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Abstract

In nuclear fuel, in approximately one quarter of the �ssions, one of the two formed �ssion
products is gaseous. These are mainly the noble gases xenon and krypton with isotopes of
xenon contributing up to 90% of the product gases. These noble �ssion gases do not combine
with other species, and have a low solubility in the normally used uranium oxide matrix. They
can be dissolved in the fuel matrix or precipitate in nanometer-sized bubbles within the fuel
grain, in micrometer-sized bubbles at the grain boundaries, and a fraction also precipitates
in fuel pores, coming from fuel fabrication. A fraction of the gas can also be released into
the plenum of the fuel rod. With increasing �ssion, and therefore burn-up, the ceramic fuel
material experiences a transformation of its structure in the "cooler" rim region of the fuel. A
subdivision occurs of the original fuel grains of few microns size into thousands of small grains
of sub-micron sizes. Additionally, larger pores are formed, which also leads into an increasing
porosity in the fuel rim, called high burn-up structure. In this structure, only a small fraction
of the �ssion gas remain in the matrix, the major quantity is said to accumulate in these pores.
Because of this accumulation, the knowledge of the quantities of gas within these pores is of
major interest in consideration to burn-up, fuel performance and especially for safety issues. In
case of design based accidents, i.e. rapidly increasing temperature transients, the behavior of
the fuel has to be estimated.
Various analytical techniques have been used to determine the Xe concentration in nuclear fuel
samples. The capabilities of EPMA and SIMS have been studied and provided some qualitative
information, which has been used for determining Xe-matrix concentrations. First approaches
combining these two techniques to estimate pore pressures have been recently reported. How-
ever, relevant Xe isotope concentrations in �ssion gas inclusions have not been reported yet.
The aim of this work was focused on quantitative analysis of Xe isotope concentrations in inclu-
sions of high burn-up samples to determine gas pressures within fuel pores. Therefore, various
calibration strategies were studied in great detail. The investigation of Xe-implantation showed
that the uncertainties in Xe ion implantation are too high to produce suitable Xe-implanted
standard materials. The generation of Xe-bubbles in Plexiglass was also investigated and Xe
inclusions of di�erent bubble sizes were generated. However, the size determinations of the
inclusions, the opening and possible gas losses through the Plexiglass were factors preventing
accurate Xe quanti�cation.
The use of direct Xe gas injection was considered as a suitable strategy for establishing cali-
bration curves. The Xe response was studied in dependence on gas concentration, gas volume
and presence or absence of matrix in the ICP. To investigate the ionization behavior of Xe in
the ICP, the ablation behavior of ZrO2 and UO2 was determined in dependence on di�erent
wavelengths (266nm, 193nm), crater diameters, repetition rates and carrier gases (Ar, He).
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The mass ablated per laser pulse was very similar for the two matrices. The simultaneous intro-
duction of matrix and gas into the ICP showed insigni�cant matrix e�ects. Even the absence
of matrix e�ects was shown, �ltering of the matrix before entering the plasma was evaluated
to be crucial. Applying a �lter leads to a complete gas/solid separation and opens access to
the matrix interfering134Xe and136Xe isotopes. Thus, calibration gas addition in combination
with an aerosol �lter was the key strategy for quanti�cation of Xe �ssion gas production in
high burn-up fuel samples. Gas addition in volumes of 1 to 100�l and at a concentration of 20
and 200� g

g provided linear calibration curves with a regression coe�cient of 0.9996 (ZrO2) and
0.9883 (UO2), respectively. The sensitivity-based calculation of limits of detection indicates
that Xe concentrations as low as 200ng

g are detectable by LA-ICP-MS.
The fundamental calibration studies were furthermore applied to "real" high burn-up samples
and detailed studies using SEM, OM, EPMA, SIMS, HPLC-MC-ICP-MS and LA-ICP-MS were
used to characterize selected fuel samples. Matrix Xe concentrations, sizes of locally formed
pores in fuel pellet cross sections, qualitative Xe-distribution within di�erent sized pores and
quantitative Xe isotope concentrations were determined. It was shown that a thorough investi-
gation of such complex materials requires various analytical techniques. However, LA-ICP-MS
was the only technique providing quantitative information of the Xe-isotope concentrations.
Finally, the experimentally determined Xe data were used to estimate the gas pressures in pores
formed at di�erent fuel positions. The uncertainty of the pressure determined from experimen-
tal data indicate the necessity of further analysis on fuel samples to distinguish between e�ects
of local fuel heterogeneity and measurement uncertainties.
The introduction of LA-ICP-MS for the determination of Xe isotope concentrations in high
burn-up fuel samples allowed measuring all relevant isotopes and furthermore the calculation
of pore pressures, which is an important contribution to signi�cantly improved understanding
of �ssion gas production and distribution within fuels.
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Zusammenfassung

In nuklearem Brennsto� entstehen bei rund einem Viertel der Kernspaltungen als eines der
beiden Spaltprodukte gasförmige Komponenten. Dies sind vorwiegend die Edelgase Xenon und
Krypton, wobei Xenon bis zu 90% des Spaltgasinventars ausmacht. Diese Spaltgase gehen
keine chemischen Verbindungen ein und sind in der Uranoxidmatrix nur schwer löslich. Sie
werden in nanometerkleinen Bläschen in den Brennsto�körnern, in mikrometergrossen Blasen
an den Korngrenzen oder in Poren eingelagert, die sich während der Brennsto�produktion
gebildet haben. Zudem kann auch ein Teil der Gase ins Plenum des Brennstabs entweichen.
Bei steigender Anzahl von Spaltungen und somit bei höherem Abbrand, erfährt die Brennstof-
fkeramik eine strukturelle Veränderung in der "kühleren" Randregion des Brennsto�s. Es
�ndet ein Zerfall der ursprünglich mikrometergrossen Körner in tausende submikrometerkleine
Körner statt. Zusätzlich werden vergrösserte Poren gebildet, was zu einer erhöhten Porosität
und somit der Bildung einer speziellen Brennsto�struktur, der Hochabbrandstruktur, führt. In
dieser Hochabbrandstruktur verbleibt nur ein Bruchteil der Spaltgase in der Matrix, der Haup-
tanteil wird vermutlich in den Poren angereichert. Aufgrund dieses Anreicherungsprozesses
sind die Gasmengen in diesen Poren von höchstem Interesse in Hinblick auf Brennsto�abbrand,
-Leistung und -Sicherheit. Aus dem Blickwinkel verschiedener auslegungsrelevanter Störfall-
szenarien, z.B. rasche unkontrollierte Temperaturanstiege, muss das Verhalten des Brennsto�s
zuverlässig abgeschätzt werden können.
Aus der Literatur sind verschiedene Analysetechniken zur Bestimmung von Xe-Isotopenkonzen-
trationen bekannt, mit denen auch Kernbrennsto�e untersucht wurden. Die analytischen
Möglichkeiten der EPMA und SIMS als direkte Festkörpermethoden sind ausführlich studiert
worden. Quantitative Informationen über die Xe-Verteilung in der Matrix sind bereits pub-
liziert worden. Die Kombination der beiden Techniken wurde kürzlich eingesetzt, um Spalt-
gasdrücke zu berechnen. Aufgrund der beschränkten Anzahl an gemessenen Xenonisotopen
stellen diese Resultate allerdings nur Näherungswerte dar. Konzentrationsbestimmungen für
alle Xe-Isotope in einzelnen Einschlüssen von hoch abgebrannten Brennsto�en konnten bisher
noch nicht durchgeführt werden.
Das Ziel dieser Arbeit bestand in der Entwicklung, Testung und Anwendung einer Kalibra-
tionsstrategie für Xe-Isotope, auf deren Basis quantitative Analysen von Xe-Isotopen in Poren
von hoch abgebrannten Brennsto�en durchgeführt werden können. Die experimentellen Daten
sollten dazu verwendet werden, die Gasdrücke innerhalb der Kernbrennsto�poren zu berechnen.
Zur Umsetzung dieses Ziels wurden verschiedene Kalibrationsstrategien näher untersucht. Die
Tests der Ionenimplantationstechnik zur Herstellung von Standardkalibrationsproben hat je-
doch gezeigt, dass nicht reproduzierbare Verluste beim Ionenbeschuss von UO2 und ZrO2

auftreten, die keine zuverlässige Xe-Quanti�zierung erlauben. Weiterhin wurden mittels Ex-
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truder Xe-Einschlüsse in Plexiglas erzeugt und für Kalibrationszwecke eingesetzt. Hierbei wurde
nachgewiesen, dass auch dieses Verfahren durch Gasverluste noch nicht für die Kalibration von
Xe geeignet ist.
Die direkte Injektion von Gasgemischen wurde ebenfalls als mögliches Kalibrationsverfahren
evaluiert und grundlegend untersucht. Die Xe-Signalintensitäten wurden in Abhängigkeit vom
Gasvolumen, der Gaskonzentration und der An- und Abwesenheit eines Filters zur Abtrennung
der Matrixbestandteile aus dem Laseraerosol untersucht. Um das Ionisationsverhalten von Xe
zu bestimmen, wurde das Ablationsverhalten von ZrO2 und UO2 in Abhängigkeit von der Laser-
wellenlänge (266nm, 193nm), vom Kraterdurchmesser, der Laserfrequenz und des Trägergases
(Ar, He) untersucht. Die pro Laserpuls ablatierten Massen sind für beide Matrizes sehr ähnlich.
Bei gleichzeitiger Einführung von Matrix und Gas konnten keine signi�kanten Matrix-e�ekte
beobachtet werden. Dennoch ist die Abtrennung der Matrix über Filter wesentlich im Hin-
blick auf die präzise Xe-Isotopenverhältnismessung. Durch das Filtern erfolgt eine vollständige
Matrix-Gas-Separation, so dass auch die durch die Matrix interferierten Isotope134Xe und136Xe
gemessen werden können. Dadurch konnte gezeigt werden, dass die externe Zumi-schung von
Kalibrationsgas in Kombination mit einem Aerosol�lter eine geeignete Möglichkeit für die di-
rekte Analyse von Xe-Isotopenkonzentrationen in hoch abgebrannten Kernbrennsto�en ist. Mit
Gaszusätzen zum Trägergas in Bereichen von 1 bis 100�l, mit Konzentrationen von 20 und
200 � g

g konnten Kalibrationsgeraden mit linearen Regressionskoe�zienten von 0.9996 (ZrO2)
und 0.9883 (UO2) erzeugt werden. Anhand der Emp�ndlichkeiten der Kalibrationkurven wurde
eine mittlere Nachweisgrenze von 200ng

g bestimmt.
Aufbauend auf den Grundlagenstudien wurden hoch abgebrannte Kernbrennsto�e mit SEM,
OM, EPMA, SIMS, HPLC-MC-ICP-MS und LA-MC-ICP-MS detailiert untersucht und charak-
terisiert. Die Xe-Konzentration in der Brennsto�matrix, die Grössenverteilung von lokal geform-
ten Poren in unterschiedlichen Bereichen des Kernbrennsto�es, die qualitative Xe-Verteilung
in verschiedenen Poren sowie die Xe-Isotopenkonzentration wurden experimentell bestimmt.
Anhand dieser Arbeiten konnte gezeigt werden, dass die Charakterisierung von komplexen
Kernbrennsto�en nur durch Kombination von verschiedenen analytischen Techniken möglich
ist. Die erstmals beschriebene experimentelle Bestimmung von Xe-Isotopenkonzentrationen in
Gaseinschlüssen ist nur mittels LA-ICP-MS möglich. Basierend auf der Quanti�zierung der Xe-
Isotope in Poren aus verschiedenen Bereichen des Kernbrennsto�es wurden unter Verwendung
der Porositätsdaten Gasdrücke in den entsprechenden Poren berechnet. Die experimentell er-
mittelten Messunsicherheiten, die sich direkt auf die Berechnung der Drücke auswirken, zeigen,
dass weitere Studien an abgebrannten Brennsto�proben notwendig sind, um die Streuung der
Resultate durch die heterogen Mikrostruktur des Kernbrennsto�s von den Messunsicherheiten
des Analysenverfahrens unterscheiden zu können.
Die Einführung der LA-ICP-MS zur Bestimmung von Xe-Isotopenkonzentrationen an hoch
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abgebrannten Kernbrennsto�en erlaubte erstmals die Messung aller relevanten Xe-Isotope und
ermöglicht somit Porendruckkalkulationen, die zu einem wesentlich verbesserten Verständnis
der Spaltgasproduktion und -verteilung in Kernbrennsto�en beiträgt.
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Chapter 1

Introduction

1.1 Nuclear �ssion

The �ssion of one heavy nucleus results in two �ssion fragments that recede from each other
with a kinetic energy of about 165MeV [7] and in 2-3 neutrons1 with energies in theMeV
range which gives the basis for the chain reaction [8]. With the delayed process of �ssion
fragment decay, the usable energy sums up to�192 MeV 2, i.e. one single �ssion produces
3.08�10�11 J energy, which means:� 106 times 3 more energy is released by �ssion than in
a chemical reaction [10]. There are two types of �ssion: the spontaneous and the induced
�ssion. Spontaneous �ssion occurs randomly without external trigger, while induced �ssion is
triggered by a neutron with an appropriate energy so that the nucleus can capture this neutron.
This ability to capture depends on the cross section of the �ssile nucleus. After the neutron
capture, the nucleus turns unstable and decays to �ssion fragments and kinetic energy.
Candidates for energy production from �ssion are232Th, 233U, 235U, 238U and 239Pu [7] with
large cross sections for thermal neutrons (�eV range) or fast neutrons (�MeV range). The
commonly used �ssile educts in western power plants are235U and239Pu 4 in form of ceramic
(oxide) pellets.
The �ssion products (FP) of one �ssion have normally unequal masses. The most probable
masses are�139 for the heavy and�95 for the light FP, respectively. Detectable amounts of
�ssion product yields are in the mass range of 72-166. In Fig.1.1 the yields of some �ssile

1Statistically there are2:43neutrons formed per one �ssion, see chapter2.1.
2The overall energy is even higher, approximately 200MeV. The additional 8MeV are coming from the

formedneutrinosduring the �ssion as a consequence of the preservation of the lepton number [8]. This neutrino
energy cannot be used in a power plant.

3�ssion of 1 kg uranium� burning of 750t of coal, which produce then 2770t of CO2 [9].
4Pu will be formed during the operation of the reactor and a fraction of it will be �ssioned during operation.

Reprocessed fuel can bemixed oxide (MOX)fuel of (UPu)O2.

1
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educts are shown. These �gures indicate that the yields for the noble �ssion gases are in the
upper regions of the �ssion yield "humps".

(a) Mass distribution of235U by thermal and fast
(14 MeV) neutron �ssion.

(b) Mass distribution of233U and 239Pu by thermal
neutron �ssion.

Figure 1.1: Mass distributions of the FP from the �ssion of233U, 235U and 239Pu [7]. The shaded areas
show the mass ranges of the formed noble gas �ssion products Kr and Xe, with their relatively high formation
probability.

Noble �ssion gases require special attention as they do not combine with other species. They
have low solubility in a UO2 matrix and remain in gaseous phase. In Table1.1 the �ssion
yields for the Kr- and Xe-isotopes from the �ssion of235U and239Pu with thermal neutrons are
listed [7]. In nuclear fuel, made of uranium oxide or MOX, roughly 25% of the FP are gaseous,
i.e. Kr and Xe isotopes. It has been reported that the Kr : Xe ratio for the235U �ssion is
1 : 5.7 and for the239Pu 1 : 14 [11] [7]. At higher burn-ups, the ratio of the �ssions from
235U : 239Pu is around 3 : 1 [12]. Therefore, the total noble gas �ssion yield leads to 3.3% for
Kr, and 22.2% for Xe (compared to the total amount of Kr, Xe in Table1.1) and the Kr : Xe
ratio results in 1 : 6.7.
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Table 1.1: Fission yields (in %) of the noble gases from the �ssion of233U, 235U and 239Pu with thermal
neutrons [7]. For the total yields of all Kr and Xe isotopes, only the stable isotopes and85Kr with a considerable
half life were considered.

Fission product 233U 235U 239Pu Fission product 233U 235U 239Pu
stable 83Kr 1.17 0.544 0.29 stable 131Xe 3.39 2.93 3.78
stable 84Kr 1.95 1.00 0.47 stable 132Xe 4.64 4.38 5.26

t1=2
(10.6 y) 85Kr 0.58 0.293 0.127 t1=2

(5.27 d) 133Xe - 6.62 6.91
stable 86Kr 3.27 2.02 0.76 stable 134Xe 5.95 8.06 7.47

t1=2
(9.2 h) 135Xe - 6.3 -
stable 136Xe 6.63 6.46 6.63

Total Kr 6.97 3.86 1.65 Total Xe 20.61 21.83 23.14

1.2 Nuclear fuel

Nuclear fuel pellets in commercial light water reactors (LWR) are produced with an isotopic ratio
of 235U

238U that has to be enriched from the natural composition (0.72%) to 3-5%5 to compensate
the loss of neutrons due to the high absorption cross section of the neutrons with the hydrogen
in the cooling water [13].

� The UO2 powder is pressed and sintered to pellets.

� The porosity of the fuel during fabrication is around 4-5%.

� The grain size is�10 �m due to the pressing and sintering process [14].

The pellets are �lled into a cladding tube, applying a certain pressure of He and the tubes are
leak tight closed by welding (see Fig.1.2).

Figure 1.2:Schematic illustration of light water reactor (LWR) fuel rod �lled with UO2 pellets [15].

During irradiation �ssion gases (FG) are formed. The FG atoms can be dissolved in the fuel
matrix or precipitated in nm-sizedintra-granular bubbleswithin the grain, in�m-sized inter-
granular bubblesat the grain boundaries and edges, and in�m-sized as-fabricated pores. A
fraction of the FG can be released into theplenumor the fuel-cladding gapof the nuclear fuel

5An enrichment above 20% is declared as weapon grade.
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rod6 [14].
The involved processes from building up a FG atom to the release into the free volume of the
rod are the following: they are located as single freely di�using atoms in the matrix, without
going into a chemical bonding. Due to the very low solubility of the FG in the UO2 matrix,
they can be trapped in the grain in immobile intra-granular bubbles or in irradiation defects,
i.e. dislocations. The bubbles can grow by absorbing more gas atoms and vacancies. These
bubbles are getting also continuously destroyed by other �ssion fragments, so-calledintra-
granular resolution, and the FG atom di�uses again in the grain. This process of continuous
creation and destruction of the intra-granular bubbles is limiting the bubble size. FG is also
accumulated in the as-fabricated pores, which are insensitive to the resolution due to their
size. When di�using FG atoms reach the grain boundary, they are absorbed via grain boundary
di�usion in grain boundary bubbles. During accumulation, these grain boundary bubbles are
growing until they interlink. Due to inter-linkages of grain boundary bubbles a connection to
the outer surface of the pellet is created and the FG is vented o� to the free rod volume,
so-called �ssion gas release (FGR)7. By �ssions close to the free surface of the fuel, the FG can
escape the fuel matrix directly with its kinetic energy, a so-calledathermal release[11] [15] [16].

1.3 The high burn-up structure

With increasing burn-up (i.e. energy output or number of �ssions), the ceramic UO2 pellets
experience a transformation of its structure starting from the rim of the fuel [14] [17] where
the temperature is relatively low (<1100-1200� C). In this region FG di�usion and release to
the plenum is hindered and the FG remains in the matrix.

If the Xe-cumulation in the matrix exceeds a certain value, thehigh burn-up structure(HBS)
is formed characterized by the following processes:

� A subdivision of the original fuel grain into�10'000 new small grains with a diameter in
the sub-�m range (0:1� 0:3 �m).

� The creation of large faceted pores with diameters of�1 �m and larger.

� Increase of porosity.

6With increasing burn-up, the fuel swells and this gap will be closed.
7Similar to the intra-granular resolution, there is also ainter-granular resolutionfrom the grain boundaries

back into the grain, the grain boundaries act as imperfect sink for di�using FG atoms. This process has a
minor importance in the whole FGR mechanism.
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� Depletion of the FG in the matrix and in the intra-granular bubbles, i. e. the gas that was
cumulated in the grain during irradiation is either released or removed to the�m-sized
pores.

This transformation of the fuel structure occurs when 80% of the initial235U atoms have been
�ssioned. In the outer region the local burn-up is up to 3 times higher than in the pellet
center. This transformation is also temperature dependent and above 1100-1200� C prevented
by increased mobility of FG and lattice vacancies [14]. To illustrate the di�erences, scanning
electron microscope micrographs of fuel regions in the center of the pellet and in the HBS were
taken and are shown in Fig.1.3.

(a) Unrestructured fuel in the pellet center. (b) HBS fuel in the pellet rim.

Figure 1.3:Scanning electron microscopy (SEM) pictures taken from spent nuclear fuel [5]. The left pic-
ture 1.3(a) shows unrestructured fuel with large grains with grain boundaries decorated with FG bubbles. At
the right picture 1.3(b) the HBS is shown and on top the fuel-cladding border. The large HBS pores are
spherical shaped.

There have been various models developed to explain the HBS formation. Two prominent
models will be discussed here brie�y, since they have relevance to this work:

Model by Matzke and Spino and Kinoshita: [18] [19] [20]. This model explains the
polygonization of the grains as a consequence of the overpressurization of the nm-sized bubbles
due to FG accumulation. This very high pressure in thenm-sized bubbles cause stress in the
grain. Micro-cracking and cleavage into smaller sub-grains is the consequence, with grain sizes
in the average distance between thesenm-bubbles.
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The formation of the large�m-sized pores can be explained as a consequence of an athermal
and �ssion induced di�usion of the FG to the large number of new grain boundaries of the
subdivided grains. Some bubbles grow and, due to their size, get insensitive to the process
of constant formation and annihilation (re-solution by �ssion fragments). They continue to
capture gas, and therefore grow into�m-sized pores containing most of the FG.
The process can be summarized in the right order: Xe overpressurization innm-bubbles, fol-
lowed by pore formation and then �nally polygonization takes place due to the stress by these
pores [18] [21] [22].
One of the major drawbacks of this model is the fact of an insu�cient estimation of pore
pressures (�30 MPa) causing stress (>100 MPa are necessary) within the material [23].

Model by Nogita and Une: [24] [25] [21] [26]. This model assumes that the polygo-
nization is caused by accumulation of radiation damage (i.e. dislocations). With increasing
burn-up, the as-fabricated grains are divided in 20-30nm small sub-grains with high-angle
boundaries. These sub-grains act as nuclei for growth by recrystallization. The driving force
for this recrystallization is the accumulated strain energy during creation of radiation induced
defects. The small intra-granularnm-sized bubbles are formed by clustering of gas atoms and
vacancies. These bubbles grow and during this grain growth, the moving grain boundaries
sweep gas atoms and bubbles. They are coalescent at preferential sites within the matrix and
form �m-sized pores (grain subdivision and Xe migration). The large number of new grain
boundaries also enhance the gas di�usion to pores [27].
This model predicts the start of bubble formation at grain boundaries, which is well con�rmed.
Although this model implicates that Xe depletion can only be found in fuel areas with subdi-
vided grains. There are also some questions which cannot be explained with this model, e.g.
the Xe depletion can be found only in fuel areas with subdivided grains and not in other areas,
which has however experimentally observed [23] [28] [29].

These two models indicate two di�erent sequences of the formation of the pores and the
sub-grains in the HBS. However, experimentally these two features have been always observed
together [20] [30]. There seem to be strongly interdependent mechanisms, and no evidence for
the order of these processes has been described so far.
In model calculations it has been shown that the pressure in the HBS pores can be as high as
30 MPa at room temperature [18] [19] [20] [31].
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1.4 Motivation

Despite the existence of di�ering models of�m-sized bubble and -pore formations containing
pressurized �ssion gases, their presence has to be considered for fuel performances at increasing
burn-ups. Especially for possible accidents, likeloss of coolant accident(LOCA) or reactivity
initiated accident(RIA) [32] [33] [34] the behavior of the gases has to be considered. The
knowledge of the distribution and location of the FG Xe and Kr in irradiated nuclear fuel
is therefore of major interest. Important mechanisms of the FG in the fuel during reactor
operation are:

� The gas swelling behavior under steady-state and transient conditions.

� The Fission Gas Release (FGR)under steady-state and transient conditions.

There is a high demand on the knowledge on the FG inventory in the fuel, especially in the
�m-sized inter-granularbubbles and in the pores of the HBS. Thus, a quantitative analysis
of FG in nuclear fuel is required and prerequisite for fuel behavior prediction under accident
conditions.

1.5 Aim of the study

This study was focused on the investigation of di�erent analytical techniques to assess �ssion
gas concentrations and isotopic composition within nuclear fuels. Due to the enrichment of
�ssion gases in�m-sized bubbles and pores, high spatial resolution techniques such as EPMA,
SIMS and LA-ICP-MS were considered as most suitable for such studies.
Since most of the pros and cons of EPMA and SIMS already have been studied and discussed
in the literature and only partially successfully in providing quantitative information [20] [35]
[36] [37] [29], the major part of this thesis was focussed on LA-ICP-MS. A major aim of this
work was focused on the development of a suitable calibration technique for quanti�cation of
gas inclusions. The demands on the quanti�cation procedure were dominated by precision,
accuracy, robustness and applicability to radioactive samples. Therefore, various calibration
strategies and a wide variety of optimization on the LA-ICP-MS setup were carried out, which
included laser and ICP parameters. Furthermore, a thorough validation of the calibration
techniques was part of the research program, before studying the �ssion gas cycle in high
burn-up samples. In this context, EPMA and SIMS were applied to generate additional or
complementary information.
Finally, quantitative results from spent fuel were obtained and compared to the models discussed
in [27] [1] [31] and the estimated pressures.
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1.6 Gaseous- and �uid inclusion studies: state of the

art

Measurements of FG in inclusions have already been carried out using shieldedsecondary ion
mass spectrometrySIMS [36],high resolution transmission electron microscopy(HRTEM) [21]
or multiple voltageelectron probe microanalysis(EPMA) [38]. A combined study usingscan-
ning electron microscopy(SEM), EPMA, and SIMS has been performed to calculate the FG
inventory in inclusions [36] [37]. It has been shown that these techniques are limited to the
measurement of the131Xe and132Xe isotopes due to interferences. Furthermore, sample place-
ment in ultra high vacuum (UHV) caused a large pressure gradient, which made an analysis
free of uncontrolled openings of inclusions di�cult. Even with these analytical limitations it
was possible to estimate a pore pressure. Approximately 7MPa in a center region pore of
the fuel and 19MPa in a pore in the HBS at ambient temperature have been reported by
Lamontagne et al.[36]. To calculate the pressures, the pore dimensions were estimated and
have been reported in the range of�0.5 �m [36]. A recent study summarized results of this
technique and other characterizations of the HBS in oxide fuels [29]. A "rough" evaluation of
the pressures in di�erent regions has been made [29]. The results have been in the range from
45 to 145MPa at 650 � K. However, the authors stated the precision using this technique is
di�cult to improve and further research is needed [29].

In the non-nuclear �eld, various approaches and methods were applied for the analysis of
�uid and gaseous inclusions. The most successful approach nowadays is the analysis using
LA-ICP-MS [39] [40] [41] [42] [43] [44] [45] [46]. In the following, instrumental achievements
and developments of �uid inclusion analysis are discussed.

Instrumental improvements: Since the beginning of LA-ICP-MS [47] many technological-
driven improvements have been applied, which makes this technique today a versatile and
suitable technique for direct analysis of solid samples. The major trend is towards shorter
wavelengths to produce as small as possible aerosol particles which can be atomized and ion-
ized within the excitation source [48] [49] [50]. As a result, better sensitivities have been
reported. The use of an 193nm excimer laser system has been extremely bene�cial for the
analysis of �uid inclusions due to the fact that this wavelength is well-suited to ablated quartz
without cracking the material [50]. Furthermore, the combination of a petrographic micro-
scope to the excimer laser and the installation of imaging/homogenization optics provided
�at-top laser beam pro�les, which are able to remove the sample with a constant energy den-
sity independent of the crater diameter and across the crater [48]. Furthermore it has been
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found that helium is a more suited carrier gas for laser-generated aerosols, which led to an im-
provement in transport e�ciency by a factor of 3-5 [51] [52]. The direct consequence was an
improvement of the limits of detection. Changes on the ICP have not been reported and most
of the commercial instruments are still operated with the same plasma as reported in 1984.
However, the mass spectrometers improved signi�cantly over the last 10 years. Especially the
capabilities for reduction of interferences increased signi�cantly with the introduction of sector
�eld mass spectrometer [53] and the introduction of dynamic reaction cells [54]. In addition,
the introduction of MC-ICP-MS systems allowed to increase the precision of isotope ration
measurements, which is mainly due to a newly designed detector system (e.g. 12 Faradays, 3
Ion Counters) [55].
To overcome instrumental drifts,Wangen et al.have developed a correction method to im-
prove accuracy using internal standards [56].Cheatham et al.have investigated non-linear
instrumental drifts on ICP-MS to apply an o�-line correction to improve the accuracy on ex-
ternal calibrations [57].Longerich et al.have discussed data acquisition parameters and data
reduction algorithms for transient sample signals performed with LA-ICP-MS [58].
The proposition of the use of multiple internal standards for the enhancement of the accuracy
have been reported byDe Ridder et al.[59]. As an established method in SN-ICP-MS, the
isotope dilutionmethod (IDMS) has been applied for trace elements in powder samples for
the analysis using LA-ICP-MS, called LA-ICP-IDMS [60].Kroslakova and Güntherhave in-
vestigated matrix e�ects based on di�erent mass loads introduced into the ICP-MS and their
consequences for elemental sensitivities [61] [62].
These improvements within the last decade have provided the fundamental understanding of
processes in�uencing LA-ICP-MS, and establish this method as a versatile tool in many research
areas.

