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Abbreviations

ADC Analogue-to-digital converter. 
ALHR Average linear heat rate. 
b Barn, a unit for cross section of nuclear interaction. It

could be interpreted as the probability for interaction. 
BA Burnable absorber. 
BGO Bismuth germanate (Bi4Ge3O12). A scintillation material 

for gamma quanta detection. 
BU Burnup. The total amount of energy produced in nuclear

fuel, i.e. thermal power integrated over time. BU is often
expressed in the unit MWd/kgU. 

BWR Boiling water reactor. 
CLAB Swedish interim storage for spent nuclear fuel (Centralt

mellanlager för använt kärnbränsle). 
Crud Deposit on the surface of a fuel rod, typically Zn and Fe 

oxides.
EPMA Electron probe microanalysis. 
FGR Fission gas release. The fraction of gaseous fission prod-

ucts produced that has managed to escape to the rod free
volume. 

FWHM Full width half maximum. Measure of the energy resolu-
tion of full energy peaks in a gamma-ray spectrum. 

HBWR Halden Boiling (Heavy) Water Reactor. Test reactor in 
Halden, Norway, with heavy water as moderator.  

HPGe High purity germanium detector. 
HRP Halden Reactor Project. 
IFA Instrumented fuel assembly. 
keV Kilo electron volt. The unit used for photon energy. 1

keV is equal to the kinetic energy of en electron that has
been accelerated over a potential drop of 1 kV. 

LHR Linear heat rate. 
LN2 Liquid nitrogen. Used for cooling the high purity germa-

nium detectors. 
LVDT Linear voltage differential transformer. 
LWR Light water reactor. 
MLHR Maximum linear heat rate. 
MOX Mixed oxide fuel. Reprocessed fuel that is a mixture of



oxides of uranium and plutonium. 
MWd/kgU Megawatt days of thermal energy produced per kg of

uranium that was initially present in the fuel. A unit for
burnup (BU). 

MWd/kgUO2 Megawatt days of thermal energy produced per kg of
uranium dioxide that was initially present in the fuel. An
alternative unit for burnup (BU). 

NEA Nuclear Energy Agency. 
NIM Nuclear Instrumentation Module. A standard developed 

for electronic units used in nuclear data-acquisition sys-
tems. 

NPP Nuclear power plant. 
OECD Organization for Economic Co-operation and Develop-

ment.
PCI Pellet cladding interaction. 
PCMI Pellet cladding mechanical interaction. 
PIE Post irradiation examination. 
ppm Parts per million. 
PWR Pressurized water reactor. 
rms Root mean square errors. 
SKB Swedish Nuclear Fuel and Waste Management Company.

Company jointly owned by the nuclear operators and 
responsible for the final deposition of spent nuclear fuel
in Sweden. 

SKI The Swedish Nuclear Power Inspectorate. 
SPECT Single photon emission computed tomography. 
TFDB Test Fuel Data Bank. Database for experimental data

collection, handling and presentation used at the Halden
experimental reactor. 

TRP Transistor Reset Preamplifier. 
WID Water ingress device. 
XRF X-ray fluorescence analysis. 
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1 Introduction

This thesis consists of a comprehensive summary, based on thirteen scien-
tific papers and technical reports. It describes non-destructive measurements, 
based on high-resolution gamma-ray spectroscopy and in-pile detection 
technology. Specifically, the thesis describes measurements on nuclear fuel 
assemblies and fuel rods of the boiling water reactor type and, to some ex-
tent, of the pressurized water reactor type. The measurements have been 
performed during a number of years on nuclear fuel irradiated in commercial 
reactors in Sweden, Finland, Spain, Switzerland and at the Halden experi-
mental reactor in Norway. For several reasons like safety, efficiency, safe-
guard and computer code benchmarking, knowledge of the behaviour of 
nuclear fuel in-pile is needed. The thesis basically compiles the results of a 
significant number (more than 30) of research reports produced within pro-
jects issued by ABB/Westinghouse, the OECD Halden Reactor Project and 
the Swedish Nuclear Power Inspectorate (SKI). 

1.1 Nuclear power 
Currently approximately 17% of the world’s electric energy is produced by 
fission in nuclear power plants (NPP). There are more than 430 nuclear reac-
tor units in operation and some 30-40 are under construction, mainly in Asia. 
In Sweden ten nuclear reactors are operating and serving the grid as in April 
2006, producing about half of the electric energy in the country averaged 
over the year. The utilization of nuclear power has been a political concern 
in many countries during the last 20-30 years, as a consequence of acci-
dents/severe events like Three Mile Island (TMI or Harrisburg) and Cherno-
byl as well as the long-term storage problems related to the highly radioac-
tive waste produced in the form of spent fuel. In some countries, e.g. Sweden 
and Germany there are currently plans to phase out nuclear power. On the 
other side there are increased global concerns over the emission of carbon 
dioxide from fossil fuels (oil, coal and natural gas), possibly with global 
warming as a consequence, as well as the increased needs for electric en-
ergy, especially in developing countries, but also in the industrialized coun-
tries as it turns out. These latter issues have driven the construction and 
planning of new nuclear power plants as mentioned especially in Asia, but 
recently also in Finland (a 1600 MW pressurized water reactor unit). Re-
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cently the debate concerning the future role of nuclear power for the worlds 
energy needs has also been addressed both by the US and EU. This should 
also be viewed in light of the concerns over the possible near future short-
ness of oil, assuming that the production of oil is close to its historical peak 
and that new, real large oil fields are not discovered anymore the so-called 
peak oil debate [1]. Furthermore, the geopolitical situation concerning the 
large scale producers of oil and natural gas complicates the situation.     

The process that generates the energy is the fission reaction, where a 
heavy nucleus, such as uranium or plutonium, splits up in fission products 
after interacting with a slow neutron. The amount of energy released in this 
process is larger, by more than seven orders of magnitude in comparison to a 
chemical process like e.g. combustion of coal, oil, natural gas or wood. Typi-
cally 2-3 neutrons are emitted in the fission process, which in turn may cre-
ate new fission reactions and a self-sustained chain reaction can be main-
tained for continuous and controlled production of thermal energy that in 
turn can be transformed to electrical energy. 

There are a number of different reactor types and concepts in operation 
worldwide. The most common type is the light water reactor or LWR that 
include boiling water reactors (BWR) and pressurized water reactors (PWR). 
In a BWR the water in the core is heated to boiling. The steam is lead 
through a turbine system that in turn is connected to an electric generator 
feeding the electric grid. The exhausted steam is condensed back to water 
and fed back into the core in a closed circuit. In a PWR core boiling is pre-
vented by operating the reactor at a significantly higher pressure as com-
pared with a BWR unit. Steam is instead produced in separate heat exchang-
ers.

