	 need	 for	 a	 nuclear	 reactor	 for	 irradiation	 (Lee	 et	 al.,	

2007a)	of	the	FT	detector	with	thermal	neutrons	is	the	main	drawback	of	FT‐TIMS.	SIMS	offers	

the	advantage	of	 combining	 the	 localization	of	particles	 collected	by	means	of	 swipes	and	 the	

determination	 of	 the	 isotopic	 information	 in	 one	 instrument	 (Betti	 et	 al.,	 1999).	 Moreover,	

scanning	electron	microscopy	combined	with	energy‐dispersive	X‐ray	spectrometry	(SEM‐EDX)	

is	applied	 for	 the	 localization	of	particles	and	 the	determination	of	 the	elemental	composition	

(Ciurapinski	et	al.,	2002;	Donohue	et	al.,	2008),	as	well	as	morphological	characterization	of	the	

particles	(Kips	et	al.,	2007;	Ranebo	et	al.,	2007).	

Even	 though	 both	 TIMS	 and	 SIMS	 are	 state‐of‐the‐art	 techniques,	 the	 International	 Atomic	

Energy	Agency	 (IAEA)	 is	 pursuing	 improvements	 and	 new	method	 developments	 in	 order	 to	

obtain	a	complete	picture	of	a	particle’s	history	and	to	help	verifying	the	absence	of	undeclared	

activities.	Recently,	 laser	ablation‐inductively	 coupled	plasma	mass	spectrometry	 (LA‐ICP‐MS)	

was	applied	for	direct	actinide	isotope	analysis	of	single	particles	(Boulyga	and	Prohaska,	2008;	

Lloyd	et	al.,	2009;	Varga,	2008).	Varga	analyzed	U	 isotope	ratios	of	U3O8	powder	particles	(i.e.	

depleted,	 natural,	 low	 enriched	 and	 high	 enriched	 U)—having	 lateral	 dimensions	 of	 10–30	

micrometer—by	 employing	 a	 high	 resolution	 double‐focusing	 ICP	 sector‐field	 mass	

spectrometer	equipped	with	a	single	collector.	The	U	amount	in	a	10	µm	particle	was	estimated	

to	approximately	0.46	ng,	assuming	a	spherical	particle	(Varga,	2008).	Depleted	uranium	oxide	

particles	(i.e.	larger	than	20	µm),	embedded	in	dust	and	surface	soil,	were	directly	analyzed	by	

Lloyd	 et	 al.	 (Lloyd	 et	 al.,	 2009)	 by	 employing	 LA‐multi	 collector	 (MC)‐ICP‐MS	 for	 the	

determination	of	235U/238U	and	236U/238U.	The	sampling	volume	corresponded	to	approximately	

4	ng	U	(Lloyd	et	al.,	2009).	The	applicability	of	LA‐MC‐ICP‐MS	for	isotope	ratio	analyses	of	U	and	

fission	products	of	micro‐samples	(i.e.	dimensions	ranging	from	100	µm	to	1	mm)	collected	in	

the	vicinity	of	Chernobyl	was	demonstrated	by	Boulyga	and	Prohaska	(Boulyga	and	Prohaska,	

2008).		

The	present	work	describes	 the	application	of	ns	 laser	ablation	coupled	 to	MC‐ICP‐MS	 for	 the	

direct	determination	of	234U/238U,	235U/238U	and	236U/238U	isotope	ratios	in	single,	U‐doped,	10–

20	micrometer‐sized	glass	particle	reference	material	(Raptis	et	al.,	2002)	.	The	purpose	of	the	

glass	 particles	 applied	 in	 this	 study	 is	 the	 simulation	 of	 environmental	 samples	 (e.g.	 soil,	
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sediment	or	dust)	that	contain	hot	particles	(Raptis	et	al.,	2002),	which	is	of	interest	considering	

a	future	application	of	the	presented	method	for	such	samples.	Hence,	method	development	and	

the	merits	of	this	analytical	technique	are	demonstrated	by	means	of	this	reference	material,	in	

which	absolute	U	amounts	are	 in	the	picogram	range.	To	the	authors’	knowledge	it	 is	 the	 first	

time	that	certified	reference	material	 is	used	for	the	validation	of	LA‐MC‐ICP‐MS	for	U	isotope	

ratio	analyses	in	single	particles.	The	full	evaluation	and	validation	of	the	presented	method	is	

described.	 In	 addition,	 a	 novel	 approach	 for	 operator‐independent	 data	 processing,	 including	

non‐laborious	external	correction	of	the	isotope	ratios	of	interest	is	presented	in	this	work.	

2.	 Materials	and	Methods	

2.1.		 Reagents,	standards	and	certified	reference	materials	

Analytical	reagent	grade	nitric	acid	(65	%	(m/m),	Merck	KGaA,	Darmstadt,	Germany)	underwent	

double	 sub‐boiling	 distillation	 (Milestone‐MLS	 GmbH,	 Leutkirch,	 Germany)	 prior	 to	 use.	 1%	

(m/m)	HNO3	was	prepared	by	diluting	purified	65	%	(m/m)	HNO3	with	 reagent	grade	 type	 I	

water	(18.2	MΩ	·	cm	at	25	°C,	Ultra	Clear	Basic	Reinstwassersystem,	SG	Wasseraufbereitung	und	

Regenerierstation	GmbH,	Barsbüttel,	Germany)	that	was	also	purified	by	sub‐boiling	distillation	

(Milestone‐MLS	GmbH,	Leutkirch,	Germany)	prior	to	use.	Certified	 isotope	reference	materials	

—	CRM	U500	 (New	Brunswick	 Laboratory,	 U.S.	 Department	 of	 Energy,	Washington,	 DC,	 U.S.)	

and	 IRMM‐187	 (European	 Commission‐JRC,	 Institute	 for	 Reference	 Materials	 and	

Measurements,	Geel,	Belgium)	—	were	applied	for	external	correction	and	the	determination	of	

the	 secondary	 electron	 multiplier	 yields.	 An	 in‐house	 prepared	 mixture,	 having	 a	 236U/238U	

isotope	 ratio	 of	 8.96	x	10‐7,	 of	 IRMM‐184	 (European	 Commission‐JRC,	 Institute	 for	 Reference	

Materials	 and	 Measurements,	 Geel,	 Belgium)	 and	 U500,	 was	 used	 for	 optimizing	 the	

deceleration	 filter.	 This	 mixture	 was	 obtained	 by	 diluting	 and	 gravimetrical	 mixing	 of	 both	

IRMM‐184	 and	 U500	 in	 order	 to	 obtain	 a	 solution	 with	 a	 236U/238U	 isotope	 ratio	 that	 is	

approximately	twice	as	high	as	the	236U/238U	abundance	sensitivity	that	was	determined	without	

applying	 the	 deceleration	 filter.	 Determination	 of	 the	 abundance	 sensitivity	 for	 uranium	

isotopes	 at	 the	mass	m‐2	u	was	 employed	with	 a	 233U	 isotopic	 spike	 solution	 ((99.4911	 atom	

percent	 of	 233U;	 CRM	 111‐A	 (New	 Brunswick	 Laboratory,	 U.S.	 Department	 of	 Energy,	

Washington,	DC,	U.S.)).	A	natural	U	solution	(IRMM‐184)	was	used	for	the	determination	of	the	

UH+/U+	 hydride	 ratio	 when	 introducing	 liquid	 standards.	 Dilution	 of	 the	 standards	 was	

accomplished	with	1	%	(m/m)	HNO3	 in	order	to	get	solutions	exhibiting	concentrations	 in	 the	



2	 Applications	 Application	I	

89	

	

low	ng	g‐1	range	(i.e.	smaller	than	10	ng	g‐1).	The	isotope	amount	ratios	of	the	certified	reference	

materials	used	in	this	study	are	given	in	Table	2.1‐1.		

	

Table	2.1‐1:	Isotope	amount	ratios	of	certified	reference	materials	used	in	this	study.	

	 234U/238U 235U/238U 236U/238U

S1	(U	in	glass)	 0.000	0557(11) 0.007	3045(36) 0.000	01008(11)	

S3(U	in	glass)	 0.000	2796(17) 0.043343(22) 0.0004248(10)	

IRMM‐184	 0.000	 053	

138(32)	

0.007	262	3(22) 0.000	 000	 124	

46(17)	

IRMM‐187	 0.000	387	00(16) 0.047	325(14) 0.000	071	965(39)	

CRM	U500a	 0.010	422(19) 0.999	6(14) 0.001	518	7(62)	

a	the	given	isotope	amount	ratios	and	uncertainties	(k=2)	were	calculated	from	the	certified		
atom	percents	of	234U,	235U,	236U	and	238U,	and	respective	uncertainties	stated	in	the	certificate	

	

S1	 and	 S3	 glass	 particles	 that	 are	 doped	 with	 U	 of	 certified	 isotopic	 composition	 (European	

Commission‐JRC,	Institute	for	Reference	Materials	and	Measurements,	Geel,	Belgium)	were	used	

for	 method	 development,	 optimization,	 validation	 and	 proof	 of	 principle.	 The	 particles	 were	

produced	by	 the	 IRMM	 for	 the	 IRMM	support	programme	 to	 the	 International	Atomic	Energy	

Agency	 (IAEA)	 and	 for	 the	 IRMM	 external	 NUSIMEP	 quality	 control	 programme	 (Nuclear	

Signatures	Interlaboratory	Measurement	Evaluation	Programme).	Matrix	glass,	consisting	of	70	

%	SiO2,	15	%	B2O3,	10	%	Na2O,	4	%	CaO	and	1	%	Al2O3	(i.e.	borosilicate	glass),	was	mixed	with	

U3O8,	 in	 order	 to	 produce	 U‐containing	 glass	 particles.	 Afterwards	 the	 U	 doped	 glass	 was	

blended	with	matrix	 glass	 in	 order	 to	 simulate	 environmental	 samples	 (e.g.	 soil,	 sediment	 or	

dust)	 that	 contain	 hot	 particles.	 A	 detailed	 description	 of	 the	 preparation	 of	 the	 used	 glass	

particles	 is	 given	 in	 Raptis	 et	 al.,	 2002.	 The	 analysis	 of	 the	 matrix	 glass	 enabled	 to	 exclude	

interferences	occurring	from	matrix	elements	(e.g.	Al,	Pb,	Si,	etc.).	The	size	of	the	glass	particles	

was	between	10	and	20	µm	(Raptis	et	al.,	2002).	Certified	isotope	amount	ratios	of	the	utilized	

particles	 are	 given	 in	 Table	 2.1‐1.	 The	 estimated	 U	 amount	 per	 10	 micrometer‐sized	 glass	

particle	 was	 less	 than	 100	 pg	 when	 assuming	 (1)	 a	 spherical	 shape,	 (2)	 a	 borosilicate	 glass	

density	of	2.5	g	cm‐3	and	(3)	an	U3O8	amount	of	5	%	(m/m)	(Raptis	et	al.,	2002).	About	1.1	mg	of	

each	 glass	 particle	 standard	were	 distributed	 on	 a	 cellulose	 acetate	membrane	 filter	 (OE	 67,	

Whatman	GmbH,	Dassel,	Germany)	and	treated	in	a	closed	glass	Petri	dish	with	acetone	vapor	

for	about	30	minutes.	The	transparent	membranes	were	then	affixed,	using	customary	glue,	to	a	

glass	object	plate.	Both	the	membrane	and	the	glass	object	plate	were	screened	for	their	U	blank.		
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2.2.	 Instrumentation	

All	 isotope	 ratio	 measurements	 were	 accomplished	 with	 a	 double–focusing	 high	 resolution	

sector	 field	MC‐ICP‐MS	(Nu	Plasma	HR,	Nu	 Instruments	Limited,	Wrexham,	U.K.)	A	solid	 state	

nanosecond	laser	ablation	system	(UP	193,	ESI‐NWR	Division,	Electro	Scientific	Industries,	Inc.,	

Portland,	CA,	U.S.)	was	coupled	to	the	MC‐ICP‐MS	in	order	to	perform	direct	analyses	of	the	glass	

particles	 of	 interest.	 Both	Ar	 and	He	were	 employed	 as	 carrier	 gas.	 A	membrane	 desolvation	

system	(DSN‐100,	Nu	Instruments	Limited,	Wrexham,	U.K.)	was	connected	in	parallel	to	the	LA‐

MC‐ICP‐MS	 setup.	 This	 setup	 enables	 liquid	 sample	 introduction	without	 the	 necessity	 of	 de‐

coupling	 the	 laser	 system	 for	 the	measurement	 of	 the	 liquid	 U	 reference	material.	 No	 liquid	

solution	was	aspirated	during	laser	ablation	of	the	glass	particles.	A	schematic	diagram	of	this	

setup	 is	given	elsewhere	(Boulyga	and	Prohaska,	2008).	The	desolvation	of	 the	 liquid	samples	

by	means	of	the	membrane	system	allows	introducing	a	dry	aerosol	into	the	ICP.	Hence	hydride	

generation	is	reduced	compared	to	the	introduction	of	a	wet	aerosol.	Instrumental	parameters	

are	summarized	in	Table	2.1‐2.		

2.2.1.		 Collector	block	configuration	

The	 ‘Nu	 Plasma	 HR’	 MC‐ICP‐MS	 is	 equipped	 with	 twelve	 Faraday	 cups	 and	 three	 discrete‐

dynode	 secondary	 electron	 multipliers.	 This	 configuration	 enables	 the	 simultaneous	

determination	of	 the	 isotopes	of	 interest.	The	major	U	 isotopes,	 235U	and	238U,	were	measured	

with	Faraday	cups	 (i.e.	 L1	and	L3),	whereas	 the	minor	 isotopes,	 234U	and	 236U,	were	analyzed	

with	 secondary	 electron	multipliers	 (i.e.	 IC0	 and	 IC1).	 IC0,	 the	 secondary	 electron	multiplier	

with	 which	 236U	was	measured,	 has	 a	 deceleration	 filter	 installed	 to	 eliminate	 ions	 with	 low	

kinetic	 energies	 in	 order	 to	 improve	 abundance	 sensitivity.	 Yield	 variations	 of	 the	 secondary	

electron	 multipliers	 (i.e.	 IC0	 and	 IC1)	 were	 determined	 by	 means	 of	 U500	 according	 to	

standard‐sample	 bracketing	 before	 and	 after	 the	 analyses	 of	 the	 glass	 particles.	 The	 UH+/U+	

hydride	ratio	 for	both	 liquid	measurements	and	 laser	ablation	was	assessed	by	analyzing	238U	

with	L3	whereas	its	respective	hydride	was	measured	with	IC0	at	m/z=239.	The	determination	

of	the	236U/238U	abundance	sensitivity	was	accomplished	with	a	233U	isotopic	spike	solution.	Ion	

currents	of	ions	having	a	mass‐to‐charge	ratio	of	231	and	233,	respectively,	were	measured	with	

the	 same	 secondary	 electron	multiplier	 (i.e.	 IC0)	 and	 Faraday	 cup	 (i.e.	 L1),	 respectively,	 that	

were	employed	for	the	determination	of	236U	and	238U.	
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Table	2.1‐2:	Instrumental	parameters.	

Laser	(New	Wave	'UP	193')	

Ablation	mode	 Static	point	ablation	

Wavelength	/	nm	 193

Pulse	length	/	ns	 3

Energy	density	/	J	cm‐2	 0.78–8.75

Power	density	/	GW	cm‐2	 0.28–3.16

Repetition	rate	/	Hz	 10

Spot	size	/	µm 10–15

Ar	mix	gas	/	L	min‐1	 0.9

He	mix	gas	/	L	min‐1	 0.9

Liquid	sample	introduction	system	(DSN‐100)

Nebulizer	 PFA	100

Sample	uptake	rate	/	µL	min‐1	 130

Nebulizer	gas	pressure	/	Pa	
1.4	x	105–1.7	x	105

	

Hot	gas	/	L	min‐1	 0.07–0.35

Membrane	gas	/	L	min‐1	 1.65–3.09

Spraychamber	temperature	/	°C	 112–117

Membrane	temperature	/	°C	 119–123

MC‐ICP‐MS	(Nu	Plasma	HR)	

RF	power	/	W 1300

Auxiliary	gas	/	L	min‐1	 1.2

Cool	gas	/	L	min‐1	 13

Cones	 Ni

Isotopes	monitored	with	Farday	cup	at	axial	mass	

position	
234,	239,	242	

Mass	separation 1

Acceleration	voltage	/	V	 4000

Resolution	m/∆m	 300	(low	resolution)

Detection	system	 Faraday	cups

	 IC0a,	IC1a

Voltages	applied	to	deceleration	filter

Retard	(Filter	1)	/	V	 4010

Lens	(Filter	2)	/	V	 3870

Data	acquisition	mode	 TRAb	(acquisition	time	per	data	point:	1	s)	

aSecondary	electron	multiplier	

bTime	resolved	analysis	
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2.3.	 Data	Processing	

Ar	or	He	was	measured	as	blank	for	about	 ten	minutes	prior	 to	the	analyses	of	 the	S1	and	S3	

glass	particles.	 Blank	determination	 for	 the	 liquid	 certified	 reference	materials	 (i.e.	U500	 and	

IRMM‐187)	was	performed	by	measuring	1	%	(m/m)	HNO3	for	ten	minutes.	The	blank	signal	of	

each	isotope	of	interest	was	calculated	as	an	average	of	six	blocks.	Prior	to	this	each	block	had	

been	 assessed	 as	 an	 average	 of	 100	 single	 data	 points.	 The	 blanks	 of	 the	 isotopes	 of	 interest	

were	 then	subtracted	 from	the	single	recorded	signal	 intensities	of	 the	glass	particles	and	the	

liquid	certified	reference	materials,	respectively.		

Afterwards,	the	signal	intensities,	recorded	in	V,	were	converted	into	counts	per	second	(cps)	by	

using	 a	 factor	 of	 6.24150965	x	107.	 Since	 234U	 and	 236U	 were	 measured	 with	 discrete‐dynode	

secondary	 electron	 multipliers,	 dead	 time	 correction	 of	 these	 intensities	 was	 performed	

according	to	eq	(2.1‐1)	(Nelms	et	al.,	2001)	

	 	 (2.1‐1)	

where	It	is	the	intensity	(in	cps)	corrected	for	the	dead	time,	I0	is	the	raw	intensity	and	 	is	the	

dead	time	of	the	secondary	electron	multiplier.	Dead	times	of	34	ns	(Uc	=	9	ns)	and	4	ns	(Uc	=	1.5	

ns)	were	applied	for	IC0	and	IC1,	respectively.	The	dead	time	and	the	linearity	of	the	secondary	

electron	multipliers	were	determined	according	to	the	dynamic	procedure	published	by	Richter	

et	al.	(Richter	et	al.,	2009).	Different	concentrations	of	IRMM‐073/7	(European	Commission‐JRC,	

Institute	for	Reference	Materials	and	Measurements,	Geel,	Belgium)	were	used	for	determining	

the	deviation	of	 233U/235U	 isotope	ratios	 from	the	certified	ratio	at	 increasing	235U	count	rates.	

Mass	bias	correction	was	performed	by	measuring	235U/238U	in	these	solutions.			

The	234U/238U,	 235U/238U	and	236U/238U	 isotope	ratios	of	 the	 liquid	certified	reference	materials	

were	calculated	by	dividing	the	average	signal	intensities,	which	were	obtained	with	respect	to	

the	 procedure	 already	 described	 for	 assessing	 the	 average	 blank	 signals,	 of	 the	 isotopes	 of	

interest.	The	calculation	of	the	external	correction	factors	is	given	in	eq	(2.1‐2)		

	

	
	 	 	 ,

	 x	=	234,	235	or	236	 (2.1‐2)	

	

where	 	is	 the	 external	 correction	 factor,	 	is	 the	 isotope	 ratio	 of	 the	

certified	 reference	 material	 and	 	 	 	 , 	is	 the	 blank	 and	 dead	 time	
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corrected	isotope	ratio	of	interest	of	the	liquid	(lq)	sample.	The	external	correction	factor	was	

determined	 twice	 a	 day	 according	 to	 standard‐sample	 bracketing.	 The	 average	 of	 the	 daily	

determined	 external	 correction	 factors	 was	 applied	 for	 the	 correction	 of	 the	 glass	 particle	

isotope	ratios.	Signal	intensities	of	the	time	resolved	ablation	profiles	were	corrected	for	blank	

and	dead	time.	An	ablated	single	particle	and	a	typical	ablation	profile	are	given	in	Fig.	2.1‐1.		

	

Fig.	2.1‐1:	Scanning	electron	micrograph	of	an	ablated	S1	glass	particle	(left)	and	typical	time	resolved	
ablation	profile	(right).	The	ablation	profile	is	shown	by	means	of	the	238U	signal	intensity.	

A	laser	ablation	spot	size	of	10	µm	was	applied.	
	

In	order	 to	enhance	the	precision	of	 the	background,	 the	gas	blank,	used	for	blank	correction,	

was	 determined	 by	measuring	 it	 for	 ten	minutes	 as	 already	 described	 above.	 Additional	 gas	

blanks	were	recorded	for	about	15	seconds	prior	to	the	particle	ablation	and	after	it	in	order	to	

monitor	 the	complete	wash‐out	of	 the	previously	analyzed	 samples.	The	blank	and	dead	 time	

corrected	 signal	 intensities	were	 subject	 to	 a	 so‐called	 logical	 test,	which	 aimed	 at	 setting	 an	

operator‐independent	threshold	for	the	selection	of	intensities	used	for	further	evaluation.	The	

threshold	was	set	 to	 twenty	 times	 the	standard	deviation	of	 the	determined	blank	signal.	The	

signal	intensities	of	the	isotope	that	yielded	the	smallest	number	of	single	data	points	above	this	

threshold,	defined	the	peak	area	used	for	further	evaluation.	Then	the	intensities	of	each	isotope	

were	integrated	over	the	defined	peak	area,	and	the	234U/238U,	235U/238U	and	236U/238U	isotope	

ratios	were	calculated	by	dividing	 the	 integrated	signal	 intensities	of	 the	 isotopes.	 Integration	

was	 performed	 by	 summing	 up	 the	 single	 recorded	 signal	 intensities	 (i.e.	 recorded	 in	 time	

resolved	analysis	mode	with	an	acquisition	time	of	one	second	per	data	point)	in	Microsoft	Excel	

2007.	 	 Integrating	 over	 the	 defined	 peak	 area	 was	 performed	 because	 of	 counting	 statistics,	

thereby	reducing	the	influence	of	small	count	rates	on	the	isotope	ratio.	Finally,	the	blank	and	

dead	 time	 corrected	 isotope	 ratios	 	 	 	 , 	of	 the	 glass	 particle	 (GP)	were	
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multiplied	with	the	respective	external	correction	factors	 	in	order	to	obtain	the	final	

glass	particle	isotope	ratio	 , 	(see	eq	2.1‐3).		