Calibration approaches for inclusions: Shepherd et al.have evaluated an alternative
standard material for �uid inclusions. Due to the lack of facilities for the production of
large numbers of synthetic �uid inclusions in quartz, encapsulated standard solutions ("mi-
crodroplets") were embedded in epoxy resin, so-called �uid inclusion analogues [39].Moisette
et al. have performed a combined calibration study using synthetic �uid inclusion with a NIST
611 SRM [40]. However, none of these approaches have been successfully applied to quantify
real samples and element ratios only have been reported. The fundamental evidence that liquids
and solids behave similar within the ICP led to a calibration strategy based on NIST 610 glass
standards, where the sodium equivalent concentration (determined prior to LA-ICP-MS analy-
sis using microthermometry) served as internal standard [41]. Such an approach requires the
complete sampling and analysis of an inclusion, which was only possible by using the 193nm
ArF excimer laser ablation system, which provides with the imaging optics the capabilities for
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a "stepwise" opening of �uid inclusions [41]. Until today, the calibration and quanti�cation
strategy for �uid inclusions remained almost unchanged [42] [43] [54] [45] [46]. However, the
internal standardization for the analysis of melt inclusions have been improved byHalter et al.
[44].

The analysis of gases using ICP-MS has been reported byGünther-Leopold et al.to ana-
lyze the transient signal behavior of Xe and Kr gas introduced into the nebulizer gas stream of
the Ar-plasma using a gas loop with a �xed volume [63].

Micro analysis of inclusions: In an earlier study, a combined analysis of inclusions applying
two non-destructive analytical methods andmicrothermometry[64] has been reported. The two
techniques were Raman scattering, andproton induced X-ray emission(PIXE). An approach
using non-destructive analysis methods only has been carried out to investigate the behavior of
rare gases in stainless steel [65]. The rare gases have been implanted into the steel and were
analyzed using PIXE,glancing-angle-X-ray di�raction(GXRD),conversion and depth-selective
conversion electron Mössbauer spectroscopy(CEMS / DCEMS) and withRutherford backscat-
tering (RBS). A technique similar to PIXE is the use of synchrotron light instead of protons.
Mavrogenes et al.have studied �uid inclusions withsynchrotron X-ray �uoroescence(SXRF)
[66]. Wilkinson et al.have reported FI studies using LA-ICP-AES and microthermometry [67].
The formation of a magmatic-hydrothermal ore deposit has been studied by quantitative anal-
ysis of �uid inclusions using LA-ICP-MS and microthermometry [42]. In [41], elements in a
concentration range covering �ve orders of magnitude have been reported in micro-sized �uid
inclusions. For quanti�cation, Na has been used as internal standard. Concentrations have
been determined in the range ofppbto sub-%in 10 - 50�m inclusions with a typical accuracy
of �30%. LOD have been reported in dependence of the inclusion size and varied in the range
of 0.1 - 9ppm for the largest to the smallest inclusion sizes. Using the same method, in [43]
the Au/Cu ratios has been determined in FI of magmatic brines and porphyry copper deposits.
Noble gases in irradiated quartz vein samples have been studied using noble gas mass spec-
trometry by Kendrick et al. [68]. Before analyzing, the samples have been irradiated with
neutrons in a nuclear research reactor to activate the isotopes of interest. Isotopic ratios have
been determined.
A quantitative �uid inclusion study byUlrich et al.using �uid inclusion petrography, microther-
mometry, and single inclusion LA-ICP-MS, reconstructed the evolution of pressure, temperature
and ore metal concentrations in a porphyry deposit [69]. Analysis and quanti�cation of ho-
mogenous and heterogeneous melt inclusions in magmatic phenocrysts using LA-ICP-MS has
been intensively discussed in [44]. A non-destructive method usingRaman scatteringhas also
been used to analyze inclusions in industrial produced glasses [70]. An extensive review on
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quantitative �uid inclusion studies has been published byHeinrich and co-workers, which also
compares the accuracy of various techniques (PIXE and LA-ICP-MS) [45].
Size determinations of metal oxides in metals have been determined and compared using SEM,
single particle optical sensing(SPOS) and LA-ICP-MS [71]. The techniques provided similar
information on metal-oxide particles in the size ranges of 5-40�m. A comparison study on
melt inclusions using EPMA, SIMS and LA-ICP-MS was performed byPettke and co-workers
and reports the advantages and limitations of these methods [46].
Another study of trace elements in quartz has been performed by using di�erent analysis
methods [72]. The authors reported analyzes utilizingcapillary ion analysis(CIA), catho-
duluminescence(CL) microscopy/spectroscopy,electron spin resonance(ESR) and withgas
chromatography(GC). Furthermore, xenon and iodine-xenon inclusions in aqueously altered
meteorites have been analyzed usingnoble gas mass spectrometry(NG-MS) [73]. Quantitative
analysis of the contents and the isotope ratios of the noble gases in Mars meteorites have also
been performed using the same complex and time consuming method on bulk material [74].
However, spatially resolved information has not been accessible. Gaseous inclusions have been
qualitatively analyzed using laser extraction to determine the isotopic ratio of Xe in the ancient
natural nuclear reactor in Gabon (Africa) [75].

Tables1.2 & 1.3 give an overview of the mentioned techniques and performed experiments to
determine elements and isotopes in gaseous and �uid inclusions in solids. Their advantages
and limitations are also brie�y discussed.
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Table 1.2:Performed experiments to measure �uid or gaseous inclusions in solids, with its technical advan-
tages and drawbacks. The focus of the mentioned studies here was on the analysis of gaseous inclusions.

Technique [Ref.] Samples / Analytes � Advantages Conclusions
	 Limitations

EPMA [46] melt inclusions �nondestructive Widely established
method method of non-

	Only elemental destructive analysis.
information available

GXRD [65] stainless steel �Non-destructive method. No depth distribution
implanted with NG / 	Only elemental available.
Ar, Kr, Xe information available.

MC-ICP-MS [63] gas loop / �High mass resolution Analysis of
Xe cal. gas 	For gaseous inclusions in transient signals,

solids not applicable isotope ratios.
LA-ICP-AES/OES [67] quartz crystals / �rapid analysis LOD of

�uid incl., method 1-1000 ppm
metals �Direct determination

[76] land�ll gas / of elements. Robust technique,
Cl, S, Mg, Zn 	Only element ratios. but problems to

	Destructive analysis. detect trace
	Spectral interferences. elements.

LA-ICP-MS [39] micro-droplets of std. �RSD<30% for small Development of an
solution in epoxy resin / LA on std. alternate single �uid
halite, �uorite, quartz �Direct sampling from inclusion std. analogues.

[40] combination of the host mineral. First quantitative
synthetic �uids �Fast & sensitive technique. analysis possible
in halite with �Simple sample preparation by complete
NIST 611 SRM and handling. sampling of FI's.

[41] quartz crystals / 23 elements 	Fractionation and Na, Cl as
Std. / beakers �lled matrix e�ects. salinity
with aqueous sol. 	Spectral/polyatomic determined with
and NIST 612 SRM interferences microthermometry

[42] quartz crystal / 	Destructive analysis to use as IS
B, K, Mn, Cu, of FI. for the concen-
Zn, Rb, Sn, Cs tration deter-

[43] FI in quartz / mination in FI
Na, Si, Cu, Au, and MI.

[77] FI in quartz / With DRC reduced
Ca, Fe interference problem and

lower detection limit.
[44] plagioclase crystal /

melt inclusions

[45] casserite crystal, synthetic /
natural brine inclusions

[46] melt inclusions LOD of
10-10000 ppb

Micro- [41] granite rock / �Non-destructive method. Provides IS for FI
thermometry [42] (NaCl equiv:) 	Only salinity quanti�ed with

[43] silici�ed breccias determinable. LA-ICP-MS.
[68] from sandstones / 	Only information about More complex �uids di�cult
[54] �uid mixture. to determine.
[78]
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Table 1.3: Performed experiments to measure �uid or gaseous inclusions in solids, with its technical ad-
vantages and drawbacks (cont.). The focus of the mentioned studies here was on the analysis of gaseous
inclusions.

Technique [Ref.] Samples / Analytes � Advantages Conclusions
	 Limitations

Noble Gas MS [79] ultrama�c xenolith / �High precision technique "State of the Art" technique
(NG-MS) He, Ne, Ar, Kr, to quantify noble gas inclusions. for noble gas determinations.

Xe isotopes , N 2 �Best method for noble
[80] quartz veins / gas analysis. Due to sample preparation,

Br, Cl, K, He, Ne, 	Time consuming, complex possible loss of noble gases
Ar, Kr, Xe isotopes measurement technique. from the sample rim.

[68] quartz veins / 	Intensive, complex sample
Br, Cl, K, He, Ne, preparation. Di�erent NG-extraction
Ar, Kr, Xe isotopes techniques provide the

[73] meteorites / chosen focus of interest
Xe isotopes (solid- or �uid-inclusions).

[74] Mars meteorites /
He, Ne, Ar, Kr, Xe isotopes Improvement of sample

[75] uranium deposit / information by "arti�cial"
Xe isotopes noble gases, produced by

[81] sandstone ore / irradiation of the
Br, Cl, I, He, Ar, sample in a nuclear
Kr, Xe isotopes reactor.

[82] quartz without inclusions /
3He, 4He, 21Ne

PIXE [64] single hypersaline �Non-destructive method. Method for standardless,
brine- & low-salinity vapor 	Large facility necessary quantitative analysis of �uid
inclusions / base metals, to produce proton/particle inclusions. Needs uniform
heavy elements beam. and known scanning proton

[83] heavy water / Cr, Fe dose distribution.
Cu, Zn, Tc, Xe

[84] synthetic �uid inclusions LOD of
in quartz / Cl, K, Zn, Rb, Cs 100-1000 ppm

Raman [70] glass samples / �Non-destructive method. Vibrational spectroscopy
scattering N2, O 2, CO 2, 	High detection limit better for smaller

SO2, H 2, CH 4 (=large bubbles). bubbles.
[78] silici�ed breccias Rotational spectroscopy

from sandstones / better for simultaneous
Cl analysis of di�erent

gases.
RBS [65] stainless steel impl. �Non-destructive method. Ion ranges and retained

with Ar, Kr, Xe / 	Only elemental ions deduced as a function
Ar, Kr, Xe information available. of implantation-energy and

-dose.
SEM/EPMA [25] Nuclear fuel / U, Pu, �Non-destructive method. Technique which gives

[20] Ru, Pd, Zr, O, Xe, Cs, Mo 	Only elemental composition a �rst overview/impression
[38] Nuclear fuel / Xe available. on the sample.
[35] see Nogita 	Only information
[85] UO 2 implanted with 129Xe from sample surface. Combined with SIMS or
[86] nuclear fuel / LA-ICP-MS provides
[36] Xe, U, Pu elements improvement of
[37] these techniques.
[29] LOD of 0.025 wt% for Xe

SIMS [46] melt inclusions �Established "workhorse" Pressures determinable, but
[85] UO 2 implanted with 129Xe method. only uninterferred 131Xe
[36] nuclear fuel / 	Destructive analysis. and 132Xe considered.
[86] 131Xe, 132Xe, 	Spectral interferences.
[37] U, Pu isotopes
[29] LOD of 85-150 ppm for 132Xe

SXRF [66] synthetic �uid inclusion �Non-destructive method. With well known inclusion
standards / Sr, SrCl 2 	Large uncertainties for geometries, the precision

quantitative analysis. can be increased.
	Large facility necessary

to produce synchrotron
light.

TEM/EDS [24] nuclear fuel / �Very small sample necessary. Determination of nm-sized
[21] Xe, Mo, Tc, Ru, Rh, Pd 	Loss of FG due to bubbles.

sample preparation.
	Only elemental information.
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However, quantitative analysis of all Xe isotopes in nuclear fuel and especially in the HBS
pores have not been reported so far. The development of an applicable method allowing
simple sample handling in a shielded environment and accurate quanti�cation would therefore
be of major importance to gain further information on the burn-up process. Laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) technique requires minimal sample
preparation [87] [88], and was therefore evaluated as the potential method for the analysis of
the gaseous inclusions in nuclear fuels.



Chapter 2

Background to nuclear processes

2.1 Nuclear �ssion in reactors

The �ssion of one235U atom, induced by a thermal neutron (nth), produces
200MeV � 3.2044�10�11 J energy1. The �ssion itself has been described as:

235
92U + nth �! 236

92U
� �! 141

56Ba + 92
36Kr + 2:43n + 200 [MeV] (2.1)

where2:43n represents the statistical result of the amount of produced neutrons (n) per
one �ssion (simpli�ed 2-3n's). Ba and Kr are examples of a large range of possible �ssion
products [7]. These 2-3n's usually carry a kinetic energy of0:1 � 1 MeV which is too high
to initiate another �ssion [8]. For that reason then's have to bemoderated: they have to
be "slowed" down to kinetic energies in the� eV-range (thermalizationwith a moderator).
Perfect moderators would only slow down then's without capturing and absorbing them. There
are several candidates for moderators: water (which unfortunately can also absorbn's), heavy
water (absorbs lessn's than "light" water) or graphite. Each of all these moderators can serve
to maintain thechain reaction. This means that from onen which initiates a �ssion, exactly
one of the 2-3 newly formedn's initiates a second �ssion, and so on. There are several factors
that a�ect the n balance in a nuclear reactor, see also the diagram in Fig.2.1.

1with 192 MeV usable energy.

15
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Figure 2.1:Schematic diagram of the neutron balance in a nuclear reactor [13].

Fig.2.1illustrates the cycle of neutrons to maintain the chain reaction and the possible channels
of loosingn's by escaping from the reactor,n-capture or scattering. In a reactor the major part
of the n's has been formed by �ssion (promptn's). A small fraction of then's originates from
�ssion fragments (FF), they occur with a delay due to the di�erent lifetimes of the preceding
nuclei. Although this fraction is very small (0.64% for235U and 0.21% for 239Pu), the life
times of these preceding nuclei vary in the range of0:3� 83 s. This "time window" opens the
possibility for controlling the chain reaction, i.e. in a reactor.
As already described above, there are di�erent and suitable moderators available to establish the
required energies for the induced �ssion with thermaln's. This represents the key requirement
for the design of a nuclear reactor.

Nuclear reactor types

Various reactor types are currently in operation and designs for the future are under develop-
ment. The most common designs for commercial electricity production will be brie�y intro-
duced.

Light water reactors (LWR) The moderator material is (light) water which is also the
coolant medium. As already mentioned before, hydrogen has a high cross section for the
absorption ofn's, and therefore the fuel has to be enriched and the reactor has a compact
design to get a suitable neutron density for the �ssion reaction. There are two types of LWR:
Pressurized water reactors (PWR): This system contains two cooling circuits, a primary
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circuit with a high pressure of 160bar (=16 MPa) to reach higher temperatures of around
300� C, without boiling the water in the core, and a secondary circuit of 60bar pressure to
power the generator. A scheme of such a PWR is illustrated in Fig.2.2.

Figure 2.2: Scheme of a pressurized water reactor (PWR) [89]. The reactor side (left), the hot water
exchanges the heat in the steam generator with the secondary loop which drives the generator, the turbo-
generator side (right). Additionally, the heated secondary loop is cooled in a condenser, where a third loop
transfers the heat commonly to a cooling tower or a large water reservoir.

Boiling water reactor (BWR): Such a reactor consists of only one circuit with a pressure of
around 80bar (see Fig.2.3), and the generator is directly driven by the steam of the primary
circuit. This has consequences for the construction of such the generators. Short lived isotopes
can be formed in the generator area via activation, i.e.16N with t1=2

= 7 s [90], and have to be
considered for the safety. The e�ciency of the BWR is slightly higher than for a PWR [89].
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Figure 2.3:Scheme of a boiling water reactor (BWR) [89]. The primary cooling circuit is directly connected
to the generator. The cooling of this circuit is also maintained by a condenser as in the PWR, see Fig.2.2.

One constraint for the LWR's is the limited operation temperatures leading to an e�ciency of
30-38% only. This is due to the low boiling point of water, corrosion of materials in contact
with pressurized water, or highn-capture of non-corroding materials [13] [89].
In spite of these existing limitations, LWR's are the dominating reactor designs in the market,
e.g. 85% of the Nuclear Power Plants (NPP) are LWR's [89] [91]. The remaining 15% have
other designs and only the most important reactors are described below.

Heavy water reactors (HWR): The moderation using "heavy" water (D2O) 2, the neutron
losses are lower, and therefore the fuel has not to be enriched and the reactor has not to be as
compact designed as an LWR. A popular example of this type is the CANDU3 reactor, which
is a pressurized HWR has been developed in a partnership of Canadian companies in the 50's
and 60's of the last century.

Gas cooled graphite moderated high temperature reactors (GCR, VHTR): Using
graphite as moderator, gas can be applied as a coolant, and therefore the reactor can be oper-
ated at higher temperatures. Theadvanced gas cooled reactor(AGCR) uses CO2 as a coolant
at temperatures of 550� C. The projectedvery high temperature reactor(VHTR) shall operate
at 1000� C using helium as coolant. These two reactor types represents the next generation of

22
1H = D, "deuterium".

3CANada Deuterium Uranium
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reactors (GenIV)4 [89].
Another gas cooled reactor type is the South African PBMR5. This reactor type was origi-
nally developed in Germany in the 60's and 70's. The German reactor is driven with thorium
(THTR6). The modular design of the reactor provides the possibility for varying (power) di-
mensions, from small to mid size units. The fuel "assemblies" consist of hollow graphite balls
of a size of tennis balls �lled with ceramic fuel particles and the graphite acts as a moderator.
The coolant is helium gas to drive the turbine directly.

Gas cooled MAGNOX reactor: MAGNOX stays for MAGnesium Non-OXidising. The
cladding material is made of magnesium alloy containing small amounts of aluminium and
other metals. This reactor type uses natural uranium metal as fuel. The fuel is covered with
the magnox alloy. The moderator is graphite and the coolant is CO2 gas of lower temperatures
than the usual GCR's due to possible oxidation of mild steel components. Currently, only a
handful plants of this type are in operation.

Fast breeder reactors: By using239Pu as fuel in the inner core surrounded by238U, this
reactor type breeds Pu from the U in the outer part and produces heat in the inner part of the
reactor core by the �ssion of239Pu. The reactor has a compact design for a high conversion
grade and the coolant is liquid sodium (Na) at approx. 550� C.

Graphite moderated water cooled reactor (RBMK): The design of the reactor with
the nameReaktor Bolshoy Moshchnosti Kanalniy7 (RBMK) was derived from a military reactor
aiming for the production of weapon grade Pu. It can be driven with lower enriched fuel or even
with natural uranium. Water is only a coolant medium8, pumped through the reactor core in
pressurized pipes. The moderation of neutrons occurs by graphite. The speci�c large reactor
design allows to replace fuel even during operation. This reactor type has critical properties
which has been one of the major reasons for the accident in Chernobyl [13].

4Generation IV. The current operating reactors are generation II and III.
5Pebble Bed Modular Reactor
6Thorium High Temperature Reactor
7In English: peoples reactor of high power of the channel type.
8and also an absorber, BUT here water is not the moderator!
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2.2 Safety issues

Due to the high energy density and the presence of radiotoxic elements, a nuclear reactor has
to be specially designed to prevent possible release and exposure of radioactive material to
the environment. A "safety culture" has been established and implemented on a very high
level for normal and also o�-normal conditions, i.e. accidents. Possible accident scenarios have
been considered and mitigating actions have been integrated in the construction, operation,
decommissioning and waste management of a NPP.
A key feature of most of the reactor systems is the so-called "inherent safety". One example is
the self regulating of the reactor core in a LWR: i.e. if the core gets too hot, the coolant and
moderator medium, water starts to boil. This reduces the moderation, reactivity decreases and
therefore, the heat production is reduced. This behavior is called anegative void coe�cient9

[13]. Other inherent safety features are related to the neutronic properties of the fuel (Doppler
coe�cient) and to the thermal behavior of the structure. Beside this inherent safety, multiple
barriers have to be built (fuel cladding, reactor pressure vessel, containment, ...) to prevent
the release of radioactive materials, special materials have been thoroughly tested to prevent
the release of radioactive material. Passive constructional safety is combined with active re-
dundant safety systems for a controlled shutdown and cooling of a reactor (ECCS10, redundant
SCRAM11 shutdown, ...).
Passive and active safety systems are summarized in the so-called "Defence-in-Depth" safety
scheme [92], see Fig.2.4.
To determine probabilities of possible accident and failure scenarios, the method of theProb-
abilistic Safety Analysis(PSA) has been developed [92]. All types of events, failures and
accidents have been assessed, including a determined probability value for failure of each com-
ponents in the NPP (valves, pumps, switches, generators, ...). Based on that, the probability
of an event is a product of the probabilities of each component.

Design based accidents

There are various accident scenarios which have to be taken into account. From the focus of
the fuel, the following twodesign based accidentsare of key interest to preserve the integrity
already at the fuel cladding (the �rst safety barrier) [14].

9In the RBMK reactor type, the void coe�cient is positive!
10Emergency Core Cooling System
11Safety Control Rod Axe Man̂= Fast insertion of control rods.
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Figure 2.4:"Defence in depth" scheme for a nuclear reactor [92], starting with the �rst barrier, the fuel rod
with the zircalloy cladding. The inner dark grey block represents the reactor pressure vessel (RPV), the light
grey block represents the containment. Additional boundaries represent major passive and active barriers, like
the concrete housing of important parts, reservoirs of cooling water, emergency diesel engine for independent
energy supply, ... . Also accident management and other organizational mechanisms are barriers to prevent
the release of radioactivity.

Reactivity initiated accident (RIA): A RIA can be initiated by an uncontrolled ejection
of a control rod out of the reactor core. This causes a rapid increase of reactivity in the vicinity
of the control rod. Due to the Doppler coe�cient, the reactivity decreases after a �rst power
peak. The consequence is a power and temperature peak with a FWHM12 of about 10-80ms.
The gases in the fuel experience a rapid expansion and due to thePellet Cladding Material
Interaction(PCMI), a failure of the fuel cladding could take place [33].

Loss of coolant accident (LOCA): A typical LOCA event could be a double-ended break
of a tubing in the primary circuit. The consequence would be an insu�cient cooling of the core,
which causes an increase of the core temperature leading to enhanced corrosion of the cladding
before the re�ood of the core due to ECCS. The consequences for the fuel cladding depends
not only on the cladding corrosion but also on the PCMI, which is comparable to the RIA event.

To mitigate cladding failure during these accidents, the knowledge of the gas quantity in
the fuel is crucial.

12Full Width at Half Maximum



22 Chapter 2. Background to nuclear processes

Based on the available safety know-how, the licensed burn-ups (BU) for Swiss NPP's have
been �rst set on 30GWd

tHMi
, then have been increased up to 50GWd

tHMi
and are currently and for the

near future projected for of around 75GWd
tHMi

[93]. The licensed BU are depending on the local
authorities of the countries. But the general trend going for higher BU is evident, not only for
Switzerland.
In the nomenclature of BU, the HBS starts to be formed at 60-75GWd

tHMi
. That means, at an

enrichment of 5%235U only 4% of the metal fuel material has been �ssioned, but� of 80%
of 235U. To minimize the amount of spent nuclear waste, higher burn-ups is one of the consid-
erations. However, other concepts include reprocessing of spent fuel13 and transmutation of
nuclear waste14.

2.3 Fission gases (FG)

As already described in the introduction, FG play an important role for nuclear fuel behavior.
Therefore, the knowledge of the produced amount and the local distribution in the fuel is
of major interest. Various models exist to determine FG behavior [11] [94] [15] [27]. To
further improve and validate the models, experimental data is needed. However, these models
contain signi�cant uncertainties, which can only be reduced by experimental validation of FG
concentrations.

Rough estimation of the amount of produced Xe �ssion gas during
irradiation

A rough estimation has been performed on the quantities of the formed FG during operation
and has been compared with results from [12].
The amount of produced xenon was estimated. For this estimation, we were using the de�nition
for the burn-up (BU). It is de�ned asenergy per unit fuel mass. In SI units:

�
J

kgHMi

�
with HMi

(initial Heavy Metal). A more useful unit is
�

GWd
tHMi

�
and was used, with:

1 [GWd] = 109 � 24 � 3600= 8:64� 1310 [J] (2.2)

From Chapter2.1, an energy of 200MeV is formed by one single �ssion, and 192MeV can

13With reprocessing, 97% of the spent fuel material can be recycled and reimplemented in the fuel cycle [13]
[89].

14With this method the storage time for the waste should be shortened from 100'000 years down to 500
years. But, not all technical challenges are solved yet [9].
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be used15. Therefore, a general calculation was considered using 200MeV, and:

1[GWd]=̂ 2:696� 1024 [ f issions] (2.3)

are needed, to get the amount of U-atoms in 1t of this heavy metal with an enrichment of
5% 235U [U(5%)]. The relative atomic mass:

M[U (5%)] = (0:95� 238 [amu] + 0:05� 235 [amu])� 1:66044� 10�27 [kg] (2.4)

= 3:9494� 10�25 [kg]

and

1 [tHMi (5%)] =̂ 2:532� 1027 [U atoms] (2.5)

where the amount of235U (1.266�1026 atoms). Finally:

10

"
GWd
tHMi

#

=̂ 1:06%of heavy metal atoms �ssioned (2.6)

This provides an estimate of the amount of the �ssioned material in the fuel. Our studies
focused on the FG, mainly on Xe. Roughly 90% of the FG is Xe [95]. In [7] the yields for the
Xe isotopes are listed from the �ssions induced by thermal, fast and 14MeV neutrons16. For
the thermaln's, the yields are listed in Table1.1 at page3.
The reason for also listing the239Pu isotope comes from the breeding of238U during irradiation:

238
92U + nMeV �! 239

93Np
� �

�! 239
94Pu (2.7)

with

T 1=2
(239

93Np) = 2.355 d.

The yields of the �ssion products (FP) are depending on the neutron spectrum and the �ssioned
158 MeV is being carried by the neutrinos (�) which also are emitted in the immediate process, and in the

following retarded decay processes. The�'s are almost impossible to detect or even to use their energies [8]
[9].

16For LWR, the fast and 14MeV neutrons can be neglected.
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isotopes. It means, �ssion yields are di�erent for BWR, PWR and vary radially due to the
di�erent composition of �ssile atoms. Additionally, all isotopes and their decay chains have
to be considered as well [12]. In our calculations, these details were not taken into account.
To simplify, [12] assumed that3=4 of the �ssions originate from235U and1=4 from 239Pu. The
resulting �ssion yield for total Xe [12] was:

yXe = 0:268produced Xe-atoms per �ssion (2.8)

and represents the produced amount of Xe atoms (sum of all Xe isotopes, per 1 [GWd]). With
Eq. 2.3:

No. of Xe-atoms= 0:268� 2:696� 1024 = 7:225� 1023 [atoms] (2.9)

For (Eq.2.5), the concentration of Xe is:

c�
Xe

= 2:8536� 10�4 = 2:8536� 10�2
� at%

bu

�
(2.10)

with

at%: atomic percent.

bu: burn-up �
�

GWd
tHMi

�
.

To get the value inwt%, the required isotopic composition of Xe in the fuel. This varies from
the natural composition. The natural isotopic composition of Xe, the composition in the fuel
measured by rod puncturing [95] and theoretical Xe compositions derived from [7] are listed in
Table2.1:

Table 2.1: Isotopic composition of the natural Xe [96], the stable Xe �ssion gas taken from a high burn-up
PWR fuel rod plenum [95] and theoretically derived compositions [7], partially included unstable Xe-isotopes
(133Xe� , 135Xe� ) in the neighboring Xe isotope vectors (134Xe, 136Xe) due to their highn-capture cross sections
[90].