The water in a LWR core is used not only for the converting the thermal 
energy released in the fission process to electrical energy, it is also required 
for cooling the fuel used for the moderation or thermalization of neutrons. 
The neutrons initially emitted in the fission process have a too high kinetic 
energy to efficiently induce new fission reactions. Therefore, their energy 
has to be decreased (moderated) by repeated collisions with nuclei in a suit-
able light material e.g. water. Eventually the neutrons reach thermal equilib-
rium with the surrounding material i.e. they have become thermalized. The 
moderating property of water is one of the great advantages of LWR cores 
(in combination with attractive system behaviour from a system control per-
spective in terms of time constants and feedback mechanisms) and is the 
main reasons why they have come to dominate the nuclear industry. 

There is however a number of other commercial reactor concepts like 
graphite-moderated cores (like e.g. Chernobyl type of reactors), cores cooled 
with carbon dioxide (e.g. Magnox reactors in the UK) and heavy water mod-
erated cores (e.g. Canadian CANDU reactors). In addition, a smaller number 
of more exotic reactor designs have been utilized. 
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1.2 The nuclear fuel 
The nuclear fuel studied in this thesis is mainly of the BWR fuel type. BWR 
fuel is manufactured by stacking UO2 pellets in zircaloy tubes of about 4 m 
length with a diameter of about 10 mm, which then constitutes a fuel rod.  
Zircaloy is an alloy based on Zirconium (Zr), an element with a low absorp-
tion cross section for thermalized neutrons hence it is a very suitable choice 
for in-core structural materials. The fuel rods are put together in assemblies 
with about 100 fuel rods in each. A fuel channel is surrounding the fuel rods 
through which the boiling water is guided. A standard BWR fuel assembly 
has a total mass of about 200 kg. A modern BWR fuel assembly is illustrated 
in Figure 1.1. The axial cross section is about 140x140 mm2 for standard 
BWR assemblies. Examples of schematic cross sections for two basic de-
signs are illustrated in Figure 1.2. There is an ongoing development of fuel 
designs in order to improve the in-core performance in various aspects. A 
more recent example of this is the introduction of part-length rods in the 
assemblies. 

Figure 1.1.  Illustration of a fuel assembly for BWRs. Reproduced by courtesy of 
Westinghouse Electric Sweden AB. 
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PWR type fuel has a fairly similar appearance, but contains more fuel 
rods, e.g. 17x17 fuel rods in the assembly cross section. The usage of nuclear 
fuel could be based on either a so-called once-through fuel cycle strategy or 
a strategy including reprocessing of the spent fuel. Both strategies start with 
mining, conversion and enrichment. The latter stage means that the uranium 
is enriched with respect to its fissile isotope 235U (Table 1.1). Nuclear reac-
tors of the LWR type typically require the fuel to be enriched in fissile 235U
to a concentration between 2% and 5%. Fuel of this isotopic composition is 
denoted as low-enriched nuclear fuel. Cores moderated by heavy water 
(D2O) and graphite-moderated reactors could however be operated with ura-
nium of lower enrichments in 235U, even with natural uranium. 

After irradiation the spent fuel may be reprocessed in a process where the 
remaining fissile nuclides (like e.g. 239Pu) in the spent fuel are extracted in a 
series of complicated chemical and physical steps and used for the manufac-
turing of new fuel pellets/assemblies (e.g. MOX fuel). 

In the once-through cycle the spent fuel is considered as waste and should 
be disposed off accordingly. The experimental studies in this thesis are con-
cerned with fuel in the once-through cycle, as applied by e.g. Sweden, Swit-
zerland and Finland Experiments have been performed during annual outage 
or after the in-core irradiation has been finished and the fuel is replaced. 

J
I

SS H
G
F
E
D
C
B
A

10 9 8 7 6 5 4 3 2 1

H
G

SS F
E
D
C
B
A

8 7 6 5 4 3 2 1

Figure 1.2. The highly schematic cross sections and rod numbering for the modern 
10x10 type fuel (upper figure) and the older 8x8 type fuel (lower figure). SS denotes 
the control rod blade corner and the black cells illustrate the water cross in e.g. 
SVEA fuel.  
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Table 1.1: Isotopic abundance of natural uranium. 

Isotope Abundance [%] 

238U 99.2745 
235U 0.72 
234U 0.0055 

The uranium generally enters the fuel fabrication as uranium hexafluoride 
(UF6). During the fuel fabrication stage the enriched uranium is converted to 
uranium dioxide (UO2). The UO2 is sintered to fuel pellets, subsequently 
stacked in tubes and mounted in assemblies as outlined above. The reason 
for using UO2 as fuel material is mainly that it has a very high melting point 
(2865°C).

Typically LWRs are operated in power cycles of about one year. An irra-
diation period is followed by a revision shutdown period for a number of 
weeks when the power plant systems are maintained and a part of the reactor 
core is exchanged with fresh fuel. A fuel assembly is irradiated for typically 
five or six such reactor periods, although shorter and longer irradiation might 
take place. When a fuel assembly has reached its final burnup it is positioned 
at the power plant storage facility for some time before being moved into 
some dedicated storage facility (e.g. CLAB in Sweden) awaiting the final 
storage in a deep geological repository or possibly reprocessing [2]. 

The fuel studied in this thesis is either irradiated fuel, that is fuel that has 
been used in power production and is intended to be used again, or spent 
fuel, that is fuel that will not be used in the reactor core again. Fuel studied 
in test reactors are either fresh fuel manufactured specifically for the experi-
ment, or commercially irradiated fuel that has been remanufac-
tured/redesigned in order to fit the experimental core. 

1.3 Gamma scanning 
The measurement techniques described in this thesis are high-resolution 
gamma-ray spectroscopy (e.g. gamma scanning) and experimental in-pile 
studies, see Section 1.4. Although denoted by gamma scanning (i.e. the 
measured object is moved in front of the measurement system), the defini-
tion as used in this thesis also applies for a fixed position measurement like 
for e.g. fission gas release measurements and the wordings gamma scanning 
and in-pool high-resolution gamma-ray spectroscopy are used interchangea-
bly. In gamma scanning the gamma-ray flux emitted from unstable isotopes, 
whose production in some way correlates with various physical fuel parame-
ters, is measured using high-resolution gamma-ray spectroscopy. The reason 
for using high-resolution gamma-ray spectroscopy is the generally very 
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complex energy spectrum from irradiated fuel. Normally, a high-purity ger-
manium detector (HPGe) has therefore been used. 