, 	 	 	 	 , 	 	 		 (2.1‐3)	

x	=	234,	235	or	236	

2.3.1.	 Uncertainty	Evaluation	

Expanded	 total	 combined	 standard	 uncertainties	 (Uc)	 were	 calculated	 according	 to	 ISO/GUM	

(ISO/IEC	 Guide	 98‐3:2008)	 and	 Eurachem	 (EURACHEM	 /	 CITAC	 Guide	 CG	 4)	 using	 the	 GUM	

Workbench	Pro	software	(version	2.4,	Metrodata	GmbH,	Weil	am	Rhein,	Germany).	The	single	

parameters	 that	 were	 propagated	 for	 computing	 the	 expanded	 total	 combined	 standard	

uncertainties	of	the	234U/238U,	235U/238U	and	236U/238U	isotope	ratio	measurements	of	the	glass	

particles	are	given	in	Table	2.1‐3.	No	significant	contributions	to	the	expanded	total	combined	

standard	 uncertainties	 could	 be	 identified	 with	 respect	 to	 Faraday	 cup	 gain	 calibration	 and	

different	signal	response/decay	times	of	Faraday	cups	and	secondary	electron	multipliers.	Thus,	

these	effects	were	not	included	in	the	uncertainty	budget.		

Table	2.1‐3:	Propagated	parameters	for	computing	the	expanded	total	combined		
standard	uncertainties	of	glass	particle	isotope	ratio	measurements.	

Parameter	 234U/238U 235U/238U 236U/238U	

(XU/238U)certifieda	 X X X

(XU/238U)measureda	 X X X

Blank	a,b	 X X X

Dead	time	234U	or	236U	a,b X X

238U+ peak	tailinga,b	 X

Yield	variation		IC0	or	IC1a,b X	(IC1) X	(IC0)

UH+/U+	a,b	 X

a	liquid	certified	reference	material	measurement	

b	glass	particle	measurement

3.	 Results	and	discussion	

3.1.	 	Selection	of	isotope	standard	for	calibration	

U500	and	IRMM‐187	were	investigated	for	the	determination	of	the	external	correction	factor.	

The	utilization	of	U500	was	determined	as	 this	certified	reference	material	exhibits	an	almost	

1:1	235U/238U	isotope	ratio,	which	is	regarded	as	preferable	for	the	determination	of	mass	bias	
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effects.	The	 applicability	 of	 IRMM‐187,	which	 is	 a	 low‐enriched	U	 isotopic	 reference	material,	

was	 additionally	 studied	 as	 its	 U	 isotope	 amount	 ratios	 have	 lower	 expanded	 uncertainties	

compared	to	U500.		

The	 external	 correction	 factor	 corrects	 in	 one	 step	 for	 all	 effects	 present	 during	 the	 analysis,	

except	 for	 the	 liquid‐solid	matrix	dissimilarity.	The	effects	 that	are	considered	 in	 the	external	

correction	 factor	 are:	 mass	 bias	 (for	 234U/238U,	 235U/238U	 and	 236U/238U),	 secondary	 electron	

multiplier	yield	and	its	variation	(for	234U/238U	and	236U/238U),	peak	tailing	from	238U+	ions	(for	

236U/238U)	 and	 235U1H+/235U+	 hydride	 rate	 (for	 236U/238U).	 The	 235U1H+/235U+	 hydride	 rate	 for	

both	 laser	 ablation	 and	 liquid	 measurements	 (i.e.	 introduction	 of	 dry	 aerosol)	 was	 about		

1	x	10‐6.	The	standard	solution	concentrations	in	the	low	ng	g‐1	range	were	applied	in	order	to	

not	overload	the	secondary	electron	multipliers.	The	maximum	count	rate	determined	for	234U	

was	 set	 to	 approximately	 9.5	x	105	 cps.	 Applying	 an	 external	 correction	 factor	 determined	 by	

means	of	IRMM‐187	did	not	result	in	a	significant	difference,	compared	to	U500	(see	Fig.	2.1‐2).		

	

Fig.	2.1‐2:	Comparison	of	S1	235U/238U	isotope	ratios	corrected	with	U500	(white	diamonds)	and	IRMM‐187	
(semi‐filled	diamonds),	respectively,	external	correction	factors.	The	solid	line	represents	the	certified	

isotope	ratio	(235U/238U	=	0.007	304	5(36)),	whereas	the	dotted	lines	indicate	the	certified	range.		
Spot	sizes	of	10	µm	were	applied.	Error	bars	are	indicating	the	expanded	uncertainty	of		

235U/238U	isotope	ratios	(k=2).	

	

Correction	 with	 IRMM‐187	 yielded	 a	 bias	 of	 0.28	%	 of	 the	 average	 (n=25)	 235U/238U	 glass	

particle	isotope	ratio,	whereas	the	average	of	235U/238U	isotope	ratios	that	were	corrected	with	

U500	 showed	a	bias	of	0.20	%	 from	 the	 certified	value.	Both	 corrections	 resulted	 in	accurate	

235U/238U	 glass	 particle	 isotope	 ratios	 (see	 Fig.	 2.1‐2).	 The	 lower	 uncertainties	 of	 the	 isotope	

amount	 ratios	 of	 IRMM‐187,	 compared	 to	 U500,	 were	 not	 reflected	 in	 the	 expanded	 total	

combined	uncertainty	as	the	main	contribution	to	the	uncertainty	results	from	the	repeatability	
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of	 the	 glass	 particle	 measurements	 (see	 below).	 It	 was	 decided	 to	 apply	 U500	 for	 external	

correction,	as	determined	mass	bias	effects	are	independent	of	detector	non‐linearities.	We	also	

investigated	the	applicability	of	using	lower	concentrations	of	U500	for	calibration	in	order	to	

account	for	low	laser	ablation	signals.	The	final	solution	concentration	was	selected	around	4	ng	

g‐1	in	order	not	to	overload	IC	detectors	and	as	lower	concentrations	led	to	higher	uncertainties	

(i.e.	2.8	%	and	1.5	%	for	234U/238U	and	235U/238U	when	applying	a	0.4	ng	g‐1	standard	compared	to	

2.6	%	and	1.4	%	at	 4	 ng	 g‐1	 ).	 In	 Fig.	 2.1‐3	both	 234U/238U	 and	 235U/238U	 glass	 particle	 isotope	

ratios	that	were	corrected	with	U500	(4	ng	g‐1)	are	shown.		

	

	

Fig.	2.1‐3:	S1	234U/238U	(A)	and	235U/238U	(B)	isotope	ratios	corrected	with	U500	external	correction	
factors.	The	solid	lines	represent	the	certified	isotope	ratios	(234U/238U	=	0.000	055	7(11);	235U/238U	=	
0.007	304	5(36)),	whereas	the	dotted	lines	indicate	the	certified	range.	Spot	sizes	of	10	µm	(white	

diamonds)	and	15	µm	(black	diamonds)	were	applied.	Error	bars	are	indicating	the	expanded	uncertainty	
of	234U/238U	and	235U/238U	isotope	ratios	(k=2).	

	

These	ratios	were	determined	by	applying	spot	sizes	of	10	µm	and	15	µm.	The	average	234U/238U	

and	 235U/238U	 isotope	 ratios	 (see	 Fig.	 2.1‐3)	 measured	 in	 28	 S1	 particles	 yielded	 biases	 of	 ‐

0.51	%	 and	 0.15	%,	 respectively.	 The	 maximum	 observed	 238U	 signal	 intensities	 ranged	 from	

about	 0.14	 V	 to	 2.1	 V	 for	 the	 analyzed	 glass	 particles.	 Considering	 the	 combined	 standard	

uncertainties,	2.6	%	and	1.4	%	expanded	uncertainties	(k=2)	were	computed	for	 234U/238U	and	

235U/238U	isotope	ratio	measurements.	Comparing	the	biases	and	the	uncertainties	of	the	isotope	

ratios,	it	can	be	concluded	that	the	isotope	ratios	are	in	good	agreement	with	the	certified	range.	

Moreover,	an	underestimation	of	the	individual	uncertainty	contributions	can	be	excluded.	The	

main	 contribution	 to	 the	 uncertainty	 budget	 is	 produced	 by	 the	 repeatability	 of	 the	

measurements	(i.e.	85.5	%	and	96.5	%	for	234U/238U	and	235U/238U).	In	addition,	it	is	evident	that	
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the	different	spot	sizes	do	not	influence	the	final	results	and	can	be	chosen	upon	the	size	of	the	

analyzed	particles.	The	same	applies	for	the	other	ratios	(data	not	shown).	

3.2.	 Laser	ablation	carrier	gas	

It	is	well	known	(Eggins	et	al.,	1998;	Guillong	and	Günther,	2002;	Günther	and	Heinrich,	1999;	

Horn	 and	 Günther,	 2003)	 that	 the	 application	 of	 He	 as	 laser	 ablation	 carrier	 gas	 has	 certain	

advantages	 for	 particular	 sample	 matrices	 (e.g.	 smaller	 particle	 size	 distribution,	 enhanced	

signal	 intensities,	 increased	 transport	 efficiency,	 minimized	 elemental	 fractionation)	 over	 Ar,	

especially	 if	 a	 laser	 wavelength	 of	 193	 nm	 is	 applied.	 In	 this	 work,	 both	 carrier	 gases	 were	

investigated	with	 respect	 to	 their	 influence	on	 the	accuracy	and	precision	of	 the	 isotope	ratio	

analysis	of	glass	particles.	The	analyses	of	the	glass	particles	were,	apart	from	the	used	carrier	

gas,	performed	under	 the	same	measurement	conditions,	applying	spot	sizes	of	10	µm	and	an	

external	correction	factor	determined	by	means	of	U500.	Laser	ablation	under	He	atmosphere	

resulted	 in	 an	 average	 235U/238U	 isotope	 ratio	 (n=31)	 of	 0.007	33(10),	which	 deviated	 0.41	%	

from	the	certified	ratio.	In	comparison,	the	average	235U/238U	ratio	(n=25)	of	0.007	32(10)	that	

was	obtained	by	using	Ar	as	carrier	gas	showed	a	bias	of	0.20%	from	the	certified	value.	The	

given	uncertainties	of	the	average	isotope	ratios	are	total	combined	uncertainties.	The	applied	

carrier	 gas	 was	 not	 reflected	 in	 the	 expanded	 uncertainty,	 which	 was	 1.4	%	 for	 both	

applications.	 Therefore,	 no	 significant	 difference	 in	 the	 235U/238U	 isotope	 ratios	was	 observed	

(see	also	Fig.	2.1‐4).		

This	 was	 additionally	 confirmed	 by	 the	 fact	 that	 no	 significant	 signal	 enhancement	 on	 the	

average	laser	signals	of	the	particles	was	observed	when	He	was	used.	Applying	a	spot	size	of	10	

µm,	the	maximum	observed	238U	glass	particle	signal	intensities	ranged	from	0.2	V	to	0.7	V,	both	

for	Ar	and	He.	Isotope	ratios	that	were	determined	by	means	of	ablation	under	He	atmosphere	

exhibit	 a	 slightly	 better	 repeatability	 (i.e.	 0.49	%)	 compared	 to	 particles	 ablated	 under	 Ar	

atmosphere	(i.e.	0.60	%).	However,	the	use	of	He	was	not	regarded	to	be	advantageous	for	the	

presented	purpose.	Therefore,	Ar	was	used	as	carrier	gas	for	further	investigations.		
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Fig.	2.1‐4:	S1	235U/238U	isotope	ratios	that	were	determined	by	using	Ar	(white	diamonds)	and	He	(x‐hair	
diamonds),	respectively,	as	laser	ablation	carrier	gases.	The	solid	line	represents	the	certified	isotope	ratio	
(235U/238U	=	0.007 304 5(36)),	whereas	the	dotted	lines	indicate	the	certified	range.	Spot	sizes	of	10	µm	
were	applied.	Error	bars	are	indicating	the	expanded	uncertainty	of	235U/238U	isotope	ratios	(k=2).	

3.3.	 Determination	of	236U/238U	Isotope	Ratios		

The	determination	of	low	236U/238U	isotope	ratios	is	usually	difficult	because	of	significant	peak	

tailing	from	238U+	ions	on	the	mass	of	236U,	and	interference	by	235U1H+	ions.	The	peak	tailing	in	a	

magnetic	sector‐field	mass	spectrometer	mainly	results	from	low‐energy	ions,	which	originate	

from	 ion	 collisions	 with	 residual	 gas	 molecules	 and	 ion	 energy	 variations	 after	 the	 ESA	 and	

magnetic	sector	(Boulyga	et	al.,	2006).	In	order	to	reduce	the	amount	of	these	low	energy	ions	

and	 decrease	 the	 236U/238U	 abundance	 sensitivity,	 a	 deceleration	 filter	 was	 applied	 for	 the	

determination	of	236U.	The	optimization	of	the	deceleration	filter	is	described	in	detail	elsewhere	

(Boulyga	et	al.,	2006).	The	ablation	of	the	S1	glass	particles	was	accomplished	using	Ar	as	the	

carrier	gas.	External	correction	was	performed	by	means	of	U500	 	correction	factors.	

Applying	 the	 deceleration	 filter	 improved	 the	 236U/238U	 abundance	 sensitivity	 by	 almost	 one	

order	of	magnitude	(i.e.	1.26	x	10‐7	compared	to	1.06	x	10‐6	with	the	filter	turned	off)	and	led	to	a	

reduced	bias	from	the	certified	range	and	significantly	reduced	uncertainties.	Results	that	were	

obtained	with	and	without	deceleration	filter	are	given	in	Fig.	2.1‐5.		
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Fig.	2.1‐5:	Comparison	of	S1	236U/238U	isotope	ratios	that	were	determined	by	measuring	236U	applying	
(triangle)	and	not	applying	(diamond)	a	deceleration	filter.	The	solid	line	represents	the	certified	isotope	
ratio	(236U/238U	=	0.000	010	08(11)),	whereas	the	dotted	lines	indicate	the	certified	range.	Spot	sizes	of	10	
µm	(white	symbols)	and	15	µm	(black	symbols)	were	applied.	Error	bars	are	indicating	the	expanded	

uncertainty	of	236U/238U	isotope	ratios	(k=2).	

	

The	average	of	61	particles	of	236U/238U	isotope	ratios	yielded	a	bias	of	‐2.48	%	from	the	certified	

value.	In	contrast,	the	average	of	28	particles,	which	were	analyzed	with	the	deceleration	filter	

turned	off,	yielded	a	bias	of	16.3	%,	which	was	mainly	caused	by	the	poor	abundance	sensitivity.	

The	 calculation	 of	 combined	 standard	 uncertainties	 for	 236U/238U	 glass	 particle	 isotope	 ratio	

measurements	 yielded	 an	 expanded	 uncertainty	 of	 20	%	 (k=2)	 for	 measurements	 with	 the	

deceleration	 filter	 turned	 off	 (see	 Table	 2.1‐4).	 The	main	 contribution	 to	 the	 expanded	 total	

combined	uncertainty	budget	was	assigned	to	the	peak	tailing	from	238U+	ions,	which	accounts	

for	78.9	%	of	the	expanded	total	combined	standard	uncertainty	(see	Table	2.1‐4).		

However,	 the	application	of	 the	deceleration	 filter	 reduced	 the	expanded	uncertainty	 to	5.8	%	

(k=2)	 and	 the	 contribution	 of	 the	 238U+	 peak	 tailing	 to	 the	 uncertainty	 budget	 to	 19.4	%	 (see	

Table	2.1‐4).	In	the	later	case,	the	repeatability	of	the	measurements	was	the	main	contributor	

to	the	expanded	total	combined	uncertainty	budget	as	it	accounted	for	26.4	%.		
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Table	2.1‐4:	Relative	contributions	of	single	parameters	to	the	expanded		

total	combined	standard	uncertainty	of	236U/238U	glass	particle	measurements.	

Parameters	 Relative	contributions	/	%	

Deceleration	filter

No Yes

(236U/238U)certified,	lq 0.0 0.5

(236U/238U)measured,	lq 0.2 13.6

236U	blank	(1 %	HNO3),	lq	 0.0	 0.0	

238U	blank	(1 %	HNO3),	lq	 0.0	 0.0	

Dead	time	IC0	(for	236U),	lq 0.0 1.5

238U+	peak	tailing	(for	236U),	lq 0.0 0.0

Yield	variation	IC0	(for	236U),	lq 0.3 6.2

UH+/U+	(for	236U),	lq 4.9 1.6

(236U/238U)measured,	GP 13.5 26.4

236U	gas	blank,	GP 0.0 11.0

238U	gas	blank,	GP 0.0 0.4

Dead	time	IC0	(for	236U),	GP 0.0 0.0

238U+	peak	tailing	,	GP 78.9 19.4

Yield	variation	IC0	(for	236U),	GP 0.2 12.4

UH+/U+	(for	236U),	GP 2.0 6.8

RSU	(k=2)	/	%	 20.0 5.8

Lq...liquid	certified	reference	material	measurement

GP...glass	particle	measurement

3.4.	 Reproducibility	

235U/238U	 isotope	 ratio	measurements	of	S1	glass	particles,	 applying	Ar	as	 the	 carrier	gas	and	

spot	 sizes	 of	 10	 µm,	 were	 performed	 within	 two	 independent	 measurement	 series	 for	

investigating	the	reproducibility	of	 the	method.	The	second	measurement	series	was	repeated	

after	 nine	months.	 The	 reproducibility,	 calculated	 as	RSD	 of	 forty‐two	 235U/238U	 isotope	 ratio	

measurements,	 is	 0.62	%.	 An	 external	 repeatability	 (calculated	 as	 RSD)	 of	 0.65	%	 (n=17)	 and	

0.60	%	 (n=25),	 respectively,	 was	 observed	 for	 the	 1st	 and	 the	 2nd	 measurement	 series	 for	

235U/238U.	234U/238U	and	236U/238U	isotope	ratio	measurements	yielded	an	external	repeatability	

of	0.71	%	(n=17)	and	1.84	%	(n=22),	respectively,	for	analyses	using	10	µm	spot	ablation	and	Ar	

as	the	carrier	gas.	A	summary	of	the	U	isotope	ratio	measurements	of	S1	glass	particles	is	given	

in	Table	2.1‐5.	
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Table	2.1‐5:	234U/238U,	235U/238U	and	236U/238U	determined	isotope	ratios	of	S1	glass	particles.	
234U/238U	 235U/238U(a) 235U/238U(b) 236U/238U	

(n=17)	 (n=17) (n=25) (n=22)	

Average	 5.55	x	10‐5 7.31	x	10‐3 7.32	x	10‐3 9.84	x	10‐6	

SD	 3.96	x	10‐7 4.78	x	10‐5 4.38	x	10‐5 1.81	x	10‐7	

RSD	/	%	 0.71	 0.65 0.60 1.84	

RSU	/	%	 2.6	 1.4 1.4 5.8	

Repeatability	/	%	 0.71	 0.65 0.60 1.84	

Bias	/	%	 0.26	 ‐0.16 0.20 ‐2.41	

Certified	isotope	

amount	ratios	
5.57(11)	x	10‐5	

7.3045(36)	 x	

10‐3	

7.3045(36)	 x	

10‐3	
1.008(11)	x	10‐5	

a...first	measurement	series	

b...second	measurement	series		

In	comparison,	Varga	reported	precisions	of	0.9–5.1	%	for	the	235U/238U	isotope	ratio	analysis	of	

individual	 U3O8	 particles,	 with	 lateral	 dimensions	 ranging	 from	 10–30	 µm.	 The	 reported	

precision	for	the	single	collector	measurements	was	achieved	by	performing	partial	ablation	of	

the	 particles,	 together	 with	 applying	 low	 laser	 energy	 (Varga,	 2008).	 A	 relative	 precision	 of	

0.22	%	 (2	 σ)	 for	 235U/238U	 LA‐MC‐ICP‐MS	 isotope	 ratio	 measurements,	 applying	 spots	 of	

approximately	25	x	14	µm,	of	138	natural	uraninite	grains	was	reported	by	Lloyd	et	al.	(Lloyd	et	

al.,	2009)		

3.5.	 Demonstration	 of	 applicability	 of	 developed	 method	 by	 means	 of	 S3	 glass	 particle	

measurements	

S3	 glass	 particles	 were	 analyzed	 under	 optimized	 conditions	 (i.e.	 carrier	 gas:	 Ar;	 external	

correction:	 U500;	 application	 of	 deceleration	 filter)	 to	 demonstrate	 the	 applicability	 of	 the	

developed	method	for	the	investigation	of	low‐enriched	uranium	particles.	Laser	ablation	of	the	

particles	was	accomplished	by	using	Ar	as	the	carrier	gas.	Spot	sizes	of	10	µm	and	15	µm	were	

applied	 for	 ablation	 of	 S3	 glass	 particles.	 The	 maximum	 238U	 signal	 intensities	 ranged	 from	

about	0.05	V	to	1.5	V.	

The	determined	234U/238U,	235U/238U	and	236U/238U	isotope	ratios	of	the	S3	glass	particles,	which	

are	shown	in	Table	2.1‐6,	were	in	good	accordance	with	the	certified	value.		

Relative	 expanded	 uncertainties	 (k=2)	 of	 3.8	%	 (234U/238U),	 0.8	%	 (235U/238U)	 and	 6.7	%	

(236U/238U)	 were	 calculated	 for	 the	 isotope	 ratio	 measurements	 (see	 Table	 2.1‐6).	 In	 case	 of	

234U/238U	 and	 235U/238U,	 the	 main	 contribution	 to	 the	 expanded	 total	 combined	 uncertainty	
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budget	 (i.e.	 89.9	%	 and	 75.9	%	 for	 234U/238U	 and	 235U/238U,	 respectively)	 resulted	 again,	 as	

already	 observed	 for	 S1	 particles,	 from	 the	 repeatability	 of	 the	 glass	 particle	measurements.	

Considering	the	relative	distribution	of	parameters	propagated	for	the	expanded	total	combined	

standard	 uncertainty	 of	 236U/238U	 isotope	 ratio	measurements,	 the	main	 contributors	 are	 the	

variation	of	the	IC0	yield	(i.e.	46.3	%)	and	the	repeatability	(i.e.	15.7	%).	In	contrast	to	S1	glass	

particles,	no	contribution	was	assigned	to	the	peak	tailing	from	238U+	ions.	238U	peak	tailing	does	

less	affect	the	determination	of	236U	of	S3	glass	particles	as	they	exhibit	an	about	42	times	higher	

236U/238U	isotope	ratio	than	S1	particles	(see	Table	2.1‐1).		

4.	 Conclusions	

We	 demonstrated	 the	 applicability,	 reliability	 and	 robustness	 of	 LA‐MC‐ICP‐MS	 for	 the	 direct	

analysis	 of	 distinct	 individual	 particles	 with	 respect	 to	 their	 U	 isotopic	 composition	 (i.e.	

234U/238U,	235U/238U	and	236U/238U).	Glass	particles,	which	were	produced	by	the	IRMM	in	order	

to	simulate	environmental	samples	containing	hot	particles,	were	used	for	the	full	evaluation	of	

the	 presented	 method.	 The	 used	 particles	 are	 certified	 with	 respect	 to	 their	 U	 isotopic	

composition,	 including	 236U,	 and	 they	 are	 exhibiting	 a	 particle	 size	 down	 to	 10	 µm	 with	 U	

amounts	in	the	low	picogram	range.	As	U‐containing	particles	were	blended	with	inactive	matrix	

glass,	 matrix	 interferences	 resulting	 from,	 for	 example,	 Al,	 Pb	 or	 Si	 could	 be	 excluded	 by	

analyzing	 the	 inactive	matrix	 glass.	 Thus,	 the	 glass	 particles	were	 ideal	 for	 performing	 a	 full	

validation	of	LA‐MC‐ICP‐MS	for	the	presented	aim	by	means	of	certified	reference	materials.		