Origin Isotope 124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 132Xe 134Xe 136Xe
Natural (vol:%) 0.10 0.09 1.91 26.4 4.1 21.2 26.9 10.4 8.9
Reactor
fuel rod plenum (vol:%) - - 0.17 - 0.97 4.73 12.18 31.33 50.63
theor. from 235U - - - - - 13.42 20.06 36.92 29.59
(incl. 133Xe� , 135Xe� ) - - - - - 8.43 12.60 42.24 36.71
theor. from 239Pu - - - - - 16.34 22.73 32.28 28.65
(incl. 133Xe� ) - - - - - 12.58 17.50 47.85 22.06
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Based on these values, the atomic mass number of Xe is di�erent from its natural mass:

MXe = 134:5915 [amu] (2.11)

m(Xe)produced in 1 [GWd] = 0:16147 [kg] (2.12)

leading to the concentration of Xe perGWd
tHMi

of

c
0

Xe
= 1:615� 10�2

2
666664
wt%(uranium)

GWd
tHMi

3
777775 (2.13)

The givenwt% is in reference to uranium atoms, and was converted to UO2, using the factor
0.8814. That leads to a �nal concentration of

cXe produced= 0:8814� 1:615� 10�2 = 1:423� 10�2

2
666664
wt%(UO2)

GWd
tHMi

3
777775 (2.14)

This is in satisfying agreement with [12] (1:46�10�2 wt%
GWd
tHMi

) for this estimation. However, it needs

to be emphasized that these values are based on several assumptions and represent therefore
"estimated values".





Chapter 3

Experimental methods

Various methods are available for FG studies, as discussed earlier. However, the requirements
for the analysis of high radioactive samples limit the applicability.
In the PSI Hotlab, a variety of analysis techniques have been installed and were available
for studies on radioactive samples. The instrumentations used within these studies and their
principles will be explained in this chapter.

3.1 Laser ablation ICP-MS

A laser ablation system is coupled to an ICP-MS instrument, where the laser-sample interaction
leads to an ablation and the formation of aerosols [97]. The nowadays used laser wavelengths
are usually in the UV-range. The ablation is carried out with repetition rates of 1-10Hz with
pulse lengths ofns to f s. The aerosol is transported with a carrier gas (usually He or Ar) into
the ICP where it is atomized and ionized. The plasma is formed via high frequency electro-
magnetic induction of argon gas. The formed ions are then transferred into the MS. The MS
can be a quadrupole (Q), sector-�eld (SF), or a time-of-�ight (TOF) MS [98] [88] [99].
The two types of most commonly applied lasers are excimers and solid state lasers.

Excimer lasers: Excimers1 are molecules which exist only in electronic excited states. They
are mainly two atomic systems like noble gas excimers (i.e. Ar�

2), noble gas-halogen bondings
(ArF� ), alkali-metal bonding (NaXe� ) or three atomic noble gas-halogen bonding (Xe2Cl� ). Due

1The description comes fromexcited dimers. A dimer is a molecule consisting of two identical atoms. An
exciplexis an excited complex, consisting of di�erent molecules. Nowadays, the term "excimer" is used for
both types of excited molecules.

27
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to the fact that they exist only in excited states, the ground state is vacant. For that reason
excimers are good candidates for lasers. They have been considered since the beginning of the
development of lasers [100], but it took a while for a �rst functioning system in a lab ([101]
in [102]). Today, excimer lasers are the most important types of molecular gas lasers [102].
Their key advantage is the emission wavelength in the UV range (from 108nm for NeF� to
351 nm for XeF� [103]) which is suitable for ablation. The lower the wavelength the higher
the energy density of the emitted laser light and the better the ablation properties [104]. A
disadvantage of excimers is the small cross section of the stimulated emission. Therefore, a
strong ampli�cation is necessary. This can be realized with an intense electron beam, high
voltage discharge or the combination of both2. The medium is a gas mixture, usually with
5 - 10% of the active noble gas (Ar), 0.1 - 0.5% of the halogen (F2) and the rest is a bu�er gas
(He or Ne). The pressure of this gas mixture has to be 1.5 - 4bardue to the low ampli�cation.
This has also the consequence of a pulsed operation, i.e. nocontinuous wave(cw) operation
and pulse widths of 10 - 30ns [102].
With this setup, energy densities can be reached that are comparable with IR-high performance
lasers, like the CO2 laser. Excimer lasers represent the most intense UV-light sources with pulse
powers up to 107 W, and when focussed, intensities up to 1015 W

cm2 can be reached [102].
Applications for excimer lasers are for "pumping" dye lasers, laser induced photochemical pro-
cesses (i.e. isotope separation [106, 107]), laser-cleaning of chemicals [108],LIDAR3-systems
for analyzing air pollution [109]. The ablation of materials for microprocessing and lithography
[110] and in medical applications, like ablation on the cornea of human eye for astigmatism
correction [111].
The use of this laser technique for LA-ICP-MS has been reported the �rst time by [112] [48]
and showed an increase in measurement quality due to improving ablation of transparent sam-
ples by using shorter laser wavelengths. Further details on excimer lasers for LA-ICP-MS will
be described in Ch.3.1.2.

Nd:YAG lasers aresolid state lasers, where Nd:YAG stays for neodymium-yttrium-aluminium
garnet (NdxY3�x Al5O12) [102]. This material is an insulator where the interaction between the
ions stimulates phonon emission. In general, Nd lasers are the most popular solid state lasers
and have been used almost since the beginning of the history of lasers [113]. Besides the
Nd:YAG laser there are other types of Nd-lasers (Nd-glass, Nd:CaWO4, Nd:YLF, ...) The type
used in this study was the Nd:YAG laser.
The fundamental laser wavelength of the Nd:YAG is 1064nm. The laser can be ampli-

2Another concept with highly intensive neutron pulses of a nuclear reactor was studied [105].
3LIght Detection And Ranging.
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�ed/pumped by �ashlamps or by diode laser(s)4 [102]. In our study the lasers were ampli�ed
using �ashlamps. To get higher energies, the frequency of the laser light can be doubled,
tripled, quadrupled or quintupled by using optical medium with nonlinear properties, usually
NLO5-crystals [114] [115]. Common wavelengths are 532, 355, 266 or 213nm. The system in
our study was a quadrupled Nd:YAG laser with� laser = 266 nm. To get higher laser energies,
the Nd:YAG laser can be used in the pulsed mode instead of cw mode, and the duration of
the pulse can be generated by di�erent systems, see table3.1 (Tables 15.3 & 12.6 in [102]).
Nd:YAG can also be a pump laser for other lasers, or can be used with frequency doubling for
geodesic determinations.
Nd:YAG for LA-ICP-MS was used for the �rst time using 1064nm in [116] and with lower
wavelengths [39].

The newer development offemto second( f s) lasers compared to thenano second(ns) laser,
opens another potential to improve the ablation conditions for LA-ICP-MS6 [118] [119] [120]
[121].

Table 3.1: Common parameters of the used laser systems [102]. The wavelengths marked with an asterisk
are adjusted laser wavelengths using NLO crystals.

ArF � Nd:YAG
Flashlamp-pumped Diode-pumped

pulsed Normal pulse Q-switch Mode locking cw pulsed cw
Wavelength (nm) 193 1064, 355� , 532� , 266� , 213�

Pulse energy (mJ) 500 mJ � 10 J . 1 J . 100 mJ mJ
Pulse duration 14 ns 1-10 ms 5-10 ns � 20 ps < �s

The di�erence between these two laser systems is the more compact design and the simpler
handling of the Nd:YAG and for the ArF� the more stable laser operating conditions. Further-
more, the absorption behavior of the lower wavelengths and the beam pro�le (�at top) are the
major reasons for an increased application of excimer lasers.

4The number of lasers depends on the diode lasers used as pumps: only a single diode laser is necessary for
the longitudinal pump arrangement; for the transversal arrangement, an array of diodes is necessary.

5NonLinear Optics.
6First experiments were also performed with Nd-glass laser using themode lockingmethod andsaturable

absorbers[117]. Nowadays the usually used laser material is Ti:saphire.
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3.1.1 Inductively coupled plasma mass spectrometry (ICP-MS)

Introduction

Since the �rst study byHouk and co-workers, measurements of element concentrations of solid
or liquid samples using theInductively Coupled Plasma Mass Spectrometry(ICP-MS) have
been carried out [122].Laser Ablation Inductively Coupled Mass Spectrometry(LA-ICP-MS)
has been applied for the �rst time using an IR laser ablation system byGray [47]. Nowadays
by using UV lasers, this analysis technique is a powerful tool, which o�ers the possibility of
accessing almost 80% of the elements of the periodic table. Furthermore, in situ local and
bulk analysis and quantitative analysis using non-matrix-matched calibration standards have
been reported [88]. Instead of dissolving the samples, the direct ablation of the sample with
a laser and the transport of laser generated aerosol with a carrier gas into the ICP-MS opens
new capabilities to measure local concentrations. However, until now the major application of
ICP-MS is the analysis of solutions (Solution NebulizationICP-MS), which is widely applied in
all �elds of research and industry [123] [98] [99].

ICP-MS systems

The principle schematic of an ICP-MS system is given in Fig.3.1 and a comparison between
the di�erent MS is listed in Table3.2.

Figure 3.1: Schematic diagram of the ICP system, starting with the sample introduction, ICP, interface,
ion optics, mass �lters and �nally reaching the detectors [99]. Various sample introduction systems can be
connected with an ICP and also di�erent MS instrumentations are available, depending on the interesting
elements/isotopes and required mass resolutions.

The components are:

� Sample introduction: Various types of sample introduction systems are available de-
pending on the application. Most common issolution nebulization(SN), where the sam-



3.1. Laser ablation ICP-MS 31

ple is being dissolved in an acid, diluted and �nally nebulized into the plasma. Di�erent
nebulization techniques are available, such as high e�ciency- (HEN), micro concentric-
(MCN), direct insertion-, ultrasonic-, thermospray-nebulizer [123] [99]. For the introduc-
tion of solids electrothermal vaporization, direct insertion, arc and spark chamber, laser
ablation (LA) and other methods can be applied [123] [97]. For the analysis of gases the
direct introduction into the injector tube, e.g. gas chromatography coupled to ICP-MS,
has been reported.

� Inductively coupled plasma (ICP): ICP7 are commercially available and are routinely
used in research and industry. Argon gas is directed in a jet form into an induction
coil. This induction coil carries an alternating current, driven at radio frequencies (RF),
usually at 27 or 40MHz [123] [125]. This high-frequency electric �eld induces a high-
frequency magnetic �eld [125]. By using a Tesla coil, few Ar atoms are ionized. These
Ar-ions are immediately a�ected by the magnetic �eld and start to oscillate within the
induction coil in the set RF. The few ions collide with other Ar atoms and form an Argon
plasma [125] [99]. The aerosol samples reach the plasma and with the carrier gas and
via collisions with the argon ions, the samples are atomized and ionized. Typical argon
plasma temperatures are in the order of 7000-10'000K [123] [98] [99].

� Interface: After ionizing the elements in the plasma, the ions pass through an interface
from the ambient pressure plasma (1000hPa) of 7000K into the mass spectrometer
under high vacuum (< 10�3 Pa) at room temperature. Due to the pressure gradient at
the sample cone a supersonic jet is formed ("Mach disc") [123]. This pressure gradient
is managed in the interface consisting of asamplerand askimmercone. The pressure
gradient between plasma and MS is damped by theinterface chamberwhich is restricted
by the sampler and skimmer cones. The pressure in the interface is� 1 kPa. The ions
pass the sampler cone, but�99% of the ions do not reach the skimmer cone, and are
pumped out of the system.

� Ion optics/photon stop: To get as much as possible ions into the detector and to avoid
photons reaching the MS, ion optics and photon stops are installed between the interface
and the MS. The ions are forced to a curvature by magnets while the photons are not
in�uenced by the Lorentz force. The ion optics consists of arrangement of cylindrical
lenses (i.e. quadrupoles) which form the ions on the detectors. With this combination
the detector can be installed in a o�-axis setup where inline photons get trapped on the
photon stop and the ions can be guided to the detector.

� Mass �lter: ICP systems with di�erent mass spectrometers (MS) are currently used for

7Another way to ionize would be by glow discharge (GD) [123] [124].
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di�erent applications. The most frequently MS used: theQuadrupole-MS(QMS), Sector
Field-MS(SF-MS) with single- or Multi-collectors (MC) andTime-of-Flight-MS(TOF-
MS) [99] [98]. The separation of the ions in the ICP-MS is performed according to the
m
z -ratio. For this separation several techniques have been constructed, with di�erent mass
resolutions

�
m

�m

�
. In Table3.2 commonly used MS systems with their major advantages

and drawbacks are listed.

� Detector: Di�erent techniques are available for detecting the ions:Dynodedetector,
where an incoming ion induces a cascade of electrons, and therefore an ion signal will be
ampli�ed. Usually an array of dynodes are installed for su�cient ampli�cation.
Another detector is theFaraday cup, where the incoming ions hit a metal cup and charge
it. To discharge the cup, a current is necessary, which is measured. The Faraday cup is
a very stable detector.
Daly detectorconsists of a so called Daly knob which is under high voltage so that an
electron cascade is induced when the Daly knob is hit by an ion. This cascade hits
a scintillator where the electrons produce photons. These photons are detected by a
photomultiplier.
A microchannel plate detectoris constructed by a parallel array of miniature electron
multipliers. These multipliers detect an incoming ion and induce secondary electrons
that are ampli�ed comparable to the process in a dynode [99].

Table 3.2:List of important features of the di�erent type of mass spectrometers (MS) [99] [126].
MS-type Quad ICP-MS HR-ICP-MS TOF-ICP-MS MC-ICP-MS

No. of collectors 1 1 1 9-18
resolution low low- low- low-

high medium medium
R = m

�m �300-400 �300-9000 �8000
method sequential sequential quasi-simultaneous simultaneous

mass �lter quadrupole sector �eld TOF sector �eld
ESA ESA/coll.

peakshape gaussian �at/gaussian gaussian �at
ionization plasma plasma plasma plasma

probe input variable variable variable variable
precision 0.1% 0.05%(low) 0.05% 0.0005%

application element element element isotope
costs � 150`000$ � 350`000$ � 150`000$ � 700`000$

In this study, two types of ICP-MS were used, aquadrupoleMS (QMS) and amulticollector
MS (MC-MS). In the following paragraphs, the basic principles of these two instruments are
described.
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Quadrupole ICP-MS (QMS): The quadrupole ICP-MS is the most commonly ICP-MS
system used. The entire mass range (6Li - 241Pu) can be scanned by sequential analysis. The
m
z -ratio is set in thequadrupoleby setting a combination of direct- (DC) and alternate-current
(AC) on the quadrupole, see Fig.3.2. With a speci�c setting only an ion with a de�nedm

z ratio
reaches the detector. The switch to anotherm

z ratio can be quickly switched on the quadrupole
and the switching range is largely linear. Therefore, the QMS is a very e�ective instrument for
scanning the sample content. The limitation of the QMS is its low mass resolution of�300-400
and the sequential mass separation.

Figure 3.2:Principle of the quadrupole MS with an unstable and a stable pathway of an ion reaching the
detector [99].

Multicollector ICP-MS (MC-MS): Instead of a quadrupole magnet setup, mass sepa-
ration takes place via a double focussing electrostatic and magnetic �eld analyzer system,
by spatial separation of the ion paths induced by the electromagnetic �elds [127] [128], see
Fig. 3.3. This analyzer has larger dimensions than the QMS. The advantage of this mass sepa-
ration method is the high mass resolution ofm

�m �8000-10'000. The limitation is the restricted
analyzable mass range, which is usually�7-8% from the center mass. However, these masses
can be simultaneously analyzed by multiple ion detectors. Common multiple detector arrays
consist of around 7-10 ion detectors, usually Faraday collectors [128]. The MC system can also
be driven as a "QMS" by changing the magnetic �eld. Due to the large dimensions and the
remanence of the magnet, it requires up to a couple of seconds for switching in the new mass
range [129] [130](for a QMS it is in the range ofms).
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Figure 3.3:Principle of the multicollector MS with the focussed pathways of the ions [127] [99].

It must be mentioned that for this study, both systems were used, but only the MC-ICP-MS
was set up for radioactive sampling.

3.1.2 Fundamentals in LA-ICP-MS

The quanti�cation process in LA-ICP-MS is in�uenced by a large number of parameters, which
are highly interactive. Most signi�cant, the ion signal intensity is the result of the ablation
process, the aerosol transport, the aerosol vaporization, atomization, ionization and the ion
extraction from the plasma through the interface into the mass spectrometer [104] [88] [131]
[126]. All of these processes can in�uence the stoichiometry of the sample and can be sources
for uncertainties. Therefore, a number of these processes have been studied in great detail
by separating the aerosol formation from the ICP (o�-line) or by changing a single parameter
while keeping as much as possible other parameters constant. The ablation process is most
dominantly in�uenced by the wavelength [132] [50] or the pulse width [133] [121] of the laser
used for ablating the samples. It has been reported that the lower UV wavelengths lead to a
narrower particle size distribution, which increases the transport e�ciency of the aerosol into
the ICP [132]. For example,Eggins and co-workersused helium as ablation environment and
reported 3-5 times enhanced signal intensity [134]. The enhancement was explained by a less
dense laser plume formation, which leads to a lower agglomeration probability and increased
particle transport. These results have been validated byGünther and Heinrichby comparing
the signal enhancement factors for a 266nm Nd:YAG and a 193nm ARF excimer laser [49].
It is important to note that the mass ablated in argon and helium remained the same [135].
The lower sensitivity per ablated volume for the 266nm was directly visible in the broader
particle size distribution, which has been shown byGuillong et al.[136]. The use of an optical
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parametric oscillator (OPO) system allowed changing the wavelength only (266, 213, 193nm
solid state laser), while maintaining all other parameters constant [137]. Furthermore it has
been shown that larger particles (800 - 2000nm) are not completely vaporized within the ICP
[132], which has been validated in high speed video recording of 266nm generated particles
within the ICP [138]. The production of larger particles is directly depending on the absorption
behavior of the sample [88]. The higher the absorption the lower is the penetration depth.
Therefore, the dissipated heat into the sample and related particle "splashing" is reduced [118]
[104]. Due to the size of the particles, very low transport e�ciencies (6-10%) have been
reported [135]. Therefore, it can be stated that the di�erence in the particle size distribution
and particle losses within the ablation are the most dominant processes where samples behave
di�erently. This results in matrix dependence and has some consequences on the quanti�cation
approaches applicable. In addition,Kuhn et al., Koch et al.andBian et al. have demonstrated
that the particle sizes are di�erent in their chemical composition [139] [133] [140]. Therefore,
manipulation of the aerosol size (�ltering) as reported inGuillong et al. are not applicable
for improving accuracy in elemental analysis [132]. However, it needs to kept in mind that
these studies are all focused on improvements of the technique towards non-matrix matched
calibration, and have therefore no or less consequences on matrix-matched calibration. Matrix-
matched calibration is based on materials with similar physical and chemical properties as the
sample of interest. Therefore, all the mentioned processes above are assumed to be the same
for the sample of interest and the reference material. The results indicate that this strategy
allows reasonably good precision (5-20%) and accuracy. This approach can be used with or
without internal standardization. However, it has been shown that the transport e�ciency
is a function of the position of ablation within the ablation cell [141], which underlines the
importance of an internal standard.

Ablation cells: Ablation cells have been widely studied to modify the aerosol density, to
improve transport e�ciency and to reduce the washout-time of the generated aerosol. The
last parameter is especially important when high spatial resolution is required. Then, aerosol
mixing would overlap useful information about the sample. All ablation cells provide very similar
transport e�ciencies [141]. However, recent developments show that the washout time can be
signi�cantly di�erent [142] [143]. Reducing the volume of cells to few cm3 or by changing the
geometry, fast washout can be achieved. However, as already shown byBleiner et al. [141],
the cell volume is the most dominant parameter in�uencing the dispersion of the signal. The
tube volume shows a signi�cantly reduced in�uence on the signal washout. However,Koch et
al. showed that some materials (brass) are deposited within the transport tube, which leads to
losses of material [133]. Furthermore, the material composition is not sample related and shows
enhancement in volatile elements (Zn>Cu). Based on these observations it can be de�ned that



36 Chapter 3. Experimental methods

the major requirement for ablation cells are sample related. The sample needs to �t into the
ablation cell and the cell needs to be airtight. In cases where the sample exceeds the size of
typically used ablation cells, an open ablation cell closed with an O-ring can be applied [144].
Also transport related is the gas mixing. Since helium is almost exclusively used as carrier gas,
it needs to be mixed with argon before entering the plasma. Previous reports showed that a
simple Y-connector can be applied. However,Bleiner et al.showed that a bulb or laminar-�ow
adapter improves the aerosol mixing and leads to improvements in precision [141].

ICP and interface: The ICP source remained the same since the introduction of LA-ICP-
MS and was "last" considered to be a source of uncertainty. A study byGuillong et al.showed
that particles generated by a 266nm laser are not completely vaporized within the ICP [50].
The comparison showed that raster mode versus single hole drilling mode leads to signi�cant
di�erences in the ion signal intensity. This has been explicitly demonstrated on the most
well-known glass series [135], where the major element intensities di�ered by more than 50%.
Kuhn et. al. used various particle separation techniques to determine the critical particle size
for complete ionization and reported that particles as small as 90-150nm represent this limit
[145]. This was an unexpected result due to the report byOlesik et al. that droplets of a
size of 15�m can be completely vaporized within an ICP [146].Wang et al. studied the
ion distribution of various laser generated aerosols within an ICP [147]. The contour plots
of the signal intensities show that the oxide forming elements have a much wider distribution
and can partially survive the plasma completely. Furthermore it has been shown that the use
of helium leads to changes in the plasma conditions. Slightly higher temperatures occur in
the plasma which leads to an increased di�usion of ions towards the edges of the plasma and
reduced transfer into the interface. The interface was only partially studied and few information
was available.Günther and Longerichreported improved sensitivity when using a sample cone
ori�ce reduced in diameter in combination with an additional rotary pump on the interface
[148]. This has been explained by the fact that the particles remain in a fairly narrow and
center region in the plasma. Therefore, a reduced ori�ce leads to reduced background and
slightly higher ion sampling through the interface, which results in almost 10 times improved
limits of detection. Further interface studies have been recently carried out byMills et al. [149].
However, �uorescence measurements on the tip of the plasma or behind the skimmer are still
not conclusive [149]. A major potential in in�uencing the plasma conditions has been reported
when using mix gas approaches [150] [151] [51] [152], and do not explain the micro-local
processes within the plasma.
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3.1.3 Experimental setup

For the ablation of radioactive samples a shielded system was constructed in the hot laboratory
of the Paul Scherrer Institut (PSI). The system consists of a LSX-3700 instrument (Nukeuss
CETAC, Omaha, USA) with a high power 266nm Nd:YAG laser providing pulse energies of up
to 60 mJ [153]. The laser ablation sampling system is coupled to a NEPTUNE Multicollector
(MC) ICP-MS (Thermo Fisher Scienti�c, Bremen, Germany). Images of this setup are shown
in Fig. 3.4 & 3.5.
For studies on inactive samples a LSX-200/LSX-500 (CETAC, Omaha, USA) at 266nm and
a 193 nm ArF excimer laser (Geolas M, Coherent COMPexPro 110, Göttingen, Germany)
in combination with an ELAN 6100 DRC+ quadrupole ICP-MS (Perkin Elmer, Wellesley,
Massachusetts, USA) at ETH Zurich in the Laboratory of Inorganic Chemistry was used.
Typical operating conditions of the instruments are given in Tables3.3 & 3.4 and the setups
used are shown in Fig.3.6.

Figure 3.4:Shielded LA-MC-ICP-MS at PSI Hotlab. The sample is placed in the shielded LA box on the
right, and the glove box of the sample introduction system of the Neptune MC-ICP-MS on the left. The sample
handling in the LA box is carried out with a rod manipulator and the manipulations can be controlled via lead
shielded window above the manipulator.
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Figure 3.5: Glove box (right) with the SN and HPLC instrumentation inside, connected to the Neptune
MC-ICP-MS (left).

Table 3.3:Operating conditions of the used laser ablation Instruments at PSI and ETH [2].
Laser system GeolasM LSX-200+ LSX-3700 LSX-500
Laser type ArF excimer Nd:YAG Nd:YAG Nd:YAG
Wavelength (nm) 193 266 266 266
Fluence

�
J

cm2

�
15 6 9 9

Crater sizes (�m) 4-120 10-200 10-200 10-200
Frequency (Hz) 1-10 1-10 0.5-10 1-10
Samples ZrO2 ZrO2 ZrO2, UO2, ZrO2, UO2

nuclear fuel
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Table 3.4: Operating conditions of the used multicollector ICP-MS instrument at PSI and the quadrupole
ICP-MS instruments at ETH [2].

ICP-MS system ELAN 6100DRC+ ELAN 6000 Neptune MC
Carrier gas �ow

�
l

min

�
0.7-1.1 0.7-1.1 1.25

Auxiliary gas �ow
�

l
min

�
0.85-0.95 0.85-0.95 0.85-0.95

Plasma gas �ow
�

l
min

�
17 17 15

ICP RF power (W ) 1400-1500 1400-1500 1000-2000
Isotopes 89Y, 90Zr, 91Zr, 96Zr, 89Y, 90Zr, 91Zr, 96Zr, 127I, 129Xe, 131Xe, 132Xe

129Xe, 131Xe, 132Xe, 129Xe, 131Xe, 132Xe, 133Cs, 134Xe, 135Ba,
134Xe, 136Xe 134Xe, 136Xe, 234U 136Xe, 238U 8

235U, 238U
Carrier gas He 6.0, Ar 5.0 He 6.0, Ar 5.0 He 6.0

(a) PSI setup

(b) ETH setup

Figure 3.6:Schematic sketches of the two experimental setups used for the measurements at (a) PSI and
(b) ETH Zurich. At both systems particle �ltering was considered to avoid possible spectral and isobaric
interferences between gases.

8The doubly charged ion of238U, which gives am
z -ratio of 119. The discrimination with119Sn is shown in

Fig. 4.20 at page79.
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3.2 Scanning electron microscopy (SEM)

The scanning electron microscope combined with electron probe microanalysis (EPMA, see
following Ch.3.3) is also a powerful instrument to analyze heterogenous organic and inorganic
materials and surfaces on such local scale, down to submicron structures.
A small preselected area on the surface is being bombarded with electrons. This causes an
emission of backscattered primary electrons, low energy photoelectrons and Auger electrons
and characteristic X-ray emission. For SEM the backscattered and the secondary electrons are
of interest. The schematic process is summarized in Fig.3.7 .

Figure 3.7:Schematic diagram of the interaction volumes of the sample with primary electron beam and the
resulting electron and X-ray emission species [154] [155].

The primary electrons are produced bythermionic emissionfrom a tungsten or lanthanum
hexaboride (LaB6) cathode or can be emitted by�eld emission(FE).
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Thermionic emission (or also known asEdison e�ect) is the �ow of charged particles (thermions)
from a charged metal or metal oxide surface. They are emitted due to thermal vibrational energy
overcoming the electrostatic forces, which hold the electrons. The e�ect increases dramatically
with increasing temperatures up to 1000-3000K. The electron source used in the system at
PSI is a Tungsten hairpin electron gun.
Field emission (also known asFowler-Nordheim tunneling) is a form of quantum tunneling in
which electrons pass through a barrier in the presence of a high electric �eld. It is highly
dependent on the properties of the material and the shape of the cathode.
These electrons are accelerated towards an anode, and are focused by condenser lenses to
a very �ne focal spot size of a fewnm. Then they pass scanning coils, which de�ect the
beam horizontally and vertically for a raster scan fashion over a rectangular area of the sample
surface. During the interaction of the primary electron beam with the sample, the electrons
loose energy by repeated scattering and absorption. This occurs in a teardrop- or pear-shaped
volume in the specimen, see Fig.3.7. This interaction volume extends from<100 nm up
to 5 �m in to the sample surface, depending on the electron beam accelerating voltage, the
atomic number and the density of the specimen.
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3.3 Electron probe micro analysis (EPMA)

A small area on the surface of a solid specimen is bombarded with electrons, like with the
SEM. For the EPMA and the resulting X-ray emission is detected and used for major and
minor element analysis [154] [155].
The EPMA can be explained as an "upgraded" scanning electron microscope (SEM). The
upgrade comes from the knowledge of the de�ned energy of the primary electron beam which
the sample is being bombarded with. This causes an interaction with the electrons of the inner
shells (K� , K� , L� , ...) of the elements in the sample. These electrons are excited and get to a
higher energy level. Then, these excited electrons relax back to the ground level and emit this
energy via a photon in the X-ray energy range depending on the e� position in the shell and
the type of the atom. These speci�c X-ray emissions will be detected by crystal spectrometers
and can provide elemental information of the small area/thin volume (in the order of a few�m
of depth) which was bombarded with the focused electron beam, see Fig.3.7. The results are
peaks at de�ned energies and quantities can be derived by the peak height and by the areas of
these peaks by comparing with signals measured from SRM [156] [155]. Two major methods
are used to determine quantitative elemental information. Theenergy-dispersive X-ray spec-
troscopy(EDS) and thewavelength-dispersive X-ray spectroscopy(WDS).
EDS is more commonly used method measures the complete spectrum of the energies simul-
taneously and the data analysis is relatively quick and simple.
By contrast, with WDS the spectrum is acquired sequentially as the full wavelength range is
scanned. Due to this fact, it takes longer to acquire a full spectrum and the data analysis
is more complex. The advantage of this technique relies in a higher resolution and a lower
detection limit of an order of magnitude.
These two techniques are complementary. EDS is more suitable to get an overview on the
composition of the sample, WDS is the better application for more detailed analysis of spe-
ci�c elements in the sample. In Table3.5 the major advantages and limitations of these two
techniques are listed.