Gamma scanning has been used for the determination of e.g. burnup, ax-
ial power distribution, fuel integrity, and fission gas release as well as for 
safeguard purposes [3, 4, 5]. It is also an important tool for the verification 
of computer codes designed to calculate the characteristics of nuclear fuel [6, 
7]. Measurements have been applied both on whole fuel assemblies and on 
single fuel rods (i.e. fuel assemblies are dismantled). The technique has also 
been applied for studies of crud deposition and migration of certain volatile 
elements in the fuel matrix (Cs and I). A more recent extension of the 
gamma scanning technique is emission tomography (SPECT) of nuclear fuel 
assemblies, where the gamma-ray flux distribution around a fuel assembly is 
recorded and the interior gamma-ray source distribution in a section of the 
assembly is reconstructed by computer-aided calculations [8, 9]. In this the-
sis the (non-tomography) gamma scanning technique has been applied to 
BWR fuel for determination of fission gas release (FGR), measuring thermal 
power distribution (e.g. core physics computer code validation), burnup de-
termination, volatile element migration/redistribution in the fuel matrix and 
studies of crud distribution (indicative results). 

1.4 In-pile studies 
In-pile studies of nuclear fuel are here defined as experiments where the 

fuel is irradiated in a test reactor while certain physical properties and condi-
tions are monitored (more or less) continuously. This is achieved by spe-
cially designed instrumented fuel assemblies (IFAs), capable of on-line 
monitoring of e.g. internal gas pressure, neutron flux and fuel temperature. 
In this thesis experiments have been performed in the Halden Boiling Water 
Reactor (HBWR) for the study of fission gas release and its dependence on 
UO2 grain size and fuel temperature, as well as studies of secondary fuel 
failure degradation (i.e. in-pile simulations of fuel failures). 

The two types of experiments (gamma scanning and in-pile measure-
ments) complement each other and together allowing the determination of a 
wide spectrum of nuclear fuel performance indicators.   
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2 Scope of the thesis

It is sometimes argued that nuclear power is a mature technology (even old-
fashioned), nevertheless one should keep in mind that it is actually the latest 
large-scale source of energy discovered (1930s) and utilized (1940s and on-
wards). New innovative reactor concepts are introduced from time to time 
where the South African pebble bed reactor project is one recent example as 
well as the research concerning accelerator-driven systems for transmutation 
of nuclear waste [10]. The high-level radioactive waste produced has to be 
thoroughly surveyed and controlled before it is finally deposited in a deep 
geological repository. Also the remaining fissile material has to be moni-
tored. This is the safeguards aspect of the research within the field. In this 
thesis the following two areas have been identified where improvements and 
extensions of experimental nuclear fuel studies will offer continued progress: 

Nuclear fuel is expensive, although the fuel cost actually is a limited part 
of the total operating costs for a nuclear power plant in comparison to 
other sources of energy. Therefore the power plant operators want to use 
the fuel more efficiently and also to limit the amount of nuclear waste 
generated, which constitutes a significant back-end cost. Extended operat-
ing time of the fuel as well as new fuel designs requires increased knowl-
edge of the fuel behaviour in-pile. The benchmarking of computer codes 
modelling the in-core performance requires high quality experimental 
data, preferably by non-destructive methods such as gamma scanning or 
test-reactor in-pile studies. 
Fuel failures, i.e. the damage of fuel rods in-core and the implication of 
increased activity in the primary cooling system. Such an event could 
eventually call for unplanned outage and has been identified as a separate 
issue here due to the immediate economical consequences. In order to un-
derstand the mechanism involved in the development of secondary fuel 
failure degradation, i.e. the possible more severe consequences of a pri-
mary failure where water enters the interior of a fuel rod, in-pile studies 
are required. These studies are, however, typically complemented by post 
irradiation examinations as well. 

Within the scope of this thesis, non-destructive measurements on nuclear 
fuel have been further developed and performed on objects with highly dif-
ferent characteristics and at different stages in the nuclear fuel cycle. Al-
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though it is a matter of definition weather test-reactor studies are considered 
as non-destructive examinations or not, they are treated as such in this thesis. 

2.1 Fuel performance studies and code validation
At a commercial nuclear power plant, different types of measurements are 
performed in order to follow up on the behaviour of the reactor core. The 
neutron flux distribution is monitored during operations and during outage 
various measurements and visual inspections are performed on fuel assem-
blies removed from the core. Such measurements do not typically include 
gamma scanning of the fuel, but comprise measurements of parameters such 
as e.g. cladding oxide thickness (cladding corrosion) by means of electro-
magnetic methods, visual inspection of fuel assemblies and fuel channel bow 
measurements. 

The operation of the reactor core relies to a large extent on core simula-
tion based on extensive computer code packages. Such computer codes take 
into account the nuclear processes involved, the geometry of the fuel and the 
fuel distribution in the core. Together with the thermo-hydraulics of the 
coolant/moderator, the axial and lateral power distribution can be calculated   
down to single fuel rods. Such core simulators are often referred to as pro-
duction codes. Other codes aim at simulating the physical processes within 
the fuel matrix, cladding and the pellet-cladding gap. Fuel centreline tem-
perature, fission gas release, filling gas pressure and various thermo-
mechanical properties are examples of evaluated physical parameters [11]. 
Events like e.g. excessive fission gas release or fuel swelling could eventu-
ally harm the integrity of the fuel and cladding, making non-destructive 
measurements of such physical behaviour highly valuable for benchmarking 
computer codes.  

The necessity of validating production codes are generally recognized in 
the community of nuclear operators and among fuel and system suppliers. 
Since the modeling takes place down to the single fuel rod level, a need for 
experimental data both on whole fuel assemblies and single fuel rods are 
recognized. The introduction of new fuel designs as well as more flexible 
reactor operation cycles and power up-rating of reactor systems have even 
further increased the need for experimental data within the field. 

In this thesis, measurements (gamma scanning and in-pile experi-
ments/measurements) have been performed on BWR and PWR fuel of 
highly varying burnup and irradiation history with the purpose to investigate 
a number of fuel performance parameters (e.g. linear heat rate distribution, 
fission gas release, burnup, fuel pellet thermal properties and pellet cladding 
interaction) and how they relate to the history/usage of the fuel. This part is 
covered in Papers I-XI.
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2.2 Fuel failure degradation 
Improved quality control and design upgrading as well as improved control 
of the core operation have all contributed towards reducing the occurrence of 
in-pile fuel rod failures. However, a limited number of failures still occur in 
LWRs, primarily due to cladding fretting, hydriding or pellet cladding inter-
action [12]. When fuel rod cladding fails, coolant water enters into the fuel 
rod interior to equalize the pressure difference between the reactor vessel 
and the rod free space. The entrained water/steam reacts with both fuel pel-
lets and the inner wall of the cladding to liberate hydrogen. 

Efforts are being made in order to understand the mechanisms involved in 
the secondary fuel degradation subsequent to the primary failure. Massive 
local cladding hydriding is believed to be the main cause of such degradation 
and eventually a circumferential break in the cladding. Understanding the 
degradation process is extremely important to avoid large radioactivity levels 
in the plant circuits and costly unscheduled shutdowns for removing the 
leaking assembly. 