The	 application	 of	 a	 deceleration	 filter	was	 proven	 to	 be	 a	 prerequisite	 in	 particular	 for	 the	

accurate	determination	of	very	low	236U/238U	isotope	ratios	(i.e.	10‐5).	Expanded	total	combined	

standard	 uncertainty	 calculations	 revealed	 the	 main	 contributors	 to	 the	 uncertainty	 budgets	

and	helped	to	optimize	the	analytical	procedure.	It	is	evident	that	combined	uncertainties	have	

to	be	evaluated	according	to	the	abundance	ratio	as	contributors	may	change	significantly	when	

ratios	vary	within	orders	of	magnitude.	The	presented	semi‐automatic	evaluation	approach	may	

result	in	a	future	use	of	this	technique	in	safeguards	and/or	(nuclear)	forensics	with	respect	to	

the	 analysis	 of	 environmental	 samples.	 However,	 pre‐selection	 of	 U‐containing	 particles	 by	

means	 of,	 for	 example,	 SEM/EDX	 prior	 to	 LA‐MC‐ICP‐MS	 analysis	 is	 regarded	 to	 be	

advantageous	for	the	application	of	the	presented	method	for	routine	analysis.			



	

	

	

Table	2.1‐6:	234U/238U,	235U/238U	and	236U/238U	determined	isotope	ratios	of	S3	glass	particles.	

 	
234U/238U	 SU	 235U/238U	 SU	 236U/238U	 SU	

(n=9) (k=2) (n=9) (k=2) (n=13) (k=2)

2.74	x	10‐4 1.04	x	10‐5 4.30	x	10‐2 3.22	x	10‐4 4.19	x	10‐4 2.80	x	10‐5

2.78	x	10‐4 1.06	x	10‐5 4.31	x	10‐2 3.23	x	10‐4 4.19	x	10‐4 2.81	x	10‐5

2.74	x	10‐4 1.04	x	10‐5 4.30	x	10‐2 3.22	x	10‐4 4.18	x	10‐4 2.80	x	10‐5

2.74	x	10‐4 1.04	x 10‐5 4.32	x	10‐2 3.24	x	10‐4 4.28	x	10‐4 2.86	x	10‐5

2.79	x	10‐4 1.06	x	10‐5 4.33	x	10‐2 3.25	x	10‐4 4.19	x	10‐4 2.81	x	10‐5

2.70	x	10‐4 1.02	x	10‐5 4.33	x	10‐2 3.25	x	10‐4 4.18	x	10‐4 2.80	x	10‐5

2.78	x	10‐4 1.06	x	10‐5 4.33	x	10‐2 3.24	x	10‐4 4.22 x	10‐4 2.83	x	10‐5

2.78	x	10‐4 1.06	x	10‐5 4.33	x	10‐2 3.25	x	10‐4 4.22	x	10‐4 2.83	x	10‐5

2.77	x	10‐4 1.05	x	10‐5 4.34	x	10‐2 3.25	x	10‐4 4.19	x	10‐4 2.81	x	10‐5

4.17	x	10‐4 2.79	x	10‐5

4.20	x	10‐4 2.81	x	10‐5

4.21	x	10‐4 2.82	x	10‐5

4.19	x	10‐4 2.81	x	10‐5

Average	 2.76	x	10‐4 4.32	x	10‐2 4.20	x	10‐4

SD	 3.07	x	10‐6 1.39	x	10‐4 2.73	x	10‐6

RSD	/	%	 1.11 0.32 0.65

RSU	/	%	 3.8 0.8 6.7

Repeatability	/	% 1.11 0.32 0.65

Bias	/	%	 ‐1.35 ‐0.31 ‐1.15

Certified	 isotope	

amount	ratios	
2.796(17)	x	10‐4	

	

4.3343(22)	 x	 10‐

2	 	
4.248(10)	x	10‐4	
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ABSTRACT		

Data	 evaluation	 is	 a	 crucial	 step	when	 it	 comes	 to	 the	 determination	 of	 accurate	 and	 precise	

isotope	 ratios	 computed	 from	 transient	 signals	 measured	 by	 multi	 collector	 –	 inductively	

coupled	plasma	mass	spectrometry	(MC‐ICPMS)	coupled	to	for	example	laser	ablation	(LA).	 In	

the	present	study,	 the	applicability	of	different	data	evaluation	strategies	 (i.e.	 ‘point	by	point’,	

‘integration’	 and	 ‘linear	 regression	 slope’	 method)	 for	 the	 computation	 of	 235U/238U	 isotope	

ratios	measured	 in	 single	 particles	 by	 LA‐MC‐ICPMS	was	 investigated.	 The	 analyzed	 uranium	

oxide	particles	(i.e.	9073‐01‐B,	CRM	U010	and	NUSIMEP‐7	test	samples)	having	sizes	down	to	

the	sub‐µm	range	are	certified	with	respect	to	their	235U/238U	isotopic	signature,	which	enabled	

to	 evaluate	 the	 applied	 strategies	 with	 respect	 to	 precision	 and	 accuracy.	 The	 different	

strategies	were	 also	 compared	with	 respect	 to	 their	 expanded	uncertainties.	 Even	 though	 the	

point	 to	point	method	proved	to	be	superior	 the	other	methods	are	advantageous	as	 they	are	

taking	weighted	 signal	 intensities	 into	 account.	 For	 the	 first	 time	 the	 use	 of	 a	 ‘finite	mixture	

model’	 is	 presented	 for	 the	 determination	 of	 an	 unknown	 number	 of	 different	 U	 isotopic	

compositions	of	single	particles	present	on	the	same	planchet.	The	model	uses	an	algorithm	that	

determines	the	number	of	isotopic	signatures	by	attributing	individual	data	points	to	computed	

clusters.	 The	 235U/238U	 isotope	 ratios	 are	 then	 determined	 by	 means	 of	 the	 slopes	 of	 linear	

regressions	 estimated	 for	 each	 cluster.	 The	 model	 was	 successfully	 applied	 for	 the	 accurate	

determination	of	different	235U/238U	isotope	ratios	of	particles	deposited	on	the	NUSIMEP‐7	test	

samples.		

Keywords:	 U	 isotope	 ratios,	 laser	 ablation	MC‐ICPMS,	 single	 particles,	 short	 transient	 signals,	

data	evaluation	strategies,	finite	mixture	model	

1. Introduction	

Particles	containing	radionuclides	are	emitted	during	processes	related	to	the	nuclear	fuel	cycle	

(e.g.	in	enrichment	facilities,	in	nuclear	reactors,	etc.).	The	knowledge	of	the	uranium	(U)	and/or	

plutonium	 (Pu)	 isotopic	 signatures	 of	 such	 particles	 is	 highly	 valuable	 for	 international	

safeguards	(Axelsson	et	al.,	2009)	and	nuclear	forensics	(Mayer	et	al.,	2007)	as	it	helps	to	verify	

the	 absence	 of	 undeclared	 nuclear	 activities.	 International	 Atomic	 Energy	 Agency	 (IAEA)	

inspectors	 are	 collecting	 these	 particles,	 which	 are	 typically	 exhibiting	 sizes	 in	 the	 low	

micrometer	range,	by	means	of	cotton	swipes	during	routine	inspections	of	nuclear	facilities	and	

the	near‐by	environment	(Donohue,	1998;	Donohue,	2002).		
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Considering	 the	 analysis	 of	 the	 sampled	 particles,	 individual	 analysis	 of	 single	 particles	 is	

preferred	 over	 bulk	 analysis	 of	 the	 entire	 swipe.	 The	 swipe	 may	 contain	 a	 small	 number	 of	

particles	 with	 hidden	 isotopic	 signatures	 together	 with	 a	 large	 number	 of	 particles	 having	

known	or	natural	isotopic	composition.	In	such	a	case,	bulk	analysis	of	the	entire	swipe	would	

yield	 a	 ‘mixed’	 U	 or	 Pu	 isotopic	 composition	 and	 isotopic	 signatures	 of	 suspicious	 particles	

would	eventually	not	be	detected	(Axelsson	et	al.,	2009;	Donohue,	1998). However,	it	has	to	be	

stressed	that	bulk	analysis,	including	the	measurement	of	U	and	Pu	concentrations	and	isotopic	

compositions,	 is	 equally	 important	 for	 verifying	 the	 completeness	 and	 correctness	 of	 States	

Declarations	(Zendel	et	al.,	2011).	

A	promising	technique	for	U	isotope	ratio	analyses	of	single	particles	is	 laser	ablation	–	(multi	

collector)	 –	 inductively	 coupled	 plasma	 mass	 spectrometry	 (LA‐(MC)‐ICPMS)	 (Aregbe	 et	 al.,	

2011;	Boulyga	and	Prohaska,	2008;	Kappel	et	al.,	2012;	Lloyd	et	al.,	2009;	Pointurier	et	al.,	2011;	

Varga,	2008).	Laser	ablation	of	single	particles	with	sizes	in	the	low	micrometer	range	typically	

yields	transient	signals	that	often	only	last	a	few	milliseconds.	

However,	transient	signals	are	also	generated	by	other	sample	introduction	techniques	such	as	

high	 performance	 liquid	 chromatography	 (HPLC)	 (Günther‐Leopold	 et	 al.,	 2004),	 gas	

chromatography	 (GC)	 (Epov	 et	 al.,	 2010;	 Krupp	 and	Donard,	 2005;	 Krupp	 et	 al.,	 2001),	 flow‐

injection	 (Galler	 et	 al.,	 2007)	 or	 gold	 trap	 (Evans	 et	 al.,	 2001;	 Xie	 et	 al.,	 2005).	 Compared	 to	

continuous	steady‐state	signals	measured	after	solution	nebulization,	 transient	signals	usually	

lead	to	less	precise	isotope	ratios	(Günther‐Leopold	et	al.,	2004;	Hirata	and	Yamaguchi,	1999),	

which	is	mainly	attributed	to	shorter	measurement	times,	lower	signal	intensities	due	to	lower	

analyte	concentrations	introduced	and	isotope	ratio	drifts	over	the	transient	signal	(Rodríguez‐

González	et	al.,	2011).	Moreover,	precision	of	individual	data	points,	which	is	often	referred	to	

as	‘internal’	precision	in	literature	(Evans	et	al.,	2001;	Krupp	and	Donard,	2005),	varies	over	the	

transient	signal	as	a	result	of	varying	signal	intensities.	According	to	counting	statistics	(Skoog	

and	Leary,	1992)	in	which	the	relative	standard	deviation	is	expressed	as	the	square	root	of	the	

reciprocal	 of	 the	 registered	 counts,	 higher	 counts	 are	 yielding	 a	 smaller	 relative	 standard	

deviation	and	more	precise	 isotope	 ratio	data.	Günther‐Leopold	et	al.	 (Günther‐Leopold	et	al.,	

2004),	for	example,	observed	the	smallest	isotope	ratio	(point‐to‐point)	fluctuations	at	the	top	

of	 the	peak	when	performing	neodymium	(Nd)	measurements	by	HPLC‐MC‐ICPMS.	 In	LA‐MC‐

ICPMS	analyses,	 improved	signal‐to‐noise	 ratios	 can	be	achieved	by	applying	a	 laser	 cell	with	

fast	washout	of	 the	generated	aerosol	 (Cottle	et	al.,	2009).	 In	addition,	high	spatial	 resolution	

analysis	is	enabled	as	a	mixing	of	aerosol	from	different	spots	is	avoided	(Fricker	et	al.,	2011).		

Isotope	 ratio	 drifts	 over	 the	 transient	 signal	 have	 been	 reported	 by	 several	 authors	 using	GC	

(Dzurko	et	al.,	2009;	Krupp	et	al.,	2004;	Krupp	and	Donard,	2005;	Wehmeier	et	al.,	2003),	HPLC	
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(Günther‐Leopold	et	al.,	2005;	Günther‐Leopold	et	al.,	2004)	and	LA	(Hirata	et	al.,	2003;	Pettke	

et	al.,	2011b)	as	sample	introduction	techniques	for	MC‐ICPMS.	Krupp	and	Donard	(Krupp	and	

Donard,	2005)	 considered	 four	effects	as	potential	 causes	 for	 the	observed	drifts	 in	 lead	 (Pb)	

and	 mercury	 (Hg),	 respectively,	 isotope	 ratio	 measurements	 by	 GC‐MC‐ICPMS.	 They	 studied	

instrumental	 mass	 bias,	 chromatographic	 fractionation	 in	 the	 GC	 column,	 a	 rise	 in	 the	

background	 signal	 during	 peak	 elution	 and	 the	 influence	 of	 analyte	 concentration	 and	 peak	

shape.	As	only	an	influence	with	respect	to	the	peak	width	was	identified,	the	authors	pointed	

out	 the	 possibility	 that	 the	 relative	 change	 in	 analyte	 intensity	 per	 time	 might	 be	 the	 most	

pronounced	effect	driving	the	extent	of	the	isotope	ratio	drift	(Krupp	and	Donard,	2005).	Hence	

and	 due	 to	 the	 fact	 that	 isotope	 ratio	 drifts	 were	 observed	 applying	 different	 MC‐ICPMS	

instruments	 (i.e.	 ‘Axiom’	 (Thermo,	 Winsford)	 (Krupp	 and	 Donard,	 2005),	 ‘Isoprobe’	 (GV	

Instruments,	 Manchester)	 (Krupp	 and	 Donard,	 2005),	 ‘Neptune’	 (Thermo	 Fisher	 Scientific,	

Germany)	 (Günther‐Leopold	 et	 al.,	 2004)),	 it	 was	 assumed	 that	 the	 data	 acquisition	 system	

design	behind	the	Faraday	cups	might	lead	to	problems	with	respect	to	the	acquisition	of	short,	

fast	changing	signals	(Krupp	and	Donard,	2005).	The	same	postulation	was	given	by	Dzurko	et	

al.	 (Dzurko	et	al.,	2009)	and	Günther‐Leopold	et	al.	 (Günther‐Leopold	et	al.,	2005).	During	the	

simultaneous	 acquisition	 of	 transient	 signals,	 Faraday	 amplifier	 outputs	 are	 lagging	 behind	

input	signals	after	a	change	in	signal	intensities.	Thus,	any	difference	in	the	amplifier	response	

times	leads	to	signal	intensities	that	are	enhanced	or	reduced	relative	to	each	other	(Pettke	et	

al.,	 2011b).	 Hirata	 et	 al.	 (Hirata	 et	 al.,	 2003)	 investigated	 the	 effect	 of	 fast	 increasing	 or	

decreasing	 copper	 (Cu)	 isotope	 ratios	 over	 a	 transient	 signal,	 whereat	 changing	 Cu	 isotope	

ratios	were	also	attributed	to	the	slow	response	of	Faraday	preamplifiers.	The	introduction	of	a	

correction	 factor	 enabled	 to	 minimize	 the	 systematic	 increase	 of	 Cu	 isotope	 ratios	 with	

prolonged	laser	ablation	from	3‐5	‰	to	<	1	‰	(Hirata	et	al.,	2003).		

A	drift	of	Pb	isotope	ratios	during	the	course	of	LA‐MC‐ICPMS	measurements	of	fluid	inclusions	

using	a	‘Nu	Plasma	1700’	MC‐ICPMS	(Nu	Instruments	Limited,	Wrexham,	U.K.)	was	observed	by	

Pettke	et	al.	 (Pettke	et	al.,	2011b),	who	again	attributed	 this	observation	 to	Faraday	amplifier	

response	 differences.	 The	 authors	 investigated	 two	 different	 signal	 decay	 functions	 (i.e.	 Tau‐

correction)	as	well	 as	 two	different	 integration	methods	 for	 the	determination	of	accurate	Pb	

isotope	 ratios	 of	 fluid	 inclusions,	 whereupon	 integration	 of	 single	 intensities	 over	 the	 entire	

transient	signal	was	regarded	as	method	of	choice.	In	addition,	applying	Tau‐correction	allowed	

accounting	 for	 differences	 in	 Faraday	 amplifier	 responses	 (Pettke	 et	 al.,	 2011b).	 Cottle	 et	 al.	

(Cottle	 et	 al.,	 2009)	 observed	 differing	 detector	 response	 times	 with	 respect	 to	 Faraday	

detectors	 and	 ion	 counting	 multipliers	 (i.e.	 discrete‐dynode	 secondary	 electron	 multipliers)	

when	performing	Pb/U	isotope	ratio	measurements	by	means	of	a	 ‘Nu	Plasma’	MC‐ICPMS	(Nu	
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Instruments	Limited,	Wrexham,	U.K.).	Both	signals	rose	at	a	similar	rate	but	the	Faraday	signal	

was	delayed	by	about	0.2	 s	 relative	 to	 the	 ion	counting	multiplier.	The	 influence	of	 this	 time‐

offset	as	well	as	of	the	Faraday	amplifier	response	effects	on	the	determined	isotope	ratios	was	

circumvented	 by	 integrating	 the	 single	 measured	 signal	 intensities	 over	 the	 whole	 transient	

signal	prior	to	the	calculation	of	the	isotope	ratios	(Cottle	et	al.,	2009).		

Recently,	 Fietzke	 et	 al.	 (Fietzke	 et	 al.,	 2008)	 proposed	 a	 new	 data	 evaluation	 strategy	 for	

transient	 LA‐MC‐ICPMS	 signals.	 In	 their	 approach	 strontium	 (Sr)	 isotope	 ratios	were	 derived	

from	the	slope	of	a	linear	regression,	with	the	isotope	representing	the	numerator	on	the	y‐axis	

and	the	denominator	on	the	x‐axis.	The	authors	highlighted	several	advantages	such	as	(1)	the	

avoidance	of	a	subjective	influence	that	might	occur	by	setting	integration	limits,	(2)	the	use	of	

all	data	(i.e.	 including	background	data),	(3)	the	contribution	of	each	data	point,	dependent	on	

its	 signal	 intensity,	 to	 the	 linear	 regression	 and	 (4)	 the	 detection	 of	 interferences	 or	

fractionation	due	to	deviations	from	the	ideal	 linear	fit	(Fietzke	et	al.,	2008).	In	comparison	to	

conventional	 data	 reduction	 (i.e.	 separate	 background	 correction	 and	 calculation	 of	 87Sr/86Sr	

isotope	 ratios	 for	 each	 individual	 point),	 4‐5	 times	 better	 precision	 and	 accuracy	 could	 be	

achieved	 for	 LA‐MC‐ICPMS	 87Sr/86Sr	 isotope	 ratio	 measurements	 of	 a	 carbonate	 sample.	

Moreover,	 the	 authors	 stated	 that	 the	 87Sr/86Sr	 isotope	 ratios	 determined	 within	 their	 study		

were	 almost	 as	 precise	 as	 those	measured	 by	means	 of	 conventional	 liquid‐nebulization	MC‐

ICPMS	 (Fietzke	 et	 al.,	 2008).	 Epov	 et	 al.	 (Epov	 et	 al.,	 2010)	 compared	 three	 data	 reduction	

methods	(i.e.	 ‘peak	area	 integration’,	 ‘point	by	point’	and	 ‘linear	regression	slope’	method)	 for	

the	determination	of	Hg	isotopic	compositions	by	means	of	GC‐MC‐ICPMS.	It	was	demonstrated	

that	 the	 method	 using	 the	 slope	 of	 a	 linear	 regression	 typically	 yielded	 more	 precise	 and	

accurate	 δ	 Hg	 values	 than	 the	 other	 strategies.	 In	 addition,	 Rodríguez‐Castríllon	 (Rodríguez‐

Castrillón	et	al.,	2012)	applied	this	new	data	evaluation	strategy	for	the	determination	of	Sr	and	

Nd	isotope	ratios	by	means	MC‐ICPMS	coupled	to	on‐line	liquid	chromatography.		

The	 above	 discussed	 publications	 dealing	 with	 isotope	 ratio	 determinations	 from	 transient	

signals	 illustrate	well	that	data	treatment	is	a	crucial	step.	However,	the	analytical	community	

strives	 towards	 new	 data	 evaluation	 strategies	 in	 order	 to	 reduce	 bias	 and	 uncertainty	 of	

isotope	 ratios	 from	 transient	 signals	 as	 was	 recently	 shown	 by	 various	 authors	 (Epov	 et	 al.,	

2010;	Fietzke	et	al.,	2008;	Rodríguez‐Castrillón	et	al.,	2012).	This	work	aimed	at	 investigating	

the	applicability	of	different	data	treatment	strategies	for	the	computation	of	individual	major	U	

isotope	ratios	(i.e.	235U/238U)	from	single	particle	measurements.		
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2. Experimental	

	

2.1. Reagents	and	certified	reference	materials		

Certified	 reference	materials	 (CRM)	 that	 are	 certified	with	 respect	 to	 their	U	 isotope	 ratios—

IRMM‐184	 (European	 Commission‐JRC,	 Institute	 for	 Reference	 Materials	 and	 Measurements,	

Geel,	 Belgium,	 (IRMM,	 2005)),	 CRM	 U030‐A	 (New	 Brunswick	 Laboratory,	 U.S.	 Department	 of	

Energy,	Washington,	DC,	U.S.,	(New	Brunswick	Laboratory,	CRM	U030‐A))	and	CRM	U500	(New	

Brunswick	 Laboratory,	 U.S.	 Department	 of	 Energy,	 Washington,	 DC,	 U.S.,	 (New	 Brunswick	

Laboratory,	CRM	U500))	—	were	used	for	the	determination	of	external	correction	factors	for	

correcting	mass	bias.	The	certified	reference	materials	were	introduced	by	solution	nebulization	

after	dilution	to	concentrations	less	than	10	ng	g‐1	by	1	%	(m/m)	HNO3.	1	%	(m/m)	HNO3	was	

prepared	 by	 diluting	 65	%	 (m/m)	 HNO3	 (Merck	 KGaA,	 Darmstadt,	 Germany)	 with	 ultrapure	

water	 (18	 MΩ	 cm	 at	 25	°C;	 PURELAB®	 Classic,	 Veolia	 Water	 Systems	 Austria	 GmbH,	 Wien,	

Austria	at	BOKU	Vienna;	Milli‐Q®	Element,	Millipore,	Millipore	Corporation,	Billerica,	MA,	U.S.	at	

ETH	Zurich).	Ultrapure	water	and	65	%	(m/m)	HNO3	were	purified	by	sub‐boiling	distillation	

(Savillex	Corporation,	Eden	Prairie,	MN,	USA	at	BOKU	Vienna;	DuoPUR,	Milestone	S.r.l.,	Italy	at	

ETH	Zurich)	prior	to	use.	

The	 following	 single	 uranium	 oxide	 particles,	 which	 are	 certified	 for	 their	 U	 isotopic	

compositions,	 were	measured:	 9073‐01‐B	 (UO2	 ·	 2	 H2O	 particles,	 European	 Commission‐JRC,	

Institute	for	Reference	Materials	and	Measurements,	Geel,	Belgium,	(IRMM,	1997)),	CRM	U010	

(U3O8	particles,	 New	 Brunswick	 Laboratory,	 U.S.	 Department	 of	 Energy,	Washington,	 DC,	 U.S.,	

(New	Brunswick	Laboratory,	CRM	U010))	and	NUSIMEP‐7	test	samples	(U3O8	particles,	Nuclear	

Signatures	 Interlaboratory	 Measurement	 Evaluation	 Programme,	 European	 Commission‐JRC,	

Institute	 for	 Reference	 Materials	 and	 Measurements,	 Geel,	 Belgium,	 (Truyens	 et	 al.,	 2011)).	