From this table it is obvious to combine these techniques for quantitative analysis:

- EDS can be used for a fast initial overview and analysis of elements present in large
amounts in the sample

- WDS can be used for accurate quanti�cation of speci�c elements present in low amounts
in the sample.

In our case EDS is not possible due to the high radioactive background, whereas WDS is
still applicable even at low concentrations. Even though, our interest relies not only on the
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Table 3.5:Advantages and limitations EDS and WDS.
+ -

EDS -all energies measured -low resolution (70-130 eV)
simultaneously -possible peak overlapping
-rapid DAQ across entire -at high count rates
spectrum pulse counting mode
-rapid overview of
elemental composition

WDS -high resolution (2-20 eV) -one element per
-trace element analysis crystal measured
-BG correction -sequential measurement
-quanti�cation of elements -complex DAQ
below 1% possible
-analysis of high count rates

elemental composition in the fuel. Isotopic concentrations are of major interest, which contains
no natural composition in spent nuclear fuel. From our perspective, EPMA is a technique for
a �rst overview over the sample which was then analyzed with LA-ICP-MS, see Ch.3.1.

3.3.1 Experimental setup

The measurements were performed on a shielded CAMECA CAMEBAX SXR SX-50 EPMA
instrument with WDS spectrometers9. Quantitative measurements were taken on perpendicular
lines on the pellet diameters. The detailed experimental setup is shown in Chapter5.2.

3.3.2 Performed experiments on nuclear fuel

Experimental analyzes on nuclear fuel have extensively performed by using EPMA/SEM [12]
[157] [28] [20] [38] [158] [30]. Results were obtained on elemental distributions, porosity and
pore size distributions, Xe-quantities in the fuel matrix and in intra-granular bubbles, and the
changes of grain sizes and shapes over the entire fuel diameter. Only elemental information
from the sample surface is achievable with this technique, which is the major drawback of this
application. In combination with other techniques as in [25] [36] [37] [29] it provided important
information about burn-up, grain size, porosity and Xe-content in the matrix.

9In our case EDS cannot be used due to the high background radiation of the fuel sample.
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3.4 Secondary ion mass spectrometry (SIMS)

SIMS is based on the fact that charged atomic and molecular species are ejected from a
condensed phase (liquid or solid) under heavy particle bombardment, see Fig.3.8.

Figure 3.8:Schematic diagram of the SIMS measurement principle [159].

The bombardment is performed by charged- (ions) or neutral10-particles, the so called primary
particles, with an energy of somekeV 11. With this bombardment, particles from the sample
surface are sputtered and primary particles are implanted into the condensed phase [160] [161].
Two mechanisms are the dominating process in the bombardment with primary ions (PI) [160].
The PI impact on the surface cause an energy and momentum transfer in a limited area around
the impact point. This results �rst in a change in the lattice structure, and second in the loss
of surface material by sputtering.
The ion bombardment induce the emission of electrons, photons, atoms and molecules, see

10Then the method is called secondary neutral mass spectrometry (SNMS).
11Primary charged particles� primary ions. In the following, we use the primary ions O+

2 and Cs+ .
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also Fig.3.8. All these emission products are emitted with a certain angular distribution.
The ejected atoms and molecules can be charged or uncharged. The ejection of the charged
particles, the secondary ions, includes all ionized particles in the �rst ionization potential as
well as in higher ionizations. The produced secondary ions can be separated by itse

m-ratio.
The basic SIMS equation describes the in�uences and dependencies [160]:

I � (A) = IPYtotc(A)� � (A) f � (A) (3.1)

where:

A: Element A

I � : Secondary ion current of A

IP: Primary ion beam current

Ytot: Total target sputter yield

c(A): Fractional atomic concentration of A

� � (A): Ionization probability of A

f � (A): Instrumental transmission factor for A

A key feature of SIMS is the surface sensitivity. It means that the charge state of the ions
depend strongly on the chemical environment of the sputtered species. For example, shifting
from pure metal to an oxide, the ionization probability of the metal atoms may be changed by
several orders of magnitude [160] [161].

3.4.1 Analytical applications of SIMS

SIMS provides low limits of detection (LOD) and a high depth resolution, and therefore single
atomic layers can be analyzed. For most of the elements, the detection limits are in theppm-
or even in theppb-range and produce unfortunately also a strong limitation: the detection limit
depends on the element and can vary strongly (up to a factor of 105). The major disadvantage
is the matrix dependence, see also Table3.6.

There are two main methods which can be performed with SIMS (staticand dynamicSIMS)
and also an imaging method [163]. Combined with a well de�ned primary ion beam, the
possibility to perform surface- or depth pro�les is given.
The static SIMS method is mainly applied for surface analysis. The so called sputtering
rate is low. This can be performed by a low primary ion current density with a typical value of
10�9 A

cm2 . The stock removal is very low, so the durability of a monolayer is quite high (couple of



46 Chapter 3. Experimental methods

Table 3.6: Relative secondary ion yieldS+ for metals and metals with an oxidized surface bombarded with
Ar+ ions [162].

element S(metal+ ) without S+ with oxygen
oxygen metal+ metalO+ metalO+

2
Mg 0.01 0.9 0.0015 -
Al 0.007 0.7 0.0006 -
Ti 0.0013 0.4 0.5 0.007
V 0.001 0.3 0.6 0.01
Cr 0.0012 1.2 0.2 0.0025
Mn 0.0006 0.3 0.007 -
Fe 0.0015 0.35 0.014 -
Ni 0.0006 0.045 - -
Cu 0.0003 0.007 - -
Sr 0.0002 0.16 0.035 -
Nb 0.0006 0.05 0.3 0.16
Mo 0.00065 0.4 0.3 0.017
Ba 0.0002 0.03 0.017 -
Ta 0.00007 0.02 0.02 0.005
W 0.00009 0.035 0.15 0.012
Si 0.0084 0.58 0.011 -
Ge 0.0044 0.02 0.0012 -

hours). Surface analysis requires ultra high vacuum (UHV), so there is no possible interaction
with atmospheric gases.
The dynamic SIMS method is applied for depth pro�le analysis. For that, the primary ion
current density has to be higher as in the static method. A typical value is around10�3 A

cm2 .
The Imaging SIMS method uses a micro focused liquid metal ion beam (e.g. Ga) and with
a raster scanning beam over an area of the surface, a chemical image can be generated by
collecting the secondary ions at each point of the scanned area. By sputtering layer by layer,
a 3-dimensional image can be acquired.
In Table3.7 primary ion beam parameters are listed.

Table 3.7:Primary ion beam parameters [164].
Analysis mode primary ion Beam current Diameter Surface lifetime Analysis data

ip dp tm

Static SIMS Ar+ , Ar0 < 10 nA
cm2 2 � 3mm > 103s Spectra

Dynamic SIMS O+
2 , Cs+ > 10 �A

cm2 > 10�m < 1s Depth pro�les
Imaging SIMS Ga+ , In+ � 10 nA

cm2 > 100nm > 103s Images or maps
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Fundamentals in SIMS quanti�cation

SIMS has become a widely accepted method for qualitative and semi-quantitative micro-
element and trace-element analysis of bulk solids, solid surfaces, and thin �lms. It has superior
capabilities in trace element sensitivity, spatial resolution in three dimensions, for isotope mea-
surements, and identi�cation of chemical compounds [160]. However, there are also de�ciencies
for quantitative elemental analysis. These limits can be traced to the extreme dependence of
relative and absolute secondary ion yields on the following [160]:

- Matrix e�ects.

- Surface coverage of reactive elements.

- Background pressure in sample environment.

- Orientation of crystallographic axes with respect to primary and secondary ion beams.

- Angle of incidence of primary beam with respect to sample surface.

- Angle of emission of detected secondary ions.

- Mass-dependent transmission of the mass spectrometer.

- Energy bandpass of the mass spectrometer.

- Dependence of the detector e�ciency on element.

Therefore, the necessity for matrix matched quanti�cation remains as one of the major limita-
tions of this technique.

The relative secondary ion intensity of oxidized metal surfaces is much higher than of pure
metal surfaces. Metal oxide ions will be also emitted from oxidized surfaces and can be dom-
inant by strong metal-ion bonding, see also Table3.6. To increase the sensitivity, oxygen as
primary ion is preferred.
The intensity of secondary ions should be independent of the partial oxygen pressure12. Ex-
perimental results indicates the dependence of the secondary ion yield on the adsorbed oxygen
in�uencing the UHV.
For oxide materials, the adsorbed oxygen gives no strong in�uence on the secondary ion inten-
sity. The oxygen is given by the matrix and by the implanted primary oxygen ions. Problems

12After the sputtering of the �rst atomic layers, a zone followed with already implanted oxygen.
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can occur due to the insulation properties of the oxides.
Local charging processes limit the analysis. The excess of positive charge has to be compen-
sated by a beam of low energetic electrons [162], which in�uences the UHV quality as well.

3.4.2 SIMS experiments on nuclear fuel

In this section, an overview quanti�cation studies of gases in nuclear fuel solids using SIMS is
given. Various analyzes have been performed on nuclear fuel using this method [165] [166].
As one of the �rst results, Desgrangeset. al. [85] have been reported quantitative SIMS mea-
surement results of Xe in UO2. They used UO2 single crystals, polished in theh1 1 1idirection,
and UO2 polycrystals. Both were implanted with129Xe+ ions, using ion energies of 540keV
for the single crystals, and 800keV for the polycrystals. Monte Carlo simulations usingSRIM
[167] were performed to calculate the mean implantation depth. O+

2 ions have been used as
primary ion beam and two types of oxygen species can interact with Xe in the sample [161]:
Firstly, high energetic primary ions can interact with the sample by implantation of O+

2 into
the sample and the removal of surface atoms by the energy loss of the primary ions (collision
cascades). Secondly, with thermalized oxygen atoms or molecules, which has been formed by
the PI beam-sample interaction.

A test experiment was performed for these two possibilities by using the so calledoxygen �ood-
ing method [85]. This method works by a "�ooding" of oxygen on the sample surface. The Xe
intensity is a function of the pressure in the sample chamber at a constant primary oxygen-ion
current. A variation of the pressure in the sample chamber of an order of 3 (O(3)) results in a
change of the Xe intensity by a factor of 5. A comparison using argon as primary ion showed
no enhancement of the xenon signal [85]. A constant sputtering yield, which depends on the
primary ion beam current, indicated that the Xe was mostly ionized by an interaction with
thermalized oxygen atoms above the sample surface13.
The measurement of the polycrystal UO2 implanted with Xe revealed that the e�ect of di�erent
grain orientation can be averaged out by analyzing large surfaces [170].

Another approach is the use of Cs+ as primary ion beam. The secondary ions are (CsR)+

(R: rare gas) molecular ions which are formed by surface-ionization processes. These processes
were found byHocking et. al. [170] andRay et. al. [171]. The intensity of (CsR)+ scales
linearly with the rare gas concentration in the sample. Experiments were performed on Si

13Note: The sputtering yield is not a real SIMS parameter. For some groups, the oxygen �ooding method
does not �nd a general approval [168] [169].
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implanted with H+ and He+ by Gnaser et. al.[172] and with single crystals of Si, Ge and GaAs
implanted with Ar and Kr, and polycrystal Ni implanted with Kr byGarrison et. al.[173].
In both experiments the R+ signal was not detected due to the insu�cient Cs+ beam current
compared to the O+2 beam current. A smaller beam current gives a decrease in the sputter rate
but an increase of the depth resolution in the sample.
Quantitative analysis of He indicated migration of He atoms to the surface over an extended
time interval between implantation and measurement [172] and byDeubner[174]. In the ex-
periment ofRay et. al. [171], the high intensity of (CsR)+ was not expected: rare gas atoms
released from the matrix with thermal energies would not be expected to form a chemical
bonding while in the ground state.
A short insight into the literature of gas lasers may can give a direction for the possible mech-
anisms for the formation of (CsR)+ during SIMS analysis [102]. In a CsR excimer laser, the
lifetime of (CsR)� is too short14 compared to the required lifetime of the molecular ion (CsR)+

to reach the detector15. Gas-phase ionization of excited (CsR)� dimers do not contribute sig-
ni�cantly to (CsR)+ ion formation [171]. Another possible mechanism for the formation of
(CsR)+ is based on the general model for molecular-ion formation proposed byGarrison et
al. [173]. The initial process involves the sputter ejection of a Cs+ ion, which collides with
a rare gas atom close enough to the surface to act as the momentum conserving third body.
Once formed, the molecular ion is then accelerated to the detector. This mechanism does not
require electron exchange with the surface electronic band structure as it would if the (CsR)�

molecule were formed at the surface prior to sputter ejection. The matrix dependence of the
(CsR)+ signal is much smaller than expected: The maximum signal intensities, normalized to
their respective erosion rates, for (CsAr)+ and (CsKr)+ vary for Si, Ge and GaAs matrices only
by a factor of�2 [171].
With transmission electron microscopy (TEM) in Al, measured byBircher et al. [175], Kr
bubbles were observed at implant doses of1016 ions

cm2 , with an estimated diameter of�1.7 nm
and a hydrostatic pressure of�22 kbar 16. As the bubbles are ruptured during sputter etch-
ing, a large concentration of rare gas atoms is suddenly released with superthermal velocities.
Increasing the release velocity of the rare gas atoms results in a longer mean free path and
hence a decrease in ionization probability17. This causes a decrease in the formation rate of
(CsR)+ secondary ions. This is a possible reason for the �attening of the high concentration
part of the implantation pro�les compared to the calculations made by the so called standard
implantation theory developed byLindhard, Schar� and Schiott (LSS)[176].

14� 1�s
15� 60�s
16This 2:2� 104 higher than our environmental pressure and is around the same pressure we are predicting

in the �m-pores in high burn-up fuel (� 0:1� 1 GPa[14].)
17In the O+

2 experiments , the ionization volume is only� 0:06mm�3 [171].
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Desgranges and Lamontagne et al.performed continuous experiments on nuclear fuel with the
oxygen �ooding method and a defocused primary ion beam to detect [86] [36] and characterize
FG bubbles [37]. The SIMS was running by measuring the interference-free132Xe in a depth
pro�le using a defocused O+ primary beam and short scanning time to get a high resolution
for Xe-bursts when a pore is opened. The measured isotope was the un-interfered132Xe. By
determining the sputtering rate and the knowledge of the Xe concentration in the matrix which
represents the background signal, the BG peaks were compared to the spiky signals which
were up to 30-times higher. These peaks were derived to a Xe-concentration. Using SEM
images and EPMA Xe images of the analyzed area before and after the SIMS analysis, opened
bubbles have been identi�ed and their sizes has been determined (�0.5 �m). Based on these
measurements, pressures were derived in the order of to be 7MPa and 19MPa depending on
the position within the fuel [36].
An overall and more detailed analysis of spent nuclear fuel (UO2 and MOX) by using SEM,
EPMA and SIMS was reported byNoirot et. al. [29]. The microanalytical techniques have
been used to analyze the Xe concentration within individual bubbles. Therefore, the concen-
tration gradient is depending on the location of the bubble has been reported (center-rim).
Pressures from 45-145MPa were measured and calculated [29]. The method was the same as
used in [86] [36] [37]. Although, some results or pressures have been reported, a number of
uncertainties on di�culties have also been discussed.

3.5 Optical microscope instrumentation

Besides these elemental- and isotopic-analysis techniques, optical microscopy (OM) was per-
formed as well to determine crater sizes and depths. The microscopes used for the determina-
tion of ablation rates and crater sizes were an Olympus BX51 microscope and a Leica Jenaphot
2000 for low active samples (e.g. non-irradiated UO2) and a customized Leica Telatom 4 with
shielded optical parts to examine spent nuclear fuel samples. Their depth resolutions are ca.
1 �m for the Olympus and the Jenaphot 2000 and ca. 0.2�m for the Telatom 4, respectively.
An example of an crater examination on fuel is shown in Fig.3.9.
The OM could be used for metallographic analyzes, i.e. etching of the surface to determine
grain sizes and shapes of the fuel.
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Figure 3.9:Picture of created ablation craters in nuclear fuel.





Chapter 4

Quanti�cation Strategies for
LA-ICP-MS

4.1 Introduction

Quanti�cation in LA-ICP-MS is commonly based on a solid reference material used for calibra-
tion. These materials can be matrix matched to reduce the uncertainties of the results. One
of the remaining problems is the lack of reference materials for the wide variety of samples
which can be analyzed by LA-ICP-MS. However, the introduction of new laser technology (e.g.
UV-ns LA, UV-f s-LA) [177] [126] [178] [179] [140] [180] [181] improved the stoichiometric
ablation signi�cantly, which allows also non-matrix matched calibration for the quanti�cation
of solids [87]. The major concept of quanti�cation has been summarized byLongerich et al.
[58] and will be brie�y summarized with focus on the aim of this work.

4.2 Quanti�cation approaches

External calibration using internal standardization is used to generate the relationship between
the ion intensity (cps) and the concentration

�
mg
kg

�
. A typical approach of generating the cal-

ibration function is shown in Fig.4.1, where a suite of reference materials with well-known
composition was used to generate a calibration curve. Based on the calibration function any
unknown sample can be quanti�ed. Since the ablation rate and the aerosol formation is matrix
dependent for most of the commonly used laser systems and since the aerosol transport is a
function of the ablation position within the ablation cell, internal standardization is required
to correct for di�erences from the sampling to the detection of the ions. An internal stan-
dardization is based on the concentration of one major element within the sample and the

53
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standard, which needs to be known (stoichiometry) or determined prior to the analysis. The
internal standard corrects for di�erences in the ablated mass, transported mass and the involved
atomization and ionization processes.

Figure 4.1:Schematic illustration of a linear calibration curve to determine a concentration of an analyte.

The most commonly reference materials used in LA-ICP-MS have been the NIST 61X glass
series [182] [183] [184], which dominantly serve as calibration material for the quanti�cation of
minerals, �uid and melt inclusions and other materials [45]. This is mainly based on the large
number of elements within the glasses (61 trace elements). Already in 1992 it has been found
that Ca is one of the most suitable internal standard elements in LA-ICP-MS, especially when
analyzing rare earth elements [185]. Since that time a lot of insights into the ICP -induced
e�ects have been gained and the similarity of the vaporization behavior of elements has been
reported, which increases the �exibility in selecting an appropriate internal standard [186]. In
addition, some alternative calibration approaches have been developed. Direct liquid ablation
[187], simultaneous liquid and solid sample introduction [187] [188] [189] and a variety of
non-matrix matched calibration approaches have been reported. The average �gures of merit
reported using such strategies have been in the order of 10-20% in precision and 20% in ac-
curacy. Pressed pellets, lithiumtetraborate (Li2B4O7) fusions and sample + binder have been
reported for powder samples [190] [191] [192] . Recent reports on non-matrix matched quan-
ti�cation strategies have been reported forf s-laser ablation [193] [121]. Selected applications
indicate advantages of UV-f s-LA-ICP-MS. However, more studies and further validation will
be required.

The fundamental equation used for calculating the concentrations of unknown samples is given
in [58]:
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CAN(SAM) =
IAN(SAM)

S
=

IAN(SAM)

IAN(CAL)
CAN(CAL)

 
CIS(SAM)
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IIS(CAL)

CIS(CAL)

!

(4.1)

with:

IAN(SAM): represents the intensity of the analyte in the sample (measured).

S: represents the normalized sensitivity, which can be derived from the right part of the equation.

IAnalyte(CAL): represents the intensity of the analyte in the calibration (measured).

CAnalyte(CAL): represents the concentration of the analyte in the calibration (known).

CIS(SAM): represents the concentration of the internal standard in the sample (known).

IIS(SAM): represents the intensity of the internal standard in the sample (measured).

IIS(CAL): represents the intensity of the internal standard in the calibration (measured).

CIS(CAL): represents the concentration of the internal standard in the calibration (known).

First attempts to calculate an uncertainty budget for LA-ICP-MS has recently been published
by Luo et al. [194].
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4.3 Direct injection of xenon calibration gas

Gas sample introduction into ICP-MS is well-known in speciation. There have been a number
of reports on GC coupled to ICP-MS for the analysis of organo-metallic compounds [195] [196]
[197]. However,Hutton et al. and Stoddard et al.reported analysis of various trace element
concentration in gas samples by direct introduction of gas into an ICP-MS [198] [199].
In this work, �rst injection experiments were carried out using a 3-way stainless steel valve
to provide a simple test setup for the addition of an external gas. This simpli�cation was
considered to be important for a glove box arrangement, where external access to the ablation
cell is limited. A volume of 0.5cm3 of a certi�ed Xe gas mixture was introduced into the
nebulizer gas �ow for estimating the plasma behavior. The approach applied has been described
by Günther-Leopold et al.[63].

Experimental setup and calibration results

(a) (b)

Figure 4.2:Setup of the gas syringe injection into the carrier gas �ow system. First setup for test injections
is shown in Fig.4.2(a). The carrier gas came from the left tube into the mixing cell. The gas mixture was
carried through the right tube into the ICP-MS (not shown). Optimized setup in Fig.4.2(b). A T-�tting was
used where a septum was inserted. The gas �ow pass straight the �tting from the left to the right.

The setups shown in Fig.4.2 were built and tested. The calibration gas used was a customized
Xe gas from Messer (Lenzburg, Switzerland). The composition and concentration of the
individual compounds are summarized in Table4.1. Since all of the gasses are known to be
in�uential on the excitation conditions of the ICP, thoroughly testing of the concentration, the
volume and the injection speed was necessary.

The concentrations shown in Table4.1 were too high for direct injection at reasonably good
measurable volumes. Therefore, the gas mixture was diluted by helium 6.0 which is typically
used as carrier gas in LA-ICP-MS [134] [51]. Dilution factors of 1:1000 and 1:10'000 were
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Table 4.1:Content of the calibration gas.
Component Rated value Actual value Accuracy

[%] [%] [% rel.]
Xe 4.0 18 18.14 �2
N2 5.0 8 8.02 �2
Ar 5.0 1 0.998 �2
CO2 4.5 0.5 0.499 �2
O2 5.0 2 2.055 �2
Kr 4.0 2 1.993 �2
He 5.0 rest

applied and various volumes ranging from 1 to 100�l were studied. Further experiments
described later (ZrO2 and UO2, PMMA and high burn-up fuels) were carried out using 2, 5, 10
and 50�l for calibration. A typical transient signal and the repeatability of the injections are
shown in Fig.4.3 for a volume of 10�l, which represents a concentration of 18� g

g calibration
gas. The typical relative standard deviation of replicates was in the order of <10% and indicates
the suitability of such an approach.

Figure 4.3:Transient ICP-MS signal of repeated injections of 10�l of 18 ppm calibration gas.

Table 4.2shows the RSD in dependence of the injection volume. It can be seen that the RSD
is dominantly dependent on the accuracy of the injection volume.

It was found that the injection speed had an in�uence on the dispersion of the signal. However,
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Table 4.2: Integrated intensities and relative standard deviations (n=3) of the injected volumes with 18ppm
Xe; for the plot see Fig.4.4.

Volume Xe total Xe RSD
�l Vs %
1 3.74 7.0
2 6.27 9.4
5 11.4 5.5

10 20.9 3.4
20 40.8 1.3
50 93.9 1.3

100 183 2.5

the integral (area) remained constant. The constant area indicate that the transport e�ciency
is not a function of gas release into the carrier gas. This opens the option to in�uence the
signal height by the introduction speed to avoid saturation of the detector. The injection times
of 1 s and 10s were tested. Again, the injection time showed no in�uence on the Xe integral.
Since the initial dilution was the most critical step in the calibration procedure, the repeatability
and linearity of the calibration approach is summarized in Fig.4.4, where both dilutions and
various volumes were used for generation of the calibration curve.

Figure 4.4: Overall integrated signals of 1:1000 and 10'000 dilution at di�erent injection volumes (n=3).
The linear �t shows the correlation.

When measuring Xe gas from high burn-up fuels using LA-ICP-MS, the matrix is simultaneously
introduced into the ICP-MS and in�uences the excitation conditions of the plasma. Therefore,
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calibration was carried out using Xe gas mixtures only and with addition of the matrix by
ablating a stimulant. Due to interference restrictions, the ablated matrix was �ltered before
entering the ICP. However, the ablation process generates a large number of particles with
a high surface area which could lead to adsorption of calibration gas on the particle surface.
Such e�ects were only observed to an insigni�cant amount in our experiments. For example,
a 50 �l Xe injection led only to a slightly increased signal intensity of 3.5% in comparison to
the direct gas injection without �lter.

Our calibration approach provided a linear relationship between intensity and concentration
over 2.5 orders of magnitude, which was considered to be su�cient for high burn-up sample
analysis. The abundance of the Xe isotopes were in agreement with the natural abundance of
the isotopes (within the range of typical mass bias observed in ICP-MS). However, some minor
ionization e�ects due to the Xe introduction into the plasma were observed (few %), which
were mainly in�uencing the excitation condition of the matrix (see Chapter4.4.2).
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4.4 LA-ICP-MS on ZrO 2 and non-irradiated UO 2 sam-

ples

The ablation behavior of UO2 and ZrO2, their signal intensities with respect to spatial res-
olution and potential interferences were investigated on non-irradiated samples. The sample
preparation procedure for the two matrices will be given in the following paragraph.

4.4.1 Samples and preparation procedure

The ceramic samples used in this study were fabricated using two methods described in the
following paragraphs.

UO2 microspheres: These were gelated, calcined and sintered UO2 microspheres of 1.2mm
diameter, with the natural isotopic ratio of 0.72% for

235U
238U , see Fig.4.5(a). The fabrication

process has been described in [200]. These spheres were embedded into epoxy resin, ground
and polished (with 1�m diamond polishing paste) to semi-spheres.

(a) (b)

Figure 4.5:Ceramic samples used for this study. UO2-microspheres, fabricated at PSI with the calcination
gelation and sintering process [200] (Fig.4.5(a)). UO2 pellet embedded into a steel holder with epoxy resin
(Fig. 4.5(b)).

UO2 and ZrO 2 pellets: The initial material was UO2 (DU1 with 0.299%235U) and ZrO2

(5.2wt% Y-stabilized ZrO2) powder, which were pressed to pellets with 25kN during 30s.
These pellets were then sintered under an Ar-8%H2 atmosphere. The sinter program is listed
in Table4.3.

1Depleted Uranium
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Table 4.3:Sinter program for the UO2 and ZrO2 pellets.
Atmosphere Ar + 8% H2

First heating 800 � C
Heat rate 200

� C
h

Dewaxing stage 800 � C for 2 h
Second heating 1650 � C
Heat rate 300

� C
h

Sintering 1650 � C during 5h
Uncontrolled cooling down to room temperature

After sintering, the densities of the pellets were measured. Industrially fabricated UO2 and
ZrO2 pellets have a density of� = 10.9 g

cm3 for UO2 and� = 6.0 g
cm3 for ZrO2. Our fabricated

samples had experimentally determined values, using micrometers and microweights were� =
10.60 g

cm3 �0.8% for UO2 and � = 5.98 g
cm3 �0.9% for ZrO2.

From these pellets disks of 2-3mm were cut, embedded into a 17mm steel sample holder with
EPOFIX resin (Struers Inc.) and then ground and polished, see Fig.4.5(b).

4.4.2 Optimization of LA-ICP-MS

Sampling, particle transport and excitation are the three major processes in LA-ICP-MS, which
can have a signi�cant e�ect on quanti�cation. Our studies on UO2 and ZrO2 focused on crater
diameter, ablation rate per pulse, particle size distribution and the related signal intensities.
The samples studied have been analyzed prior to LA-ICP-MS experiments. The elemental and
isotopic compositions of selected isotopes have been determined using solution nebulization
(SN-) ICP-MS and were reported byWernli [201].

4.4.2.1 Ablation rates of UO 2, ZrO 2 and NIST 610

The ablation rate determines the amount of material entering the ICP and needs to be known
when using non-matrix matched calibration approaches [62]. This is mainly due to the fact that
di�erences in mass ablated and transported to the ICP between standard and sample can cause
matrix e�ects. Therefore, the laser �uence, repetition rate and crater diameter were selected
as most prominent parameter to in�uence the sample density within the plasma. Fig.4.6
summarizes the ablation rates of UO2 and NIST 610 in relation to the energy density. It is
shown that the ablation rate is a function of energy, which is in case of UO2 linear over the
energy range available on the ablation system. UO2 is a better absorbing sample, and therefore
the ablation rate increases linearly with energy density. The �uence necessary to ablate the
glass is signi�cantly higher. However, at �uences of >6Jcm2 , the ablation rate di�ers less than
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a factor of 10, which indicates that the mass related matrix e�ects between the glass and the
UO2 matrix might in�uence the results. However,Kroslakova and Güntherhave shown that
these matrix e�ects occur most dominantly for volatile elements (e.g. Cd, Cu, Zn) or elements
with high ionization potentials [62]. Therefore, their in�uence for the analysis reported here
are expected to be less critical.