In-pile experiments have been designed and performed in the Halden ex-
perimental reactor in order to study the dynamics of the phenomena involved 
in secondary fuel degradation after simulating a primary failure in a test 
loop. The experiment was performed using fuel rods of different design, pre-
oxidized and with normal liner cladding. This part of the thesis work is ac-
counted for in Papers XII and XIII. We will use the terminology secondary 
fuel degradation and secondary fuel failure degradation interchangeable in 
the thesis. 
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3 Nuclear fuel and its properties 

In this chapter some basic parameters of the nuclear fuel are defined and 
discussed. The description is limited to the parameters covered in the work 
constituting this thesis and is not an attempt to fully cover the rather complex 
physics and chemistry involved. 

When the nuclear fuel is irradiated in the reactor core, typically in a neu-
tron flux density of about 1014 cm-2s-1, a wide variety of nuclear reactions 
and related physical processes occur. As a consequence the composition and 
the physical and chemical properties of the fuel (and also of the cladding) are 
altered with time. Fission products are created with half-lives ranging from 
fractions of a second to several decades. Neutron capture and decay of fis-
sion products and heavy nuclei also change the composition of the nuclear 
fuel during irradiation. 

Other mechanisms contribute as well e.g. interaction takes place between 
the fuel pellets and the cladding, so called pellet-cladding mechanical inter-
action (PCMI) or pellet-cladding interaction (PCI). Fission gas release alters 
not only the physical properties of the fuel matrix through e.g. increased 
porosity, but also the composition of the gas in the free rod volume which 
affects its thermal resistance.   

Thus, with time, the physical and chemical properties of nuclear fuel 
change quite dramatically. In fresh fuel the vast majority of the fissions are 
due to 235U. The remaining part occurs in the much more abundant 238U due 
to the fast neutron flux [13, 14]. During the irradiation 235U is thus depleted, 
while other fissile nuclei are created, such as 239Pu and 241Pu through neutron 
capture in 238U and successive beta decays. Towards the end of the irradia-
tion, say after five reactor cycles or so, these new fissile nuclides normally 
contribute to the major part of the fission rate (about 80%) while the contri-
bution from 235U is only some 10% [13]. The altered elemental composition 
of the fuel inevitably leads to changed physical properties such as e.g. ther-
mal conductivity degradation and changes in the fuel matrix microstructure 
and density.   
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3.1 Physical properties of UO2

3.1.1 Basic properties of UO2 and PuO2

Uranium dioxide (UO2) is a ceramic with the advantages of high-temperature 
stability and an adequate resistance to radiation. The melting point is very 
high (2865 °C), and it is chemically inert to attack by hot water. The most 
important physical properties of UO2 are summarized in Table 3.1. 

Table 3.1: Some basic physical properties of uranium dioxide. 

Property Value 

Melting point 2865±15 °C 
Crystal structure Face-centered cubic 
Lattice parameter 0.5465 nm 
Theoretical densitya) 10.96 g/cm3

Thermal conductivity ~8.4 Wm-1K-1 (20 °C) 
Thermal expansion coefficient ~10-5 (0 to 1500 °C) 
Specific heat 63.6 Jmol-1K-1 (25 °C) 
Fracture strength ~110 MPa 
Modulus of elasticity 2.0 (at 20 °C) 
a) A theoretical density without any porosity present in the material. 

The main disadvantage of uranium dioxide as a fuel material is its low ther-
mal conductivity [15]. However this drawback is partially offset by the fact 
that very high operating temperatures are possible in the centre of the fuel 
rod due to the high melting point [16]. 

The melting point and thermal conductivity for PuO2 are somewhat lower 
than for UO2. As a reactor fuel, plutonium dioxide (PuO2) is not used alone, 
but together with UO2 as a so-called mixed oxide fuel or MOX. UO2 and 
PuO2 form a solid solution into MOX during sintering. Since the main part 
of MOX fuel is uranium dioxide (some 90%), the characteristics and behav-
iour of MOX fuel are considered to be very similar to UO2 fuel.

3.1.2 Fuel swelling and densification  
During irradiation the volume of UO2 fuel changes continuously with bur-
nup. Initially, at the start of irradiation, there is a contraction in volume as 
pores remaining from the sintering process continue to shrink. This process 
is most pronounced in low-density fuel and especially if the pores are small, 
typically less than 1 m in diameter. The pellet-cladding gap thus increases 
at the beginning of the irradiation due to the fuel densification, giving higher 
fuel temperatures [17, 18]. 

The process of fuel densification quickly saturates and is followed by a 
monotonic increase in volume as more and more fission products replace the 
fissionable uranium. Fuel swelling can give rise strain in the cladding at high 
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burnup. This can result in both radial expansion and elongation of the fuel 
rod cladding and can in severe cases during high power transients ultimately 
result in fuel failure. This swelling is caused by a number of mechanisms: 

solid fission products 
fission gas as individual atoms 
fission gas precipitated into intra-granular bubbles 
fission gas as grain boundary bubbles (inter-granular) 

The first two are referred to as inexorable swelling since the volume change 
they cause is only dependent on burnup. More often they are referred to as 
solid fission product fuel swelling since they are hard to separate experimen-
tally. Swelling caused by the formation of gas bubbles only occurs at tem-
peratures sufficiently high to permit atomic migration (see Section 3.2.4 on 
fission gas release mechanism below). The largest single contribution to fuel 
swelling originates from inter-granular fission gas bubbles. Microscopy on 
cross sections of fuel rods operated at high temperatures reveals the presence 
of cigar shaped pores at the grain boundaries. Examination of fractured sur-
faces of irradiated fuel show gas bubbles on grain surfaces and also along 
grain edges. Measurement of the change in volume after isothermal irradia-
tion of both restrained and unrestrained UO2 samples shows that the swelling 
rate is strongly dependent on fuel temperature [19]. The swelling properties 
of fuel doped with e.g. niobium and lanthanum oxide shows no significant 
dependent on the choice of dopant [20, 21].It is clear that the processes in-
volved in fission gas release and fuel swelling are strongly interconnected 
[22, 23]. 

The solid fission products causing swelling can be divided into three 
groups, soluble fission products (Nb, Y, Zr), metallic inclusions (Mo, Ru, 
Te, Rh, Pd) and others (Cs, Rb, I, Ba, Sr). When isolated in the UO2-lattice, 
the rare gases Xe and Kr should be added, when evaluating the contributions 
to the solid swelling. The theoretically predicted total solid volume swelling 
is around 0.84% per 10 MWd/kgU. This is in very good agreement with 
various experimental results (0.8 to 1.0 % per 10 MWd/kgU) [24]. 