NUSIMEP‐7	was	an	 interlaboratory	comparison	 (ILC)	organized	by	 the	 Institute	 for	Reference	

Materials	 and	 Measurements.	 Participating	 laboratories	 received	 two	 test	 samples	 with	 U	

particles	with	undisclosed	U	 isotope	 ratios.	The	 ‘single	deposition’	 sample	had	one	U	 isotopic	

composition	whereas	 the	 ‘double	 deposition’	 sample	had	 two	different	 isotopic	 compositions.	

The	 average	 diameter	 of	 the	 NUSIMEP‐7	 samples	 was	 reported	 to	 be	 (0.327	 ±	 0.139)	 µm	

(Truyens	 et	 al.,	 2011),	 whereas	 the	 particle	 sizes	 of	 9073‐01‐B	 and	 CRM	 U010,	 which	 were	

determined	 by	 means	 of	 scanning	 electron	 microscopy	 at	 the	 TU	 Vienna	 (Quanta	 200,	 FEI,	

Oregon,	U.S.),	ranged	from	about	1	to	5	µm.	The	used	particle	reference	materials	are	considered	

to	 be	 representative	 for	 particles	 collected	 by	 IAEA	 inspectors	 using	 swipe	 sampling,	 even	

though	 they	 are	 exhibiting	 a	 broad	 particle	 size	 distribution.	 However,	 swipe	 samples	 may	
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contain	particles	of	different	origins,	and	thus	of	different	chemical	compositions	and	sizes.	The	

certified	isotope	ratios	of	the	used	CRMs	are	listed	in	Table	2.2‐1.		

Table	2.2‐1:	Certified	isotope	ratios	of	CRMs	measured	in	the	course	of	this	study.	
	 235U/238U Reference	

IRMM‐184a	 0.007	262	3(22) (IRMM,	2005)

CRM	U030‐A	(U3O8)b	 0.031	366	6(83) (New	Brunswick	Laboratory,	CRM	U030‐A)

CRM	U500	(U3O8)b 0.999	6(14) (New	Brunswick	Laboratory,	CRM	U500)	

CRM	U010	(U3O8)b 0.010	140(10) (New	Brunswick	Laboratory,	CRM	U010)	

9073‐01‐B	(UO2	·	2	H2O)	 0.007	255	7(36) (IRMM,	1997)

NUSIMEP‐7	single	deposition	
(U3O8)	

0.009	072	6(45)	 (Truyens	et	al.,	2011)

NUSIMEP‐7	double	deposition	
(U3O8)	

0.009	072	6(45) (Truyens	et	al.,	2011)

0.034	148(17)
a	chemical	form	is	not	stated	in	the	certificate

b	the	stated	isotope	amount	ratios	and	according	uncertainties	(k=2)	were	calculated	from	the	certified	
atom	percents	of	235U	and	238U	and	their	uncertainties	as	stated	in	the	certificates.	

2.2. Particle	preparation	for	LA‐MC‐ICPMS	analyses		

Particle	 preparation	 for	 LA‐MC‐ICPMS	 analyses	 of	 9073‐01‐B	 (UO2	 ·	 2	 H2O)	 and	 CRM	 U010	

(U3O8)	 particles	 was	 performed	 in	 a	 class	 100	 clean	 room	 at	 the	 IAEA	 Safeguards	 Analytical	

Laboratory	in	Seibersdorf,	Austria.	The	9073‐01‐B	and	CRM	U010	particles	were	distributed	on	

cotton	 swipes,	 from	which	 they	 were	 sampled	 onto	 silicon	 planchets	 by	means	 of	 a	 vacuum	

impactor.	Silicon	planchets	are	 routinely	used	 for	particle	preparation	 for	 subsequent	LA‐MC‐

ICPMS	 analysis	 in	 our	 laboratory	 as	 particles	 are	more	 easily	 identifiable	 from	 the	 planchets	

background	via	the	laser	camera	compared	to	carbon	planchets.	In	addition,	the	use	of	carbon	

planchets	may	lead	to	the	generation	of	clusters	interfering	at	the	masses	of	interest.	However,	

the	particles	of	the	NUSIMEP‐7	samples	were	already	distributed	on	graphite	planchets.	Carbon	

planchets	 are	 routinely	 used	 for	 particle	 preparation	 for	 secondary	 ion	 mass	 spectrometry	

(SIMS).	The	generation	of	carbon	clusters	interfering	at	the	masses	of	interest	was	monitored	by	

measuring	blank	planchtes.	No	interferences	were	detected.		

All	 planchets	 were	 covered	 with	 a	 colorless,	 commercially	 available	 nail	 polish,	 which	 was	

mixed	 1:1	 (v/v)	 with	 acetone	 (acetone	 p.a.,	 Merck	 KGaA,	 Darmstadt,	 Germany).	 This	 step	

ensured	that	the	particles	were	not	moved	during	the	laser	ablation	process.		
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2.3. LA‐MC‐ICPMS	

U	 isotope	 ratio	 measurements	 of	 9073‐01‐B	 and	 CRM	 U010	 single	 U	 particles	 were	

accomplished	at	 the	ETH	Zurich	with	a	double‐focusing	high	resolution	sector	 field	MC‐ICPMS	

(‘Nu	Plasma	HR’,	Nu	Instruments	Limited,	Wrexham,	U.K.).	The	instrument	was	coupled	with	a	

femtosecond	 (fs)	 laser	 ablation	 system	 operating	 at	 a	 wavelength	 of	 795	 nm.	 The	 fs	 laser	

ablation	 system	 uses	 a	 chirped	 pulse	 amplification	 Ti‐sapphire‐based	 laser	 system	 (Legend,	

Coherent	 Inc.,	 Santa	 Clara,	 CA,	 U.S.).	 A	 large	 ablation	 cell	 with	 fast	 washout	 (i.e.	 decrease	 to	

signal	intensities	as	low	as	0.1	–	1	%	within	1.3	–	2.6	s)	was	used	(Fricker	et	al.,	2011).		

U	 isotope	 ratio	 measurements	 of	 the	 NUSIMEP‐7	 test	 samples	 were	 performed	 at	 the	 BOKU	

Vienna	 by	 coupling	 a	 nanosecond	 excimer‐based	 laser	 ablation	 system	 (NWR	 193,	 ESI–NWR	

Division,	Electro	Scientific	Industries,	Inc.,	Portland,	CA,	USA)	with	a	‘Nu	Plasma	HR’	MC‐ICPMS	

(Nu	Instruments	Limited,	Wrexham,	U.K.).	The	used	laser	cell	also	enabled	a	 fast	washout	(i.e.	

decrease	to	signal	intensities	as	low	as	1	%	within	less	than	1.5	s)	of	the	generated	laser	aerosol.		

The	 dark	 background	 of	 the	 planchets	 and	 the	 particle	 sizes	 (ca.	 0.3	 ‐	 5	 µm)	 hampered	 the	

identification	of	individual	particles	with	the	observation	systems	attached	to	the	laser	ablation	

systems.	Therefore,	line	or	raster	scans	were	applied.	

In	 both	 cases,	 a	 desolvating	 nebulizer	 system	 (DSN‐100,	 Nu	 Instruments	 Limited,	 Wrexham,	

U.K.)	was	connected	in	parallel	to	the	laser	ablation	system	by	means	of	a	laminar	flow	adapter.	

The	 DSN‐100	 was	 used	 for	 solution	 nebulization	 to	 produce	 a	 dry	 aerosol	 for	 determining	

external	correction	factors.	Blank	correction	of	the	solution	nebulized	CRMs	was	accomplished	

by	1	%	(m/m)	HNO3.	No	solution	was	aspirated	during	laser	ablation	to	minimize	possible	blank	

influences	during	the	ablation	process.		

Faraday	cups	(i.e.	L1	and	L3)	were	used	for	the	detection	of	the	major	U	isotopes	235U	and	238U	

on	both	instruments.	Operating	parameters	are	given	in	Table	2.2‐2.		

2.4. Data	treatment		

IRMM‐184,	 U030‐A	 and	 U500,	 respectively,	 were	 measured	 before	 and	 after	 the	 particle	

analyses	 for	 the	 determination	 of	 the	 external	 correction	 factor	 ,	 which	 corrects	

primarily	for	mass	bias	in	the	case	of	235U/238U	measurements	(Kappel	et	al.,	2012).	

Signal	 intensities	 of	 the	 U	 isotopes	 during	 LA‐ICPMS	 measurements	 were	 recorded	 in	 time	

resolved	 analysis	mode.	 The	 blank	 signals	were	 calculated	 from	 the	 U	 background	 signals	 of	

blank	planchets	(i.e.	planchets	with	no	particles	but	covered	with	nail	polish).		
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Table	2.2‐2:	Operating	parameters	for	LA‐MC‐ICPMS	analyses.	

	
fs‐LA‐MC‐ICPMS	
(ETH	Zurich)	

ns‐LA‐MC‐ICPMS																								
(BOKU	Vienna)	

Laser	parameter	

Ablation	mode Line	scan Raster	scan	

Wavelength	/	nm	 795 193

Pulse	duration	 ~	150	fs 3	ns	

Fluence	/	J	cm‐2 1 20

Repetition	rate	/	Hz	 4 15

Spot	size	/	µm	 ~	70	 5

Scan	speed	/	µm	sec‐1	 10 2

He	carrier	gas	/	L	min‐1	 0.9 0.8

DSN‐100	

Nebulizer	 Micromist PFA	100

Nebulizer	gas	pressure	/	Pa	 ~	2.1 x	105 ~	2.0 x	105	‐	2.4	x	105	

Hot	gas	/	L	min‐1 ~0.3 ~	0.25	– 0.3	

Membrane	gas	/	L	min‐1	 ~3.15 ~	3.2	– 3.5	

Spraychamber	 temperature	 /	
°C	

112	–	116	 112	–	116	

Membrane	temperature	/	°C	 119	– 123 119	– 123

Nu	Plasma	HR	MC‐ICPMS		

RF	power	/	W	 1300 1300

Auxiliary	gas	/	L	min‐1	 0.75 0.8

Cool	gas	/	L	min‐1	 13 13

Cones	 Ni Ni

Mass	separation 1 1

Isotopes	monitored	 235U,	238U 235U,	238U

Acceleration	voltage	/	V	 6000 4000

Resolution	m/∆m	 300	(low	resolution) 300	(low	resolution)	

Detection	system	 Faraday	cups	L1	and	L3 Faraday	cups	L1	and	L3	

Voltages	applied	to		

deceleration	filter	
	 	

Retard	(Filter	1)	/	V	 5993 4012

Lens	(Filter	2)	/	V	 5840 3850

Data	acquisition	mode	
TRAa (acquisition	 time	 per	
data	point:	0.2	s)	

TRAa (acquisition	 time	 per	
data	point:	0.1	s)	

aTime	resolved	analysis	
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Typically	the	average	of	up	to	500	readings	was	used	for	assessing	the	blank	signals.	After	blank	

correction	a	threshold	was	set.	Only	signals	higher	than	3	x	the	standard	deviation	of	the	blank	

of	 235U	 (lower	 abundant	 isotope)	 were	 considered	 for	 further	 data	 processing.	 Excluding	

subjective	influence	for	the	selection	of	peak	area	limits	is	of	particular	importance	considering	

a	routine	application	of	this	method.		

Different	data	evaluation	approaches	were	investigated	for	the	calculation	of	235U/238U	isotope	

ratios.	

	‘Point	by	point’	method	(PBP):	Calculation	of	U	 isotope	ratios	was	accomplished	by	averaging	

the	U	 isotope	ratios	derived	 from	dividing	 individual,	simultaneously	acquired	data	points.	All	

data	points	are	contributing	equally,	independent	on	the	signal	intensity.		

‘Integration’	method:	235U/238U	 isotope	ratios	were	calculated	by	dividing	the	signal	 intensities	

which	 were	 integrated	 over	 the	 selected	 peak	 area.	 Small	 count	 rates	 contribute	 to	 a	 lesser	

extent	 to	 the	 isotope	 ratio	 than	 higher	 count	 rates.	 This	 approach	 is	 commonly	 applied	 in	

chromatography	 (Günther‐Leopold	 et	 al.,	 2004;	 Krupp	 et	 al.,	 2004;	 Krupp	 et	 al.,	 2001;	

Rodríguez‐González	et	al.,	2011).	

‘Linear	 regression	 slope’	method	(LRS):	The	U	 isotope	 ratios	were	 calculated	by	means	of	 the	

slope	 of	 a	 linear	 regression	 using	 the	 ‘least	 squares’	 method	 of	 the	 regression	 analysis.	 All	

selected	data	points	(i.e.	>	3	x	standard	deviation	of	the	blank)	are	contributing	to	the	linear	fit	

(i.e.	 y=ax),	whereupon	higher	 signal	 intensities	are	having	a	 larger	 impact.	Moreover,	 the	LRS	

method	 was	 applied	 to	 not	 blank	 corrected	 data.	 As	 both	 the	 blank	 and	 the	 particle	 signal	

intensities	(not	blank	corrected)	were	taken	 into	account	the	 linear	regression	was	not	forced	

through	the	origin	(i.e.	y	=	ax	+	b).		

‘Finite	 mixture	 model’:	The	 ‘finite	 mixture	 model’	 was	 applied	 for	 the	 determination	 of	 an	

unknown	number	of	different	235U/238U	isotopic	signatures.	The	isotope	ratios	are	again	derived	

from	 the	 slopes	 of	 linear	 regression	 lines.	 In	 the	 ‘finite	mixture	model’	 an	 algorithm	applying	

fixed	 residual	 variances	 is	 used	 for	 clustering	 of	 the	 data	 points	 of	 interest	 and	 subsequent	

estimation	of	the	slopes	of	the	linear	regression	lines.	The	number	of	clusters,	which	represent	

the	 isotopic	 compositions,	 is	 estimated	 by	 the	 algorithm.	 A	 detailed	 description	 of	 the	 ‘finite	

mixture	model’	 is	given	 in	Leisch	(Leisch,	2004).	Computation	was	done	 in	R	(R	Development	

Core	Team,	2012),	Version	2.15.0,	 using	Grün	and	Leisch’s	 flexmix	package	 (Grün	and	Leisch,	

2008).	 The	 raw	 data	 of	 235U	 and	 238U	 measurements	 were	 imported	 to	 the	 script.	 Blank	

correction	and	data	selection	by	means	of	3	x	SD	was	directly	accomplished	in	R.		

Finally	 the	U	 isotope	 ratios	were	multiplied	with	 the	 external	 correction	 factor	 to	

correct	the	isotope	ratio	for	mass	bias.		
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Data	 from	 9073‐01‐B	 particle	measurements	 (single	 isotopic	 composition)	were	 used	 for	 the	

comparison	 of	 the	 ‘point	 by	 point’,	 the	 ‘integration’	 and	 the	 ‘linear	 regression	 slope’	method.	

Data	sets	from	9073‐01‐B	and	CRM	U010	were	combined	to	one	data	set	for	the	development	of	

the	 ‘finite	mixture	model’.	The	NUSIMEP‐7	test	samples	(multiple	 isotopic	compositions)	were	

evaluated	by	means	of	the	‘finite	mixture	model’	and	compared	to	the	commonly	applied	‘point	

by	point’	method.			

2.5. Calculations	of	combined	standard	measurement	uncertainties		

Computation	 of	 expanded	 (k=2)	 uncertainties	 (U)	 was	 performed	 according	 to	 ISO/GUM	

(ISO/IEC	Guide	98‐3:2008)	and	EURACHEM	(EURACHEM	/	CITAC	Guide	CG	4)	guidelines	with	

the	 GUM	Workbench	 Pro	 software	 (version	 2.4,	Metrodata	 GmbH,	Weil	 am	 Rhein,	 Germany).	

The	applied	model	equations	are	described	in	the	following	(i.e.	eq	(2.2‐1	–	2.2‐3)):	

,			 ,			

	 ,			 ,			 ∗ 	 ,			 	 ,			 	(2.2‐1)	

	

	
,			 ,			

	

	,			 ,			 ,			
			 (2.2‐2)	

	

,			 ,			 ,			 ,			 	,			 ,			 	

,			 		 (2.2‐3)	

	

where	 ,			 ,			 	is	 the	 final	 235U/238U	 isotope	 ratio	 of	 the	 measured	 particle;	

,			 ,			 	is	 the	 measured	 —	 blank	 corrected	 —	 235U/238U	 isotope	 ratio;	

	is	 the	external	correction	factor,	which	was	derived	from	the	ratio	of	 the	certified	

(i.e.		 ,			 ,			
)	and	the	final,	measured	235U/238U	isotope	ratio	of	the	liquid	CRM	

(i.e.	 	,			 ,			 ,			 ).	 	,			 ,			 ,			 	was	 expressed	 in	 a	

separate	equation	(i.e.	eq	(3.3‐3))	in	order	to	not	only	account	for	the	standard	uncertainty	(u)	

of	the	measurement	of	the	liquid	CRM,	but	also	for	standard	uncertainties	resulting	from	blank	
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contributions.	 ,			 	,			 	is	 the	 measured	 	 —	 blank	 corrected	 —	 235U/238U	

isotope	 ratio.	 Standard	measurement	 uncertainties	 resulting	 from	 235U	 and	 238U,	 respectively,	

blank	 contributions	 from	 both	 LA	 and	 liquid	measurements	 were	 accounted	 for	 by	 using	 so	

called	 δ‐factors	 (European	 co‐operation	 for	 Accreditation;	 Bürger	 et	 al.,	 2010)	 (i.e.	

,			 ;		 ,			 	;	 ,			 ;	 ,			 ).		

The	combined	standard	measurement	uncertainties	uc	were	multiplied	with	a	coverage	factor	of	

2	(i.e.	k=2)	in	order	to	obtain	expanded	uncertainties	(U).	

3. Results	and	Discussion	

	

3.1. Comparison	 of	 data	 evaluation	 methods	 for	 particles	 with	 single	 isotopic	 composition	

(CRM	9073‐01‐B)	

A	typical	transient	signal	record	of	single	particle	measurements	by	LA‐MC‐ICPMS	is	shown	in	

Fig.	2.2‐1.		

	

Fig.	2.2‐1:	LA‐MC‐ICPMS	transient	signal	recorded	during	line	scanning	of		
9073‐01‐B	particles	(1‐5	µm).	

The	maximum	238U	signal	intensities	of	all	analyzed	9073‐01‐B	particles	ranged	from	about	0.5	

V	to	9.7	V.	(Higher	signal	intensities	led	to	a	saturation	of	the	detector	and	were	not	taken	into	

account.)	In	Fig.	2.2‐1	it	can	be	seen	that	some	peaks	are	exhibiting	two	or	more	peak	maxima,	

which	 most	 likely	 result	 from	 adjacent	 particles	 entering	 the	 ICP	 almost	 simultaneously.	 To	

simplify	matters	for	further	evaluation,	data	points	that	belonged	to	one	peak	were	regarded	as	

signal	 intensities	of	one	single	particle.	This	simplification	was	considered	as	 justified	because	

the	 investigated	 test	material	 has	 one	 certified	 U	 isotopic	 composition.	 Considering	 the	 ‘LRS’	
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method,	two	different	evaluation	approaches	(i.e.	y	=	ax	and	y	=	ax	+	b)	were	compared.	In	case	

of	blank	corrected	data,	the	regression	line	was	forced	through	the	origin	(i.e.	y=	ax),	whereas	

the	 intercept	 (y	 =	 ax	 +b)	 was	 taken	 into	 account	 for	 not	 blank	 corrected	 data.	 External	

correction	was	 accomplished	 by	means	 of	 IRMM‐184.	 A	 summary	 of	 the	 different	 evaluation	

strategies	is	given	in	Table	2.2‐3.		

Table	2.2‐3:	Comparison	of	the	‘PBP’,	‘integration’	and	‘LRS’	method	for	n=118	particles.	

		

PBP	 integration	

LRS	

(data	blank	
corrected,	
y=ax)	

LRS		

(data	not	blank	
corrected,		
y=ax	+	b)	

Average	 235U/238U	 isotope	
ratio	(n=118)	

0.00729	 0.00733	 0.00736	 0.00740	

SD	 0.00008	 0.00011	 0.00017	 0.00022	

RSD	/	%	 1.1	 1.5	 2.3	 3.0	%	

Bias	/	%	 0.5	 1.0	 1.5	 2.0	%	

RU*	(k=2)	/	%	 1.8	 2.1	 3.1	 3.9	%	

Certified	 235U/238U	 isotope	
ratio	

0.0072557(36) 0.0072557(36) 0.0072557(36)	 0.0072557(36)	

*relative	expanded	uncertainty	

All	evaluation	strategies	yield	average	235U/238U	 isotope	ratios	that	are	 in	accordance	with	the	

certified	value	and	that	are	overlapping	within	 their	uncertainties.	Although	the	 ‘PBP’	method	

yielded	the	best	precision	and	the	smallest	bias	from	the	certified	value	in	this	study,	the	other	

strategies	 can	 be	 advantageous	 from	 a	 statistical	 point	 of	 view	 as	 they	 are	 taking	 weighted	

signal	intensities	into	account.	A	comparison	of	the	‘LRS	method’	with	regard	to	its	application	

to	 blank	 and	 not	 blank	 corrected	 data	 yielded	 better	 precision	 and	 a	 smaller	 bias	 from	 the	

certified	value	for	the	blank	corrected	data,	from	which	isotope	ratios	were	computed	by	forcing	

the	regression	line	through	the	origin.	Moreover,	forcing	the	regression	line	through	the	origin	

is	regarded	as	advantageous	as	in	this	case	it	is	ensured	that	high	intensities	are	dominating	the	

regression.		

The	 uncertainties	 of	 single	 particle	 measurements	 with	 different	 maximum	 238U	 signal	

intensities	 were	 calculated.	 Typically,	 apart	 from	 the	 ‘LRS’	 (y	 =	 ax	 +	 b)	 method,	 the	 largest	

relative	 expanded	 uncertainties	 (RU)	 were	 observed	 for	 particles	 with	 the	 lowest	 signal	

intensities,	 whereas	 similar	 uncertainties	 were	 observed	 for	 particles	 with	 peak	 intensities	

higher	 than	 about	 1.5	 V.	 In	 Table	 2.2‐4	 relative	 expanded	 uncertainties	 (RU)	 and	 relative	

contributions	of	 input	parameters	are	given	for	three	single	particles	with	different	maximum	

238U	signal	intensities.		



	

	

	

	

	
Table	2.2‐4:	Relative	expanded	uncertainties	(RU)	and	relative	contributions	of	input	parameters	of	235U/238U		isotope	ratio	measurements		

of	single	particles.	

Data	evaluation	strategy	 PBP	 integration	
LRS	(data	blank	
corrected,		y	=	ax)												

LRS	(data	not	blank	
corrected,	y	=	ax	+	b)	

Maximal	 238U	 signal	
intensities	 of	 individual	
particles/	V	

0.5	 3.1	 9.7	 0.5	 3.1	 9.7	 0.5	 3.1	 9.7	 0.5	 3.1	 9.7	

RU	(k=2)	/	%		 3.5	 2.3	 2.3	 4.0	 3.3	 3.1	 5.8	 4.7	 4.8	 6.0	 6.1	 6.2	

	 	 	 	 	 	 	

Relative	contributions	/	%	 	 	 	 	 	 	

,			 ,			
	 <	0.05	 <	0.05	 <	0.05 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	

,			 	,			 	 <	0.05	 0.2	 0.1	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	

,			 	 <	0.05	 0.2	 0.2	 <	0.05	 0.1	 0.1	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	

,			 	 <	0.05	 <	0.05	 <	0.05 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	

,			 ,			 37.8	 90.0	 87.8	 55.4	 86.0	 98.9	 78.4	 99.1	 99.1	 100	 100	 100	

,			 	 62.2	 9.6	 11.9	 44.6	 13.9	 1.0	 21.6	 0.9	 0.9	 n.c.	 n.c.	 n.c.	