Figure 4.6:Ablation rates of UO2 and SRM NIST 610 with a 100�m spot size.

The ablation rates of UO2 and ZrO2 were determined using 20, 50, 100 laser pulses and
frequencies of 1, 5, 10, 20Hz and crater diameters of 100 and 200�m at 1.5, 6 and 11 J

cm2 .
The uncertainty of the total crater depth was estimated to be in the order of 0.5 to 1�m, which
was approximately 1% of the total depth. Important to notice is the similarity of the ablation
rates for the two matrices, which were determined to be 100nm

pulse for UO2 and 130 nm
pulse for

ZrO2, respectively. These results were of major importance for the optimization, studies of
space charge e�ects and for comparisons between irradiated - and non-irradiated samples due
to the fact that ZrO2 can be used to "simulate" UO2.

4.4.2.2 Crater formation and structure

In addition to the ablation rate, crater structures were also investigated using an SEM. Fig.4.7
shows typical craters (10�m, 25 �m, 100 �m, 150 �m and 200�m) formed when ablating
UO2. These craters were generated at ETH Zurich using a 266nm Nd:YAG laser (LSX 500).

The crater sizes given above are the crater diameters adjusted in the instrument software. The
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(a) Overview of the ablations on the sample. (b) Detailed view of a 50�m shot.

Figure 4.7:SEM pictures of the UO2-microsphere.

micrographs indicate that the center of the ablated crater is in good agreement with the values
adjusted. Since the 266nm laser pulse is homogenized using apertures, the Gaussian beam
pro�le becomes visible in the crater structure, especially when using ablating small craters.
Towards larger crater the bottom of the crater becomes �at, which is partially related to the
increase in the energy, which is in contrast to imaging systems not constant. The rim of the
craters indicate that some remaining laser energy is reaching the sample surface and leads
to ablation until the threshold conditions are reached. Closer investigation of the crater rim
indicates that the ablation is not accompanied by melting processes, which would be visible in
a molten crater rim or larger spheres around the crater. Instead, the material seems to "crack",
which is not related to the high melting point of this oxide. An indication for a photomechanical
ablation was not found.

4.4.2.3 Particle size distribution

The particle size distribution of the materials of interest was measured using the HSLAS
particle counter. The principle of the measurements is based on laser di�raction. Such optical
measurement methods provide uncertainties, which have been described in detail byKuhn et
al. [145]. The general measurement con�guration is shown in Fig.4.8(taken fromGuillong et
al. [202]) and a photograph of the instrument is given in Fig4.9.

The HASLAS optical particle counter allows the measurement of 32 di�erent size channels
ranging from 60nm to 1 �m and has been applied in many laser aerosol studies. The major
advantage of the system is the applicability in online mode between the ablation cell and the
ICP.
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Figure 4.8:Schematic description of particle size measurement via laser di�raction, Mod. HS-LAS Particles
Measuring Systems Inc., Cl, USA [202].

Figure 4.9:HAS-LAS particle size instrumentation (left) and the control unit for the laser ablation system

(right). On the right screen the ablated craters on the samples are visible.
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However, it needs to be mentioned that agglomerates and single particles of similar size are
counted in the same channel. Therefore, the particle size can only be regarded as a good
estimation of the distribution and cannot be used as relative volume factor between matrices
for quanti�cation.
The particle size distribution in laser ablation is wavelength-, matrix absorption-, gas environ-
ment, �uence and pulse width dependent [121] [132] [135] [145] [203] [204] [205] [206]. The
lower the wavelength (UV) and the better the absorption behavior of the sample, the more
the particle size distribution is shifted towards the lower nm-range [88]. Since the vaporiza-
tion behavior of particles within the plasma is size dependent, the knowledge about the PSD
is crucial for LA-ICP-MS.Kuhn et al. have shown that particles (oxides) above 150 nm are
not completely vaporized within the ICP [203].Koch et al. have shown that the elemental
composition is particle size dependent [133] [206].
Results of the PSD measurements on UO2 are summarized in Fig.4.10. The major part of
the number of particles generated were in the range of 100-200nm, which is close to the
vaporization limit reported byKuhn et al. [203]. However, the amount of larger particles is
negligible. The PSD can be explained by the density of the matrix, which leads to a very low
ablation rate. Therefore, a signi�cant portion of the laser energy is placed in a small volume,
which leads to the formation of small particles. Recent studies have shown that the transport
e�ciency of such particle sizes is almost complete [143].

A comparison between the SEM micrographs and the PSD indicates that the crater rim "crack-
ing" leads not to larger particles transported into the ICP. However, the "extremely clean"
surface also indicates that larger particles must enter the gas phase and do not remain on the
sample surface.
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(a)

(b)

Figure 4.10:Particle size distribution of UO2 ablated with a 266nm laser ablation system. Fig.4.10(a): par-
ticle size distribution of the ablated UO2 aerosols (10 shots at 1Hz with 25 �m crater diameter). Fig.4.10(b):
Particle size distribution of the UO2 aerosols with the channel width correction of the instrument.
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4.4.2.4 Elemental concentration and isotopic composition

Fig. 4.11 & 4.12 summarizes the results achieved on UO2 microspheres. The element ratios
of 235U and 232Th, and 235U and 234U (Fig. 4.11(a), 4.11(b)) show a typical trend for the
introduction of low heat conductivity samples. The plasma stabilizes few seconds after sample
introduction and stable ratios were acquired. The noise of the ratios is in�uenced by counting
statistic. Therefore, the ratio of the more abundant235U/ 232Th shows less scatter.

(a) Elemental ratio of235U to 232Th.

(b) Isotopic ratio of 235U to 234U.

Figure 4.11:Ratios of selected elements/isotopes.

However, typically observed deviations between the two elements [207] were not detected. This
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might be explained by the fact that both elements enter the plasma as oxides. Due to their
similarity in the melting points it can be expected that all of the UO2 and ThO2 particles
vaporized at the same local position within the ICP, which explains the absence of temporal
changes in the element ratios. Since PSD is a function of ablation crater depth [203], particle
sizes must be considered su�ciently small for complete vaporization.

Figure 4.12:Concentration of selected elements and isotopes of the UO2 sample. Data were acquired using
LA-ICP-MS and of a previous measurement of a sample from the same fabrication batch using SN-ICP-MS
[201].

The transient signals are shown in Fig. 4.13, where the �rst 30 seconds represent the gas
background intensities. For quanti�cation based on NIST 610 calibration, the entire signal
was integrated (600 pulses). Cu and Pb showed signi�cantly higher RSD values, which can
be explained by two phenomena. The Pb signal at the starting of ablation indicates a surface
contamination, whereas the Cu signal indicates sample-related heterogeneity within the sample.
The quanti�cation was based on external calibration using NIST 610 and235U was used as
internal standard. Therefore, the isotopic di�erences235U/ 238U between the sample (0.72%)
and the NIST 610 (0.2%) was implemented into the calculation of the concentrations. The
LA-ICP-MS determined concentrations using non-matrix matched calibration were compared to
bulk concentrations determined by SN-ICP-MS and are summarized in Fig.4.11. Considering
that U in NIST (457 � g

g ) is a minor element and represents in UO2 the matrix, results are in
good agreement. Furthermore it is shown that local analytical techniques (such as LA-ICP-MS)
provide much more detailed information about the samples and might not represent the bulk
concentrations. Therefore, the discussed surface contamination and the local heterogeneities
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are considered to be the sources for the deviations of Cu and Pb. However, the di�erence in
the Ba concentrations remains unknown and cannot be explained in detail. Due to the fact
that the isotopic pattern of Ba follows the abundance, an interference can be excluded.

(a) Pb contamination on the sample surface.

(b) Cu inhomogeneity in the sample.

Figure 4.13:Measured contamination- and production-impurities of the uranium oxide sample.
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4.4.2.5 Simultaneous injection and ablation on non-implanted samples

The introduction of material into the ICP leads to changes in the temperature, and therefore to
changes in the excitation conditions and mass-load induced matrix e�ects [61] [62]. Therefore,
the Xe response was investigated in dependence on the matrix ablation and various volumes
of Xe addition were studied in detail. The amount of matrix was changed by using 15, 50 and
100�m crater diameters and di�erent volumes of Xe (5, 10 and 50�l) were added. To study
the e�ect of matrix presence in the ICP, the material was a) directly transported into the ICP
and b) �ltered between the ablation chamber and the torch of the plasma. The results are
summarized in Fig.4.14.

Figure 4.14: In�uence of particle �lter on the 129Xe signal with simultaneous injection and ablation on
non-implanted ZrO2 using di�erent laser spot sizes (25, 50 and 100�m) and injection volumes (5, 10, 50�l).

The results show a maximum deviation of 10% when normalized to the lowest presence of
matrix, without �ltering and a Xe volume of 10�l. As indicated in Fig.4.14, the data show no
signi�cant di�erence and the con�dence intervals of various masses overlap. However, there
is a trend of signal reduction when �ltering the matrix. This might be explained by the low
gas volume added to the carrier gas, which might be gently adsorbed on the particle surfaces
and therefore lost before entering the plasma. Another possible explanation would be that
di�usion losses with matrix present in the ICP become less critical, which is caused by the
fact that the particles overcome the density di�erences between the carrier gas and the plasma
gas "easier" and maintain the added gas more in the central channel of the plasma. Due to
the absence of matrix e�ects, the results for 5, 10, 50�l Xe were considered to be suitable
for calibration. Furthermore it must be mentioned that the Xe signal intensity is much less
in�uenced by mass-load induced matrix e�ects than observed for other elements. The studies
presented here for ZrO2 were also carried out using the UO2 matrix. Surprisingly, similar results
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were obtained and indicate that the heavier matrix of UO2 causes also no matrix e�ects (e.g.
space charge e�ects). This indicates that the low amount of material transported into the
ICP is signi�cantly lower than the masses typically introduced when using solution nebulization
where these e�ects have been reported.
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4.5 Implantation of 129Xe into ZrO 2 and UO 2 ceramics

To generate matrix-matched calibration materials, ion implantation was selected as a suitable
technique to implant Xe or Kr into a matrix-matched standard material for spent nuclear fuel,
i.e. UO2 and ZrO2.

Implantation of 129Xe into ZrO 2 and UO 2 ceramics at HMI Berlin

The samples described in Ch. 4.4.1 were used for implantation experiments at the Hahn-Meitner
Institute (HMI) Berlin. The �rst experiments were carried out in September 2004. Then it
was observed that the heat produced during the direct bombardment of the resin with Xe ions
mobilized remaining air between the pellet and the sample holder. Due to this mobilization
the sample did not remain in a stable position and the ion beam ejected the sample out of the
holder (see Fig.4.15)

Figure 4.15:The �rst implantation failed due to direct impact of the Xe-beam on the embedding resin and
air inclusion between UO2 sample and sample holder.

Based on the experience from the �rst measurements the sample holder was modi�ed. A tung-
sten mask was constructed and placed over the sample holder to protect the resin from direct
bombardment of the ions. A direct consequence was the reduced area for ion implantation.
In addition, a 30% lower ion current was adjusted (1-3.6�A). Prior to the implantation and
based on the lower current the necessary implantation time was calculated. Eq.4.2 shows the
parameters considered for the time determination.
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t =
� � N � Sirr � e

i
(4.2)

with

- t: duration of implantation (sec)

- �: chosen ion density
�

ions
cm2

�

- N: ion charge (3+)

- Sirr : irradiated surface2 ' (0.64 cm)2 to (0.7 cm)2

- e: elemental charge (1:602� 10�19 As)

- i: ion current (2 to 3.3A)

The e�ective ion implanted area on the sample was smaller than the �uttered area.

Sirr > Se f f = 0:4cm� 0:4cm = 0:16cm2 (4.3)

However, the selected ion beam size of 0.64 to 0.7cm2 was larger than the square mask
(0.4 cm). Therefore, the entire mask area contained implanted Xe ions. The mask was made
of tungsten (W), see Fig.4.16(a).

The implantation parameters are listed in Tables4.4 & 4.5, including the calculated implanta-
tion times with Eq.4.2.

Table 4.4: Implantation program for the UO2 samples.
Pellet No. Implantation Implantation theor. implantation time

energy dose (s) for Sirr = 0.81 cm2

(MeV)
�

ions
cm2

�
Ion current i = 2 (�A) 3 (�A)

UO2-3/1 8 1 � 1016 1950 1300
UO2-2/1 8 2 � 1016 3900 2600
UO2-6/2 8 1 � 1017 19'470 12'980
UO2-5/2 8 2 � 1017 38'930 25960
UO2-9/1 8 2 � 1017 38'930 25960

2This is the area which was produced by�uttering the ion beam. This area is larger than the e�ective area.
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(a) (b) (c)

Figure 4.16: Fig. 4.16(a): Mounting process from inserting the samples with the nomenclature and the
target doses on the backside of Al block. Fig.4.16(b): Front view of the Al-block with the samples mounted
on a copper-holder which was cooled with water. Underneath of the Al-block a collection drain was mounted
to collect possible sputtered material (UO2, ZrO2). Fig. 4.16(c): Completely installed setup, including the test
quartz above the sample holder with a charge removing grid in front of the quartz, and the installation of the
beam aperture made of tungsten to avoid beam-resin interaction with the 4�4 mm holes. All the pieces for
mounting were constructed at the HMI Berlin under the supervision of Dr. J. Opitz-Coutureau.

Table 4.5: Implantation program for the ZrO2 samples.
Pellet No. Implantation Implantation theor. implantation time

energy dose (s) for Sirr = 0.81 cm2

(MeV)
�

ions
cm2

�
Ion current i = 2 (�A) 3 (�A)

ZrO2-5/2 8 1 � 1016 1950 1300
ZrO2-3/1 8 2 � 1016 3900 2600
ZrO2-4/1 8 1 � 1017 19'470 12'980
ZrO2-1/3 8 2 � 1017 38'930 25'960
ZrO2-4/2 8 2 � 1017 38'930 25'960
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Results

Fig. 4.17illustrates the implanted areas on the samples, which are only visible in the high dose
implanted samples (labeled 2 and 3). The implanted ion dose was periodically monitored via
ion current measurements. These measurements were used to calculate the dose, and therefore
the Xe ion concentration within the sample (see AppendixA, Fig.A.1-A.9). Here it needs to be
mentioned that the dose calculation includes a relative error of >10%. However, there are no
data available for these types of samples. The high-dose implanted ZrO2 samples showed some
ring-structures which are not caused by the homogeneity of the ion beam used for implantation.
Therefore, it was assumed that sample speci�c heating of the ceramic occurred and caused
these structures.

Figure 4.17:Implanted UO2 samples, from left to right with the following doses
�

ions
cm2

�
: 1016, 2�1017, 2 � 1017,

1017, 2 � 1016. One can see the implanted quadratic area on the higher dose samples, especially on No. 2 & 3.

4.5.1 Depth-pro�le measurement of the implantation with TOF-
ERDA

Time-Of-Flight Electron-Recoil-Detection-Analysis(TOF-ERDA) was used to measure the
depth pro�le of the Xe atoms in the UO2 matrix. A special sample holder was constructed for
these experiments and a high dose implantation of 2�1017 ions

cm2 was achieved and the depth
pro�le was measured. The data evaluation was carried out using two di�erent strategies [208].
In a �rst approach the KONZERD program converting the energy spectra directly into depth
pro�les was applied. In a second approach two simulation programs (SIMNRA and SRIM) were



76 Chapter 4. Quanti�cation Strategies for LA-ICP-MS

used to calculate the depth distribution [167]. The SIMNRA simulation provided a U:O ratio
of 27:83, which corresponds to a ratio of 3:8 and indicates that the matrix is U3O8 with a
density of 6.2 g

cm3 [167], which questions the oxidation state of the U. U3O8 is a stable oxide
and can be formed by annealing at temperatures of 700� C. The KONZERD calculation is also
shown in Fig.4.18and this depth pro�le is slightly shifted towards the sample surface, which
is an indication that the matrix was UO2 with a density of 10.9 g

cm3 . However it needs to be
mentioned that the last data points towards increasing depth were extrapolated. Using SIM-
NRA, deeper pro�les could be simulated, with the dose given above, 8MeV 129Xe ions and
U3O8 with a density of 7.2 g

cm3 used as parameters. The SIMNRA calculated plateau pro�les
�t the SRIM Xe spectra and shows similar trends. The sharp plateau pro�le of SIMNRA is
less likely and a more continuous pro�le can be assumed. However, calculations based on the
experimental data, KONZERD and SIMNRA pro�les provided a higher implantation dose than
2�1017 ions

cm2 , while SRIM was run for 2�1017 ions
cm2 .

Figure 4.18:The various calculations for the implanted UO2 sample. The KONZERD calculation is possibly
not well scaled due to some limitations of the program. It should be more lengthen. Then it would be more
consistent with the SIMNRA data.

The results obtained were inconclusive and the remaining uncertainties too signi�cant and
needed further investigation before using the materials for LA-ICP-MS studies.
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4.5.2 TGA measurement on UO 2 samples

As there were some interpretations on the ERDA results (U3O8 vs. UO2), Thermo gravimetric
analysis(TGA) was used to determine the stoichiometry of the uranium oxide sample.
To explain the discrepancies in the oxidation state of the uranium oxide used for implantation,
TGA was used to determine the stoichiometry of the sample. These measurements were carried
out using the TA-851 (Mettler, Switzerland). The sample was placed in a furnace and heated
up to 1000� C. The furnace was �ushed with gases for oxidation and reduction of the sample
and during this procedure that weights of the sample was determined. The M/O ratio was
calculated using Eq.4.4.

O
M

= 2:000�
(W2 � W1) � F

W2
(4.4)

with:

W2: weight of the sample at the end of the experiment, in [mg].

W1: weight of the sample at the beginning of the experiment, in [mg].

F: molecular weight of the metal oxide divided by the molecular weight of oxygen (15.9994), so mol.-weight
UO2

O .

The analyzed UO2 materials are listed in Table 4.6. Therefore, 30mg of each of these samples
were oxidized in air (850� C) and afterwards reduced in H2/Ar atmosphere. The results are
summarized in Table4.6 and demonstrate that the sample was UO2.

Table 4.6:Results of the TGA measurements on UO2 samples. Each sample was measured only once because
of the unambiguous proof of the stoichiometry of UO2.

Sample O
M Std. dev. � RSD %

1. UO2 powder (depleted uranium, DU: 0.299%235U) 2.119 0.0006 0.028
2. UO2 pressed and sintered pellets of the same material. 1.977 0.0010 0.050
3. UO2 pellet implanted with 2 � 1017 ions

cm2
129Xe 1.986 0.0011 0.054

4. UO2 enriched pellet (3.5% 235U) 1.989 0.0003 0.017
5. UO2 reference standard sample for TGA instruments 2.007 0.0010 0.049

Thus, it was proven that the implanted sample was UO2 and not U3O8
3.

It was also discussed if the implantation itself had an e�ect on a possible transformation
UO2 ! U3O8. In personal discussions it was mentioned that if the sample would be transformed
to U3O8, the pellet would disintegrate back to powder, the so-calledDracula-e�ect, which did

3For U3O8 the stoichiometric composition would be O/M = 8/3 = 2.667.
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not happen [209]. Additionally, this could only happen when the UO2 was heaten up to 750� C
under an oxidizing atmosphere [209]. During implantation, the sample was under high vacuum.
It is also not possible that only the implanted layer of the sample was transformed. Then this
layer should disintegrate, which was not observed either.
These TGA results show, that the ERDA depth-pro�le measurement was performed on a
deviating stoichiometry for uranium oxide than measured here and therefore also on a di�erent
and too low density. This concluded to not using the ERDA results for further experiments.

4.5.3 LA-ICP-MS on the implanted samples

To get information on the implantation depth of the ions, Monte Carlo simulation software
(MC-SRIM) was applied [167]. Simulations with up to 25'000129Xe ions on UO2 and on ZrO2

ceramics were made with the corrected densities. The results of the calculated maxima of the
implanted Xe depositions were 1.33�m for UO2 (Fig. 4.19) and 1.50�m for ZrO2.

Figure 4.19:Monte Carlo simulation of129Xe implantation into UO2 by using the SRIM2003 software [167]
and with a �t using an asymmetrical peak function performed with Origin software (correlation = 0.98655).

The aim of LA-ICP-MS analysis of the Xe implanted samples was focused on the homogeneity
of the implantation process, the depth of Xe implantation and the Xe distribution into depth.
Furthermore it was aimed to generate calibration curves based on the implanted materials.
The LA-ICP-MS measurements on UO2 were performed at PSI and the ZrO2 measurements
at ETH (see Fig.3.6) and the operating conditions used are summarized in Tables3.3 & 3.4.
The ZrO2 measurements were carried out using a quadrupole instrument in combination with
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an excimer laser. The UO2 measurements had to be carried out on a MC-ICP-MS due to the
activity of the samples. Therefore, internal standardization using Zr on the quadrupole setup
was modi�ed for the MC-ICP-MS by using the doubly charged ion, measured in pseudo high
resolution mode as the internal standard (see also Fig. 4.20). The stability of doubly charged
ions depends signi�cantly on the plasma conditions and might be not as for the ion signal on
mass 238 (238M+). However, the limited detectable mass range of the MC required the use of
238U++ for simultaneous analysis of U and Xe. This internal standardization approach was used
for all simultaneous measurements of uranium and xenon.

Figure 4.20: Spectra of 119Sn+ and 238U++ obtained using the MC-ICP-MS. The left part of the peak
represents the119Sn+ , the peak center is an overlap of119Sn+ and 238U++ , while the right part of the peak is
the 238U++ signal. The x-axis represents the m/z ratio of the center cup of the MC-ICP-MS which was set for
127I (m/z = 126.904 amu). The resolution of the system wasm�m = 3400 (R5%).

Results

The lateral Xe implantation homogeneity was found to be in the range of 10% RSD or below
when ablating on �ve di�erent locations within the implanted area. No Xe was found outside
the implantation area. Fig.4.21shows a typical transient signal obtained for an ablation within
the implanted area. The Xe signal was acquired using a laser repetition rate of 1Hz and was
partially resolvable with the transport system used. The peak maximum was reached after
10 to 11 laser pulses, which is in good agreement with the ablation rates determined for the
materials and in comparison to the SRIM calculations. After 25-30 laser pulses (2.5-3�m
below the surface) hardly any Xe in the UO2/ZrO 2 matrix was detectable. However, a small
Xe signal remained, which was produced from the soft ablation of the crater walls. This was
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shown by ablating smaller laser craters, which have a lower interactive surface and therefore
released no Xe.

Figure 4.21:Laser ablation of ZrO2 ceramic sample implanted with2� 1017 ions
cm2

129Xe using 50 shots at 1Hz

repetition rate (50�m crater and 10 J
cm2 ).

The four implantations allow to generate a linear calibration curve, for ZrO2, see Fig.4.22(a),
and for UO2 Fig. 4.22(b). The parameters were for the ZrO2 samples 60�m, 1 Hz, 193nm,
12 J

cm2 (ELAN 6100+ DRC ICP-MS), and for the UO2 samples 140�m, 1 Hz, 266nm, 10 J
cm2

(Neptune MC-ICP-MS).
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(a)

(b)

Figure 4.22:Linearity of the calibration method: Fig.4.22(a)of the implanted ZrO2 samples, and Fig.4.22(b)
of the UO2 samples.

The regression coe�cient for ZrO2 was signi�cant better (0.9997) than the value calculated
for UO2. The dashed line in Fig.4.22(b) indicates that a concentration dependent implan-
tation occurs for UO2. Unfortunately no further detailed information causing this non-linear
implantation can be given.
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4.6 Comparison of gas injection and implanted sam-

ples for quanti�cation

To compare and to validate the two calibration techniques, gas injection was used for estab-
lishing the Xe calibration curves for ZrO2 and UO2. The Xe implanted samples were analyzed
as unknowns. The analysis sequence was adapted fromLongerich et al.[58] and data were
corrected for drift. All experiments were carried out using di�erent crater sizes, wavelength's
(266 nm and 193nm) and ablation environments (Ar and He).
The theoretical amount of ablated129Xe was calculated from the implantation doses and the
measured crater sizes and was then compared to the results measured using the external calibra-
tion method. In addition to external standardization, internal standard was applied to improve
the analytical results. During the analysis of UO2 and129Xe using the MC-ICP-MS, the double
charged238U++ was used (mz = 119) as an internal standard.
The

129Xe+

238U++ ratio for the simultaneous injection and ablation was compared with the ratio of
the ablation of the implanted UO2. A calibration curve of the ratios with di�erent injection
volumes was derived for each crater size. With this method an internal calibration using the
129Xe+

238U++ ratio was performed.

The comparison shows a recovery rate of 51-82% for ZrO2 and 61-96% for UO2, see Fig.4.23.
The di�erences in the recovery rates were independent of laser wavelength's, spot size, carrier
gas type and the application of a particle �lter. The method of standard addition by ablating
the implanted sample and simultaneous injection of calibration gas did not improve the recovery
rate signi�cantly.

Fig. 4.24 shows the comparison of external and internal calibrations for UO2 samples with
di�erent Xe implantation doses. Only the data for UO2 are shown since the results obtained
on ZrO2 were very similar. The internal calibration leads to an increase in the recovery for all
implantation doses. However, the recovery did not exceed around 70%.
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(a)

(b)

Figure 4.23: Recovery rates of the implanted ZrO2 (Fig. 4.23(a)) and UO2 samples (Fig.4.23(b)) as a
function of laser wavelength, carrier gas, implantation dose and crater size.
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Discussion and conclusions for the implanted ceramic samples

The results of the two calibration methods (direct gas injection, Fig.4.3 and Fig.4.4, and the
ablation of the implanted samples, Fig.4.19and Fig.4.21) were not in good agreement, with a
signi�cantly lower Xe concentration being obtained using Xe-implanted samples (Fig.4.24). It is
important to note that the implantation dose was estimated from the ion current with an error of
10% and could not be validated further since no method was available to measure the e�ective
ion implantation dose. It can be assumed that not all Xe ions were implanted into the ceramic
and some loss occurred due to scattering, i.e. from the tungsten blind. In addition, some Xe
ions could have been lost by di�usion. An earlier reported quanti�cation study using implanted
noble gas into solid materials supports the possibility of Xe loss [174]. Their explanations were
gas loss due to heating of the sample during implantation, electrical charge e�ects resulting in
an incomplete implantation, and gas loss during implantation due to radiation damage. The
long storage time between implantation and the LA-ICP-MS measurements might also have
contributed to a certain gas loss. The measurements show that the implantation technique
for noble gases is not accurate enough to be used as calibration material for Xe determination
with LA-ICP-MS. The agreement of the implanted samples was slightly improved when using
internal standardization (Fig.4.24), which indicates that the initial ablation process did not
lead to a complete separation of Xe from the solid matrix. However, it is also possible that
more U than Xe remains around the crater, and therefore the internal standard leads to an
overestimation of the Xe, which increases the recovery (Fig.4.24). Assuming that the Xe
is transported without loss in the carrier gas system allows the calculation of the amount of
material remaining on the sample surface or within the ablation cell. These calculations indicate
that approx. 5-30% of the ablated material remains on the sample surface. Since the signal
intensity with and without matrix load into the plasma showed a small reduction within 1-5%, a
major matrix e�ect was not observed (Fig.4.14). However, all approaches applied did not lead
to an acceptable recovery, which indicates that the sample fabrication might be responsible for
the deviations measured.
At the direct injection of Xe into the carrier gas system, the reasons for a slightly lower
and less reproducible signal at lower injection volumes comparing measurements with and
without a �lter could not be completely explained. One possibility could in the combination of
uncertainties of di�ering injection volumes or the dilution of the calibration gas. However, the
smaller the volume applied, the more sensitive is the gas to a possible adsorption of gas on the
ablated matrix, which was �ltered before entering the ICP. This becomes less pronounced when
introducing lower gas volumes. The simultaneous gas injection and ablation of non-implanted
ceramic samples did not provide any indication of a signi�cant in�uence of the matrix on the
Xe signal (Fig.4.14). However, the injection of the lowest possible volume of 5�l using a
50 �m crater for ablation lead to the highest relative standard deviation, which could be due
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Figure 4.24:Comparison of external and internal calibration on129Xe implanted UO2.

to the somewhat poorer relative reproducibility of the low volume injection. Increasing the
gas volume and increasing the crater diameter led to decreasing Xe signal intensities with and
without using a �lter. Since the highest injection volume with the lowest standard deviation
shows also a signal decrease (still within standard deviation) a small matrix e�ect cannot be
excluded. This e�ect could be induced by space charge and mass load [62] which leads to
changes in the plasma temperature and a change in Xe ions in relation to the total Xe.
For the implanted samples with and without �ltering, the in�uence of the higher aerosol load
(due to increasing laser spot size) into ICP showed a higher e�ect on the gas signal at lower
implantation doses. This could be another indicator of adsorption processes of xenon with the
hindered aerosol.
Most interesting, the results obtained using di�erent carrier gases and laser wavelengths were
comparable and indicate that the Xe gas release is similar. Considering the broader particle
size distribution of a 266nm laser [203] such a result was not expected. Furthermore, both
gases transport Xe similarly. The e�ciency of the �lter process was determined to be su�cient
for a complete matrix removal. However, a gas volume dependent adsorption process of Xe
onto the surface of particles cannot be excluded completely. The general reduction in the Xe
signal intensity was small and did not signi�cantly in�uence the quanti�cation.
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4.7 Transparent plexiglass with Xenon bubbles

The third calibration strategy was based on the development of an approach, where direct
ablation of synthetic inclusions were used for quanti�cation of unknown samples. This strategy
has been developed and applied in geology, where synthetic inclusions have been used for the
analysis of natural inclusions [210] [45]. Since Xe is a gas, a suitable matrix and procedure
for the generation of Xe inclusions was studied in detail. The requirements on the procedure
were quantitative introduction of Xe into inclusions of a size analyzable by LA-ICP-MS (similar
size as the Xe inclusions in UO2 and ZrO2). The procedure should be fast and reliable and
reproducible. The matrix should be stable enough to keep the Xe gas within. Furthermore it
was aimed to search for a transparent matrix, which allows the determination of the inclusion
size prior to the analysis.
Therefore, the extrusion of PMMA (6N) was selected as suitable matrix to produce Xe inclusions
[211].