In summary the fuel matrix swelling consist of fission gas bubble swell-
ing (which is strongly temperature dependent) and solid fission product 
swelling (that is essentially temperature independent) [25]. The net change in 
fuel volume is the sum of the densification and swelling. The changes in the 
fuel density affect the pellet-cladding gap (and thus the gap conductance and 
fuel temperature) as well as diametric and axial strain of the cladding. Fur-
thermore the fuel pellet column length will change during irradiation as a 
consequence of the density changes. 
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3.1.3 Fuel microstructure 
The radial variation in the fuel pellet microstructure (pores and gas bubble 
size, grain size and fission product disposition) is a good indicator of the 
status and in-pile behavior of the fuel and has a bearing on the potential for 
fission product release during a transient. At high burnup, especially the rim 
region of the pellet undergoes significant micro-structural changes associ-
ated with the enhanced local burnup caused by resonance neutron capture in 
238U and the resulting plutonium buildup and fission [26, 27]. Above a local 
burnup threshold (~70 MWd/kgU) significant microstructural changes are 
observed like lower dislocation density and lower density of intragranular 
bubbles.

3.1.4 Thermal properties 
Reliable thermo-physical data are required to predict the nuclear fuel behav-
iour under both normal conditions and under anticipated accident situations 
[28]. The thermal analysis in a fuel rod is governed by the basic heat conduc-
tion equation: 

'''qT
t
Tc

From this equation it can be seen that the local temperature T depends on 
local material properties like thermal conductivity ( ), specific heat (c), den-
sity ( ) and the local power density (q’’’). It also depends on time-dependent 
boundary conditions and heat transfer coefficients (coolant-to-fuel rod and 
pellet-cladding gap conductance). Under steady-state normal operating con-
ditions the gap conductance and the thermal conductivity generally dictates 
the thermal behaviour. The heat capacity is important under transient condi-
tions.

The thermal conductivity of LWR fuel has been extensively investigated 
both theoretically and experimentally, see e.g. [29, 30, 31]. Three contribu-
tions to the thermal conductivity are generally identified: conduction through 
lattice vibrations (the phononic term), conduction through free electrons and 
a small contribution due to radiation. At lower temperatures the phononic 
term is supposed to dominate. At higher temperatures the electronic contri-
bution is of relevance. Together, both contributions lead to a minimum of the 
thermal conductivity at temperatures around 2000 K for UO2. Experimental 
data above 2000 K are scarce and quite uncertain. The thermal conductivity 
of molten UO2 (as needed in accidental core safety analysis) is even more 
uncertain.
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Besides the dependence on temperature, the thermal conductivity of ura-
nium dioxide depends on the stoichiometry, the porosity and the burnup. In a 
ceramic material the thermal conductivity decreases with the porosity. The 
geometry (e.g. size and shape) and the physical properties (e.g. gas trapped 
inside) of the pores are of importance. In general models a 100% dense ma-
terial is considered when the effect of porosity is taken into account. Hypo- 
and hyper-stoichoimetric fuel has a lower thermal conductivity than 
stoichiometric fuel. This is because the introduction of point defects that 
increase phonon scattering. The thermal conductivity of UO2 decreases with 
burnup [32, 33]. This is mainly due to the formation of solid fission products 
and fission gas bubbles. An observed permanent decrease in the phonon 
scattering component (the major part of the thermal conductivity in the tem-
perature regime of interest) is thought to be mainly due to the impurity effect 
of the fission products [34]. Porosity gives an additional reduction (degrada-
tion) in the thermal conductivity, this is especially important at the rim of 
high burnup fuel. Considering that the heat flux density is highest at the pel-
let surface, this rim effect would further increase the fuel temperature. Ex-
perimental results indicate that the thermal conductivity in the rim zone is 
considerably lower than in the remaining fuel matrix. Such an additional 
reduction in the fuel thermal conductivity leads to higher fuel temperatures 
for a given linear heat rate (LHR). 

The fuel centreline temperature is a function of the coolant temperature, 
the LHR and the total thermal resistance from the coolant to the pellet cen-
tre. The largest resistances (and thus temperature differences) are found 
across the fuel-cladding gap and along the fuel pellet radius. At higher bur-
nup the pellet-cladding gap is essentially closed resulting in smaller tempera-
ture differences across the gap, so that the centreline temperature mainly 
depends on the pellet thermal conductivity integral. A good understanding 
on the fuel centreline temperature is thus essential for fuel performance code 
benchmarking since many important fuel phenomena and parameters are 
temperature dependent. 

3.2 Operational properties of nuclear fuel 

3.2.1 Burnup 
Burnup (BU or ) is a measure of the amount of thermal energy produced in 
the fuel. Burnup is either expressed as the number of fissions per 100 heavy 
nuclides (i.e. mass number 232) initially present in the fuel and is ex-
pressed in percent, or the integrated energy released from fission of initially 
present heavy nuclides, usually expressed in MWd/kgU. The two definitions 
are related through a conversion factor that is the energy released per fission, 
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which is approximately 200 MeV. The first definition is often used for dis-
solved irradiated fuel (i.e. destructive post irradiation examination or PIE) 
and is based on the concentration of one or more neodymium isotopes meas-
ured by a chemical separation and isotopic dilution mass spectrometry pro-
cedure [35]. Usually the ratio of 148Nd to U+Pu is determined and the result-
ing burnup is expressed as FIMA (fissions per initial metal atom). 

Non-destructive burnup measurements are based on the detection of the 
137Cs activity in the fuel using a high-resolution gamma-ray detector. The 
137Cs activity is to a very good approximation linearly dependent on the bur-
nup [3, 8, 36]. The production pathways and decay scheme for 137Cs are 
shown in Figure 3.1. The production of 137Cs is dominated by direct fission 
leading to mass chain 137 in combination with repeated beta decay. An al-
ternative production path is neutron capture in the stable isotope 136Xe, how-
ever with a small cross section of 0.26b. Furthermore the loss of 137Cs 
through neutron capture is almost equally large (0.25b), the two processes 
more or less balancing each other. 

Burnup can also be experimentally determined non-destructively using 
detection of neutrons emitted by the fuel, like e.g. utilized by the FORK 
measurement system, equipped with a fission chamber, that have been used 
for safeguard purposes [37]. Both active and passive neutron measurements 
can be used for neutron assays. In passive assay spontaneous fission neu-
trons emitted by the fuel are measured. 
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Figure 3.1.  Production and decay pathways of 137Cs. Beta decay is illustrated with 
diagonal arrows and neutron capture with horizontal arrows. Half-lives and cross 
sections are taken from ref. [38]. Cumulative chain yields in percent per fission for 
each mass chain are presented for fission induced by thermal neutrons in 235U as 
given in ref. [39].      