,			 	 <	0.05	 <	0.05	 <	0.05 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 <	0.05	 n.c.	 n.c.	 n.c.	

n.c.	…not	considered		 	 	 	 	 	 	 	 	 	 	 	 	
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The	reproducibility	 (i.e.	 ,			 ,			 )	was	 identified	as	 the	main	contributor	 to	

the	uncertainty.	This	is	also	in	good	accordance	to	previous	work	(Kappel	et	al.,	2012).	However,	

an	exception	from	this	was	observed	for	 the	RU	of	 the	235U/238U	 isotope	ratio	with	 the	 lowest	

maximal	 238U	signal	 intensity	of	 the	 ‘PBP’	method.	 In	 this	case,	 the	main	contribution	resulted	

from	the	235U	laser	ablation	blank	(i.e.	62.2	%),	followed	by	the	reproducibility	(i.e.	37.8	%).	235U	

blank	 contributions	were	also	pronounced	 for	 the	 ‘integration’	 and	 the	 ‘LRS’	 (y	=	 ax)	method	

with	respect	to	particles	with	the	lowest	peak	intensities.	The	influence	of	the	235U	laser	ablation	

blank	is	significantly	reduced	at	higher	signal	intensities	for	the	‘integration’	and	the	‘LRS’	(y	=	

ax)	method	as	compared	to	the	‘PBP’	method.	This	can	be	explained	by	the	fact	that	in	the	‘PBP’	

method	high	and	low	intensities	are	contributing	equally	to	the	isotope	ratio.		

3.2. ‘Finite	mixture	model’	

Evaluation	 methods	 taking	 weighted	 signal	 intensities	 into	 account	 are	 considered	 as	 data	

evaluation	strategies	of	choice	when	dealing	with	short	transient	signals	resulting	from	LA‐MC‐

ICPMS	analyses.	Considering	real	safeguards	samples	the	typical	situation	is	that	one	has	to	deal	

with	an	unknown	number	of	particles	that	can	differ	in	their	isotopic	signatures.		

In	 Fig.	 2.2‐2	 a	 typical	 transient	 signal	 recorded	 during	 raster	 scanning	 of	 a	 NUSIMEP‐7	 test	

sample	is	shown.	Laser	ablation	of	NUSIMEP‐7	particles	having	an	average	diameter	of	(0.327	±	

0.139)	 µm	 yields	 very	 sharp	 signals	 with	maximal	 238U	 signal	 intensities	 below	 1	 V.	 In	most	

cases	only	one	data	point	per	particle	was	observed	in	the	transient	signal.		

	

Fig.	2.2‐2:	LA‐MC‐ICPMS	transients	signal	recorded	during	raster	scanning	of	a		
NUSIMEP‐7	interlaboratory	comparison	test	sample.	
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Thus,	 applying	 the	 integration	 method	 to	 individual	 peaks	 is	 not	 possible.	 The	 commonly	

applied	approach	for	determining	multiple	isotopic	signatures	from	transient	signals	is	the	‘PBP	

method’	and	plotting	the	isotope	ratios	in	ascending	order.	In	Fig.	2.2‐3	the	results	of	the	‘PBP’	

method	 for	 the	 ‘double	 deposition’	NUSIMEP‐7	 test	 sample,	which	was	 expected	 to	 have	 two	

different	 isotopic	 compositions,	 is	 shown.	 As	 can	 be	 seen,	 two	 different	major	 areas	 (i.e.	 two	

steps	 in	 the	 graph)	 of	 isotope	 ratios	 could	 be	 identified,	 indeed.	 In	 order	 to	 determine	 the	

isotopic	compositions,	the	averages	of	the	isotope	ratios	of	these	two	areas	were	calculated.	The	

data	set	was	divided	in	two	groups	at	the	deflection	point.	 Isotope	ratios	that	were	not	within	

two	 times	 the	 standard	 deviation	 were	 not	 considered	 for	 calculating	 the	 average	 values.	

Isotope	ratios	that	are	between	the	two	areas	are	typically	considered	as	mixed	ratios,	whereas	

those	 at	 the	 lower	 and	 the	 upper	 end	 are	 typically	 regarded,	 dependent	 on	 their	 number,	 as	

other	isotopic	compositions	or	outliers	resulting	from	the	measurement.		

	

Fig.	2.2‐3:	Use	of	the	‘PBP’	method	for	the	evaluation	of	the	NUSIMEP‐7	‘double’	deposition		
measurement	data.	235U/238U	isotope	ratios	are	plotted	in	ascending	order.		

The	dotted	lines	are	indicating	the	lower	and	the	upper	ends	of	the	standard	deviations	(2x).	

	

Based	 on	 the	 ‘PBP’	 method,	 two	main	 isotopic	 compositions	 (i.e.	 0.0340(76)	 and	 0.210(46))	

were	 identified.	However,	a	comparison	with	 the	certified	 isotopic	compositions	(Table	2.2‐1)	

yields	that	the	sample	had	been	contaminated	with	an	235U	enrichment	of	about	21	%	from	an	

unknown	 source	 and	 that	 one	 certified	 isotopic	 composition	 (i.e.	 0.0090726(45))	 was	 not	

identified.	The	 isotope	ratios	at	 the	 lower	and	upper	end	of	 the	step‐profile	were	regarded	as	

outliers	 as	 their	 number	was	 rather	 small	 compared	 to	 the	main	 isotopic	 compositions	 (one	

certified	 isotopic	 composition	 and	 the	 contamination).	 The	 drawbacks	 of	 this	 evaluation	

strategy	 for	 multiple	 isotopic	 signatures	 are	 evident:	 1)	 low	 and	 high	 signal	 intensities	 are	

contributing	 equally	 to	 the	 isotope	 ratio,	 2)	 the	 determination	 of	 the	 main	 compositions	
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depends	 on	 the	 judgment	 of	 the	 analyst	 and	 3)	 other	 isotopic	 compositions	 present	 may	 be	

hidden	by	the	major	constituents.		

In	order	 to	 improve	 the	data	evaluation	we	made	use	of	 the	principle	of	 the	 linear	regression	

slope	method.	All	signal	intensities	of	interest	are	plotted	in	an	x‐y‐chart.	Data	from	9073‐01‐B	

and	CRM	U010	particle	measurements	were	combined	for	a	test	data	set	in	order	to	simulate	a	

sample	with	particles	of	different	known	isotopic	compositions.	In	Fig.	2.2‐4A	the	scatter	plot	of	

this	test	data	set	is	shown.		

	

Fig.	2.2‐4:	Determination	of	two	different	235U/238U	isotope	ratios	by	means	of	the	slopes	of	linear	
regression	lines	applying	the	‘finite	mixture	model’.	A)	Scatter	plot	of	a	data	set	of	9073‐01‐B	and	CRM	

U010	particle	measurements	that	were	combined	to	one	test	data	set.	B)	Application	of	the	‘finite	mixture	
model’	to	the	test	data	set:	the	circles	and	the	triangles	are	representing	the	two	clusters	(i.e.	two	isotopic	
signatures)	that	are	distinguishable.	The	isotopic	signatures	are	determined	by	means	of	the	slope	of	the	
linear	regression	lines.	The	in	the	legend	stated	slopes	are	not	externally	corrected.	Outliers	are	marked	by	

grey	colored	rectangles.	

At	this	step	no	differentiation	between	the	data	points	of	different	isotopic	compositions	can	be	

accomplished.	 A	 ‘finite	 mixture	 model’	 was	 applied	 for	 the	 deconvolution	 of	 this	 data	 set	 to	

determine	 the	 different	 235U/238U	 isotopic	 signatures.	 The	 data	 points	 are	 clustered,	which	 is	

demonstrated	 by	 the	 two	different	 symbols	 (i.e.	 circle	 and	 triangle)	 (Fig.	 2.2‐4B).	 Finally,	 the	

slopes	of	 the	 linear	relationships	and	the	respective	uncertainties	of	 the	clustered	data	points	

are	estimated	by	the	model	(Grün	and	Leisch,	2008;	Leisch,	2004).	All	selected	data	points	are	

contributing	 to	 each	 linear	 fit	 and	 the	 regression	 lines	 are	 forced	 through	 the	 origin.	 Higher	

signal	 intensities	have	a	 larger	 leverage	effect	on	the	slope	than	lower	ones,	which	is	given	by	

the	 model.	 In	 an	 additional	 step,	 the	 isotope	 ratios	 that	 are	 derived	 from	 the	 slope	 of	 the	

regression	 lines	 have	 to	 be	 corrected	 by	means	 of	 the	 external	 correction	 factor	 	
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(equal	 to	 the	 other	 data	 evaluation	 strategies).	 In	 the	 case	 of	 the	 test	 data	 set,	 external	

correction	was	accomplished	by	means	of	IRMM‐184.		

Fixed	residual	variances,	which	are	empirically	determined	by	the	model,	were	applied	in	order	

to	circumvent	the	generation	of	a	‘ghost’	cluster	that	would	collect	all	data	points	that	are	far	off	

from	the	linear	relationships	with	random	distribution.	Such	a	‘ghost’	cluster	would	reflect	a	U	

isotopic	composition	not	present	in	the	particles.		

The	script	of	the	‘finite	mixture	model’	enables	to	easily	trace	back	single	data	points	that	are	far	

off	 from	the	computed	linear	regression	lines	to	the	raw	data	set.	The	test	data	set	consists	of	

two	known	certified	235U/238U	isotopic	signatures.	Data	points	that	are	outside	the	uncertainty	

of	 the	 computed	 isotopic	 compositions	 (i.e.	 slopes)	 can	 be	 excluded	 and	 the	 model	 is	

recalculated.	The	principle	of	outlier	detection	 is	discussed	for	two	data	points	marked	 in	Fig.	

2.2‐4B.	The	outliers	resulted	 from	different	decay	times	of	 the	applied	Faraday	detectors.	The	

transient	signals	revealed	that	the	Faraday	detector	L1	(238U)	had	been	saturated	just	before	the	

signal	of	the	outlier	was	recorded.	Therefore	these	data	points	were	regarded	as	measurement	

artifacts	and	excluded	from	the	regression.	Outlier	elimination	resulted	in	a	reduction	of	the	bias	

of	the	determined	isotopic	signatures	from	the	certified	values	(from	0.2	%	to	‐0.03	%	for	9073‐

01‐B	and	from	0.6	%	to	0.5	%	for	U010)	and	reduced	the	uncertainties	of	the	slope	(from	14	%	

to	10	%	for	9073‐01‐B	and	from	10	%	to	7	%	for	U010).	Expanded	uncertainties	(eqs.	2‐4)	of	19	

%	(k=2)	and	14	%	(k=2),	were	computed	for	the	235U/238U	isotopic	signature	of	9073‐01‐B	(i.e.	

0.00725)	and	U010	(i.e.	0.01019),	respectively.		The	major	contributor	to	the	uncertainty	is	the	

uncertainty	of	the	slope	which	is	determined	by	the	fixed	residual	variances	of	the	model.		

	

3.3. Application	of	 the	 ‘finite	mixture	model’	 to	NUSIMEP‐7	 interlaboratory	comparison	test	

samples	

The	‘finite	mixture	model’	was	applied	to	the	235U	and	238U	measurement	data	of	the	NUSIMEP‐7	

interlaboratory	 comparison	 test	 samples	 in	 order	 to	 investigate	 its	 applicability	 for	 the	

determination	of	different	unknown	U	isotopic	compositions.	The	clusters	and	linear	regression	

lines	that	were	computed	for	both	the	‘single’	and	the	‘double’	deposition	samples	by	the	‘finite	

mixture	model’	are	shown	in	Fig.	2.2‐5.		
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Fig.	2.2‐5:	Application	of	the	finite	mixture	model	to	the	blank	corrected	235U	and	238U	measurement	data	of	
the	NUSIMEP‐7	inter‐laboratory	comparison	test	samples	(A:	NUSIMEP	7	single	deposition;	B:	NUSIMEP	7	
double	deposition).	A	contamination	during	sample	handling	with	a	235U	enrichment	of	about	21	%	was	

detected	on	both	planchets.	

	

The	 ‘finite	 mixture	 model’	 yielded	 235U/238U	 isotopic	 compositions	 that	 were,	 within	 their	

uncertainties,	 in	good	agreement	with	the	certified	values	(see	Table	2.2‐5).	Both	test	samples	

had	 been	 contaminated	with	 a	 235U	 enrichment	 of	 about	 21	%.	 Thus,	 one	 additional	 isotopic	

composition	 was	 determined	 for	 both	 the	 ‘single’	 and	 ‘double	 deposition’	 test	 samples.	 The	

additional	 isotopic	 composition	 of	 the	 contaminant	 is	 in	 agreement	 between	 the	 two	 test	

samples	indicating	the	same	(unknown)	source	of	contamination.	

	

Table	2.2‐5:	Summary	of	NUSIMEP‐7	results	

NUSIMEP‐7	
test	sample	

235U/238U	
CRM	for	
external	
correction	

RU	
(k=2)	/	
%	

Bias	
from	

certified	
value	

z	
score‡

zeta	
score‡	

Cluster	size	/	
data	points	

’single'	
deposition	

0.00898(90)	 IRMM‐184	 10.0 ‐1.0	%	 ‐2.04 ‐0.21	 144	

0.2130(10)	 CRM	U500	 0.5 *	 * * 119	
‘double'	
deposition	

0.0090(11)	 IRMM‐184	 12.2 ‐0.7	%	 ‐1.60 ‐0.13	 29	

0.0332(10)	 CRM	U030‐A 3.0 ‐2.6	%	 ‐5.55 ‐1.89	 633	

0.2096(11)	 CRM	U500	 0.5 *	 * * 122	

*	contamination	
‡interpretation	of	scores:	|score|≤2:	satisfactory	result;	2	<|score|<3:	questionable	result;		
	|score|>3:	unsatisfactory	result	
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Moreover,	z	and	zeta	scores	were	calculated	in	order	to	assess	the	performance	of	LA‐MC‐ICPMS	

measurements,	using	the	‘finite	mixture	model’	for	data	evaluation,	with	respect	to	the	stringent	

performance	criteria	of	the	NUSIMEP‐7	ILC	for	the	major	U	(235U/238U)	isotope	ratio	(Truyens	et	

al.,	 2011).	 As	 can	 be	 seen	 in	 Table	 2.2‐5,	 some	 measurements	 could	 not	 be	 performed	 in	

accordance	 with	 measurements	 considered	 as	 good	 practice	 for	 IAEA	 Network	 Analytical	

Laboratories	 (NWAL).	 However	 it	 has	 to	 be	 stressed	 that	 less	 than	 50	%	 of	 the	 NUSIMEP‐7	

participants	reported	satisfactory	results	(i.e.	47	%	for	the	 ‘single’	deposition,	41	%	for	the	1st	

enrichment	 and	 35	 %	 for	 the	 2nd	 enrichment	 of	 the	 ‘double	 deposition’).	 In	 case	 of	 the	 2nd	

enrichment,	 satisfactory	 results	 were	 only	 achieved	 by	 large	 geometry‐secondary	 ion	 mass	

spectrometry	(LG‐SIMS),	nanoSIMS	and	secondary	electron	microscope‐thermal	ionization	mass	

spectrometry	 (SEM‐TIMS)	 measurements.	 In	 addition,	 laboratories,	 including	 also	 NWAL	

laboratories,	using	small	geometry	SIMS	instruments	could	not	achieve	satisfactory	z	scores	as	

well,	 even	 though	 SIMS	 is	 a	 mainstay	 technique	 for	 the	 analysis	 of	 the	 particle	 samples	 of	

interest	 (Truyens	 et	 al.,	 2011).	 Worth	 mentioning	 is	 that	 the	 organizers	 stated	 in	 their	

NUSIMEP‐7	 report	 (Truyens	 et	 al.,	 2011)	 that	 questionable	 results	 would	 still	 have	 been	

satisfactory	 when	 applying	 the	 less	 stringent	 performance	 criteria	 from	 NUSIMEP‐6,	 the	

previous	 ILC	 (Truyens	 et	 al.,	 2011).	 However,	 disregarding	 the	 z	 scores,	 reported	 isotopic	

compositions	 that	 were	 determined	 by	 LA‐ICPMS	 were	 in	 good	 agreement	 within	 their	

uncertainties	—	which	were	larger	than	uncertainties	reported	for	e.g.	SIMS	measurements	—	

with	 the	 certified	 values	 (Truyens	 et	 al.,	 2011).	 A	 good	 agreement	with	 the	 certified	 isotopic	

compositions	was	also	achieved,	as	aforementioned,	in	this	study	by	applying	the	‘finite	mixture	

model’	to	LA‐MC‐ICPMS	235U	and	238U	measurement	data.		

Regarding	 the	 zeta	 scores,	 satisfactory	 results	 (i.e.	 |score|≤2)	 were	 achieved	 for	 all	 isotopic	

compositions,	 which	 indicates	 that	 the	 estimate	 of	 the	 uncertainties	 are	 consistent	 with	 the	

deviations	from	the	reference	value	(Truyens	et	al.,	2011).	

In	the	‘finite	mixture	model’	the	whole	computation	—	blank	correction,	data	selection	by	means	

of	 3	 x	 SD,	 determination	 of	 the	 number	 of	 clusters,	 computation	 of	 the	 slope	 and	 of	 its	

uncertainty	—	of	the	data	set	having	about	50000	data	points	(including	the	blank	measured	in	

between	 the	 particle	 signals)	 is	 accomplished	 automatically	 by	 the	 applied	 algorithm.	 Thus,	

information	about	the	isotopic	composition	is	readily	available.	Moreover,	data	evaluation	is	not	

influenced	 by	 the	 analyst.	 In	 addition,	 the	 application	 of	 the	 ‘finite	 mixture	 model’	 to	 the	

NUSIMEP‐7	‘double	deposition’	sample	(Table	2.2.‐5)	demonstrated	the	model’s	strength	for	the	

determination	of	an	accurate	isotopic	signature	of	a	rather	small	population	(i.e.	29	data	points)	

present	besides	two	larger	ones	(i.e.	122	and	633	data	points).		
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4. Conclusions		

In	 this	 study	 four	different	data	 treatment	 strategies	 for	 the	computation	of	 235U/238U	 isotope	

ratios	of	 single	particles	 from	 transient	 signals	were	 evaluated.	Generally,	 strategies	 in	which	

higher	signal	intensities	are	having	a	higher	impact	on	the	isotope	ratio	(‘integration’	and	‘linear	

regression	 slope’	 method)	 are	 regarded	 as	 advantageous	 from	 a	 statistical	 point	 of	 view.	

However,	 these	methods	can	only	be	applied	 if	 individual	particles	can	be	analyzed	and	 if	 the	

resulting	 peak	 consists	 of	 multiple	 data	 points.	 Considering	 real	 safeguards	 samples,	 an	

individual	 selection	 of	 the	 particles	 to	 be	 analyzed	 is	 often	 not	 feasible	 using	 LA‐MC‐ICPMS	

without	pre‐selection	by	means	of	 for	 example	 fission	 track	or	 scanning	 electron	microscopy.	

Hence,	 the	 resulting	 peak	 may	 consist	 of	 data	 points	 from	 several	 particles	 having	 different	

isotopic	compositions.	Moreover,	depending	on	the	size	of	the	particles	only	one	data	point	may	

be	available	for	subsequent	data	treatment.	The	in	this	case	commonly	applied	‘point	by	point’	

method	bears	the	danger	to	overlook	isotopic	compositions	of	particles	being	underrepresented	

on	 the	 planchet.	 A	 ‘finite	 mixture	 model’	 based	 on	 linear	 regression	 enables	 to	 identify	 an	

unknown	 number	 of	 entities	 of	 different	 isotopic	 composition,	 thus	 providing	 a	 significant	

contribution	to	fields	dealing	with	multiple	isotope	ratios	in	mixed	samples.		

Using	the	‘finite	mixture’	model	for	the	evaluation	of	LA‐MC‐ICPMS	measurement	data	resulting	

from	 the	 analysis	 of	 NUSIMEP‐7	 ILC	 particles	 allowed	 accurately	 determining	 the	 235U/238U	

certified	 isotopic	 compositions	 of	 both	 the	 ‘single’	 and	 the	 ‘double’	 deposition	 sample.	 Zeta	

scores	revealed	that	the	estimates	of	the	uncertainties	were	consistent	with	the	deviations	from	

the	 reference	 values.	 The	 reproducibility,	 which	 is	 presented	 by	 the	 slope	 of	 the	 linear	

regression,	was	 identified	 as	main	 contributor.	 Even	 though	 in	 this	 study	only	 results	 for	 the	

major	 U	 isotope	 ratio	 (235U/238U)	 were	 shown,	 the	 model	 is	 equally	 applicable	 for	 the	

determination	of	 234U/238U	and	236U/238U.	The	minor	U	 isotope	ratios	are	equally	 important	 in	

nuclear	safeguards	and	forensics	for	verifying	the	absence	of	undeclared	nuclear	activities.	The	

applicability	of	LA‐MC‐ICPMS	for	the	determination	of	the	minor	U	isotopes	was	demonstrated	

in	a	recent	study	(Kappel	et	al.,	2012)	as	well	as	by	others	that	used	LA‐ICPMS	within	the	course	

of	the	NUSIMEP‐7	ILC	(Truyens	et	al.,	2011).	LA‐MC‐ICPMS	is	a	promising	technique	for	single	

particle	analysis	as	its	use	may	extend	safeguards‐relevant	information	that	can	be	gained	from	

the	 analysis	 of	 swipe	 and/or	 environmental	 samples.	 It	 offers	 higher	 sensitivity	 than	 TIMS,	

which	is	of	advantage	for	the	analysis	of	particles	with	low	U	amounts	as	well	as	for	the	analysis	

of	 environmental	 matrices.	 Another	 advantage	 of	 LA‐MC‐ICPMS	 for	 analyzing	 particles	

embedded	 in	 complex	matrices	 is	 that	 it	 is	 less	 prone	 to	molecular	 interferences	 than	 SIMS,	

which	use	for	the	analysis	of	such	samples	may	be	 limited	due	to	the	occurrence	of	molecular	
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interferences	 at	 the	mass‐to‐charge	 ratios	 of	 the	 U	 isotopes	 of	 interest.	 Nonetheless,	 LA‐MC‐

ICPMS	is	limited	with	regard	to	the	individual	selection	of	particles	for	analysis,	which	bears	the	

danger	 of	 determining	mixed	 isotope	 ratios.	 Thus,	 pre‐selection	 of	 particles	 is	 regarded	 as	 a	

necessity	for	subsequent	LA‐MC‐ICPMS	analysis.	
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ABSTRACT		

This	 study	discusses	 the	application	of	 laser	ablation	 (LA)	–	multi	 collector	 (MC)	–	 ICPMS	 for	

spatially	resolved	plutonium	fingerprinting	 in	micro‐samples	(particles	with	sizes	of	50	µm	to	

1000	 µm)	 that	 originate	 from	 the	 vicinity	 of	 the	 Chernobyl	 nuclear	 power	 plant	 in	 order	 to	

investigate	 the	 variation	 of	 the	 Pu	 isotopic	 composition	 in	 the	 Chernobyl	 fallout,	 which	 is	

reported	 here	 for	 the	 first	 time.	 Such	 analytical	 results	 are	 helpful	 for	 the	 identification	 of	

contamination	sources,	providing	valuable	 information	for	emergency	and	response	actions	 in	

the	case	of	a	nuclear	incident.	The	determined	242Pu/239Pu	and	240Pu/239Pu	isotope	ratios	in	the	

micro‐samples	reveal	a	correlation	from	low	to	high	ratios,	ranging	from	0.007(2)	to	0.047(8)	

for	 242Pu/239Pu	 and	 from	 0.183(13)	 to	 0.577(40)	 for	 240Pu/239Pu.	 That	 variation	 reflects	

differences	 in	 the	 composition	 of	 spent	 fuel	 over	 the	 reactor	 core.	 The	measured	Pu	 isotopic	

signatures	accord	well	with	the	Pu	isotopic	composition	distribution	that	is	typical	for	a	RBMK‐

1000	 reactor.	 Moreover,	 the	 average	 Pu	 isotope	 ratios	 calculated	 for	 all	 investigated	 micro‐

samples	(n=35)	correspond	to	previously	published	results	of	bulk	Pu	analysis	in	contaminated	

samples	from	the	vicinity	of	Chernobyl.		