Extrusion

Extrusion is a method to melt and/or plastify a polymer granulate to a homogenous plastic
mass which can then be transferred into any shape or form [212]. In theextruder, the polymer
granulate is molten and passes through a system of one or two screws. In Fig.4.25 the
schematic sketch of an extruder is shown.

Figure 4.25:Basic con�guration of an extruder [212].

There are di�erent types of extruders used, e.g. single screw extruder, twin screw extruder with
co- or opposite-rotating screws [212]. Our instrument (from Brabender company, Germany)
was a co-rotating twin screw extruder with modular build screws of 25mm diameter and a
length-to-diameter proportionLD = 22, see Fig.4.26.
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Figure 4.26:Screw of a co-rotating twin extruder [211].

Commonly extruders are used to produce a plastic melt without any bubbles or other impuri-
ties. For this study, extrusion parameters had to be de�ned to produce samples with suitable
inclusion sizes.

Table 4.7:Some general parameters of PMMA [212].
Property Unit Value Remarks
Coe�cient of Thermal Expansion (K �1 )
linear 7�10 �5 0 - 50� C
volume 2.60�10 �4 < Tg

2.55�10 �4 < Tg

2.72�10 �4 < Tg

2.25�10 �4 < Tg

5.80�10 �4 > Tg

5.60�10 �4 > Tg

5.80�10 �4 > Tg

5.75�10 �4 > Tg

Compressibility (MPa�1 )�10 6 245 T = 20� C
290 60� C
355 100� C
390 109.3� C
500 119.8� C
530 129.7� C
561 150� C
644 200� C

Density
�

Mg
m3

�
�

�
g

cm3

�
1.195 0� C
1.190 20� C
1.188 25� C
1.150 Tg
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Poly methylene methacrylatebetter known byPlexiglassor acrylic glassis a well known material.
It consists of

(C5O2H8)n (4.5)

Wheren represents the polymeric chain ofmethylene methacrylate(C5O2H8). It is a very
commonly used material because of its robustness against weather conditions and UV light
[213]. Some important parameters are listed in the Tables4.7 & 4.8. The material was
available as granulate.

Table 4.8: Important parameters of PMMA of low viscosityDegussa-Röhm PLEXIGLASR
 Formmasse
6N/7N/8N [213].

Unit Standard 6N 7N 8N

Mechanical properties
Tensile modulus

�
1mm

min

�
(MPa) ISO 527 3200 3200 3300

Breakage stress
�
5mm

min

�
(MPa) ISO 527 67 73 77

Breaking strain
�
5mm

min

�
(%) ISO 527 3 3.5 5.5

Charpy impact strength (23� )
�

kJ
m2

�
ISO 179 20 20 20

Thermal properties
Vicat softening point (B/50) ( � C) ISO 306 96 103 108
Glass transition temperature (Tg) ( � C) IEC 10006 - 110 117
Deformation resistance temperature (0.45MPa) (� C) ISO 75 - 100 103
Deformation resistance temperature (1.80MPa) ( � C) ISO 75 - 95 98
Linear thermal expansion coe�cient � (0-50� C) (10�5 K�1 ) ASTM E831 8 8 8
Fire classi�cation DIN 4102 B2 B2 B2

Rheologic properties

Melt volume rate, MVR (230/3.8)
�

cm3

10min

�
ISO 1133 12 6 3

Optical properties
Transmission grade� D65 (%) DIN 5036 92 92 92
Haze (%) ASTM D1003 - < 0.5 < 0.5
Refractive index n ISO 489 1.49 1.49 1.49

other
Density �

� g
cm3

�
ISO 1183 1.19 1.19 1.19

Processing properties
Max. pre-desiccation temperature ( � C) 85 93 98
Duration of pre-desiccation (h) 2 - 3
Processing mass temperature ( � C) 220 - 260
Processing cylinder temperature ( � C) 220 - 260
Processing instrument temperature ( � C) 60 - 90
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Determination of the viscosity of PMMA 6N

Before the extrusion, a small amount of PMMA was placed into a dryer during 24h. Afterwards,
the granulate was put into a mould, heated up to 200� C, and pressed with 45kN during 35min
in heatable hand press. Seven disks were produced with a diameter of 25mm and a thickness
of 2 mm. These disks were used to perform the strain test. The polymer used had already
low viscosity. To �nd out the ideal temperature, a series of harmonic strain tests at several
temperatures were performed. The temperature range has a lower (96� C, melting point) and
an upper limit (260� C, breakup of the polymer structure), see Table4.8. Beyond these limits,
the plexiglass looses its properties and integrity. The results of viscosity are given in Fig.4.28.

Figure 4.27:Illustrative picture of the viscosity of PMMA 6N. With increasing temperatures the viscosity
decreases) the PMMA can produce long �laments, as seen here.
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Harmonic strain test on PMMA 6N It was found that the extrusion should be performed
at 240 � C, with a safety margin toTmax= 260 � C, which represents the upper limit of the
operating range.

Figure 4.28:Determination of the viscosity of PMMA 6N at di�erent temperatures using the harmonic strain
method.

Determination of extrusion parameters of PMMA 6N

After �xing the temperature for the extrusion under air (240� C), additional parameters were
optimized, i.e. thespeed of the screw drive(!) and the frequency of the shake funnel( f ) to
get suitable bubble sizes and densities. The instrument and stages of the extrusion are shown
in Fig. 4.29.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.29:Extrusion experiment at the Institute of Polymer Physics at ETH Zurich. Fig.4.29(a): Overview
of the extrusion machine. Fig.4.29(b): Shake funnel �lled with PMMA 6N grains. The grains were dried and
evacuated during 24h in a vacuum furnace. Fig.4.29(c): Engine and heating of the screw drive with the
temperature displays on top and the display of!. Fig. 4.29(d): Exit of extruded PMMA at the end of the
screw drive. Fig.4.29(e): Cutting/portioning of extrusion samples with a spattle. Fig.4.29(f): Extrusion
samples with di�erent (screw drive!, shake funnel frequencyf ) are cooled down.
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The di�erent values of used screw drives!, and shake funnel frequenciesf are listed in
Table 4.9. From each of these parameter combinations (!, f ) 5 - 10 samples were produced.
They were cooled in air without special cooling procedures. Afterwards, the produced samples
were analyzed using optical microscopy with respect to the formed bubble sizes and the bubble
densities.
Based on the optical examinations (see Fig.4.30), the suitable conditions are summarized in
Table4.9.

(a) (!, f )=(10,13). (b) (!, f )=(20,9).

Figure 4.30:Results of the extrusion with di�erent (!, f ) parameters. The left sample ful�lls the requirements
for our inclusion experiment, the right sample have too many bubbles which are not distinguishable inx, y, z
directions.

Table 4.9:Values of extrusion parameters performed. The "
p

" marked parameters are recommended. They
have the most suitable bubble sizes and densities.

[AU] !
f 10 20 30 40
9

p
x x

13
p

x x
15 x

p
x x

4.7.1 Extrusion of PMMA 6N under Xe atmosphere

Based on the optimum parameters for bubble forming, experiments were carried out under an
atmosphere of 5% Xe in Ar 6.0 calibration gas (provided by Messer Corp., Switzerland). The
shake funnel was enclosed with a plastic (PE)4 bag and sealed. This bag was evacuated with

4Polyethylene
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a vacuum pump, "�ushed" with the calibration gas and �nally �lled with the calibration gas,
see Fig.4.31.

(a) Evacuated bag. (b) Bag �lled with calibration gas.

Figure 4.31:Shake funnel was put over with a large plastic (PE) bag, sealed with a plastic welding apparatus.
The tube on top was connected to a vacuum pump. Via another tube the 5% Xe in Ar 6.0 calibration gas was
�ushed into the bag.

4.7.2 LA-ICP-MS on PMMA 6N with Xe inclusions

The produced PMMA samples were polished to reach bubbles close below the surface. Bubbles
were selected and their dimensions were determined using an optical microscope. The bub-
ble dimensions were determined by assuming an ellipsoid shape (axesa, b, c). An additional
rotational symmetry ofb = c was also assumed due to the fact that the polymer melt exits
the extruder, and the melt �attens due to gravitation. Size determined bubbles were marked
for the measurement, see Fig.4.33, and only bubbles within 1mm below the surface were
considered, due to the limitation of the focusing depth of the microscope. Due to the depth
of the inclusions, the measurement itself was performed by manually adjusting the focus of the
LA-system to drill deeper holes than in the �xed LA focus mode.
The measurement quanti�cation procedure was similar to the ceramic samples: 1. Calibration
by gas injection, 2. Measurements on the samples, 3. Calibration at the end of the measure-



94 Chapter 4. Quanti�cation Strategies for LA-ICP-MS

Figure 4.32:Gas inclusion in PMMA 6N. The inclusion dimensions were determined by measuring with LA
optical system or with the Leica Jenaphot 2000 system installed at PSI.

Table 4.10:Operating conditions of the quadrupole ICP-MS instrument for the ablation on PMMA 6N at
ETH.

ICP-MS system ELAN 6100DRC+ II
Carrier gas �ow

�
l

min

�
0.8

Auxiliary gas �ow
�

l
min

�
0.8

Plasma gas �ow
�

l
min

�
18.5

ICP RF power (W ) 1400
Isotopes 12C, 13C, 14N, 36Ar,

129Xe, 130Xe, 131Xe,
132Xe, 134Xe, 136Xe

Carrier gas He 6.0, Ar 5.0

ment.
Calibration checks during the measurement were also performed to see possible drift behavior
of the ICP-MS.

Results

A transient signal of an opening of a Xe inclusion in PMMA 6N is shown in Fig.4.34.
14N was monitored as a possible air impurity of the bag with the granulate which was evacuated
and �ushed with the certi�ed Xe gas mixture. The12C and13C signals represent the ablation of
the polymer with 10 J

cm2 and 10Hz. The bubbles could be reached until�1 mm below the sur-
face by "active" focusing of the laser when reaching the bubble a Xe spike occurs and the gas
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Figure 4.33:PMMA samples with Xe inclusions, marked for LA-ICP-MS measurements.

is released. Continued ablation into an opened inclusion did not provide any further Xe release,
which indicates that the dominant part of the gas was trapped in inclusions. The determined

Figure 4.34:Transient signal of LA-ICP-MS on an 5% Xe in Ar 6.0 inclusion in PMMA 6N, see Fig.4.32.
The determined inclusion dimensions (a=620�m, b=c=390 �m) and the laser ablation setup (crater 100�m,
repetition rate 10Hz). The signal increase of12C and 13C represents the start of the ablation process, the
second peaks of the Xe isotopes represents the opening of the inclusion.

amounts of Xe and the derived gas pressures in the inclusions are listed in Table4.11. The
pressures were calculated by summarizing the partial pressures of Xe and Ar of the calibration
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Table 4.11:Determined Xe amounts in inclusions of PMMA. The volumes were determined and derived with
the approximation of rotational ellipsoids

�
V = 4�abc

3�8

�
and the pressures with the ideal gas law. The screw

drive value was!=10 for all samples.
Sample No./ Extr. Inclusion dimensions LA aperture Xe amounts Pressure
Marker-Bubble a b c Vol. T=293 K T=513 K

f (�m) ( �m) ( �m) ( m3) ( �m) (atoms) (pmol) ( Pa) (Pa)
1/4-1 15 806 509 509 1.07�10 �10 200 5.97�1012 9.9 4495 7871
1/4-d 15 171 171 171 2.62 �10�12 100 2.47�1011 0.4 7640 13'377
1/4-e 15 285 285 285 1.21�10 �11 100 1.31�1012 2.2 8742 15'307
1/5-f 15 240 230 230 6.65�10 �12 100 6.48�1011 1.1 7885 13'805
1/5-g 15 430 342 342 2.63�10 �11 100 1.61�1012 2.7 4943 8654
1/5-h 15 500 350 350 3.21 �10�11 100 1.08�1013 17.9 27'250 47'711
1 15 280 230 230 7.76�10 �12 50 8.25�1011 1.4 8602 15'061
4/2-4 10 410 330 330 2.34�10 �11 100 6.93�1012 11.5 23'997 42'015
4/2-4 10 500 500 500 6.54�10 �11 100 9.39�1012 15.6 11'603 20'315
4/2-3 10 500 440 440 5.07�10 �11 100 7.72�1012 12.8 12'329 21'587
4/2-9 10 460 450 450 4.88�10 �11 100 8.51�1012 14.1 14'114 24'712
3/3 15 810 490 490 1.02�10 �10 100 1.03�1013 17.1 8170 14'304
3/1 15 580 530 530 8.53�10 �11 100 9.84�1012 16.3 9334 16'342
3/5 15 620 390 390 4.94�10 �11 100 3.92�1012 6.5 6421 11'243
3/6-1 15 660 520 520 9.34�10 �11 100 8.00�1012 13.3 6929 12'130
3/6-2 15 410 380 380 3.10�10 �11 100 2.43�1012 4.0 6349 11'117
3/8 15 780 320 320 4.18�10 �11 100 1.27�1013 21.1 24'622 43'109
3/8 15 700 340 340 4.24�10 �11 100 1.91�1013 31.8 36'624 64'124
3/8 15 410 370 370 2.94�10 �11 100 5.14�1012 8.5 14'159 24'790
3/8 15 200 200 200 4.19�10 �12 100 1.69�1012 2.8 32'726 57'298
3 15 505 405 405 4.34�10 �11 100 7.40�1012 12.3 13'809 24'177
1/2-2 15 650 360 360 4.41�10 �11 50 4.41�1011 0.7 810 1418
1 15 530 320 320 2.84�10 �11 50 1.30�1012 2.2 3695 6469

gas. When the polymer exit the extruder, it had a temperature of 240� C (513K). Thus, the
pressure for the exit temperature was also determined.

Discussion and conclusion for the plexiglass samples

This data shows a de�cit of Xe in the inclusions than the expected amounts expected at
ambient pressure conditions. There is a complex pressure gradient within the extruder [212]
[211], but by exiting the extruder, the hot polymer expands and the bubbles within as well.
Various other reasons could cause this di�erence:

- The di�usion coe�cient for Xe in polymeric material is considerable high at extrusion
temperatures of 240� C [214].

- The thermal expansion coe�cient is also quite high. Therefore, after cooling down of
the samples the conditions for the Xe bubbles change strongly as well.

- The pressures in the extruder are generally in the range of 1-10MPa [211], which depends
on the three parameters (T, !, f ) of the extruder. It was assumed that the pressure at
the extruder exit was at atmospheric level.
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All these uncertainties show that this calibration method was also too complex for the purpose
of this study.
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4.8 Additional concepts

Other strategies for the quanti�cation of gaseous inclusions were discussed, but then not further
investigated:

Porous ceramic foam with Xe-inclusions: The considered material was a foam made of
Al2O3 ceramic, produced under a Xe atmosphere. The foam production would be as following:
1. The Al2O3 as a powder would be mixed with water in a processing unit and transformed
to a foam. This process would be carried out under a Xe atmosphere. 2. The formed foam
would be dried very slowly to avoid tensions and cracks in the material which could cause gas
release. This drying process could also be carried out under a Xe atmosphere.
The key parameters would be as well: the �nal pore size, the pore density and the pressure
in the pore. An important feature should be forming closed pores. The pore size and the
density could be determined by optical microscopy (from a surface cut), concentrations could
be determined via LA-ICP-MS and �nally the pressures could be calculated.
Although the experimental e�ort to get a reasonable precision was predicted high and uncer-
tainties, like inhomogeneous pore sizes and -densities which would limit the method [215] [216]
[217].

Transparent silicone polymeric with pressurized Xe-inclusions: In collaboration with
an electrical engineer a concept was discussed. During mixing of a transparent two component
polymeric silicone, bubbles would be formed in the silicone, which could be in themm-range.
By increasing the pressure up to 8barthese bubbles would be compressed and the inclusion size
would shrink. This high pressure would be hold until the silicone would "harden" [218]. This
could be performed also under a Xe atmosphere. The bubbles would then contain pressurized
Xe inclusions.

Possible uncertainties could be smaller bubbles which would be then also pressurized, could
perturbate the results of larger visible bubbles. Unfortunately the e�ort for a successful real-
ization was estimated being too intense for further experimental and technical details for this
study.
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4.9 Discussion and conclusions

After the evaluation of three concepts in detail, the conclusions are:

The injection method: Is a simple method and largely independent on volume and mass.
The linearity of the calibration with various injected gas amounts was proven. Certi�ed reference
gas mixtures are available on the market. There is no in�uence from the matrix during the
measurement, which has to be taken into account for LA-ICP-MS solid material analysis, if the
aerosol will be not �ltered.

The implanted ceramic sample method: To take into account possible matrix e�ects,
a matrix (UO2, ZrO2) similar to nuclear fuel was considered for calibration. This matrix was
implanted with de�ned amounts of a Xe isotope. The linearity of this calibration method
could be also proven for both matrices. The preparation and production of this sample type
is complex, and therefore more sensitive for possible sources of uncertainties. As a result
of the comparison of this method with the injection method, a discrepancy in the implanted
samples was discovered. Possible reasons were discussed. Additionally, the aspect of a "matrix-
matching" standard has not a high priority due to the fact that a �ltering of the aerosols on
the measurements of nuclear fuel to prevent isobaric and spectral interferences with the Xe
isotopes is required.

The transparent plexiglass with Xe bubbles: The third considered approach has shown
some potential by producing single inclusions, which dimensions can be accessed, and the
production process was not as complex as for the ceramic samples. As a disadvantage, some
parameters could not be determined or modeled properly. Determination of the pressure in
the co-rotating twin screw extruder is too di�cult to be modeled precisely. The fact that
the plexiglass has a quite high di�usion coe�cient for Xe at the extrusion temperatures used,
the determined Xe concentrations in the large inclusion bubbles were lower than the expected
concentrations.

Based on these results and the required constraints for a simple calibration method for the
analysis of high burn-up nuclear fuel, the direct gas injection into the LA-ICP-MS carrier
system was selected to be the most suitable method for the quanti�cation of�m-sized Xe
bubbles in such inclusions.





Chapter 5

Quanti�cation of Fission Gases in
Nuclear Fuel

5.1 Samples

The fuel analyzed in this study comes from a PWR and a BWR where it was irradiated to
high burn-ups for scienti�c studies. Please note that these experiments were scienti�cally
driven and do not represent commonly conditions applied in power plants. Four samples
were analyzed, and three of them were from the same PWR fuel rod (neighboring samples)
used for SEM/EPMA, SIMS, ICP-MS and LA-ICP-MS studies. The ICP-MS measurements
were performed to get the detailed pellet average burn-up, which contains complementary
information to the analysis carried out using EPMA. The samples used and the analytical
techniques used for their characterization are listed in Table5.1.

Table 5.1: Speci�cation and origin of the fuel samples. The used experimental techniques were: Optical
microscopy (OM), scanning electron microscopy (SEM), electron probe micro analyzer (EPMA), secondary ion
mass spectrometer (SIMS), inductively coupled plasma mass spectrometer (ICP-MS), and laser ablation (LA)
ICP-MS were applied on the individual samples.

Dist. from Av. rod Performed experiments
rod bottom burn-up

Sample (mm)
�

GWd
tHMi

�
OM SEM EPMA SIMS ICP-MS LA-ICP-MS

PWR-A 3026 105
p

PWR-B 3038 105
p p p

PWR-C 3046 105
p p p p p

PWR-D 3071 105
p

PWR-E 80
p p 1 p p

BWR-F 65
p p 2 p p

101
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The samples were cut from the fuel rod at the position shown in Fig.5.1. The optimum sample
position was determined by a
-ray-scan analysis of the fuel rod. The optimum sampling
position is the start of the
-plateau.

Figure 5.1: 
-ray intensity vs. rod position. The yellow line indicates the position of the sampling of 4
individual samples (PWR-A - D) [219]. The sample cut position is marked with a yellow bar.

The samples were cut at mid pellet position to get representative information on the fuel and
not from the dishing of the pellet, see Fig.1.2 at Page3. The thicknesses of the samples were
3-4 mm for the OM/SEM/EPMA/SIMS/LA-ICP-MS [35], and 1cm for ICP-MS analysis [63].
After cutting, the samples were embedded, ground and polished (see Ch.4.4.1, Page60). All
sample preparation were carried out in a hot cell environment using manipulators, see Fig.5.2.

Sample handling

As shown in Fig.5.2, sample handling is only possible by manipulators. Therefore, a manipulator
suited sample carrier was constructed. It consists of a steel sample holder which could be
easily placed into a sample carrier. The two sample carriers used for EPMA and for SIMS, are
shown in Fig.5.3(a) and in Fig.5.3(b) respectively. The optimization of the sample holder

1It was an earlier study which results were used for the study of our PWR-A-D high burn-up samples [35].
2It is an earlier study, analyzed for the following SIMS analyzes [166].
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Figure 5.2:Fuel sample embedded into a 17mm steel sample holder, ground and polished. It is held with a
manipulator in the hot cell.

was towards low resin consumption. This resin has the disadvantage of partial evaporating
in ultra high vacuum (UHV) during the SIMS measurements, which distorts the vacuum.
Therefore, the smaller 17mm steel sample holder was considered for the analysis. This had
the consequence to redesign and redimension the EPMA sample carrier. This was performed
at PSI. For convenience and compatibility, sample carrier used in SIMS was also applied for
LA-ICP-MS measurements [153].

(a) (b)

Figure 5.3:(a) CAD sketch of the EPMA sample carrier for the fuel measurements. (b) SIMS/LA-ICP-MS
sample carrier for fuel measurements, loaded with a fuel sample.

With this sample handling system, measurements with di�erent methods could be combined
without the necessity of sample preparations between the measurements, thus increasing the
value for data comparisons.
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5.2 SEM and EPMA on nuclear fuel

5.2.1 Instrumentation

The EPMA measurements were performed on a shielded CAMECA CAMEBAX SXR SX-50
EPMA instrument with wavelength dispersive spectrometers (WDS). Quantitative measure-
ments were carried out through the pellet center due to a failure in the sample indicated in
Fig. 5.4 & 5.5. The selected measurement positions were placed 100�m apart from each
other. Thus, a diametrical concentration pro�le of uranium, plutonium, oxygen and of the
�ssion products Cs, Xe, Nd, Ce, Zr, Ru and partly Pd were acquired. Ce and Zr were used
to correct the Nd measurement which is heavily disturbed by the high radioactive background.
The preselected positions were analyzed by a relatively small beam scanned across5 � 4 �m 2

in the fuel border up to21� 17 �m 2 in the center to avoid the measurement of pores. There-
fore, the data represents the bulk concentrations of that zone. Nevertheless, counting losses,
outliers, and data scattering due to pores and precipitates were observed and not considered
for further quanti�cations. The chosen size for area measurements was thus a compromise be-
tween minimizing the counting losses due to pores, and the data scattering due to precipitates.
Because only a selection of �ssion products was measured, the sum of all weighted elements
did not reach 100wt%. Especially in the border zone an adaptation of the normalization pro-
cedure was necessary. The total of all measured elements was therefore normalized to 93wt%
or 97wt% depending on the radial position.
All measured elements were divided into three groups according to their X-ray wavelength and
the corresponding spectrometer. Cs, Xe, Nd and Ce were measured with LiF crystal No. 2 of
the four star-like mounted crystals. U, Pu, Zr, Ba and Ru with the opposite crystal No. 3 and
oxygen with the pseudo-crystal No. 4.
Two local linescans at positions P15 and P20 (Fig.5.5) at the fuel periphery with an almost
completely focused beam (1 � 1 �m 2) were analyzed to get more detailed information on the
variable composition in that zone. The step widths for the point measurements were 3 and
4 �m. Another line scan with a focused beam was placed on the cladding-fuel interface (P15).
The quantitative analyzes conditions were chosen according to Table5.2.

At a few positions along the main line (direction 1) and on the fuel-cladding interface qualitative
elemental distribution patterns of U, Pu and some major �ssion products were recorded by
scanning the beam over an area of typically 50�m � 50 �m. The patterns are not corrected for
the high background from
-radiation. The elemental X-ray yields are not corrected to di�erent
phases. Micron sized shifts between elements from di�erent crystals as well as shadow e�ects
at pores in�uence the distribution pattern. The uncertainty estimations are described in detail
in [35]. Analyzes were performed at several points in the rim region, in the center region, one
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Figure 5.4:Collated SEM Picture of the high burn-up fuel surface of sample PWR-B. On the upper edge is
the fuel cladding and rim (P1) and it ends in the lower third of the fuel diameter (P7). The mid part of the
fuel is in P5. Each picture piece represents a position (P1, P2, P3, P4, P5, P6 and P7), see Fig. 5.5.



106 Chapter 5. Quanti�cation of Fission Gases in Nuclear Fuel

Table 5.2:Operating parameters of the shielded CAMECA SX-50 EPMA instrument [5] [6].
High voltage electron beam 20 kV
Beam current 150 nA (� 0.5 nA, measured after each point)
Beam diameter � 0.5 �m
Lateral resolution for X-rays � 2 �m
Scanned area (preselected, stepwise) 11� 7 �m 2 typically for each point of direction 1,

in the rim zone even less.
Point analyzes in line scans: 1� 1 �m 2 or 1.5 � 1.5 �m 2.

X-ray mappings 50 x 50�m 2 with beam scanning (256� 256 pixels)
Acquisition time: 30 min for each element couple.

Figure 5.5:Sample sketch with the measurement points of the analyzed fuel sample PWR-B. The black area
at the left represents a missing fuel piece due to sample preparation.

line scan over the whole pellet diameter and two line scans in the rim region. SEM micrographs
and elemental distribution images were recorded from almost all analyzed positions.

5.2.2 Results

A collated SEM overview of 2/3 of the fuel sample PWR-B is shown in Fig.5.4 and detailed
images were taken at the position P15, see Fig.5.5. Unopened Xe inclusions below the surface
were observed at various positions, especially in the HBS region and at the rim of the fuel,
the so called "ultra"-high burn-up structure (UHBS), See Fig.5.6(e) & 5.7. As already visible
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(a) SEM picture. (b) Pu distribution with spec-
trometer 3.

(c) Cs distribution with spec-
trometer 2.

(d) Ru distribution with spec-
trometer 2.

(e) Xe distribution with spec-
trometer 3.

Figure 5.6:Detailed imaging on the rim of the fuel PWR-B (position P22) [5].

in the SEM micrograph (Fig.5.6(a)), a �ssion product phase binds the fuel to the cladding.
A strong "�nger-like" catenation between Zircalloy and the fuel was observed in Fig.5.6(b).
This �nger-like structure of the inner cladding oxide layer (ZrO2) penetrates some microns into
the fuel and disturbed the measurements at the pellet edge (e.g. local line scan Fig.5.6). Ru
can be found almost exclusively in the pores. In these �gures, the yellow-red spots represent
high concentrations of Cs in opened pores and wash-outs (Fig.5.6(c)), Ru in opened pores
(Fig. 5.6(d)), and Xe in unopened pores down to approximately 2�m below the sample surface
(Fig. 5.6(e)). Fig.5.7 shows a high density of Xe-inclusions in another sample (PWR-C). To
indicate that these inclusions are still intact the smooth surface (Fig.5.7, left) is displayed
for comparison. Fig.5.6 contains local distribution of selected elements measured in sample
PWR-B in linescan mode. The distributions of the �ssile element (Pu), some selected �ssion
products (Cs, Ba, Nd, Zr) and the cladding material (Zr) are summarized. Based on the
spatially resolved Pu concentration (formed duringn-capture) it was possible to provide a
detailed information about classical HBS and the newly formed "ultra"-HBS (UHBS), which is
characterized by signi�cantly enlarged pore sizes when compared to the classical HBS. However,
the overall porosity remains constant.
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Figure 5.7:SEM picture (left) and a quantitative EPMA Xe-distribution of the same region (right) of the fuel
sample PWR-C. The yellow-red colored spots on the right image represent high Xe concentrations (marked by
circles). They are in fuel regions where unopened pores can be assumed. The depth resolution of the EPMA
reaches around 1-2�m [6].