Burnup is an important parameter as it basically defines the operating life-
time (or age of the fuel) of the nuclear fuel. Modern BWR fuel is irradiated 
up to an average fuel rod burnup of 60-70 MWd/kgU and there has been a 
steady increase in this target burnup over time. Not very surprisingly, several 
characteristics of nuclear fuel will be dependent on burnup as we shall see 
later.

3.2.2 Volatile element migration 
Volatile elements are particularly sensitive to migration, i.e. relocation of 
elements in the fuel matrix due to high temperatures. Xenon, cesium, and 
iodine are examples of volatile elements encountered in the nuclear fuel 
matrix. For a discussion of xenon (and other fission gases) behaviour, see 
section 3.2.4 on fission gas release. 

The low boiling point of cesium (670°C) as well as the low dissociation 
temperature of its oxides (<600°C) dictates that its migration has to be taken 
into account in nuclear fuel performance studies [40]. The migration and 
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accumulation of cesium and iodine at pellet interfaces can be studied using 
gamma scanning with high axial resolution. The short half-life of 131I (8.05 
days) is however a challenge in this context, since the memory of the migra-
tion will vanish and the fuel to be measured must be accessed shortly after 
reactor shut-down [41]. The radial distribution in a fuel pellet could be stud-
ied using gamma scanning or XRF (X-ray fluorescence analysis) and EPMA 
(electron probe microanalysis). 

The axial redistribution of cesium is enhanced during a power transient 
followed by elevated fuel temperatures. Intensity peaks in cesium specific 
gamma radiation could then be observed at pellet interfaces where cesium 
has condensed. At temperatures above 1200°C cesium follows approxi-
mately the same release paths as xenon [40]. However, at the rim of high 
burnup fuel, where the microstructure has transformed, the cesium appears 
to be retained completely, although a high percentage of fission gas is re-
leased from such regions of the fuel.      

3.2.3 Thermal power 
The linear heat generation rate (LHGR or LHR), or linear thermal power, is 
usually expressed in kW/m and is basically proportional to the fission rate in 
the fuel. The fission rate can be expressed as (highly simplified model as-
suming neutrons with just one velocity): 

R=

Where  is the neutron flux density and  is the macroscopic cross section 
for fission. Considering reactor cooling, it is often of interest to estimate the 
maximum heat generation rate at a given point in a given fuel channel rather 
than for the whole reactor core. The correct description of local power is 
thus a general requirement and needs to be both modelled adequately and 
measured with good precision. Fuel development, burnup increase, more 
complex enrichment designs (different reactivity), plant power up-ratings 
and new licensing requirements have led to a greatly increased complexity in 
core designs. This is particularly evident for high power density BWR cores. 

The thermal power distribution can be obtained by theoretical calculations 
using reactor physics codes which model the neutron flux distribution and 
hence the power distribution. Uncertainties in the calculations and the need 
for independent verification of these codes due to e.g. regulatory demands 
calls for the need of experimental methods allowing such verification with 
acceptable precision. The 1596 keV gamma radiation from the fission prod-
uct 140La, decay controlled by the parent 140Ba with a half-life of 12.75 days, 
may be used to study the thermal power distribution in fuel assemblies (see 
also Section 5.6). The main production paths of 140Ba are presented in Figure 
3.2. The production of 140Ba is dominated by direct fission in mass chain 140 
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in combination with repeated beta decay. An alternative production path is 
through neutron capture in 139Ba. This production could however be ne-
glected due to the short half-life of 139Ba of 83 minutes and the small neutron 
cross section (5 b). A small loss of 140Ba takes place through neutron capture 
(cross section 1.6 b), noticeable at high neutron flux i.e. high thermal power. 

Because 140La is also produced by neutron capture in the stable 139La 
(cross section 9b), it is important from an experimental point of view to wait 
until the ratio 140La/140Ba reaches equilibrium to avoid a time dependent 
component (preferably 10-20 days after reactor shutdown). 

In order to avoid using the control rods for reducing the surplus reactivity, 
or so to say even out the thermal power distribution over the reactor cycles, 
some fuel rods in the fuel assemblies are typically so-called burnable ab-
sorber rods, or BA-rods. Such rods contain gadolinium (Gd in oxide form, 
Gd2O3) in special fuel pellets. The gadolinium are efficiently absorbing neu-
trons due to its high absorption cross section until it is depleted in the fuel. In 
this way an automatic control of the reactivity is achieved in comparison 
with the case using the control rods. The Gd content is typically around 3-4 
weight-%. The usage of burnable absorbers thus allows the thermal power to 
be reduced in the beginning of the reactor cycles. 
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Figure 3.2.. Production and decay pathways of 140Ba. Beta decay is illustrated with 
diagonal arrows and neutron capture with horizontal arrows. Half-lives and cross 
sections for thermal neutron capture are taken from ref. [38]. Cumulative chain 
yields in percent per fission for each mass chain are presented for fission induced by 
thermal neutrons in 235U, as given in ref. [39].   

3.2.4 Fission gas release
The two maxima (peaks) in the doublet distribution of mass numbers of the 
fission products in the fission process occur in the regions A=90-100 and 
around A=140. This fact implies that high yields are obtained for the rare gas 
species xenon and krypton as well as of the volatiles iodine and cesium. Be-
cause both krypton and xenon have lower thermal conductivities than helium 
(the common filler gas from manufacturing), the release of these gases to the 
pellet-cladding gap causes a decrease in the gap conductance and hence in-
creased fuel temperatures. The increased internal pressure, possibly internal 
rod overpressure, can induce cladding lift-off and gap re-openings at high 
burnup, i.e. radial expansion of the cladding. 
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Fission gas release is defined as the ratio of the number of krypton and 
xenon gas atoms present in the plenum and the pellet-cladding gap (i.e. in 
the rod free volume) expressed as a percentage of the total inventory of Kr 
and Xe produced: 

FGR=NReleased/NTotal·100

Two main processes are involved in fission gas release (FGR). The first is 
the basically temperature independent athermal release and the second is 
thermal release through a diffusion mechanism which gives rise to a tem-
perature dependency. 

In athermal release two distinct mechanisms are involved. Direct recoil 
release is possible if a fission event is taken place close enough (~8 m) to a 
free surface. Due to its high kinetic energy, in the range of 60-100 MeV, the 
fission product will escape the fuel. Usually these atoms are trapped in the 
cladding but some will be stopped in the gap through interaction with the 
filling gas. When a fission product travels through the uranium dioxide, it 
losses its energy at a rate of ~1 keV/Å, leading to a high local heat pulse 
along its path. When the fission product leaves or enters a free fuel surface, 
the heated local zone will evaporate, or sputter. Virtually all the volatile fis-
sion products available in this volume are released in the gap. This second 
mechanism is also sometimes referred to as knockout. Both the direct recoil 
release rate and knockout release rate are proportional to the fission rate and 
the range of fission fragments. Furthermore, they both depend on the fuel 
specific surface, i.e. the surface to volume ratio of the fuel (S/V).   