Keywords:	Plutonium	Isotope	Ratios,	Environmental	Contamination,	Chernobyl	Nuclear	Power	

Plant,	(MC)‐ICP‐MS,	Laser	Ablation	

1. Introduction	

Monitoring	 of	 environmental	 contaminations	 with	 actinides	 is	 of	 special	 interest	 for	 the	

assessment	of	hazards	for	humans	(Perelygin	and	Chuburkov,	1997;	Taylor,	1995),	of	the	impact	

on	flora	and	fauna	as	well	as	for	the	evaluation	of	radiation	protection	(Salbu,	2009).	Moreover,	

the	determination	of	origin	and	intended	use	of,	for	example,	seized	nuclear	material	as	well	as	

undeclared	 activities	 in	 a	 nuclear	 facility	 is	 of	 particular	 importance	 for	 nuclear	 safeguards	

(Donohue,	2002)	and	nuclear	forensics	(Mayer	et	al.,	2007).	

Radionuclides	 are	mainly	 released	 into	 the	 environment	 during	 nuclear	 accidents	 or	 nuclear	

fuel	cycle	operations,	which	include	releases	from	reprocessing	plants	or	waste	deposits	(Hu	et	

al.,	2010;	Salbu	and	Lind,	2005).	Large	amounts	of	Pu	were	released	into	the	environment	as	a	

consequence	 of	 stratospheric	 nuclear	weapons	 tests	 that	 took	 place	 between	 1945	 and	 1975	

(Carter	and	Moghissi,	1977).	That	Pu	input	into	the	ecosystem	is	known	as	‘global	fallout’,	which	

reached	its	maximum	around	1963	(Ketterer	and	Szechenyi,	2008).	The	Pu	isotopic	signature	of	

this	 global	 fallout	 is	well	 known.	Kelley	 et	 al.	 (Kelley	et	 al.,	 1999),	 for	 example,	monitored	54	
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locations	around	the	world	in	order	to	establish	regional	Pu	isotopic	baselines	for	recognizing	

additional	Pu	inputs	into	the	ecosystem.	The	mean	239Pu	concentration	for	the	surface	soil	level	

is	approximately	10‐13	g	g‐1.	Pu	concentrations	of	≥	10‐12	g	g‐1	are	 regarded	as	hazardous	 level	

when	accumulated	in	the	human	body	(Perelygin	and	Chuburkov,	1997).		

About	1‐2	%	of	the	total	Pu	content	in	the	environment	(Perelygin	and	Chuburkov,	1997)	was	

emitted	during	the	accident	at	the	4th	unit	of	the	Chernobyl	nuclear	power	plant	(ChNPP‐4)	on	

the	26th	 of	April	 1986,	whereupon	 the	30	 –	 100	km	zone	was	mainly	 contaminated	with	 fuel	

particles	 emitted	 from	 the	 reactor	 core	 (Kashparov	 et	 al.,	 2011;	 Kashparov	 et	 al.,	 2003).	 In	

general,	these	so‐called	hot	particles	are	localized	aggregations	of	radionuclides	typically	having	

high	 specific	 activities	 compared	 to	 the	 surrounding	 bulk	 material	 (Fesenko,	 2011).	 Pu	 was	

associated	with	the	U	fuel	matrix	of	the	Chernobyl	reactor.	The	deposited	fuel	particles	varied,	

according	to	the	scenarios	during	the	accident,	in	their	chemical	composition,	morphology	and	

oxidation	states	(Kashparov	et	al.,	2000).	The	fate	of	fuel	particles	in	the	environment	depends,	

apart	 from	 their	 chemical	 properties,	 on	 environmental	 conditions	 (Kashparov	 et	 al.,	 2011).	

Non‐oxidized	 particles	 are	 regarded	 as	 relatively	 chemically	 stable,	 whereas	 the	 oxidized	

fraction	is	more	susceptible	to	weathering	(Salbu	et	al.,	2001)	and	dissolution	in	soil	(Kashparov	

et	al.,	2011).	The	oxidation	of	the	grain	matrix	leads	to	superficial	cracking	of	the	particle.	This	

results	 in	enhanced	effective	surfaces	 for	dissolution.	Higher	dissolution	rates	are	observed	 in	

both	acid	and	alkaline	conditions,	whereas	minimum	rates	are	found	at	neutral	conditions.	An	

infiltration	 of	 the	 fuel	 particles	with	water	 leads	 to	weathering,	 leaching	 and	mobilization	 of	

radionuclides	 into	 the	 ecosystem	 (Kashparov	 et	 al.,	 2011).	 The	 fate	 of	 Pu	 isotopes	 in	 soil	

depends	inter	alia	on	the	presence	of	humic	or	fulvic	acids	and	humus	promoting	the	formation	

of	 low‐mobile	 complexes	 (Sokolik	 et	 al.,	 2001).	 Furthermore,	 it	 was	 observed	 that	 Pu	 from	

underground	 nuclear	 tests	 at	 the	 Nevada	 Test	 Site	 is	 mobilized	 by	 groundwater	 in	 form	 of	

colloidal	material	(Kersting	et	al.,	1999).	Another	study	by	Xu	et	al.	(Xu	et	al.,	2008)	showed	that	

Pu	is	leached	due	to	its	complexation	by	chelating	groups	deriving	from	siderophores	bound	to	

cutin‐derived	soil	degradation	products.		

Furthermore,	 fuel	particles	with	associated	 radionuclides	can	be	 transformed	 into	 radioactive	

clusters	(i.e.	micro‐samples)	that	reveal	sizes	of	several	hundreds	of	micrometer	(Boulyga	and	

Prohaska,	 2008).	 Boulyga	 and	 Prohaska	 (Boulyga	 and	 Prohaska,	 2008)	 observed	 different	 U	

isotopic	compositions	 in	an	 individual	cluster	 from	the	Chernobyl	relocation	zone,	assuming	a	

kind	of	encapsulation	of	particles	with	differing	U	 isotopic	compositions	 in	one	micro‐sample.	

The	 range	 of	 measured	 U	 isotopic	 compositions	 in	 several	 micro‐samples	 was	 in	 good	

accordance	with	the	expected	range	resulting	from	different	burn‐ups	(Kashparov	et	al.,	2011)	

of	the	fuel	assemblies	used	in	the	ChNPP‐4	(Boulyga	and	Prohaska,	2008).	Hence,	the	variation	
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of	the	burn‐up	over	the	reactor	core	was	also	reflected	in	the	U	isotopic	compositions	of	the	fuel	

particles	(Kashparov	et	al.,	2011)	that	were	emitted	into	the	environment	during	the	accident.		

Alpha‐spectrometry	(Chamizo	et	al.,	2010;	Hrnecek	et	al.,	2005;	Vajda	and	Kim,	2010)	as	well	as	

mass	 spectrometric	 techniques	 (inductively	 coupled	 plasma	 mass	 spectrometry	 (ICP‐MS),	

thermal	ionization	mass	spectrometry	(TIMS)	(Jakopic	et	al.,	2010),	resonance	ionization	mass	

spectrometry	 (RIMS)	 (Erdmann	 et	 al.,	 1997;	 Nunnemann	 et	 al.,	 1998)	 and	 accelerator	 mass	

spectrometry	(AMS)	(Chamizo	et	al.,	2010;	Hrnecek	et	al.,	2005)	are	applied	for	the	analysis	of	

Pu	isotopes	in	environmental	samples.	Alpha‐spectrometry	is	a	well‐established	method	for	the	

determination	of	alpha‐emitting	actinides	having	half‐lives	less	than	1000	years.	The	analysis	of	

long‐lived	 radionuclides,	 especially	 when	 only	 small	 sample	 amounts	 are	 available,	 often	

requires	more	sensitive	mass	spectrometric	techniques,	in	particular	if	radionuclides	have	low	

specific	 activities	 that	 are	 typical	 for	 environmental	 samples.	 For	 such	 analyses	 long	

measurement	 times	 (i.e.	 days	 to	 weeks)	 would	 be	 required.	 Another	 drawback	 of	 alpha‐

spectrometry	 for	 Pu	 isotope	 analysis	 is	 that	 just	 a	 sum	 activity	 of	 239Pu	 and	 240Pu	 can	 be	

obtained	due	to	the	similar	alpha	energies	of	 these	two	isotopes	(5.16	MeV	for	239Pu	and	5.17	

MeV	for	240Pu).	The	sample	matrix	has	to	be	completely	separated	from	the	actinides	of	interest	

for	the	improvement	of	resolution	(Hrnecek	et	al.,	2005;	Kim	et	al.,	2007;	Taylor	et	al.,	2001).	

The	 relevance	 of	 mass	 spectrometric	 methods	 in	 general	 and	 ICP‐MS	 in	 particular	 for	

radionuclide	 analysis	 is	 highlighted	 by	 the	 number	 of	 reviews	 (Becker,	 2003;	 Becker,	 2005;	

Boulyga,	2011;	Hou	and	Roos,	2008;	Lariviere	et	al.,	2006)	dedicated	to	this	topic.	Ketterer	and	

Szechenyi	(Ketterer	and	Szechenyi,	2008)	and	Kim	et	al.	(Kim	et	al.,	2007)	put	an	emphasis	on	

Pu	 analysis	 by	 ICP‐MS,	 whereat	 easy	 sample	 preparation,	 relatively	 low	 analysis	 costs,	 high	

sample	 throughput	due	 to	 short	 analysis	 times	 and	high	 sensitivity	 are	 regarded	 as	merits	 of	

ICP‐MS.	 In	addition,	 the	use	of	multi‐collector	 (MC)‐ICP‐MS	allows	 improving	 the	precision	of	

actinide	 isotope	 ratio	 measurements	 at	 ultra‐trace	 concentration	 levels	 (i.e.	 fg	 g‐1)	 in	 bulk	

environmental	samples	(Becker,	2005;	Taylor	et	al.,	2001).	A	further	advantage	of	(MC)‐ICP‐MS	

is	the	feasibility	of	coupling	a	laser	ablation	(LA)	system	for	the	direct	analysis	of	environmental	

samples	in	order	to	spatially	resolve	the	isotopic	information	stored	in	such	samples	(Boulyga	

and	Prohaska,	2008).	LA‐ICP‐MS	also	allows	analyzing	targets	prepared	for	alpha‐spectrometry.	

Thus,	both	methods	can	be	easily	applied	 in	a	complementary	approach	for	environmental	Pu	

monitoring	(Boulyga	et	al.,	2003;	Cizdziel	et	al.,	2008).	

This	study	describes	the	application	of	LA‐MC‐ICP‐MS	for	spatially	resolved	Pu	fingerprinting	on	

the	 example	 of	 micro‐samples	 originating	 from	 the	 vicinity	 of	 the	 Chernobyl	 NPP.	 The	

usefulness	of	LA‐MC‐ICP‐MS	with	regard	to	its	application	for	the	assessment	of	environmental	
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contamination	 sources	 in	 response	 to	 accidental	 events	 that	 involve	 potential	 emissions	 of	

nuclear	materials	is	demonstrated.		

2. Experimental	

2.1.	 Samples	and	sample	preparation	

Micro‐samples	(i.e.	hot	particles	embedded	in	a	soil	matrix)	from	the	Chernobyl	accident	were	

sampled	 in	 the	 vicinity	 of	 the	 Chernobyl	 NPP	 (8	 km	 to	 the	 north‐west	 of	 Chernobyl	 NPP)	 in	

1992.	The	soil	samples	were	taken	 in	an	area	that	has	remained	anthropogenically	untouched	

since	the	accident.	Sampling,	sample	preparation	as	well	as	nuclear	track	radiography	analyses	

for	particle	identification	and	localization	were	performed	at	the	Institute	of	Power	Engineering,	

Minsk,	 Belarus	 in	 1992.	 Experimental	 details	 are	 given	 elsewhere	 (Boulyga	 and	 Prohaska,	

2008).	 The	 identified	 micro‐samples,	 which	 were	 measured	 by	 nuclear	 track	 radiography,	

yielded	sizes	and	surface	alpha	activities	from	about	50	µm	to	1000	µm	and	from	3	mBq	to	38	

mBq,	 respectively.	 The	 micro‐samples	 were	 embedded	 in	 transparent	 membranes	 that	 were	

affixed	 to	 glass	 plates	 by	 means	 of	 commercially	 available	 glue.	 The	 glass	 plates,	 which	 are	

typically	used	for	optical	microscopy,	were	directly	put	into	the	laser	ablation	cell.		

2.2. Reagents	and	certified	reference	material		

The	analyses	of	 the	Chernobyl	micro‐samples	 included	measurements	of	1	%	(m/m)	HNO3	as	

blank	solution	and	CRM	U500	(New	Brunswick	Laboratory,	U.S.	Department	of	Energy,	U.S.),	a	

liquid	 U	 certified	 isotope	 reference	 material,	 for	 optimization	 and	 determination	 of	 external	

correction	factors	for	correcting	mass	bias	and	secondary	electron	multiplier	gain.	65	%	(m/m)	

HNO3	(analytical	 reagent	 grade,	 Merck	 KGaA,	 Darmstadt,	 Germany)	 was	 diluted	 with	 reagent	

grade	 type	 I	 water	 (18.2	 MΩ	 cm	 at	 25	°C,	 Ultra	 Clear	 Basic	 Reinstwassersystem,	 SG	

Wasseraufbereitung	und	Regenerierstation	GmbH,	Barsbüttel,	Germany).	Both	were	purified	by	

sub‐boiling	distillation	(Milestone‐MLS	GmbH,	Leutkirch,	Germany)	prior	to	use.		

2.3. Instrumentation:	LA‐MC‐ICPMS	

LA‐MC‐ICP‐MS	 was	 selected	 as	 analytical	 technique	 for	 spatially‐resolved	 isotope	 analysis	 in	

order	to	assess	the	variations	of	the	Pu	isotopic	composition	in	micro	samples	collected	in	the	

vicinity	 of	 the	 Chernobyl	 NPP.	 The	 use	 of	 laser	 ablation	 for	 sample	 introduction	 enabled	 the	



2	 Applications	 Application	III	

132	

	

direct	generation	of	an	aerosol	for	MC‐ICPMS	analyses	of	 individual	micro‐samples	of	 interest.	

The	high	sensitivity	of	MC‐ICP‐MS	enabled	Pu	isotope	analysis	at	very	low	concentration	levels.	

An	 additional	 advantage	 was	 that	 the	 dry	 aerosol	 produced	 by	 laser	 ablation	 reduced	

interferences	 by	 molecular	 ions,	 such	 as	 oxides	 and	 hydrides	 (Boulyga	 and	 Prohaska,	 2008;	

Boulyga	et	al.,	2004),	which	could	affect	the	accuracy	of	Pu	isotope	ratio	measurements.		

Pu	 isotope	 ratio	 measurements	 were	 accomplished	 with	 a	 double–focusing	 high	 resolution	

sector	 field	MC‐ICPMS	 (Nu	Plasma	HR,	Nu	 Instruments	 Limited,	Wrexham,	U.K.)	 coupled	 to	 a	

solid	 state	 nanosecond	 laser	 ablation	 system	 (UP	 193,	 ESI–NWR	 Division,	 Electro	 Scientific	

Industries,	 Inc.,	Portland,	CA,	U.S.).	 In	order	 to	measure	a	 liquid	U	certified	reference	material	

(i.e.	CRM	U500)	for	the	determination	of	external	correction	factors	in	between	the	analyses	of	

the	 solid	micro‐samples,	 a	membrane	 desolvation	 system	 (DSN‐100,	Nu	 Instruments	 Limited,	

Wrexham,	 U.K.)	 was	 connected	 in	 parallel	 to	 the	 laser	 ablation	 system.	 The	 desolvation	 unit	

allows	introducing	a	dry	aerosol	into	the	ICP.	No	solution	was	aspirated	during	laser	ablation.	A	

schematic	diagram	of	this	setup	is	given	elsewhere	(Boulyga	and	Prohaska,	2008).	Instrumental	

parameters	are	summarized	in	Table	2.3‐1.	

	

Table	2.3‐1:	Instrumental	parameters		
Laser	(New	Wave	‘UP	193’)

Ablation	mode	 Static	point	ablation

Wavelength	/	nm 193

Pulse	length	/	ns	 3

Energy	density	/	J	cm‐2 1.70	– 5.83

Power	density	/	GW	cm‐2 0.66	– 2.06

Repetition	rate	/	Hz 10

Spot	size	/	µm	 100	‐ 120

Ar	mix	gas	/	L	min‐1 0.7

Liquid	Sample	Introduction	

System	type	 DSN

Nebulizer	 PFA	100

Sample	uptake	rate	/	µL	min‐1 130

Nebulizer	gas	pressure	/	Pa ~	2	x	105

Nebulizer	gas	flow	rate	/	L	min‐1 ‐

Hot	gas	/	L	min‐1	 ~0.25	

Membrane	gas	/	L	min‐1 ~1.4

Spraychamber	temperature	/	°C 112	– 116

Membrane	temperature	/	°C 119	– 123
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MC‐ICPMS	(Nu	Plasma	HR)

RF	power	/	W	 1300

Auxiliary	gas	/	L	min‐1 0.95

Cool	gas	/	L	min‐1 13

Mass	separation	 1

Isotopes	monitored	
235U,	 236U,	 238U,	 239Pu,	 240Pu,	
242Pu	

Resolution	m/∆m 300	(low	resolution)

Detection	system	 IC0a,	IC1a,	IC2a

High	voltages,	source	and	
transfer	lenses	parameters	

Optimized	 for	 optimal	
sensitivity	

Voltages	applied	to	
collector	and	multiplier	

Optimized	for	optimal	peak		
shape	and	alignment	

Data	acquisition	mode	
TRAb (acquisition	time	per	
data	point:	1	s)	

aSecondary	electron	multiplier

bTime	resolved	analysis

	

The	‘Nu	Plasma	HR’	MC‐ICP‐MS	collector	block	is	equipped	with	twelve	Faraday	cups	and	three	

discrete‐dynode	secondary	electron	multipliers	(i.e.	IC1,	IC0	and	IC2),	which	allows	to	perform	

precise	 isotope	 ratio	 measurements.	 However,	 Pu	 isotopes	 are	 present	 in	 very	 low	

concentrations	 in	environmental	 samples.	Boulyga	et	 al.	 (Boulyga	et	 al.,	 2004)	determined	Pu	

concentrations	in	soil	and	sediment	samples	collected	in	the	10	km	to	30	km	relocation	zone	of	

the	 ChNPP	 in	 the	 10‐12	 to	 10‐11	 g	 g‐1	 range.	 As	 Faraday	 cups	 are	 not	 sensitive	 enough	 for	 the	

detection	 of	 these	 very	 low	 Pu	 ion	 signals	 the	 Pu	 isotope	 ratio	measurements	 could	 only	 be	

performed	by	using	secondary	electron	multipliers	for	the	detection	of	Pu	isotopes.	In	order	to	

simultaneously	detect	 239Pu+,	 240Pu+	and	242Pu+	 ions	with	 three	secondary	electron	multipliers,	

the	standard	collector	block	arrangement	was	modified	by	using	a	‘dog	leg’	deflector,	which	was	

inserted	 at	 the	 L4	 Faraday	 cup	 position	 in	 order	 to	 guide	 the	 ion	 beam	of	 239Pu	 from	 the	 L4	

position	into	IC2.	A	schematic	diagram	of	this	modified	collector	block	is	shown	in	Fig.	2.3‐1.		
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Fig.	2.3‐1:	Collector	block	arrangements	of	the	‘Nu	Plasma	HR’	MC‐ICPMS	(H…Faraday	cup	high	mass	side,	
Ax…Faraday	cup	axial	mass,	L…Faraday	cup	low	mass	side,	IC…ion	counting	multiplier		

(i.e.	secondary	electron	multiplier).	

3. Data	Processing		

The	measured	239Pu,	 240Pu	and	242Pu	signal	 intensities	were	recorded	in	time‐resolved	analysis	

mode	with	 an	 acquisition	 time	of	 one	 second	per	 data	 point.	 A	 typical	 laser	 ablation	 analysis	

performing	 static	 point	 ablation	 lasted	 for	 about	 20	 –	 40	 seconds,	 excluding	 the	 time	 for	 the	

measurement	of	Ar	as	gas	blank.	Ar	gas	blanks	were	recorded	for	about	ten	seconds	prior	to	the	

start	 of	 the	 ablation	 of	 the	micro‐samples	 in	 order	 to	 guarantee	 a	 complete	 wash‐out	 of	 the	

previously	 performed	 analysis.	 The	maximum	 recorded	 signal	 intensities	 per	 ablation	 ranged	

from	about	160		–	600	000	cps	for	239Pu,	60	–	284	000	cps	for	240Pu	and	7	–	19	000	cps	for	242Pu.	

Dead	 time	 correction	 of	 the	 measured	 intensities	 was	 automatically	 performed	 in	 the	 ‘Nu	

Plasma’	software,	applying	the	previously	determined	dead	times	(i.e.	IC0:	8.5	ns,	IC1:	10	ns	and	

IC2:	11	ns).		