The local burn-up can also be estimated from the Nd concentration using Eq.5.1 [220].

1[wt%(Nd)] � 100

"
GWd
tHMi

#

(5.1)

A line scan analysis over the entire pellet shows (Fig.5.9 & 5.10) that the Pu concentration
increases at the rim of the fuel, where the local burn-up reaches up to 300GWd

tHMi
, which was de-

rived from the Nd concentration. The U concentration decreases due to the almost completely
burned235U and the breeded Pu (mainly239Pu, 240Pu and241Pu) from 238U.

The Xe concentration from EPMA measurements gave a �rst information on elemental distri-
bution. It gave a �rst indication about the Xe concentration in the matrix and in thenm-sized
intra-granular bubbles. The Xe spots in the Fig.5.6(e) & 5.7 (right) can only provide a
qualitative information about larger amounts of Xe.
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Figure 5.8:(a) SEM image of the rim zone and (b) the EPMA elemental distribution as a function of the
distance from the fuel-cladding interface at the position P15 of sample PWR-B [1]. The elemental analysis
was performed along the horizontal dashed line, see on the SEM snapshot.
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Figure 5.9:Elemental composition over the fuel sample diameter in direction Dir-1, see Fig.5.5. Shown are
the �ssile elements (U, Pu) and Oxygen (O) from the fuel (UO2).

Figure 5.10:Elemental composition over the fuel sample in Dir-1, see Fig.5.5. Shown are the �ssile elements
(Pu), the �ssion products (Cs, Xe, Nd, Zr) and the cladding element (Zr).
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5.2.3 Discussion and Conclusions for EPMA

The SEM and EPMA measurements allow to classify �ve di�erent fuel regions between the
cladding and pellet center:

- The �rst region is the fuel-cladding interface of a thickness of 10 - 20�m.

- This is followed by the "Ultra"-HBS zone of thickness of 50 - 70�m (zone I). This region
shows the highest porosity, a large pore size distribution, is an indicator for an extremely
high burn-up, as indicated by a high �ssion product concentration.

- The next region is the classical HBS with a thickness of at least 1000�m towards the
fuel center. This region can be subdivided into a zone with diminishing porosity due to
size reduction of 450�m (zone IIa, up to�0.89R 0). The second sub-zone (rim-like) with
high pore density and a slightly pore coarsened HBS of about 550�m (zone IIb, up to
�0.78R 0).

- Furthermore, a transition zone of coexisting HBS and unrestructured fuel of a thickness
of 1000�m exists (zone III, up to�0.58R 0).

- Finally in the center the unrestructured or thermally restructured fuel with distinct grain
boundary porosity, �ssion product precipitates and volatile �ssion product depletion the
center region is formed (zone IV).

The extrapolation of a graph for HBS penetration into the fuel at high burn-ups fromManzel
and Walkerwould suggest a fully recrystallized fuel to more than 1500�m [158]. In contrast,
Spino et al. has observed a similar fuel structure on 98

�
GWd
tHMi

�
fuel sample, including the

subdivision of the HBS into a classical and "rim-like" structure [30].

However, the SEM images of the fuel samples indicate a distribution of the HBS comparable
for the 9-cycle 98GWd

tHMi
sample [30]. Beside the structures of the fuel it was shown that EPMA

allows to visualize Xe inclusions at the depth of�2 �m. It has to be stated that a clear
di�erentiation of the transition zone was not possible due to the overlap of grain boundary
porosity and HBS porosity. Also the Cs- and Xe-concentration pro�les were similar for both
samples with the onset of thermal release at aboutr

r0
= 0.65 to 0.7. Only the concentration

of Cs and Xe (forrr0
< 0.5) seem to be even lower for this sample meaning almost full release

of both elements. However, the concentrations of 0.1wt% were close to the LOD and have a
signi�cant uncertainty.
The burn-up was very much symmetric along the diameter measured and rather �at over the
major part. It rises exponentially in the fuel periphery and reaches about 300GWd

tHMi
at the fuel
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edge. The Pu distribution was similar, but the build-up in the border region was even bigger.
The Pu-concentration in the center was only about 0.4wt%, higher than for the 7-cycle 82GWd

tHMi

sample in the preceding measurement [35].
Strong coverage of �ssion product precipitates made up of intermetallics (mainly Ru/Rh, Pd,
Mo) and of Cs and Ba are found all over the fuel cross-section. Stripes of Ba rich zones in the
fuel border seemed to be �ssion product �llings of cracks. Although, there was a very high �s-
sion product content in the border, no indications for larger areas (> 500�m 2) of Cs-Ba-uranate
phases as determined for the 7-cycle sample [35] were found. The fractional con�nement of �s-
sion products in pores and/or precipitates and their wash out during preparation in the required
decontamination process was a drawback for assessing the local composition. The volatile �s-
sion product concentrations were therefore not well determined, especially in the rim zone.
The inner oxide layer increased as well as the rugged ZrO2-fuel interaction layer compared to
examinations at lower burn-ups. The last phenomenon makes it di�cult to analyze the pene-
tration of the cladding with �ssion products. The implantation for all of them stops at least
at the ZrO2-Zircalloy interface meaning that they did not penetrate more than about 10�m.
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5.3 SIMS on nuclear fuel

5.3.1 Introduction

Measurements on nuclear fuel using SIMS has been mentioned before in Ch.1.6 & 3.4.2. The
non-interferred131Xe and132Xe isotopes has been already measured by [36] [37] [29]. Using
the depth scanning method in fast acquisition time allowed the identi�cation of131Xe- and
132Xe-"spikes". This method has been performed using a so-called "oxygen �odding" method,
where oxygen is pumped on the sample surface to increase the ionization e�ciency directly on
the sample3. Since this method has been controversially discussed, the measurements at PSI
were focused on single points without oxygen �ooding.

5.3.2 Experimental

Di�erent SIMS methods were used to determine Xe. Line scans over the entire fuel pellet
diameter were performed to get insights into the distribution of the isotopic concentrations
and local burn-ups of the fuel. These qualitative intensities were corrected using obtained data
by ICP-MS measurements.
The instrument used was a fully shielded ATOMIKA SIMS 4000. It allows determining the
isotopic distribution by depth pro�ling or line scanning. Moreover, the instrument is equipped
with three di�erent types of primary ion (PI) sources (Cs, Ga, O). In case of analyzing insulators,
charge compensation is provided by an electron gun. The analysis of the formed secondary
ions was carried out using a quadrupole mass spectrometer with the analysis mass range of
1-300amu [166].
The operating conditions are listed in Table5.3. The incidence angle of the PI beam was 30�

for the line scans and were varied for the single spot fast scans for Xe. The line scans were

Table 5.3:Operational conditions of the ATOMIKA 4000 SIMS instrument at PSI [166].
PI species PI energy IBeam aperture ? Beam scan size step width pMC pG

(keV) ( nA) ( �m) ( �m) (�m 2) (�m) ( Pa) (Pa)
16O+ 12 600 300 30 100�100 100 4 � 10�7 2:1� 10�4

realized using the motor-step scan method, where the PI beam is scanning on a small surface
(100�100 �m 2) and all masses were acquired sequentially by the QMS. Then, the sample was
moved 100�m and a new acquisition was started.
The SIMS software limited the measurement sequence to 23 masses. The optimization of the

3This method has been and is still taken under critical review [169].
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instrument parameters were performed for the center- and for the rim-region of the sample.
All 23 masses were optimized for the two sample positions.

5.3.3 Results

A line scan over the entire fuel diameter of the BWR-F fuel sample (see Fig.5.11) shows the
local burn-up. A Nd-line scan over the same position is shown in Fig.5.12which also provides
information about the burn-up. Fig.5.13contains the signal intensity of the non-interfering Xe
isotopes. However, the ion signal intensity was not PI current corrected. The non-interfering
Xe isotopes (131Xe, 132Xe) were measured together with the oxides of uranium (235U, 236U and
238U) and the oxides of the cladding90Zr 4 were analyzed. The ZrO+ has a steeply increasing
signal in the outer part of the fuel. The increase at the edges is based on the cladding, whereas
the center represents90Zr a FP.

Figure 5.11:Burn-up across the entire BWR-F fuel sample. One can see an asymmetrical distribution [166].

By using a fast DAQ time and measuring 1-3 masses only, Xe-"spikes" at the mass-131 -132,
as reported byLamontagne et al., were successfully reproduced on the PWR-C sample, see
Fig. 5.14. The size of the focused PI beam was set to�95 �m in diameter with a high
ion current to get high ionization probabilities for the two analyzed131Xe and132Xe isotopes.
Besides these two non-interfered isotopes the238UO+

2 with the mass 270 was acquired. The
sequential analysis scan time per mass was set to short�300 ms in comparison to usual 2-
30 sec.

4and also FP inside the fuel.
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Figure 5.12:Nd line scan over the fuel diameter of the BWR fuel sample [166].

Figure 5.13:Line scan over the fuel diameter of the high burn-up PWR-C fuel sample.

The resulting "spikes" were background corrected. This background correction includes also
the Xe in the matrix. Therefore, these spike represent the Xe in the pores only. However, the
estimations of concentration and pressure were not performed. The assumptions made by [86]
are not accessible in detail. Therefore, the pressure calculations could not be reproduced and
are highly questionable.
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(a) 131Xe "spikes".

(b) 132Xe "spikes".

Figure 5.14:Single point fast scan of132Xe in the HBS of the high burn-up PWR-C sample. Each "spike"
represents one or a couple of opened pores. The scan position in the fuel was around 200�m from the cladding.

5.3.4 Discussion and conclusions for SIMS

The SIMS data acquired on the BWR-F sample showed an asymmetrical distribution in burn-up
(Fig. 5.11 & 5.12). This is due to heterogenous phases of the coolant, and therefore of the
moderator. This has an impact on local burn-ups. Therefore, asymmetrical distributions over
a BWR pellet diameter is a common observation. This asymmetry was also observed on the
Nd distribution of the fuel, see Fig.5.12, which is a direct indicator for the local burn-up,
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see also Fig.5.11. In contrast, the pro�le measured on the PWR-C sample was symmetrical
(Fig. 5.13). The comparison with EPMA provide very similar results [166] [6]. Perturbations
of the measurement caused by cracks, opened pores and varying porosities were similar for
both microanalytical techniques. However, the increase of the burn-up at the fuel periphery
measured by SIMS was not as steep as observed using EPMA [166] [6], which could be caused
by di�erences in spatial resolution of the two techniques.
The analysis of Xe was only possible on the two non-interfered isotopes131Xe and132Xe. The
baseline of the Xe signal originated from the Xe in the matrix and in the intra-granular,nm-sized
bubbles. Considering this baseline signals, signi�cant spikes above were measured (Fig.5.14).
Although, our transient signals were identical as discussed to those reported by [86] [36], the
quanti�cation based on only one or two isotopes of Xe, limits the accuracy of the entire Xe
vector in the fuel, especially when measuring sequentially. Therefore, it can be concluded, that
SIMS provides qualitative data only.
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5.4 Quanti�cation of pellet average nuclear burn-up

using ICP-MS

5.4.1 Sample preparation

The sample preparation for SN-ICP-MS was signi�cantly di�ering from the preparation for the
described direct solid sampling techniques.
A 1 cm-long irradiated fuel slice was cut from the fuel rod in a hot cell. This slice was then
dissolved under re�ux using 8M HNO3 (VLSI, Fluka) at about 170� C for 4 hours. A vacuum
pump transported the escaping gases through three gas-washing bottles and a �lter. The �rst
two bottles are �lled with 4M HNO3 in order to retain the released iodine, whereas the third
bottle was empty and protects �lter and pump from NaOH solution. After �ltration of the
slightly soluble residues, stock solutions of the fuel samples were prepared by dilution with 1M
HNO3 up to a concentration of about 0.5mg

g . For isotope dilution analyzes aliquots of the
stock solutions were mixed with adequate spike isotopic reference materials and diluted with
1% HNO3 up to a concentration measurable by ICP-MS with or without HPLC coupling [221].

In this study sample PWR-A (see Table5.1) was used for quantitative determination of the
burn-up.

5.4.2 Experimental

The measurements were performed using a MC-ICP-MS (Neptune, Thermo Fisher Scienti�c,
Germany) online connected to ahigh performance liquid chromatographic(HPLC) system
(DX600 GS50, Dionex, Switzerland). The chromatographic device is partly encapsulated in
a glove-box together with the sample introduction system of the ICP-MS (peristaltic pump,
nebulizer, spray chamber, torch-box and skimmer/sampler cones), see �g.3.5 at Page38.
The detailed description of the system has been discussed in [63] and [221]. The operating
conditions are listed in Table5.4.

The burn-up is proportional to the number of �ssions (NF) divided by the number of initial
heavy metal atoms uranium and plutonium5 (N 0

hMi ). The burn-up is given in %FIMA6:

%[FIMA] =
NF

N0
hMi

� 100 (5.2)

5Initial Pu exists only in MOX type fuels.
6�ssions per initial metal atom
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Table 5.4:Operating conditions of the Neptune MC-ICP-MS.
ICP-MS system Neptune MC-ICP-MS with HPLC
Sample gas �ow

�
l

min

�
0.925

Auxiliary gas �ow
�

l
min

�
0.9

Plasma gas �ow
�

l
min

�
15

ICP RF power (W ) 1100
Torch shield On
Resolution mode low
HPLC �ow rate

�
ml

min

�
0.25

Injection valve sample loop (�l) 10

The experimental determination of the burn-up involves the analysis of the concentration and
isotopic composition of U, Pu and a suitable burn-up monitor. Based on the ASTM standard
method 148Nd has been recommended as burn-up monitor [222]. Therefore, the number of
�ssionsNF can be calculated using Eq.5.3.

NF =
N148Nd

Y148Nd
(5.3)

with:

N148Nd : No. of 148Nd atoms.

Y148Nd : e�ective �ssion yield of 148Nd.

Further precautions during the determination of concentrations, isotopic compositions of U, Pu,
Nd using isotope dilution and the control of isobaric interferences (238U/ 238Pu, 241Pu/ 241Am,
148Nd/ 148Sm, ...), as described in [63] and [221], were also applied in our quanti�cation protocol.

5.4.3 Results

Isotope vectors were calculated using concentrations and isotope ratios determined by MC-
ICP-MS. The information needed for burn-up calculation and the commonly acquired isotopes
are listed in Table5.5. Some of these isotopes were considered and analyzed in the framework
of other post-irradiation examination (PIE) studies.

The resulting average pellet burn-up is shown in Table5.6.

The resulting burn-up was determined as 11.80% FIMA. The transformation from % FIMA to
GWd
tHMi

is not that straight forward, and depends, e.g. on the neutron �ux in the reactor core
[219]. The following approximations have been proposed:
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Table 5.5:Results of selected isotopes using HPLC-MC-ICP-MS, with standard deviations (�1�).

Isotope at% wt%
�

mg
g

�
fuel fuel concentration element concentrations

�
mg fuel

g solution

� �
mg

g solution

� �
mg

g fuel

�

234U 0.0100�0.0001 0.0099 �0.0001 0.0758 �0.0004
235U 0.0115�0.0001 0.0113 �0.0001 0.0872 �0.0004
236U 0.4069�0.0007 0.4034 �0.0007 3.107 �0.008
238U 99.572�0.001 99.575 �0.001 766.7 �1.3 0.4923�0.0025 0.3790 �0.0020 770.0�1.3

238Pu 6.73�0.08 6.68�0.08 0.887�0.011
239Pu 36.792�0.026 36.638 �0.041 4.864 �0.024
240Pu 25.576�0.022 25.575 �0.031 3.396 �0.017
241Pu 10.975�0.009 11.020 �0.013 1.463 �0.007
242Pu 19.910�0.018 20.075 �0.025 2.665 �0.013
244Pu 0.0138�0.0004 0.0140 �0.0004 0.0019 �0.0001 0.4927 �0.0025 0.00654 �0.00005 13.28 �0.07
142Nd 2.14�0.05 2.10�0.05 0.256�0.007
143Nd 7.45�0.04 7.34�0.04 0.90�0.02
144Nd 42.20�0.01 41.88�0.12 5.11 �0.09
145Nd 11.50�0.05 11.49�0.06 1.40 �0.03
146Nd 22.61�0.10 22.75�0.12 2.78 �0.05
148Nd 9.19�0.17 9.37�0.18 1.14�0.03
150Nd 4.91�0.196 5.07�0.17 0.62�0.02 0.4925�0.0025 0.0060 �0.0001 12.21 �0.22
86Sr 0.3496�0.0043 0.3375�0.0042 0.00559 �0.00009
88Sr 46.259�0.012 45.707 �0.015 0.7566 �0.0085
90Sr 53.391�0.013 53.955 �0.016 0.8932 �0.0101 0.4930 �0.0024 0.8162 �0.0083 1.655 �0.019

133Cs 33.604�0.002 33.047 �0.002 2.056 �0.014
134Cs 1.5322�0.0005 1.5182�0.0005 0.0944 �0.0006
135Cs 18.606�0.001 18.573 �0.001 1.155 �0.008
137Cs 46.258�0.002 46.861 �0.003 2.915 �0.019 0.4930 �0.0025 3.067 �0.013 6.220 �0.041
95Mo 1.493�0.021
99Tc 1.299�0.009

1%[FIMA] = � 9:130

"
GWd
tHMi

#

[223] (5.4)

1

"
GWd
tHMi

#

= 9:868� [FIMA] � 0:873[219] (5.5)

This burn-up result can be used for normalization and quanti�cation of SIMS and EPMA
pro�les (Ch.5.2 & 5.3).
Other approximations of the burn-up of this fuel is listed in App.C.

Table 5.6: Determined average pellet burn-up of the high burn-up fuel sample PWR-A. The % FIMA was
derived by using the �ssion yield from [219].

Fission yield of 148Nd Burn-up mass balance
[219] [7] % FIMA [223] [219]

� 1�
�

GWd
tHMi

�
� 1� � 1�

1.7567% 1.715% 11.80�0.27 107.734�2.465 115.569�2.664 1.008 �0.003
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5.4.4 Discussion and conclusions for ICP-MS

The SN-ICP-MS method is not applicable for gaseous inclusion analysis in nuclear fuel. How-
ever, it provides important information on isotopic concentrations and pellet average burn-up
of the fuel which can be used to normalize qualititative EPMA, SIMS and LA-ICP-MS data to
transform them into local concentrations.
As already known from the rod
-scan and from modeling calculations of this rod, the pel-
let average burn-up was determined to be higher than the rod average burn-up. This is also
supported by the HBS found by SEM/EPMA which clearly indicates that this rod had a much
higher burn-up then commercial rods. The determined pellet average burn-up proved that the
sample came from a fuel rod with the highest performed burn-up worldwide.
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5.5 Xe quanti�cation in nuclear fuel using LA-ICP-MS

Based on the quanti�cation strategy described in Ch.4.3, �rst Xe measurements on "real"
samples were performed to calculate pressures by using Xe concentrations. The measurement
were carried out on the �rst developed shielded glove box LA-ICP-MS system, which was
recently installed in the Hotlab at PSI [153].

5.5.1 Experimental

The system used for the studies has been described in detail in [153]. The operating conditions
of the Neptune Multicollector ICP-MS and the CETAC LA system are listed in Tables3.4
& 3.3 at Page38. The measurements were performed using a particle �lter to avoid isobaric
interferences. The Xe calibration gas injection was carried out before and after fuel analysis to
correct for drift. The Xe analysis were performed usingsingle shotandsingle holedrilling and
are described in the following sections in detail.
LA-ICP-MS requires no smooth surfaces and is less sensitive to these parameters than EPMA
and SIMS. However, the samples need to be polished to avoid some in�uences of Xe contami-
nation within rough surfaces. Therefore, only one sample preparation procedure was necessary
prior to all analyzes.
LA-ICP-MS measurements are commonly performed using an acquisition time of 60s and
repetition rates>1 Hz. The resulting signals of the calibration standard and the sample are
integrated and BG corrected. The concentration of the analyte in the unknown sample can be
calculated on the intensities of standard and samples, the concentration of the standard and
the use of an internal standard. The protocol has been described in detail byLongerich et al.
[58].

5.5.2 Xe quanti�cation in fuel using LA-ICP-MS in single laser
shot method

In contrast to the approach described above for this approach, samples were analyzed with
repetition rates of <1Hz and for each pulse Xe signal intensity was acquired. For these mea-
surements, monitoring of the laser energy was crucial. Therefore, the energy was monitored via
beam splitting with a 50:50 ratio and was analyzed with a laser energy sensor (J25LP-MUV,
Coherent, CA, USA). Further details are available in [153].
The measurement of the energy indicated a pulse to pulse stability of better than 5%. There-
fore, none of the results reported in the next section are dominated by di�erences in ablated
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mass.

Results

First experiments already indicated uncontrolled openings of pressurized pores without switch-
ing the laser on (e.g. vibrations of the ablation box). Fortunately, these unexpected spikes were
drastically reduced by reducing the carrier gas �ow. A typical transient signal of controlled and
uncontrolled Xe is shown in Fig.5.15.

Figure 5.15:Single shot laser ablation pulses on nuclear fuel. The laser shutter was opened at the �rst time
at 61 s, and then followed by �ve single pulses at 65, 74, 80, 86 and 93s. Therefore, the large peaks at the
beginning and end of the transient signal represent uncontrolled release of Xe from the sample. The structured
signal between 60 and 95s represent single shots (n=5) performed using 15�m crater diameter and �uence
of 11 J

cm2 . The order of the isotopes in the legend follow exactly the order of the transient signal from the top
(134Xe) to the baseline (133Cs).



124 Chapter 5. Quanti�cation of Fission Gases in Nuclear Fuel

(a)

(b)

Figure 5.16: Transient signal of 8 single shot ablations on nuclear fuel without �lter (a),and
using a �lter (b).
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Typical transient signals of controlled Xe release using single shot ablation are shown Fig.5.16(a)
& 5.16(b), where133Cs represents the matrix. This assumption is based on the fact that no
gaseous isotopes exist on mass-133 [90]. Fig.5.16(b) represents a matrix �ltered signal which
can be seen on the intensity of133Cs remaining (almost) in the BG. Due to the fact that133Cs
has a high �ssion yield (6.59% from235U-, and 6.91% from239Pu-�ssion) [7] [90], and therefore
represent a major element within the matrix, its suitability to act as a sensitive monitor of the
�lter e�ciency. A comparison of the Xe isotope ratios of the two LA-ICP-MS analyzes to
measurements performed on the void volume of the fuel rod by rod puncturing [95] indicates
reasonable agreement. However, the last measurement (average pore, no �lter) which were
acquired without �lter demonstrate the strong in�uence of interferences see Fig.5.17. The sig-
nals (average large, average small) represent average of intensities of signals above and below
0.01V, respectively.

The di�erent analyzes were taken from un�ltered and �ltered measurements and from rod
puncturing. The comparison of the isotopic composition between the �ltered ablations and the
rod puncturing shows a consistent behavior. In detail there are slight di�erences between the
small and large ablation spikes. Especially for131Xe the di�erence is�2. This has not been
detected before and has to be interpreted.

Figure 5.17:Isotopic composition of Xe in nuclear fuel analyzed with LA-ICP-MS and with gas puncturing
[95]. The large signals/pores were merged and the small as well (n = number of analyzes). These compositions
are compared with the natural isotopic composition of Xe [96].
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Quantitative Xe data were also determined and pressures were calculated using the ideal gas
law. The results are listed in Tables5.7 - 5.10. All these pressures were derived from the large
peak ablations shown in Fig.5.16(b). The di�erent assumptions are:

� Table5.7 lists pressure ranges taken from initial pore-size and -number estimations.

� Table5.8 contains pressure ranges from pore sizes determined in [1].

� Table 5.9 lists pressures from the most probable pore size determined in this sample
[224].

� Table 5.10 lists pressure ranges calculated from study [224] by taking the pore sizes at
FWHM of the pore size estimation.

A representative sampling using an 25�m ablation is shown on a SEM image (see Fig.5.18).

Figure 5.18:SEM image from the HBS/UHBS region. The cladding is at the right hand of the image. A
laser ablation crater of 25�m diameter is illustrated as a red circle for size comparison.

The number of opened pores was determined from porosity measurements of the same sample
[224]. Fig.5.19shows the pore size distribution of the rim area.
Various models for pore size determinations were applied to the four laser ablation Xe-signals
in Fig. 5.16(b).
Table 5.7 contains data based on optical examinations of the pore sizes and the calculated
porosity from this region [154].
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Table 5.7:Pressures per pore determined and calculated from signals shown in Fig.5.16(b). The sample was
analyzed using the single shot method. Pressure calculation includes initial approach of pore-size and -numbers
distribution.

Pore-? No. of opened Pressures
(�m) pores/ablation (MPa)

LA shot No. lower upper lower upper lower upper
2 2 7 8 12 1.53 43.7
3 2 7 8 12 1.48 42.3
4 2 7 8 12 1.63 46.6
8 2 7 8 12 0.72 20.5

Uncertainty �20% �6% �38% �25% �23% �45%

The lower and upper limits of opened pores were calculated using the following parameters:

1. Laser ablation crater diameter was used to determine the area.

2. Porosity of the sample was taken from SEM images and determined (see also [224]).

3. Pore size distribution was taken to calculate the pore volume in the ablated crater. Pore
sizes were determined from SEM interpretations [1] [224].

4. In the ablated porous area the numbers of opened pores were calculated by assuming the
porosity consists of opened pores only.

5. Furthermore, pores of spherical shape were used to calculate pressures using the ideal
gas law [225] [14].

Table 5.8 contains pore sizes taken from known pore size distribution at the FWHM position
reported in [1].

Table 5.8: Pressures per pore determined and calculated signals shown in Fig.5.16(b). The sample was
analyzed using the single shot method. Pressure calculation includes assumptions of pore-size and -numbers
from the model reported in [1].

Pore-? No. of opened Pressures
(�m) pores/ablation (MPa)

LA shot No. lower upper lower upper lower upper
2 2.5 3.8 13 30 5.88 20.7
3 2.5 3.8 13 30 5.69 20.0
4 2.5 3.8 13 30 6.27 22.0
8 2.5 3.8 13 30 2.76 9.70

Uncertainty �11% �16% �19% �26% �31% �52%

In Table 5.9 the average pore size was taken from the high magni�cation SEM analysis of
[224].
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Table 5.9: Pressures per pore determined and calculated from signals shown in Fig.5.16(b). The sample
was analyzed using the single shot method. Pressure calculation includes assumptions of average pore-size and
-numbers from porosity measurements reported in [224].

Pore-? No. of opened Pressures
(�m) pores/ablation (MPa)

LA shot No. lower upper lower upper
2 2.9 8 22 7.82 21.5
3 2.9 8 22 7.57 20.8
4 2.9 8 22 8.34 22.9
8 2.9 8 22 3.67 10.1

Uncertainty �14% �37% �14% �38% �51%

A similar approach as used for Table5.8 was applied to data shown in Table5.10, where the
FWHM points of Fig.5.19 were taken for the pore dimensions. Then the estimated number
of opened pores was derived again from the ablated fractional porosity area. In contrast to
the second approach, no pressure ranges were deduced. In this assumption the porosity area
is either fully covered by a large number of small pores or by a small number of large pores.
Therefore, the "real situation" is somewhere in between. It shows only that the pressures of
the small and large pores are in the similar range.

Figure 5.19:Pore size distribution in the fuel rim area. Data taken from high magni�cation SEM images
and analyzed with the AnalySISc
 software [224].
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Uncertainty estimation of the single laser shot method

The analysis of the uncertainties was performed using theKragtenmethod [226].
The resulting uncertainties were determined for all pore size estimations. The uncertainty
budget for the calibration was estimated to be�1.6%. The resulting uncertainties of the
pressures (Tables5.7 - 5.10) ranged from�23% to �89%.