Usually the athermal release is treated as a linear function of burnup. A 
standard empirical correlation is the ANS-5.4 model: 

FGRAthermal=8.5·10-5·BU

where BU is the burnup in MWd/kgU. The correlation is valid for burnups 
up to around 40 MWd/kgU [42, 43]. At higher burnup (>60 MWd/kgU) the 
athermal release is no longer a simple linear function of burnup, due to plu-
tonium production in the rim zone and the increase in fission product genera-
tion rate there. Sine this zone is close to the free fuel surface this will theo-
retically lead to an enhanced athermal release. However, there is currently no 
general consensus on how the enhanced fission gas release from the high-
burnup rim structure occurs.  

Thermal fission gas release is a temperature dependent release mechanism 
with onset above ~700 °C [42]. It includes lattice diffusion of gas atoms to 
grain boundaries, trapping of gas atoms by crystal defects or gas bubbles, 
fission induced re-solution of grain boundary bubbles and saturation of grain 
boundaries with gas bubbles leading to macroscopic release. When the tem-
perature is high enough, bubbles will nucleate, grow and interlink leading 
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gas to escape to the rod free volume. The most basic theoretical models for 
thermal fission gas release assume diffusion in spherical grains of UO2 in 
which a uniform generation rate of fission products is imposed. The bound-
ary conditions imply that spherical symmetry prevails and that the outer 
boundary is a perfect sink for gas atoms, i.e. maintaining a concentration of 
zero. The fractional fission gas release from a spherical fuel grain of radius r 
can thus be expressed as: 

22 2
34

r
Dt

r
DtFGR

where D is the diffusion coefficient of fission gas atoms in UO2 and t is time. 
This is the Booth short time solution where the grain boundary is treated as a 
perfect sink for fission gas atoms [44]. The gas atoms arriving to the grain 
boundaries do not get released instantly; rather they precipitate into inter-
granular bubbles. Fission fragments can collide with these bubbles and gas 
atoms to be resolved back into the grain matrix, i.e. a re-solution process. In 
this way the gradual accumulation of gas atoms on the grain boundaries is 
opposed by the irradiation induced flux of atoms back into the grains. The 
period from the start of the irradiation to the point at which the boundaries 
are saturated are referred to as the incubation period. 

When the grain boundaries are saturated with gas bubbles the resultant 
porosity can extend across many grains and provide a route along which 
gases and volatile fission products can escape to the pellet-cladding gap and 
the plenum. This process is usually referred to as the interlinkage. Based on 
Halden reactor experiments, a burnup dependent threshold for the onset of 
thermal fission gas release has been established, the Vitanza, or Halden, 
empirical threshold [45]. This threshold basically reflects the competition of 
the diffusion and re-solution processes discussed above. 

Fission gas release can be measured in-pile in a test reactor using instru-
mented fuel assemblies, by poolside gamma-ray spectroscopy using the ac-
tivity of 85Kr (Figure 3.3) in the plenum or by rod puncturing in a hot cell 
laboratory measuring the amount of gas in the free rod volume. Such studies 
also allows the analysis of the isotopic composition of the fission gas, see 
e.g. Paper III. 



34

85Kr
10.72 y

85Rb
Stable 

E =514 keV

Figure 3.3. The simple decay pathway of 85Kr (a fission product). The beta decay is 
illustrated with the diagonal arrow. The gamma emission takes place in only about 
0.4% of all disintegrations. The production of 85Kr by neutron capture in stable 84Kr 
is omitted in the figure since it is insignificant considering the applications. The 
fission yield for 85Kr is about 1.3 for fission in 235U and about 0.6 for fission in 
239Pu.     

Figure 3.4 shows an example of poolside measurements using gamma-ray 
spectroscopy of fission gas release for high burnup commercial BWR fuel 
(see Chapter 7). 
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Figure 3.4. Fission gas release measured poolside by gamma-ray spectroscopy, 
plotted versus rod average burnup. 
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4 Cladding properties

The metal zirconium has a small capture cross section for thermal neutrons 
and is resistant to corrosion by water at the operating temperatures of water-
cooled reactors. Consequently, various zirconium alloys (zircaloy) has found 
extensive use as material in the fuel cladding for LWRs. This chapter gives a 
short overview on pellet cladding mechanical interaction (PCMI), cladding 
corrosion and hydriding, fuel failure mechanisms and crud deposition on the 
cladding surface. 

4.1 PCMI
Swelling (thermal swelling and swelling due to fission products) and crack-
ing of UO2 fuel pellets can result in pressure on the inner cladding surface. 
In an ideal wide gap fuel rod, the cladding extends longitudinally during a 
power ramp solely by the thermal expansion until the pellet-cladding gap is 
closed and the expansion is driven by the expansion of the fuel stack instead 
due to pellet-cladding physical contact/interaction. Theoretically, the point 
of interaction is sharply defined, but experiments have shown that this is 
generally not the case. The point of interaction is evident but the behaviour 
is usually a smooth transition between the two regimes. 

Experiments have confirmed the expectations that the power necessary 
for the onset of PCMI increases with increasing gap size but decreases with 
burnup as the gap is closed due to fuel swelling. The degree of axial elonga-
tion due to PCMI, also increases slightly with pellet length. In absolute 
measures, the interaction is greater in long rods than in shorter rods and the 
interaction is generally larger in high-density fuel. The behaviour of MOX 
fuel is not significantly different from that of standard UO2 fuel in this re-
spect. The degree of PCMI also depends on the detailed pellet geometry. The 
pellet-cladding contact also induces diametrical strain in the cladding, both 
elastic and plastic. Greater permanent strain is induced during rapid power 
ramps as compared to slow ramps. 

Fuel rod geometry changes are caused by creep and irradiation growth of 
the zircaloy cladding as well as corrosion [46]. The creep rate is dependent 
on the applied stress, the fast neutron flux and the temperature. The irradia-
tion-induced growth is primarily due to fast neutron flux. The cladding ini-
tially creeps down (i.e. the rod diameter decreases) due to the difference 
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between the external coolant pressure and the rod internal pressure. The 
creep may be permanently reversed at high burnup if hard contact is estab-
lished with swelling fuel pellets or if the internal rod pressure exceeds the 
coolant pressure. Temporary creep-out may occur due to PCMI caused by a 
local, temporary power increase (see above). 

The rod cladding length may increase due to the following circumstances: 
irradiation growth, creep-down (negligible), fuel pellet swelling (fuel clad-
ding bonding or friction) or volumetric changes caused by corrosion. The 
latter two effects are only observed at high burnup. 