Calculation	of	the	242Pu/239Pu	and	240Pu/239Pu	isotope	ratios	was	performed	with	the	help	of	the	

slope	 of	 the	 regression	 lines	 of	 242Pu	 to	 239Pu	 and	 240Pu	 to	 239Pu	 scatter	 plots	 (Fietzke	 et	 al.,	

2008).	The	main	advantage	of	this	data	processing	strategy	is	that	each	data	point,	including	the	

blank,	 is	 used	 for	 the	 evaluation	 and	 that	 the	 contribution	of	 each	data	 point	 to	 the	 linear	 fit	

depends	 on	 its	 signal	 intensity.	 Thus,	 higher	 signal	 intensities,	 usually	 yielding	more	 precise	

data	 than	 lower	 signal	 intensities,	 are	 dominating	 the	 fit	 (Fietzke	 et	 al.,	 2008),	 which	 is	 of	

advantage	 when	 processing	 time	 resolved	 ablation	 profiles.	 Finally,	 the	 242Pu/239Pu	 and	

240Pu/239Pu	isotope	ratios	were	corrected	for	mass	bias	and	secondary	electron	multiplier	gain	

with	external	correction	factors	determined	by	measuring	238U/235U	and	236U/235U	isotope	ratios	

in	CRM	U500	for	at	least	ten	minutes	under	the	assumption	of	similar	mass	bias	effects	of	Pu	and	

U.	238U	was	measured	with	IC0,	whereas	236U	and	235U	were	determined	by	means	of	IC1	and	IC2.	

1%	(m/m)	HNO3	was	analyzed	 for	blank	correction.	Both	 the	blank	and	 the	CRM	U500	signal	



2	 Applications	 Application	III	

135	

	

intensities	 of	 the	 isotopes	 of	 interest	 were	 assessed	 by	 calculating	 an	 average	 of	 six	 blocks,	

where	each	block	represented	an	average	of	100	data	points.		

242Pu/239Pu	 and	 240Pu/239Pu	 isotope	 ratios	 of	 single	 static	 point	 ablations	 (i.e.	 number	 of	 LA	

analyses	 larger	 than	 two)	 on	 an	 individual	micro‐sample	were	 pooled	 together	 if	 the	 isotope	

ratios	 yielded	 a	 homogenous	 distribution	within	 the	 sample	 of	 interest.	 The	 242Pu/239Pu	 and	

240Pu/239Pu	isotope	ratios	of	one	micro‐sample	were	calculated	as	weighted	means	of	replicate	

LA	measurements,	where	the	weighting	factors	were	based	on	the	theoretical	precision	of	 the	

measured	signal	intensities.		

3.1. Uncertainty	assessment	

Computation	 of	 expanded	 (k=2)	 combined	 standard	 measurement	 uncertainties	 (U)	 was	

accomplished	with	 the	GUM	Workbench	Pro	software	(version	2.4,	Metrodata	GmbH,	Weil	am	

Rhein,	 Germany)	 according	 to	 ISO/GUM	 (ISO/IEC	 Guide	 98‐3:2008)	 and	 EURACHEM	

(EURACHEM	/	CITAC	Guide	CG	4)	guidelines.	 Single	parameters	 that	were	propagated	 for	 the	

expanded	 combined	 standard	 measurement	 uncertainties	 of	 both	 liquid	 and	 LA	 analyses	

included	(1)	blank	(U500	measurements)	and	dark	noise	(analyses	of	micro‐samples),	(2)	dead	

time,	(3)	secondary	electron	multiplier	(SEM)	gain	and	(4)	repeatability	of	measurements.	The	

within‐measurement	 repeatability	 of	 the	 laser	 ablation	 analyses	 of	 micro‐samples	 was	

calculated	 from	 the	 uncertainty	 of	 the	 slope	 of	 the	 linear	 regression,	 whereas	 the	 within‐

measurement	 repeatability	 of	 the	 liquid	 measurements	 was	 calculated	 from	 the	 standard	

deviation	of	six	measurement	blocks.		

Uncertainties	of	the	certified	238U/235U	and	236U/235U	isotope	ratios	and	238U+	peak	tailing	at	the	

mass	m‐2	u	(i.e.	1	x	10‐6)	as	well	as	235U1H	hydride	formation	were	additionally	propagated	for	

U500	 measurements.	 However,	 peak	 tailing	 did	 not	 significantly	 contribute	 to	 the	 expanded	

combined	 standard	 measurement	 uncertainties.	 This	 can	 be	 explained	 by	 the	 fact	 that	 peak	

tailing	is	less	pronounced	for	small	ratios	as	is	the	case	for	236U/235U	(i.e.	0.0015192(31)).	Since	

the	242Pu/239Pu	and	240Pu/239Pu	isotope	ratios	of	the	Chernobyl	samples	were	in	the	same	order	

of	magnitude	or	smaller,	peak	tailing	of	239Pu	into	the	masses	of	240Pu	and	242Pu	was	neglected	in	

the	uncertainty	propagation	of	the	micro‐samples.		

Peak	 tailing	 effects	 of	 238U+	 ions,	 originating	 from	 U	 present	 in	 the	 analyzed	 micro‐sample	

cluster,	 into	 the	 masses	 of	 the	 Pu	 isotopes	 of	 interest	 were	 additionally	 propagated.	

Determination	of	this	peak	tailing	effects	was	accomplished	by	measuring	U500	at	an	axial	mass	

of	m=245	u.	This	procedure	allowed	assessing	the	peak	tailing	of	238U+	ions	at	the	masses	m+1	u,	
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m+2	u	 and	m+4	u.	 The	 relative	 intensities	 at	 the	masses	m=242	u,	m=240	u	 and	m=239	u	that	

have	been	normalized	to	the	intensity	of	238U+	ions	were	about	4x	10‐7,	3	x	10‐6	and	3	x	10‐5.	The	

relative	 intensities	at	 the	masses	of	m=242	u	 and	m=240	u	are	 reflecting	 the	peak	 tailing	 from	

238U+	ions,	whereas	the	relative	intensities	at	the	mass	m+1	u	are	representing	both	peak	tailing	

and	a	contribution	from	the	formation	of	238U1H+	ions.		

4. Results	and	Discussion	

Fig.	 2.3‐2	 presents	 measured	 Pu	 isotopic	 compositions	 in	 individual	 micro‐samples	 that	 had	

smaller	and	larger	sizes	(Fig.	2.3‐2A	and	Fig.	2.3‐2B,	respectively).	An	estimate	of	the	sizes	of	the	

micro‐samples	 can	 be	 derived	 from	 the	 respective	 ablation	 areas,	 which	 ranged	 from	

approximately	0.023	mm²–	0.034	mm²	for	smaller	clusters	and	from	0.045	mm²–0.147	mm²	for	

larger	ones.	The	 isotopic	 compositions	were	 calculated	as	weighted	means	of	 242Pu/239Pu	and	

240Pu/239Pu,	 respectively,	 isotope	ratios	determined	per	micro‐sample	 if	 the	 isotope	ratios	did	

not	yield	a	 significant	difference	within	 the	expanded	 (k=2)	combined	standard	measurement	

uncertainties.	The	expanded	uncertainties	(k=2)	for	individual	spot	ablations	ranged	from	4.3	%	

to	 46	 %	 for	 242Pu/239Pu	 and	 from	 4.6	 %	 to	 12	 %	 for	 240Pu/239Pu	 isotope	 ratios.	 In	 case	 of	

242Pu/239Pu	isotope	ratio	measurements,	repeatability	of	the	LA	measurements	and	242Pu	blank	

were	identified	as	main	contributors,	whereas	blank	contribution	became	less	pronounced	with	

higher	242Pu	count	rates	(i.e.	 larger	than	100	cps).	Repeatability	of	LA	measurements	and	SEM	

gain	variations	 for	both	 liquid	and	LA	measurements	were	 identified	as	main	contributors	 for	

240Pu/239Pu	 isotope	 ratio	 measurements.	 The	 within‐LA	 measurement	 repeatabilities	 for	

individual	spot	ablations	ranged	from	0.6	%	to	34.0%	and	from	0.2	%	to	5.1	%	for	242Pu/239Pu	

and	 240Pu/239Pu,	 respectively.	 In	 comparison,	 external	 precisions	 (calculated	 as	 relative	

standard	deviation	of	individual	spot	ablations	per	homogenous	micro‐sample)	ranged	from	0.3	

%	 to	 37.1	%	 and	 0.2	%	 to	 8.9	%	 for	 242Pu/239Pu	 and	240Pu/239Pu,	 respectively.	 All	 individual	

clusters	presented	in	Fig.	2.3‐2	were	homogenous	with	regard	to	their	Pu	isotopic	composition.	

However,	 significant	 differences	 were	 observed	 in	 the	 Pu	 isotope	 compositions	measured	 in	

different	 micro‐samples,	 whereas	 242Pu/239Pu	 and	 240Pu/239Pu	 isotope	 ratios	 of	 all	 micro‐

samples	revealed	a	correlation	 from	 low	to	high	ratios,	 ranging	 from	0.007(2)	 to	0.047(8)	 for	

242Pu/239Pu	and	from	0.183(13)	to	0.577(40)	for	240Pu/239Pu.	As	the	majority	of	the	investigated	

micro‐samples	 (see	 Fig.	 2.3‐2)	 revealed	 a	 homogeneous	 isotopic	 composition,	 it	 can	 be	

concluded	 that	 those	 radioactive	 micro‐samples	 were	 probably	 produced	 by	 particles	 that	

originated	from	the	same	reactor	fuel	assemblies.	
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Fig.	2.3‐2:	Pu	isotopic	composition	of	micro‐samples	(n=35)	collected	in	the	vicinity	of	the	ChNPP‐4.		
The	Pu	isotope	ratios	were	calculated	as	weighted	means	of	242Pu/239Pu	and	240Pu/239Pu,	respectively,	
isotope	ratios	measured	per	micro‐sample.	The	distribution	of	the	Pu	isotopic	compositions	is	shown	for	
smaller	(A)	and	larger	(B)	clusters;	the	micro‐sample	size	is	expressed	as	size	of	the	ablation	area	that	was	
applied	for	Pu	analysis.	The	error	bars	are	indicating	the	expanded	(k=2)	combined	standard	measurement	

uncertainties.	

	

If	 micro‐samples	 were	 large	 enough	 it	 was	 possible	 to	 spatially	 resolve	 the	 Pu	 isotopic	

composition	 within	 individual	 micro‐samples	 by	 applying	 several	 laser	 ablation	 spots	 to	 the	

micro‐sample.	 Thus,	 two	 large	 micro‐samples	 could	 be	 identified	 that	 yielded	 significant	

heterogeneities	in	the	Pu	isotopic	composition	(Fig.	2.3‐3).	
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Fig.	2.3‐3:	Heterogeneous	distribution	of	242Pu/239Pu	and	240Pu/239Pu	isotope	ratios	measured	in	two	
micro‐samples,	Px	and	Py,	collected	in	the	vicinity	of	Chernobyl.	The	error	bars	are	indicating	the		

expanded	(k=2)	combined	standard	measurement	uncertainties	Uc	(k=2).		

These	 two	micro‐samples	were	 obviously	 created	by	 two	or	more	particles,	which	originated	

from	 fuel	 assemblies	with	different	 burn‐up	 grades,	 so	 that	 the	 isotopic	 composition	 of	 these	

micro‐samples	 represent	 a	mixture	 of	 several	 fuel	 particles	with	 different	 burn‐up	 grades.	 It	

should	be	noted	that	the	mixed	isotope	ratios	could	also	be	produced	due	to	insufficient	spatial	

resolution	 of	 the	 applied	 analytical	 techniques,	 as	 both	 nuclear	 track	 radiography	 and	 laser	

ablation	were	 not	 able	 to	 distinguish	 individual	 particles	 if	 distances	 between	 particles	were	

smaller	than	50	µm.				

Boulyga	 and	 Prohaska	 (Boulyga	 and	 Prohaska,	 2008)	 also	 observed	 heterogeneities	 in	 the	 U	

isotopic	 signature	 of	 micro‐samples.	 They	 assumed	 a	 kind	 of	 encapsulation	 of	 particles	 with	

different	U	isotopic	signatures	in	one	micro‐sample.	It	is	still	unclear	if	those	particles	got	mixed	

during	 the	 explosion	 or	 during	 weathering	 and	 dissolution	 in	 soil.	 However,	 the	 presence	 of	

varying	 Pu	 or	 U	 isotopic	 signatures	 in	 one	 sample	 demonstrates	 the	 necessity	 of	 analytical	

methods	that	are	capable	of	spatially	resolving	the	inherent	isotopic	information.		

An	overview	about	previously	published	Pu	isotope	ratios	determined	in	both	soil	and	single	hot	

particles	is	given	in	Table	2.3‐2	for	comparison.	The	average	242Pu/239Pu	and	240Pu/239Pu	isotope	

ratios	 calculated	 from	 the	 results	 of	 all	micro‐samples	measured	 in	 this	 study	 are	 in	 a	 good	

agreement	with	 the	previously	 published	 results	 of	 bulk	 analysis	 of	 soil	 samples.	However,	 it	

should	 be	 mentioned	 that	 very	 limited	 data	 have	 been	 published	 previously	 about	 the	 Pu	

isotope	 composition	 of	 individual	 particles	 (Boulyga	 et	 al.,	 1997;	 Wendt	 et	 al.,	 1999).	 The	

present	study	reports	for	the	first	time	variations	of	Pu	isotope	ratios	in	the	Chernobyl	fallout,	

which	could	not	be	assessed	previously.	The	observed	variations	can	be	explained	by	 the	 fact	

that	spent	fuel	was	gradually	replaced	with	freshly	enriched	uranium	in	the	Chernobyl	RBMK‐
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1000	reactor	during	 its	operation.	That	 resulted	 in	different	 irradiation	histories,	and	 thus,	 in	

varying	burn‐up	grades	of	the	fuel	assemblies	over	the	reactor	core	at	the	time	of	the	accident	

(Begichev	et	al.,	1990).	The	differences	 in	 the	burn‐up	over	 the	reactor	core	were	reflected	 in	

different	 242Pu/239Pu	 and	 240Pu/239Pu	 isotope	 ratios	 in	 the	 fuel	 assemblies.	 While	 239Pu	 is	

generated	 via	 neutron	 capture	 in	 238U	 and	 subsequent	 β‐	 decay,	 240Pu,	 241Pu	 and	 242Pu	 are	

generated	via	neutron	capture	(n,γ)	in	239Pu.	Hence,	higher	fuel	burn‐up	led	to	an	increase	of	the	

heavier	Pu	isotope	fraction	and	as	a	consequence	to	higher	242Pu/239Pu	and	240Pu/239Pu	isotope	

ratios.		

Table	2.3‐2:	Published	Pu	isotope	ratios	of	Chernobyl	fallout	and	reactor	core.	
Literature	reference 240Pu/239Pu 242Pu/239Pu Sample Method

Muramatsu	et	al.	(Muramatsu	et	al.,	2000) 0.403(9)* n.a. Soil	(n=8)	 ICPMS

Boulyga	 and	 Becker	 (Boulyga	 and	 Becker,	
2002)	

0.396(14)* n.a. Soil	(n=8)	 ICPMS

Nunnemann	et	al.	(Nunnemann	et	al.,	1998) 0.394(2)‡ 0.027(1)‡ Soil (n=1)	 RIMS	

Erdmann	et	al.	(Erdmann	et	al.,	1997)	 0.378(2)*,‡ 0.024(1)*,‡ Soil	 RIMS	

Boulyga	et	al.	(Boulyga	et	al.,	1997)	 0.329(16)‡ 0.021(3)‡ Hot	 particle	
(n=1)	

RIMS	

Wendt	et	al.	(Wendt	et	al.,	1999)	 0.378(2)‡ 0.088(1)‡ Hot	 particle	
(n=1)	

RIMS	

Kirchner	 and	 Noack	 (Kirchner	 and	 Noack,	
1988)	

0.56*,† 0.044*,† Reactor	core	 Calculation

Begichev	et	al.	(Begichev	et	al.,	1990)	 0.39*,† 0.045*,† Reactor	core	 Calculation

*average	values	

‡	Isotope	ratios	were	calculated	from	published	isotopic	compositions

†	Isotope	ratios	were	calculated	from	published	activity	data	
	

Fig.	2.3‐4	compares	the	measured	Pu	isotopic	signatures	in	micro‐samples	with	the	Pu	isotopic	

composition	 distribution	 that	 is	 typical	 for	 a	 RBMK‐1000	 reactor	 with	 the	 initial	 235U	

enrichment	of	about	2	%.	The	latter	data	was	published	by	the	Oak	Ridge	National	Laboratory	

(ORIGEN‐ARP,	2006).	That	study	can	be	taken	for	comparison	in	the	first	approximation	as	the	

Chernobyl	 reactor	 exhibited	 similar	 characteristics.	 The	 Pu	 isotopic	 distribution,	 which	 is	

plotted	according	to	increasing	burn‐ups	of	the	spent‐fuel	of	the	RBMK‐1000	reactor,	follows	a	

polynomial	curve.	As	can	be	seen	from	Fig.	2.3‐4	such	a	curve	does	also	fit	the	distribution	of	the	

Pu	isotopic	signatures	of	all	micro‐samples	analyzed	in	this	study	except	in	the	case	of	just	a	few	

samples,	which	 slightly	deviate	 from	 the	predicted	distribution.	Those	deviations	might	occur	

due	to	the	specific	peculiarities	of	the	nuclear	core	parameters	of	the	Chernobyl	reactor,	which	

were	not	accounted	for	in	the	previous	study	(ORIGEN‐ARP,	2006).	
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Fig.	2.3‐4:	Comparison	of	the	Pu	isotopic	distribution	with	increasing	burn‐up	in	a		
RBMK‐1000	reactor	(ORIGEN‐ARP,	2006)4	with	the	Pu	isotopic	distribution	measured		

in	micro‐samples	from	the	Chernobyl	fallout.	

5. Conclusions	

Modern	MC‐ICP‐MS	instruments	represent	a	highly	efficient	analytical	tool	for	the	analysis	of	Pu	

isotopic	compositions	of	environmental	 samples,	which	allows	 identification	of	 contamination	

sources	and,	thus	provides	valuable	information	for	emergency	and	response	actions	in	the	case	

of	a	nuclear	incident.	In	addition,	implementation	of	laser	ablation	coupled	to	MC‐ICP‐MS	allows	

a	precise	spatially	resolved	isotope	analysis	and	provides	more	insight	into	specific	signatures	

of	 contamination	 as	 has	 been	 demonstrated	 in	 this	 study	 on	 the	 example	 of	 242Pu/239Pu	 and	

240Pu/239Pu	 isotope	 ratio	 analysis	 in	 environmental	micro‐samples	 collected	 in	 the	 vicinity	 of	

Chernobyl	NPP.		
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3 Summary	and	conclusions	

In	this	thesis	 it	was	shown	that	LA‐MC‐ICPMS	is	a	reliable	and	robust	technique	for	providing	

high‐quality	 U	 and	 Pu	 isotope	 ratio	 data	 measured	 in	 distinct	 individual	 particles	 (i.e.	 glass	

particles,	 uranium	 oxide	 particles,	 micro‐samples	 from	 the	 Chernobyl	 fallout).	 Analytical	

method	 development	 and	 validation	 was	 accomplished	 using	 certified	 reference	 materials.	

Computation	of	 expanded	 total	 combined	 standard	uncertainty	budgets	 enabled	 to	 assess	 the	

main	contributors	to	the	uncertainty,	and	thus	to	optimize	the	analysis.		

Moreover,	the	evaluation	of	the	applicability	of	different	evaluation	strategies	was	addressed	as	

this	step	is	crucial	for	determining	accurate	and	precise	isotope	ratios.	It	was	demonstrated	that	

the	 newly	 developed	 data	 evaluation	 strategy	 using	 a	 so	 called	 ‘finite	 mixture	 model’	 is	 a	

promising	approach	for	the	accurate	determination	of	an	unknown	number	of	different	isotopic	

compositions	 of	 an	 entity	 of	 particles.	 Apart	 from	 the	 potential	 use	 of	 this	 data	 processing	

strategy	 for	 swipe	 samples,	 the	model	may	 be	 useful	 in	 all	 fields	 dealing	with	 the	 analysis	 of	

different	isotopic	signatures	present	in	mixed	samples.		

The	use	of	LA‐MC‐ICPMS	additionally	enabled	 to	 spatially	 resolve	 the	Pu	 isotopic	 information	

stored	in	micro‐samples	from	the	Chernobyl	fallout.	Since	no	information	about	the	variation	of	

the	 Pu	 isotopic	 composition	within	 the	 Chernobyl	 reactor	 core	 is	 available	 in	 literature,	 new	

insights	are	provided	by	the	outcome	of	the	accomplished	work.	Furthermore,	the	potential	of	

LA‐MC‐ICPMS	 for	 analyzing	 and	 spatially	 resolving	 actinide	 isotopic	 compositions	 in	

environmental	matrices	could	be	demonstrated.	The	analysis	of	environmental	matrices	poses	a	

challenge	 for	 both	 SIMS	 and	 TIMS.	 The	 application	 of	 SIMS	 is	 limited	 due	 to	 the	 presence	 of	

molecular	 interferences,	whereas	 in	TIMS	 the	 analysis	 of	 very	 low	actinide	 amounts	 typically	

present	 in	environmental	 samples	 is	challenging	due	 to	 its	 low	sensitivity.	 In	comparison,	LA‐

MC‐ICPMS	 provides	 higher	 sensitivity	 and	 is	 less	 prone	 to	 molecular	 interferences,	 which	

underlines	the	potential	use	of	this	technique	for	the	analysis	of	environmental	samples.			

Summing	 up,	 it	 can	 be	 said	 that	 LA‐MC‐ICPMS	 is	 a	 state‐of‐the‐art	 analytical	 technique	 for	

obtaining	 reliable	 isotopic	 information	with	 regard	 to	 potentially	 safeguards‐relevant	 particle	

samples.	 As	 LA‐MC‐ICPMS	 offers	 advantages	 especially	 for	 the	 analysis	 of	 environmental	

samples,	 it	 may	 most	 likely	 be	 routinely	 used	 in	 the	 future	 for	 resolving	 actinide	 isotopic	

information	of	particles	embedded	in	environmental	matrices.	Nonetheless,	as	LA‐MC‐ICPMS	is	
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also	applicable	for	accurately	determining	the	U	isotopic	compositions	of	individual	particles,	it	

may	 also	 be	 applied	 as	 a	 reference	 method	 in	 international	 safeguards	 for	 single	 particle	

analysis.	However,	an	individual	selection	of	particles	with	sizes	in	the	low	micrometer	range	is	

limited	with	this	method,	thus	bearing	the	danger	of	determining	mixed	isotope	ratios.	Hence,	

future	investigations	have	to	focus	on	particle	pre‐selection,	which	is	regarded	as	a	pre‐requisite	

for	subsequent	LA‐MC‐ICPMS	analysis	of	individual	particles.		

The	 use	 of	 a	 fs‐LA	 system	 is	 regarded	 as	 promising	 for	 improving	 U	 and	 Pu	 isotope	 ratio	

measurements	 in	 terms	 of	 accuracy	 and	 precision.	 The	 improvement	 of	 the	 precision	 is	

regarded	 as	 crucial	 as	 the	 reproducibility	 was	 identified	 as	 main	 contributor	 in	 combined	

uncertainty	budgets.	Thus,	it	represents	the	major	parameter	that	has	to	be	considered	in	future	

method	 development.	 Apart	 from	 the	 use	 of	 a	 fs‐LA	 system,	 improved	 precision	may	 also	 be	

achieved	 by	 increasing	 the	 sensitivity,	 using	 for	 example	 high‐performance	 cones	 in	

combination	with	a	high	capacity	 interface	pump.	 Increased	sensitivity	would	result	 in	higher	

signal	intensities,	and	thus	in	more	precise	isotope	ratio	measurements.		