Discussion and Conclusion for the single shot method

Using the single shot method provided some new insights into the fuel related to local FG
concentrations in pores and in the matrix. For a complete study of the fuel radial distribution,
this method is quite time consuming and there are di�culties to relate single ablation signals
to single pores due to the limiting spatial resolution of the laser ablation system in the range of
laser spot size of 10-15�m in comparison to pore sizes of 0.5-4�m in the HBS and 5-15�m
in the UHBS [5] [1] [6].
The single shot ablation performed with determined pore-sizes and -porosities from SEM/OM
examinations using various pore size estimates provided pressures in the range of recent model
calculations. A variation on the isotopic content of131Xe in small pores/matrix compared to
the 131Xe in large pores was observed varying by a factor of�2. A possible cause of this
variation could be a di�erentn-�ux and n-moderation in the pores in comparison to the �ux
and moderation in the matrix.131Xe has a higher thermaln-cross section than the other stable
Xe-isotopes.
The di�erence in isotopic ratios between this method and the rod puncturing measurements
are however signi�cant. For the heavier Xe isotopes (134Xe and136Xe) the n-cross sections
for the Xe isotopes beforen-capture for thermaln's is very high (�=190 barn for 133Xe and

Table 5.10:Pressures per pore determined and calculated from Fig.5.16(b). The sample was analyzed using
the single shot method. Pressure calculation includes assumptions of a high number of opened pores of lower
pore-size and of a small number opened large pores from Fig.5.19 [224].

small pore large pore
Pore-? No. of opened Pore pressure Pore-? No. of opened Pore pressure

LA shot No. (�m) pores/ablation (MPa) ( �m) pores/ablation (MPa)
2 0.5 740 45.4 3.2 18 7.12
3 0.5 740 44.0 3.2 18 6.89
4 0.5 740 48.4 3.2 18 7.59
8 0.5 740 21.3 3.2 18 3.34

Uncertainty �80% �14% �89% �13% �17% �35%
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�=2.65�10 6 barn for 135Xe 7). This could also explain the lower131Xe and132Xe isotope ratios
in the plenum compared to the matrix, due to the high enrichment of the heavier Xe isotopes.
Another explanation for the di�erence of132Xe could probably have its origin in the �ssion gas
release mechanism, which is dominated by the fuel center in contrast to the rim. This would
indicate a radial distribution of isotope ratios in the fuel.
The major contribution to the large uncertainties of pore pressure were the determination of
small pore sizes. Their sizes of sub-�m's were di�cult to determine due to the limits of the
OM/SEM instruments.

7The short lived135Xe isotope (t1=2
=9.1 h) is the major contributor for the so called "Xe poisoning" in

nuclear reactors after a reduction of the power or shutdown.
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5.5.3 Xe quanti�cation in fuel using LA-ICP-MS in single hole
drilling mode

Due to the time consuming analysis using single shot ablation and the broad pore size distri-
bution, a single hole drilling method was developed that takes into account the porosity of the
analyzed sample.

Experimental

Instead of analyzing each single LA spike, the overall signals of a constant batch of LA pulses
were integrated. Three di�erent masses were analyzed using a crater size of: 25�m and 20
shots, 25�m and 100 shots and 50�m and 100 shots. Fig 5.20 shows the ablation craters
placed across the entire fuel.

Figure 5.20:Images of the ablation craters on the nuclear fuel sample PWR-C. The large black spots are
the 50 �m ablations, and the small spots are the 25�m drills.

One can see the single holes performed with the two used crater sizes. Another experiment
was performed using a line scan along another fuel diameter (middle of the sample graph),
which is not discussed here [227]. The resulting crater dimensions were determined using
optical microscopy and the ablated volume was calculated by using a rotational trapezoid
approximation for the ablation crater, as illustrated in Fig.5.21.

The volume was determined using the following equation for the integration of a rotational
trapezoid, using [228]:

Vabl. = � �
Z h

0
y2(x)dx = � �

Z h

0

 

Rsurface+
Rbottom � Rsurface

h
x

! 2

dx (5.6)

= � �
�
h � R2
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Figure 5.21:Scheme of the rotational trapezoid approximation for the determination of the ablated volume.

with Rx = dx
2 the radius of the surface and bottom craters andh the depth of the crater.

These radii were corrected by a factor due to the porosity and opened pores in the matrix,
which depends on the position in the fuel. Typical correction values were diameters of pores
in the measured regions. These correction radii were taken from the porosity examinations on
this fuel sample reported in [1] and [224]. Typical values of 3.8�m for the UHBS, 1.8�m
for the HBS, 1.8�m for the transition zone (TZ), and 0.5�m for the unrestructured (URZ)
fuel were determined. For the drilled position the porosity was taken from from measurements
performed on the same sample in [224]. Then, porosity pressures of the ablated masses were
determined using the ideal gas law. The Xe contained in the matrix was also corrected. This
matrix-Xe was derived from the EPMA data, see Ch.5.2.

Results

The concentrations of Xe were determined by LA-ICP-MS using two di�erent spot sizes (25�m,
50 �m) and two numbers of pulses (20 shots, 100 shots), see Fig.5.22. The measured Xe
concentrations, the calculated pressures, the determined crater sizes, the taken porosities from
[224] and the determined laser energies and ablation rates are listed in the Tables5.11- 5.15.
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Figure 5.22:Measured Xe concentrations with LA-ICP-MS along the fuel radius R0.

The calibration was carried out using 2, 5 and 10�l (n=3) gas injections before and after
sample ablations. Fig.5.22shows the three di�erent amounts of ablated fuel. The Xe within
the matrix (0.2wt% in the HBS and 0.1wt% in the TZ and the fuel center, measured by EPMA)
was corrected by determining the ablated solid volume using the U atoms and furthermore the
number of Xe atoms in the fuel matrix. For this calculation the ablated volumes and the local
fuel porosities were required. The porosities were determined via the SEM and OM pictures
using the AnalySISc
 software [224]. The result of the fuel porosity is shown in Fig.5.23.
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Figure 5.23:Determined porosities of the high burn-up fuel sample using high magni�cation SEM images
analyzed with AnalySISc
 [224].

The ablated volumes were determined by optical microscopy. The crater diameters on the
sample surface, on the crater bottom and the crater depth were measured. The resulting
volumes for each analyzed point are shown in Fig.5.25.

Figure 5.24: LA crater of a single hole ablation measured with the shielded Leica TELATOM 4 optical
microscope. The crater radius was determined with the supplied software of the OM-system.
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5.5. Xe quanti�cation in nuclear fuel using LA-ICP-MS 137

Figure 5.25:Ablated volumes determined via crater diameters and crater depth using rotational trapezoid
approximation, see Fig.5.21 and Eq.5.6.

The calculation of Xe atoms per volume are summarized in Fig.5.26and indicate no systematic
di�erence between the three masses ablated.

Figure 5.26:No. of Xe atoms (Fig.5.22) corrected with the ablated volumes (Fig.5.25).
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5.5. Xe quanti�cation in nuclear fuel using LA-ICP-MS 139

The determined radii correction factors for the radius and ablated depths are listed in Table5.14.
Rcorr depends on the position in the fuel (UHBS, HBS, TZ, URZ).

Table 5.14:Sorted/ordered/determined radii and depth of the ablated craters of the three types of ablation.
The statistics are collated for each fuel region: ultra high burn-up structure (UHBS), high burn-up structure
(HBS), transition zone (TZ) and the unrestructured zone (URZ).

No. of data points Rcorr Rsurface � stdevp
n

Rbottom � stdevp
n

h � stdevp
n

Fuel region (n) (�m) ( �m) (�m) (�m)
25 �m/20 shots

UHBS 6 3.8 16.2�0.1 13.1�0.3 4.7�0.3
HBS 30 1.8 14.6�0.2 11.0�0.1 5.0�0.1
TZ 14 1.8 14.4�0.3 11.7�0.2 4.6�0.2

URZ 23 0.5 12.9�0.2 10.5�0.2 4.5 �0.2
25 �m/100 shots

UHBS 2 3.8 16.6�0.3 12.6�0.5 17.7�1.2
HBS 8 1.8 14.3�0.3 11.0�0.2 22.6�0.5
TZ 1 1.8 13.90 10.10 22.4

URZ 2 0.5 13.00 11.00 17.8
50 �m/100 shots

UHBS - 3.8 - - -
HBS 19 1.8 28.3�0.3 22.5�0.3 20.2�0.7
TZ 9 1.8 26.7�0.6 22.4�0.4 19.7�0.9

URZ 17 0.5 26.0�0.3 20.4�0.3 17.1�0.5

Figure 5.27:Determined Xe pressures across the fuel radius (R0).
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The data shows the in�uence of the ablation depth and radii correction factors on the posi-
tion of the fuel. The resulting pressures are shown in Fig.5.27. The three amounts of Xe
concentrations are corrected by the porosity of the ablated volumes. The data show a signif-
icant scatter of the pressures over 2 orders of magnitude. This scatter was already observed
in Fig. 5.22. Therefore, pressure "classes" and regions were de�ned based on EPMA studies
(Ch. 5.2), illustrated in Fig.5.28.

Figure 5.28:Fuel regions in dependence on local burn-up and porosity. Various regions from the fuel cladding
towards the center (UHBS, HBS, Transit. zone (TZ) and the unrestructured zone (URZ)) are shown. The
width of these regions and their properties are described in Ch. 5.2.3.

Average pressure values of each region are listed in Table5.16and shown in Fig.5.29.

Table 5.16:Speci�cation and origin of the fuel samples.
Fuel region av. R/R 0 �region range No. of data points av. pressure stdev. stdev:p

n
(MPa) (n) (�MPa) (MPa)

UHBS 0.987 0.006 8 33.3 27.6 9.8
HBS 0.898 0.057 57 20.6 30.4 4.0
TZ 0.681 0.063 24 15.1 14.9 3.1

URZ 0.342 0.125 42 28.3 21.7 3.4

To gain more insights, pressure classes were determined using a lower (<10MPa) and an upper
limit (>70 MPa) and a channel width of 10MPa. Fig. 5.30 illustrates the average pressure
distribution per fuel region.

Similar to the single shot method, the Xe isotope ratios were also analyzed using single hole
ablations. Table5.17lists the isotope ratios in relationship to the de�ned fuel regions. Fig.5.31
shows the Xe isotope in dependence on the radial distribution across the fuel. A decrease of
131Xe and an increase of132Xe was observed while the134Xe and136Xe remain constant.
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Figure 5.29:Average pressure plot over the fuel radius with the di�erent region of fuel structure (from left to
right): the unrestructured fuel zone, the transition zone, the high burn-up structure and the ultra high burn-up
structure. Total No. of data points: 131, see Table 5.16.

Figure 5.30:Statistical interpretation of the pressure distribution within the fuel region based on frequency.
The sum of all pressure classes was normalized to 100%.

Uncertainty estimation for the single hole method

The uncertainties were performed using theKragtenmethod [226].
The uncertainty of the pressures using the smallest ablated volume (25�m/20 shots) was
determined to be�15%, for 25 �m/100 shots �9:3%, and for the largest ablation volume
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Table 5.17:Determined isotope ratios and comparison between the three types of ablation. The statistics
are shown for each fuel region: UHBS, HBS, TZ and URZ. The results from the rod puncturing measurement
are also listed to for comparison [95].

Fuel region No. of data Rmin Rmax 129Xe� stdevp
n

131Xe� stdevp
n

132Xe� stdevp
n

134Xe� stdevp
n

136Xe� stdevp
n

points ( n) % �% % �% % �% % �% % �%
25 �m/20 shots

UHBS 6 0.981 0.997 1.09�0.65 3.66�0.56 25.69�0.26 25.60�0.34 41.33�0.78
HBS 30 0.772 0.971 0.44�0.26 2.92�0.20 25.25�0.12 25.88�0.12 42.50�0.29
TZ 14 0.561 0.766 0.86�0.78 4.27�0.63 24.99�0.10 25.70�0.17 41.19�0.48

URZ 23 0.209 0.561 0.56�0.65 5.31�0.36 24.29�0.29 25.34�0.20 41.69�0.24
25 �m/100 shots

UHBS 2 0.992 0.982 0.09�0.06 4.00�1.20 24.38�0.97 26.01�0.47 43.20�1.70
HBS 8 0.786 0.977 0.03�0.01 2.91�0.06 25.30 �0.04 25.91 �0.07 42.53�0.35
TZ 1 0.736 0.736 0.07 3.20 24.84 25.82 41.83

URZ 2 0.321 0.467 0.06�0.03 3.54�0.80 24.59�0.65 25.80�0.15 42.23�0.47
50 �m/100 shots

UHBS - - - - - - - -
HBS 19 0.789 0.974 0.01�0.01 2.79�0.03 25.24�0.03 26.01�0.09 42.91�0.34
TZ 9 0.576 0.762 0.04�0.01 3.46�0.15 24.56�0.14 26.14�0.11 43.08�0.37

URZ 17 0.069 0.560 0.03�0.001 4.70�0.12 23.64�0.14 25.80�0.06 42.39�0.13
rod puncturing 9 - - - 4.73 12.18 31.47 50.85

Figure 5.31: Isotopic ratio over the fuel radius. All three ablation parameter types are shown without
distinguishing. In App.B each type of single hole ablation are listed in single plots.

�8:2%.

Discussion and Conclusion for the single hole method

The combination of a �xed number of LA shots, volume estimation using optical microscopy
images of the craters, porosity determinations from Optical and SEM images and the correction
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of the Xe in fuel matrix (EPMA data) provide pressures and Xe concentrations, which were in
the same range as recently reported model calculations [27] [229] [31] [1].
The scatter of the Xe concentrations and -pressures are caused by the local heterogeneity of
the sample and to a much lower degree by measurement uncertainties. The Xe concentrations
di�er due to local variations. It was proven, by using di�erent ablation parameters, that the
rotational trapezoid approximation for the ablated volume is a suitable approach.
In comparison to the single shot analysis, the analysis of the isotope ratios of Xe across the
fuel were assessed for the �rst time over the whole fuel radius. The slight decrease of131Xe
and the increase of132Xe towards the fuel rim can be explained by the increasing burn-up and
the resulting increase of then-�ux toward the rim. 131Xe has a high cross section for thermal
n-capture (� = 90 barn) 8 in comparison to132Xe which is quite low (�= 0.05 + 0.4 barn,
for metastable + ground state133Xe) [90]. Another explanation could be the increasing239Pu-
�ssion towards the rim. Especially in the HBS and UHBS the �ssions takes place almost only
by Pu 9. The �ssion yields are listed in Table1.1 at Page3. It shows an even higher yield
for these two Xe isotopes from Pu-�ssion which indicates an increase of the Xe concentration
towards the rim. Possibly it is a combination of both mechanisms (�ssion andn-capture) where
the n-capture is dominating. An explanation byn-capture and a following� � -decay of isobaric
precursor nuclides cannot be the origin due to their short half lives (t1=2

= minutes - days) [90].
The discrepancy between rod puncturing isotope ratio measurements and our measurement
results have been given in the single shot analysis chapter. The132Xe content is lower in the
center compared to the rim. Therefore it might show the higher �ssion gas release from the fuel
center (thermal FGR) compared to the rim. It could also have its origin in the variation of the
n-�ux and -moderation in the rod plenum when compared to the fuel [231]. However, a detail
validation requires further analysis including model calculations, i.e.n-�ux, cross sections of
isotopes, etc.
Compared to the single shot method, this approach is less time consuming and provides more
reliable results due to averaging over a couple of shots, resulting in lower uncertainties (8-15%).
This LA-ICP-MS method combined to non-destructive measurements (EPMA, SEM, optical
microscopy) provided useful results which are based on experimental data.

5.5.4 Conclusions for LA-ICP-MS

The measurements on spent nuclear fuel samples demonstrated the necessity of �ltering the
matrix interferences caused by solid FP. This is of particular importance when measuring all

81 barn � 10�24 cm�2 [230] [9] [8]
9In high burn-up fuel the estimated �ssion ratio over the whole fuel pellet between235U and239Pu is around

3:1, see also Ch.2.3 and [12].
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Xe isotopes (Fig.5.16(a),5.16(b) & 5.17) for both methods.

Quantitative Xe concentrations determined in spent nuclear fuel samples using single shot and
single hole methods using direct gas injection as calibration provide data to calculate pressures
within the pores and the porosity. Data were in the same range as recently calculated models
[27] [31] [1]. The comparison indicates also a FGR in the HBS, which is varying locally.
With the single shot method, local FG contents in pores and also in the matrix could be
determined. However, this method is quite time consuming and single pore ablation was
limiting by the laser spot size. The smallest laser crater is by far larger than the observed pore
sizes in the fuel. With this method a few pores were opened with a single LA pulse. However,
the large uncertainties of the pore sizes cannot improve current models. Due to the small pore
sizes, the limits of the optical measurements contributed to a high uncertainty. This caused
large uncertainties in pressures calculated from single pores. Although, the pressures were in
the range of recent model studies. However, the uncertainties were unacceptable large.
The approach of a combined study of targeting isolated single pores with EPMA/SEM with
LA-ICP-MS could not be established due to technical problems. However, this technique was
already established using SIMS and EPMA [29] [36] [86]. This method might be considered
for the future to detect single pores and to determine their pressures.
With the single hole method the uncertainty budget for the pressures in local porosity was
minimized. The large scatter of the pressure distribution across the fuel radius was shown to
be caused by local variations and possible inter-linkages of pores. An unopened inter-linked
porosity contains more gas (due to a higher "e�ective" ablated volume), and therefore the
calculated pressure is far higher than expected. On the other hand, the analysis on an already
opened inter-linked porosity (due to sample preparation) yields too low pressures due to the
already released gas. This possible pore/porosity inter-linkage e�ect could be better controlled
by larger laser spot sizes of 100�m - 200�m (max.), which represents a compromise in spatial
information. The larger spot size would reduce the inter-linkage e�ect, which should remain
constant compared to the laser spot size. The distributions of the larger single hole ablations
should therefore be "less noisy". This could also provide a degree of inter-linkage in the fuel
by comparing the results of di�erent spot size measurements.
The analyzes on the isotopic composition in the fuel showed two new and very interesting
results. A decrease of131Xe and an increase of132Xe from the center towards the fuel rim was
discovered. This could have its origin in the increasing thermal neutron-�ux towards the rim
and the high cross section for thermal neutron capture of131Xe. The sum of131Xe and132Xe
remains constant over the radius.
There is also a deviation between the Xe isotopic composition within the fuel to the composition
in the plenum. A de�cit of131Xe and132Xe in the plenum was discovered and an enrichment
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of 134Xe and136Xe. Reasons could be for the132Xe the higher FGR from the "hotter" fuel
center where the decrease of132Xe and an increase of131Xe was discovered. However, This
e�ect is less signi�cant compared to the134Xe- and136Xe-enrichment in the plenum due to the
direct release from the fuel center including possible precursors of134Xe and136Xe with large
thermal n-capture cross sections. In the plenum, the absorbing fuel matrix is missing, and
therefore moren-captures of133Xe and135Xe could take place. However, this very interesting
phenomenon has to be further validated and studied in detail.
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5.6 Summary

The investigations on the high burn-up fuels required the use of various analytical techniques
which provided di�erent information. Most of the measurements were carried out parallel
or in di�erent orders. The �nal outcome of this study, which is a combination of the results
obtained by EPMA/SEM, HPLC-MC-ICP-MS, LA-MC-ICP-MS and OM allows now to establish
an analysis protocol applicable for further studies on high burn-up fuels. Fig.5.32 contains a
structured measurement protocol for high burn-up fuels.

Figure 5.32: Measurement protocol for the analysis of high burn-up nuclear fuels using complementary
instruments.

Besides the representative sampling as described in detail in Chapter5.1, sample polishing,
SEM/EPMA studies of the pore structure and Xe-matrix concentration determination, LA-
MC-ICP-MS calibration and local analysis of Xe inclusions, and ablation crater geometry mea-
surements using OM are required to determine the Xe-isotope concentration-based pore and
porosity pressures. In addition, HPLC-MC-ICP-MS in combination with SIMS provide similar
information, which is however limited to selected Xe-isotope concentrations. Therefore, these
techniques can be used to gain complementary information or for validation.





Chapter 6

Conclusions and Outlook

6.1 Conclusions

The aim of this work was focused on the quantitative characterization of �ssion gas inventory
in high burn-up nuclear fuel. Therefore, the work was divided into two major tasks, where
a) the development of a suitable calibration method for LA-MC-ICP-MS analysis and b) the
application of the calibration method for direct measurements of �ssion gas distribution in fuel
samples were of major interest.
A suitable calibration method was found in direct injection of certi�ed calibration gas into the
carrier gas used for aerosol transport of the ablated material into the ICP-MS. The gas injection
was found to be easily applicable, stable and reproducible and provided linear calibration curves
over 2.5 orders of magnitude. The limits of detection for Xe were determined to be in the order
of 0.2 � g

g , which is su�cient for the analysis of individual gas inclusions. An in�uence of the laser
wavelength on Xe release from the sample was not found. Furthermore, no signi�cant matrix
e�ects with and without presence of fuel matrix in the ICP were obtained. Independent of
these results, complete �ltering of the matrix from the gas before entering the ICP was crucial
for assessing all relevant Xe-isotope concentrations by LA-MC-ICP-MS, which represents one
of the most signi�cant advantages when comparing the laser results with results acquired by
SIMS.
The other proposed and discussed calibration techniques were insu�cient to provide accurate
Xe-concentrations.
The application of single hole ablations using LA-MC-ICP-MS for quantitative analysis of �ssion
gas within nuclear fuel samples in combination with EPMA/SEM for porosity determination
within di�erent zones of the fuel provided a suitable set of data which was used for pressure
calculations. These studies provided the following results:

149
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1. Xe amounts and pressures in pores and porosities were determined over the whole fuel
radius in the range of 15-33MPa. The pressures were in the range of recent model
calculations (30MPa) and predicts local variations of FGR, from 0% to 50% FGR.

2. A large scatter of Xe amounts were measured, coming from local inhomogeneities in the
fuel.

3. A variation of the isotopic Xe-composition over the fuel radius was observed. A decrease
of 131Xe and an increase of132Xe towards the fuel rim.

4. The isotopic composition in the fuel is di�ering to the composition in the fuel rod plenum.
The fuel contains more132Xe of a factor�1.5-2, and less134Xe and136Xe.

The reasons for the di�erences in the pressure estimations are not due to measurement un-
certainties of Xe by LA-MC-ICP-MS (as this was estimated to only 8-15%). The major mea-
surement uncertainty is introduced by the volume measurements of the ablation crater and the
porosity determination. Due to the fact that the degree of inter-linked inclusions (as partially
observed on the signal structure during single shot ablations) is still unknown, the real gas
volume is underestimated and leads to too high pressures. The other case were opened and
interlinked inclusions are ablated is also possible, which partially explains the scatter of the
pressures.
The local dependence of the Xe isotope ratios obtained in this work was demonstrated for
the �rst time. However, similar isotope shifts have been reported for Pu and other isotopes.
The decrease of131Xe is directly related to the increase of132Xe. Due to the increase of the
neutron-�ux to the rim and the high cross section of131Xe for thermal neutrons, this isotope is
depleted towards rim, whereas the132Xe is enriched as a product of the neutron capture. This
process is more hindered inside the fuel due to absorption of the thermal neutrons, whereas in
the rim the �ux of the neutrons was higher due to the moderation of the neutrons in water.
The decrease of132Xe in the plenum compared to the fuel can be partially explained by the
major �ssion gas release contribution from the fuel center (thermal FGR), where less132Xe was
found than in the rim. The enrichment of134Xe and136Xe in the plenum could originate from
thermal FGR of precursor unstable Xe isotopes,133Xe and135Xe, into the plenum. Both iso-
topes contain high cross sections for thermal-neutron capture, therefore the heavier Xe isotopes
could be formed due to the higher thermaln-�ux in the void region.
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6.2 Outlook

The importance of high burn-up fuel for the future energy generation indicates that further
and more detailed characterization of such materials will be required to increase safety-related
aspects of these materials. Due to the fact that this work represents the �rst measurements
of Xe isotope concentrations including all relevant isotopes, further validation using various
burn-up samples will be required.
The calibration method could be optimized by using series of �xed volume valves, which would
increase the reproducibility and accuracy of the measurements. An optimization of the ablation
cell would be required to reduce sample washout, which would in�uence signal dispersion and
�ne-structure of the signals [232] [233] [142]. This would further allow distinguishing between
laser-induced opening of inclusions and inclusion-interlinked degassing processes [233].
Currently, the laser wavelength combined to the optics allows adjusting ablation crater diam-
eters of 10�m, which is one order of magnitude above the sizes of the fuel gas inclusions.
Therefore, near �eld-LA-ICP-MS, as reported byBecker et al.[234] [235], could be an alter-
native to open individual inclusions. However, the detection limits determined in this study
indicate that the detection capabilities are not su�cient for such studies and would require
further optimization of the ICP, mainly the interface, where most of the ions are lost. The
assumption that the pore structure could be "network" of interlinked inclusions has been par-
tially supported within this study. Therefore, the volume ablated for determining Xe should be
signi�cantly increased. In such a case, the gas volume of the interlinked inclusions would be
small in comparison to the total gas and would therefore be less in�uential on the determined
concentration. This could be achieved by rastering of a larger volume using a short period of
time.
The observed variation of Xe composition needs to be studied in great detail to determine
cause and parameters of such e�ects.
Due to the use of various techniques it was found that LA-ICP-MS cannot only be applied for
high burn-up samples. The technique could also be applied to determine the isotope composi-
tion of the fuel samples without the time-consuming sample preparation as currently required
for MC-ICP-MS measurements. Furthermore, comparisons between di�erent fuels, power his-
tory studies, commercially burn-up fuels and other samples could be studied in great detail.

The application of LA-ICP-MS to study nuclear-related processes has just started. The suc-
cessful analysis of gaseous inclusions in solid materials represents one out of many other appli-
cations. Therefore, it can be assumed that this technique will help to study processes where
local and bulk information of elemental and isotopic composition is required.
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Ion current monitoring for
implantation

A.1 ZrO 2 samples

For the implantation of the ZrO2 and UO2 samples with129Xe, the ion current was monitored
and was applied to reach the required implantation doses. The necessary implantation time
could be derived from Eq.4.2.

Figure A.1:Monitored ion current values during implantation into ZrO2: Sample No.1: ZrO2-5/2. Implanted
dose:1:028� 1016 ions

cm2 .

153



154 Appendix A. Ion current monitoring for implantation

Figure A.2:Monitored ion current values during implantation into ZrO2: Sample No.2: ZrO2-4/2. Implanted
dose:2:048� 1017 ions

cm2 .

Figure A.3:Monitored ion current values during implantation into ZrO2: Sample No.3: ZrO2-1/3. Implanted
dose:2:003� 1017 ions

cm2 .
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Figure A.4:Monitored ion current values during implantation into ZrO2: Sample No.4: ZrO2-4/1. Implanted
dose:1:023� 1017 ions

cm2 .

Figure A.5:Monitored ion current values during implantation into ZrO2: Sample No.5: ZrO2-3/1. Implanted
dose:2:039� 1016 ions

cm2 .
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A.2 UO 2 samples

Figure A.6:Monitored ion current values during implantation into UO2: Sample No.1: UO2-3/1. Implanted
dose:9:3� 1015 ions

cm2 .

Figure A.7:Monitored ion current values during implantation into UO2: Sample No.2: UO2-5/2. Implanted
dose:2:04� 1017 ions

cm2 .
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Figure A.8:Monitored ion current values during implantation into UO2: Sample No.3: UO2-9/1. Implanted
dose:2:004� 1017 ions

cm2 .

Figure A.9:Monitored ion current values during implantation into UO2: Sample No.4: UO2-6/2. Implanted
dose:1:004� 1017 ions

cm2 .





List of plots of isotopic composition
using single hole ablation

In Ch. 5.5.3, in Fig.5.31no di�erentiation between the di�erent ablation parameters is shown.
The following three graphs were input in that Fig.5.31. One can see that the behavior is
independent from the ablation parameters.

Figure B.1:Isotopic ratio over the fuel radius performed with 25�m crater size and 20 LA shots.

159
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Figure B.2:Isotopic ratio over the fuel radius performed with 25�m crater size and 100 LA shots.

Figure B.3:Isotopic ratio over the fuel radius performed with 50�m crater size and 100 LA shots.



Burn-up approximations on the
measured high burn-up fuel sample

Generally, the burn-up depends on various parameters: content and enrichment of the �ssile
isotope, the �ssion yield of certain FP, the power history, then-�ux, times of cycles, ...
Two additional rough calculations using the148Nd �ssion yield were estimated on the following
assumptions:

� Released energy per �ssion� total energy released per �ssion� 200MeV.

� Released energy per �ssion� total energy released - released antineutrino energy (8MeV)
� 192MeV. [9] [8]

With the enrichment of the analyzed fuel (3.5%235U) and using the Eq.2.2 - 2.6 in Ch.2.3 at
Page22, to convert from (MeV) into GWd

tHMi
. Then the conversion factor in Eq. 5.5 at Page 120

changes to:

1%[FIMA] = � 9:013

"
GWd
tHMi

#

for 192 [MeV] (C.1)

1%[FIMA] = � 9:390

"
GWd
tHMi

#

for 200 [MeV] (C.2)

By inserting the burn-up determined with ICP-MS in Ch.5.4 leads to another burn-up conver-
sion result from 11.80% FIMA:

11:80%[FIMA] = 106:4

"
GWd
tHMi

#

for 192 [MeV] (C.3)

11:80%[FIMA] = 110:8

"
GWd
tHMi

#

for 200 [MeV] (C.4)
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Note: In this rough calculation only the �ssion from235U was considered, whereas the contri-
bution in high burn-up fuel is� 3=4 from 235U and1=4 from 239Pu [12].
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