In	 addition,	 future	 work	 should	 focus	 on	 the	 isotopic	 analysis	 of	 real	 safeguards	 samples	 in	

order	 to	 fully	 evaluate	 the	 applicability	 of	 LA‐MC‐ICPMS	 for	 a	 routine	 application.	Moreover,	

representative	 safeguards	particle	 samples	 should	be	 analyzed	with	 (FT‐)TIMS,	 SIMS	and	LA‐

MC‐ICPMS	 for	 a	 direct	 comparison	 in	 order	 to	 fully	 assess	 the	 merits	 and	 limitations	 of	 the	

different	 methods	 for	 different	 kinds	 of	 samples	 (i.e.	 uranium	 oxide	 particles,	 particles	

embedded	in	environmental	matrices,	etc.).	
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5 Appendices	

5.1 Supplementary	information	

5.1.1 Particle	sampling	for	subsequent	LA‐MC‐ICPMS	analysis 	

Sampling	and	treatment	of	single	particles	 is	a	crucial	step	for	subsequent	LA‐ICPMS	analysis.	

Generally,	 the	particles	have	 to	be	sampled	on	a	 target,	which	can	be	easily	put	 into	 the	 laser	

ablation	cell.	Furthermore,	 it	has	to	be	ensured	that	the	particles	are	not	 loose	on	the	target’s	

surface	 in	 order	 to	 guarantee	 that	 individual	 particles	 are	 not	 relocated	 by	 the	 laser	 ablation	

carrier	gas	 flowing	through	the	 laser	cell.	 In	addition,	non‐fixed	particles	may	be	disturbed	by	

the	 shock	wave	 generated	 at	 the	 ablation	 site,	which	would	 result	 in	 a	 relocation	 of	 adjacent	

particles	or	the	particle	of	interest	itself.	E.g.	if	the	particle	of	interest	was	laterally	hit,	only	this	

fraction	would	be	available	for	analysis		as	another	fraction	would	most	likely	be	relocated	as	a	

result	of	the	shock	wave.			

Typically,	particles	analyzed	for	environmental	safeguards	are	collected	on	cotton	swipes	(see	

also	1.1.1.1).	As	SIMS	measurements	demand	a	conductive	surface,	the	collected	particles	have	

to	be	transferred	onto	such	a	surface.	The	particles	are	usually	picked	from	the	cotton	swipe	by	

means	of	so‐called	vacuum	impactor	sampling,	which	enables	to	transfer	the	particles	from	the	

cotton	 swipe	onto	 a	 conductive	 graphite	 planchet.	As	 this	 sampling	 strategy	was	 regarded	 as	

very	useful	for	the	sampling	of	particle	certified	reference	materials	for	LA‐MC‐ICPMS	analysis,	

the	sampling	approach	by	means	of	vacuum	impacting	was	adopted	for	such	samples.	In	case	of	

particle	 sampling	 for	 LA‐MC‐ICPMS	 Si	 planchets	were	 used	 instead	 of	 graphite	 ones.	 Another	

modification	was	that	particle	fixation	was	not	accomplished	by	means	of	an	organic	solvent	and	

subsequent	 baking.	 The	 strategies	 that	 were	 applied	 within	 the	 course	 of	 this	 work	 are	

described	below.		

Sampling	of	particle	certified	reference	materials	by	means	of	the	vacuum	impactor	taking	was	

accomplished	 in	 a	 clean	 room	 (class	 100)	 in	 the	 Safeguards	 Analytical	 Laboratories	 in	

Seibersdorf,	Lower	Austria.	The	particle	samples	were	handled	in	a	glove	bag,	which	was	placed	
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in	a	laminar	flow	box	in	order	to	circumvent	contaminations	of	the	swipe	and	the	surrounding	

working	area,	respectively.	The	vacuum	impactor	sampling	included	the	following	steps:		

 Checking	of	particle	counts	of	the	sample	preparation	room.		

 Examination	 of	 the	 polished	 surface	 of	 an	 unused	 planchet	 by	 means	 of	 an	 optical	

microscope.		

 Cleaning	of	the	surface	by	using	an	alcohol	swipe	and	checking	of	the	surface.	

 Putting	an	o‐ring	into	the	vacuum	impactor	head.	
 Placing	the	planchet	on	the	o‐ring.	
 Placing	of	a	glove	bag	into	the	laminar	flow	box.		

 Putting	 of	 tweezers,	 the	 planchet	 case,	 a	 pair	 of	 gloves,	 the	 vacuum	 impactor	

(containing	the	planchet),	a	lab	dish,	the	swipe	(with	particles	on	it)	and	a	tygon	tubing	

into	the	glove	bag.		

 Connecting	one	end	of	the	tygon	tubing	with	a	filter.		

 Unfolding	the	glove	bag	by	means	of	filtered	air.	

 Removing	of	 the	air	 tubing	 and	connecting	 the	 tygon	 tube	with	 the	 tube	going	 to	 the	

membrane	 pump.	 Prior	 to	 this,	 the	 opening	 of	 the	 glove	 bag	 where	 the	 tube	 is	

connected	 with	 the	 membrane	 pump	 and	 the	 air,	 respectively,	 has	 to	 sealed	 with	 a	

Scotch	tape.	

 Closing	of	the	other	end	of	the	glove	bag	(i.e.	neck)	by	means	of	plastic	rails.	

 Connecting	 the	 vacuum	 impactor	 head	with	 the	 end	 of	 the	 tygon	 tube	 placed	 in	 the	
glove	bag.		

 Putting	both	hands	into	the	glove	bag	and	putting	on	the	gloves	that	were	placed	into	

the	glove	bag	before.	

 Connecting	 the	 vacuum	 impactor	 head	with	 the	 end	 of	 the	 tygon	 tube	 placed	 in	 the	
glove	bag.		

 Putting	of	the	swipe	into	the	lab	dish.	

 Putting	of	the	nozzle	of	the	vacuum	impactor	head	onto	the	swipe.	

 Turning	on	of	the	membrane	pump	and	swiping	(3‐5	s)	of	the	particles.	

 Repetition	of	the	sampling	for	several	times.		

 After	 sampling,	 removing	 of	 the	 planchet	 from	 the	 vacuum	 impactor	 head	 using	 the	

tweezers	and	placing	the	planchet	into	a	planchet	case.		

 Removing	of	the	planchet	from	the	glove	bag.		

 Checking	of	the	surface	with	an	optical	microscope.	

After	 particle	 sampling	 by	means	 of	 a	 vacuum	 impactor,	 two	 different	 strategies	 for	 particle	

preparation	 for	 subsequent	 LA‐MC‐ICPMS	 analysis	 have	 been	 investigated:	 1)	 transfer	 of	 the	
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particles	from	the	planchet	onto	a	cellulose	acetate	membrane	and	2)	fixation	of	the	particles	on	

the	planchet	using	commercially	available	nail	polish.		

The	 first	strategy	 is	shown	in	Fig.	5.1‐1.	The	Si	planchet	 is	put	 into	a	specially	designed	PTFE	

device,	which	consist	of	two	parts.	The	lower	part,	which	holds	the	planchet,	is	put	into	a	glass	

petri	 dish	 slightly	 filled	 with	 acetone.	 Care	 must	 be	 taken	 that	 the	 planchet	 is	 not	 in	 direct	

contact	 with	 the	 acetone.	 The	 planchet	 holder	 was	 designed	 in	 a	 way	 so	 that	 this	 can	 be	

circumvented.		A	cellulose	acetate	membrane	filter	(OE	67,	Whatman	GmbH,	Dassel,	Germany)	is	

put	onto	the	planchet.	Then	the	upper	part	of	the	PTFE	device	is	put	onto	the	device.	This	part	is	

having	a	cut‐out	so	that	the	acetone	vapor	present	in	the	glass	petri	dish	can	easily	interact	with	

the	 membrane	 filter.	 This	 membrane‐acetone	 interaction	 results	 in	 a	 dissolution	 of	 the	

membrane.	Thus,	 the	particles	present	on	the	planchet	are	transferred	 into	the	membrane.	As	

soon	as	the	membrane	gets	transparent	it	can	be	put	out	of	the	acetone	vapor.	The	particles	are	

then	enclosed	in	the	dry	membrane,	which	can	be	fixed,	using	commercially	available	glue,	on	a	

glass	 slide	 typically	 used	 for	 microscopy.	 The	 glass	 slide	 can	 then	 be	 inserted	 into	 the	 laser	

ablation	cell.		

	

	

Fig.	5.1‐1:	Particle	transfer	onto	a	cellulose	acetate	membrane.	

	

In	 the	second	strategy,	 the	particles	were	directly	 fixed	on	the	planchet’s	 surface	by	means	of	

commercially	 available	 transparent	 nail	 polish.	 The	 nail	 polish	 was	 diluted	 with	 acetone	

according	to	a	1:1	ratio	in	order	to	enable	to	pipette	the	mixture	on	the	planchet’s	surface.	The	

planchet	can	be	directly	put	into	the	laser	ablation	cell.		

It	 is	recommended	to	use	the	second	strategy	for	particle	 fixation	as	 it	 is	 less	time‐consuming	

and	easily	applicable.		
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5.1.2 Dead	 time	 determination	 and	 linearity	 studies	 of	 secondary	 electron	

multipliers	installed	in	the	‘Nu	Plasma	HR’	MC‐ICPMS	at	BOKU,	Vienna		

Theoretical	considerations	regarding	dead	time	determination	and	linearity	studies	are	given	in	

section	1.5.2.3.		

Experimental	

The	applied	measurement	procedure	was	based	on	the	dynamic	procedure	proposed	by	Richter	

et	al.	(Richter	et	al.,	2009)	for	linearity	studies	performed	by	TIMS.	In	the	proposed	procedure	a	

certified	isotopic	reference	material,	which	fulfills	the	requirements	for	SEM	linearity	studies,	is	

measured	at	different	count	rate	intensities	in	a	so	called	peak‐jumping	mode,	in	which	the	SEM	

detector	only	is	applied	(Richter	et	al.,	2009).		

In	 this	 study	 IRMM‐073/7	 (European	 Commission‐JRC,	 Institute	 for	 Reference	 Materials	 and	

Measurements,	 Geel,	 Belgium)	 was	 applied	 for	 the	 performed	 measurements.	 This	 certified	

isotopic	 reference	material	 consists	of	 233U,	 235U	and	 238U.	While	 233U/235U	 (i.e.	0.019993)	was	

used	to	investigate	the	deviation	of	the	measured	from	the	certified	isotope	ratio,	235U/238U	(i.e.	

0.99317)	 was	 applied	 for	 determining	 the	 mass	 bias	 correction	 factors.	 The	 measured	

concentrations	ranged	from	0.006	ng	g‐1	to	ca.	20	ng	g‐1.	The	235U	count	rate	intensities	ranged	

from	about	5	x	10‐4	to	1.8	x	10‐6	cps.	

Concerning	TIMS	measurements,	the	ion	signal	is	very	stable	and	does	not	show	time	dependent	

signal	 fluctuations	 that	 are	 occurring	 if	 an	 ICP	 is	 applied	 as	 ion	 source.	 Thus,	 the	 dynamic	

measurement	procedure	was	modified	for	linearity	studies	of	three	discrete‐dynode	secondary	

electron	multipliers	 (i.e.	 ion	 counting	multiplier)	 that	 are	 installed	 in	 the	 ‘Nu	Plasma	HR’	MC‐

ICP‐MS	 instrument	 at	 the	 BOKU	 Vienna.	 The	 applied	 cup	 configurations	 are	 shown	 in	 Table	

5.1‐1.	The	cup	configurations	and	measurement	cycles,	respectively,	were	applied	to	internally	

determine	the	mass	bias	correction	factors,	the	233U/235U	isotope	ratio	and	the	ion	counter	yield	

(i.e.	IC	yield)	for	each	concentration.	

The	 dead	 time	 has	 been	 set	 to	 zero	 prior	 to	 the	 measurements.	 The	 determination	 of	 the	

background	 was	 performed	 by	 measuring	 1	 %	 (w/w)	 HNO3	 for	 10	 minutes	 prior	 to	 the	

measurement	 of	 the	 different	 concentrations	 of	 IRMM‐073/7.	 The	 different	 standard	
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concentrations	have	been	measured	from	low	to	high	concentrations.	Instrumental	parameters	

are	given	in	Table	5.1‐2.	

Table	5.1‐1:	Cup	configurations	

Ion	counter	 Cycle	 Cup	configurations
		 		 H2	 H1	 Ax	 L1	 L2	 IC0	 L3	 IC1	 L4	 IC2	

IC0	
1	 238	 235 233 		 		
2	 		 238 235 233	 		 		

IC1	

1	 238	 235 233 		 		
2	 238 235 233	
3	 238 235	 233	
4	 238	 235 233 		 		

IC2	

1	 238 235
2	 238 235	 233	
3	 238 235	
4	 		 238 235 		 		

	

Table	5.1‐2:	Instrumental	parameters	

DSN	parameter	
Nebuliser PFA	100
Nebuliser	pressure	/	Psi	 25.1	‐ 31
Hot	gas	flow	(Ar)	/	Lmin‐1	 0.22‐0.29	
Membrane	gas	flow,	/Lmin‐1	 2.55‐2.6	
Spraychamber	temperature	/	C	 113‐116	
Membrane	temperature	/	C	 115‐116	
ICPMS	(Nu	Plasma	HR)	parameter
RF	power	/	W	 1300
Auxiliary	gas	flow	/	Lmin‐1	 1.2	
Cool	gas	flow	rate	/Lmin‐1	 13	
Cones	 Ni
Axial	mass	MC‐ICPMS	/	m/z 236,	238	,	239,	240,	242	
Masses	monitored	/	m/z	
Zoom	lens	parameter	

Quad	1,	V	 44.0	to	‐49.7	
Quad	2,	V	 ‐92.5	to	‐124.1	

High	voltages,	source	and	transfer	lenses	parameter	
Optimised	 for	 optimal	
sensitivity	

Voltages	applied	to	the	ion	counters
Low	mass	IC	/	V	 ‐321
High	mass	IC	/	V	 ‐329
Dog	leg	IC	/	V	 349
Dog	leg	skew	/V	 0
Cent	def	/V	 ‐350

Voltages	applied	to	the	multiplier
IC0	 ‐2480
IC1	 ‐2350
IC2	 ‐2170

Data	acquisition	mode	
Integration	time/measurement	

10	cycles/block,	6	blocks	
10	s	
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Results		

The	measured	intensities	have	been	background	corrected	prior	to	further	evaluation.		

The	applied	mass	bias	correction	factors	were	determined	by	measuring	235U	and	238U	with	two	

Faraday	 cups	 (see	Table	 5.1‐1).	 The	mass	 bias	 correction	 factor	 of	 235U/238U	 (eq.	 5.1‐1a)	was	

used	 to	 calculate	 the	mass	 bias	 per	mass	 unit	 (eq.	 5.1‐1b)	 for	 the	major	U	 isotope	 ratio.	 The	

latter	was	applied	for	the	calculation	of	the	mass	bias	correction	factor	of	233U/235U	(eq.	5.1‐1c).	

	

, / 	 	 /

/
	 	 	 	 	 	 	 	 	 (5.1‐1a)	

/ 	 % , / ∗
		 	 	 	 	 	 	 (5.1‐1b)	

, / 	 	 / ∗
1	 	 	 	 	 	 	 (5.1‐1c)	

	

The	 233U/235U	 isotope	 ratios	 of	 the	measured	 concentrations	 of	 IRMM	073/7	were	 calculated	

according	to	eq.	5.1‐2a,	eq.	5.‐1‐2b	and	eq.	5.‐1‐2c:							

	

⁄ 	 , 	 , 	⁄

, 	 	 , 	⁄
∗ , / 	 	 	 	 	 (5.1‐2a)	

⁄ 	 , 	 , 	⁄

, 	 	 , 	⁄
∗ , / 	 	 	 	 	 (5.1‐2b)	

⁄ 	 , 	 , 	⁄

, 	 	 , 	⁄
∗ , / 	 	 	 	 	 (5.1‐2c)	

	

In	addition	the	233U/235U	isotope	ratios	were	multiplied	by	a	factor	of	0.9996	to	correct	for	the	

decay	of	233U	since	production	date.	

The	relative	difference	between	 the	determined,	corrected	by	means	of	 the	mass	bias	and	the	

decay	of	233U	since	certification	date,	from	the	certified	isotope	ratio	was	calculated	according	to	

eq.	5‐1.‐3:	

. . 233 235⁄ 233 235⁄⁄ 1	 	 	 	 	 	 (5.1‐3)	

	

The	ion	counter	yields	were	calculated	according	to	the	following	equations:	
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	 , 	 , 	⁄

, 	 	 , 	⁄
	 	 	 	 	 	 	 	 (5.1‐4b)	

	 , 	 , 	⁄

, 	 	 , 	⁄
		 	 	 	 	 	 	 	 (5.1‐4c)	

	

Linearity	of	ion	counting	multipliers		

It	 is	 well	 known	 that	 secondary	 electron	 multipliers	 tend	 to	 have	 a	 non‐linear	 behavior,	 in	

particular	at	higher	count	rates	(>	10‐5	cps)	(Richter	et	al.,	2001).	This	effect	has	to	be	corrected	

in	order	to	perform	accurate	isotope	ratio	measurements.	The	non‐linearity	of	the	investigated	

ion	counting	multipliers	 is	shown	in	Fig.	5.1‐2.	The	slopes	of	 the	 linear	regression	 lines	 in	Fig.	

5.1‐2	were	used	to	calculate	the	dead	times	of	the	ion	counter	multipliers	using	eq.	5.1‐5.		

	 1 233 235⁄ ∗ 10⁄ 		 	 	 	 	 (5.1‐5)	

Dead	times	of	34	ns,	4	ns	and	3	ns	were	determined	for	IC0,	IC1	and	IC2,	respectively.		
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Fig.	5.1‐2:	Non‐linear	behavior	of	ion	counting	multipliers	(i.e.	IC0,	IC1,	IC2)	

Dependence	of	ion	counter	yield	on	total	counts	

A	linear	relationship	between	the	ion	counter	yield	and	the	235U	count	rate	was	observed	(see	

Fig.	5.1‐3).	The	ion	counter	yields	of	all	three	ion	counting	multipliers	decreased	with	increasing	

235U	count	rates.	This	demonstrates	well	that	correction	for	the	change	in	the	ion	counter	yield	is	

crucial	for	determining	accurate	isotope	ratios.		
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Fig.	5.1‐3:	Correlation	of	ion	counter	yield	with	increasing	235U	count	rate	
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5.4 List	of	Abbreviations	

Ac	 actinium	

Ag	 silver	

Al	 aluminum	

AMS	 accelerator	mass	spectrometry	

AP	 additional	protocol		

Ar	 argon	

Ar	 argon	

ArF	 argon	fluoride	

As	 arsenic	

Au	 gold	

Ba	 barium	

Ba	 barium	

Bi	 bismuth	

BOG	 Board	of	Governors	

Bq	 becquerel	

Ca	 calcium	

Ca	 calcium	

Cd	 cadmium	

Cd	 cadmium	

CDD	 Compact	discrete	dynode	

Ce	 cerium	

CEM	 continuous	dynode	or	channel	electron	multiplier	

ChNPP	 Chernobyl	nuclear	power	plant	

CL	 clean	Laboratory	for	Safeguards	

Cl	 chlorine	

Co	 cobalt	

cps	 counts	per	second	

Cr	 chromium	

CRM	 certified	reference	material	

CRM	 certified	reference	material	

CSAs	 comprehensive	safeguards	agreements	

Cu	 copper	

DNAA	 Delayed	neutron	activation	analysis	

DPRK	 Democratic	People’s	Republic	of	Korea	

DU	 depleted	uranium	

EDX	 energy‐dispersive	x‐ray	
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ELPI	 electrical	low‐pressure	impactor	

ELPI	 electrical	low‐pressure	impactor	

EMPA	 electron	microprobe	

ES	 environmental	sampling	

Fe	 iron	

Fr	 francium	

fs	 femtosecond	

FT	 fission	track	

Ga	 gallium	

Ga	 gallium	

GC	 gas	chromatography	

Gd	 gadolinium	

Ge	 germanium	

GSR	 gunshot	residue	

He	 helium	

HEU	 highly	enriched	uranium	

Hg	 mercury	

HPLC	 high	performance	liquid	chromatography	

HR	 high	resolution		

HRGS	 high‐resolution	gamma	spectrometry	

IAEA	 International	atomic	energy	agency	

IC	 ion	counter	

ICP	 inductively	coupled	plasma	

IDA	 inter‐digitated	electrode	array	

INAA	 instrumental	neutron	activation	analysis	

IR	 infrared	

IRMM	 Institute	for	Reference	Materials	and	Measurements	

ITWG	 International	Technical	Working	Group	Combating	Illicit	Trafficking		

JRC	 Joint	research	center	

K	 potassium	

keV	 kilo	electron	volt	

LA	 laser	ablation	

LEU	 low	enriched	uranium	

LG	 large	geometry	

LIBS	 laser	induced	breakdown	spectroscopy	

LRS	 linear	regression	slope	

MC	 multi	collector	

MeV	 mega	electron	volt	

Mg	 magnesium	

MIC	 multi	ion	counting	

Mn	 manganese	
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Mo	 molybdenum	

MS	 mass	spectrometry	

Na	 sodium	

Nd	 neodymium	

Nd:YAG	 neodymium‐doped	yttrium	aluminum	garnet	

Ni	 nickel	

NIST	 National	Institute	of	Standards	and	Technology		

NNWS	 non‐nuclear	weapon	States	

NPP	 nuclear	power	plant	

NPT	 Treaty	on	the	Non‐Proliferation	of	Nuclear	Weapons	

ns	 nanosecond	

NU	 natural	uranium	

NUSIMEP	 Nuclear	signatures	interlaboratory	measurement	evaluation	programme	

NWAL	 Network	Analytical	Laboratories		

NWR	 New	Wave	Research	

P	 phosphorus	

Pa	 protactinium	

Pb	 lead	

PBP	 point	by	point	

Pd	 palladium	

PGE	 platinum	group	elements	

Po	 polonium	

POI	 person	of	interest	

Pt	 platinum	

PTFE	 polytetrafluoroethylene	

PTFE	 polytetrafluoroethylene	

Pu	 plutonium	

Q	 quadrupole	

Ra	 radium	

Re	 rhenium	

Rh	 rhodium		

Rn	 radon	

RPQ	 retarding	potential	quadrupole	

RSD	 relative	standard	deviation	

RU	 relative	expanded	uncertainty	(k=2)	

Ru	 ruthenium	

S	 sulphur	

Sb	 antimony	

Se	 selenium	

SEM	
scanning	 electron	 microscopy	 or	 discrete	 dynode	 secondary	 electron	
multiplier	
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SF	 sector	field	

SG	 small	geometry	

Si	 silicon	

SIMS	 secondary	ion	mass	spectrometry	

Sn	 tin	

Sr	 strontium	

SRM	 standard	reference	material	

SSNTD	 solid	state	nuclear	track	detector	

STEM	 scanning	transmission	electron	microscopy	

Ta	 tantalum	

Ta	 tantalum	

Tc	 technetium	

Th	 thorium	

Ti	 titanium	

TIMS	 thermal	ionization	mass	spectrometry	

Tl	 thallium	

Tl	 thallium	

TOF	 time	of	flight	

U	 uranium	

UV	 ultraviolet	

V	 vanadium	

VUV	 vacuum	ultraviolet	

W	 tungsten	

WARP	 wide‐angle	energy	retarding	filter	

WDX	 wavelength‐dispersive	x‐ray	

XRF	 x‐ray	fluorescence	spectrometry	

Yb:KGW	 ytterbium	doped	potassium	gadolinium	tungstate	

Zn	 zinc	
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