4.2 Cladding corrosion and hydriding
Corrosion of the cladding in the reactor water leads to the build-up of an 
oxide layer and the absorption of hydrogen. Waterside corrosion of the clad-
ding tube is a key issue for nuclear fuel performance at high burnup and 
accurate models for cladding corrosion are therefore important tools [47]. 
The oxide layer formed on the cladding surface has negligible tensile 
strength, so the oxidation results in a reduction in the effective wall thick-
ness. The oxide layer has a far lower thermal conductivity than the cladding 
metal, so an increase in the oxide layer thickness leads to increased fuel 
temperatures. The cladding corrosion rate depends on the type of material, 
the fabrication procedure, the reactor water chemistry, the local void frac-
tion, the neutron flux and surface heat flux, oxide thickness, hydriding and 
proximity to spacer grids (which causes a local increase in the cladding cor-
rosion rate).

Hydrogen is picked up by the zircaloy in connection with the corrosion 
process. Hydrogen in excess of the solubility limit (approximately 50 ppm at 
the operating temperature) forms brittle zirconium hydride platelets in metal, 
potentially leading to a reduction in the ductility and fracture stress at suffi-
ciently high hydride phase volume fractions [48]. The cladding hydrogen 
pickup apparently depends on the material fabrication, reactor water chemis-
try, local void fraction and neutron and surface heat flux. Hydrogen in zirco-
nium alloys migrates along temperature- and stress gradients. The former 
effect leads to a pronounced increase in the hydrogen concentration locally 
at cooler locations in the cladding, like e.g. at areas in contact with fuel pel-
lets. The hydriding of the cladding is also one of the causes of fuel failures 
(see also Section 4.4 below). 

Oxide thickness measurements can be performed (non-destructively on-
site) using electromagnetic methods like e.g. the Eddy Current (EC) lift-off 
method. It has been observed that EC lift-off measurements can give errone-
ous oxide thickness values if e.g. Zn is injected into the reactor water. Dur-
ing the 1995 shutdown at the Leibstadt nuclear power plant (KKL) in Swit-
zerland, routine oxide thickness measurements indicated values up to 300 
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m at the lower part of some fuel rods [49]. Such thick oxide layers, if real, 
would mean a drastic reduction of the cladding material stability and signifi-
cantly increased fuel temperatures. Fuel rods were examined by PIE that 
revealed a perfectly normal behaviour without an extremely thick oxide 
layer. Before that, on-site gamma scanning of the fuel rods for migration of 
131I and Cs did not indicate any elevated fuel temperatures [41]. It was sub-
sequently concluded that the erroneous oxide thickness measurements was 
attributed to the magnetic properties of the inner crud layer (see Section 4.3 
below) which had high Zn content with a composition comparable to a 
ZnFe2O4 spinel in the zone where the EC lift-off signal was disturbed. A new 
method (Magnacrox) has since then been developed by Westinghouse with 
the capacity to separate the crud deposit from the oxide thickness in Zn 
doped reactors. The method utilizes a data inversion algorithm in order to 
separate the oxide signal from the crud signal [50]. 

Enhanced spacer shadow corrosion (ESSC) is a phenomenon where cor-
rosion rates appear significantly higher in the vicinity of spacers. Analyses 
show a strong correlation between ESSC and iron deficient water chemistry 
in the reactor [51]. Quantitatively, the number of years and the extent of the 
iron deficiency are exhibited in the degree of ESSC in the plants affected.  

4.3 Crud deposition
Crud is impurities in the reactor water that deposit on hot cladding surfaces. 
These impurities mainly originate from corrosion of the construction materi-
als in the primary system. Corrosion products, which are not removed by the 
condensate demineralizers or are the result of the corrosion of material 
downstream of the demineralizers may be introduced into the reactor core. 
Iron oxide is normally the primary corrosion product constituent. It is found 
in the form of hematite (Fe2O3) with traces of magnetite (Fe3O4) and iron 
hydroxides. Zinc will be a main constituent in the crud if Zn injection is 
utilized in the reactor system (see also Section 4.2 above). Other constituents 
are nickel, chromium, manganese, cobalt and copper. At high crud deposi-
tion values, crud can have a significant impact on the fuel performance 
through: 

Crud deposits increase core or local channel pressure drop. 
Crud buildup can lead to increases in the extent of local boiling and can 
initiate boiling transition. 
The higher neutron absorption cross section of crud compared to zircaloy 
causes reactivity losses. 
Crud deposits on the fuel contribute to the buildup of radiation fields out-
side the core, since crud constituents activated by neutrons are released 
back into the coolant. 
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Crud deposits containing significant amounts of copper may increase the 
cladding corrosion rate. 

Of the activated crud deposit products the most problematic one is 60Co with 
a half-life of about 5.3 years, produced through the neutron activation of 
stable 59Co (Figure 4.1). Typical crud thickness is in the range of 10-30 m
for moderate burnup BWR fuel. Crud deposits can be measured by modern 
non-destructive electromagnetic methods [52], by on-site scraping and col-
lecting the crud layer down to the much harder oxide layer followed by pro-
filometry measurements, or by destructive PIE. 

Gamma scanning of fuel rods utilizing the 1173 and 1333 keV full energy 
peak from the decay of 60Co (Figure 4.1) can be used to indicate the axial 
distribution of cobalt in fuel matrix, cladding and crud, and is typically ex-
pected to be highly dominating in the crud activity. Measured profiles are in 
good agreement with PIE and on site crud scraping studies with a peak in 
cobalt activity (~crud thickness indicative) at the lower part of the fuel rods 
[53]. 
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Figure 4.1. The predominant production and decay pathways of 60Co. Beta decay is 
illustrated with diagonal arrows and neutron capture with horizontal arrows. Half-
lives and cross sections for thermal neutron capture are taken from ref. [38].  

4.4 Fuel failures
Debris fretting failures and possible manufacturing defects are considered to 
be the major remaining causes of primary fuel failures. Improved fuel as-
sembly designs and manufacturing as well as operational constraints during 
service have considerably reduced the frequency of fuel failures. Liner fuel 
was developed to mitigate the effect of pellet-cladding interaction (PCI), 
which may lead to fuel failure [12]. The liner refers to a layer of un-alloyed 
or low-alloyed zirconium which is metallurgically bonded to the outer zir-
caloy component of the cladding tube. The Zr-liner by virtue of its softness 
and different chemical composition, compared to zircaloy, inhibits the initia-
tion and propagation of PCI cracks. Liner fuel was introduced in the early 
1980s in commercial BWRs and rapidly decreased failure rates. 
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The primary fuel failures still being observed (predominantly debris fret-
ting) may cause a secondary defect (secondary failure) away from the loca-
tion of the primary failure. The un-alloyed liner then corrodes rapidly in 
steam under defect fuel rod conditions and may promote the development of 
long axial secondary cracks, with extensive activity and fuel release [54, 55]. 
Consequently several types of alloyed liners have been developed to im-
prove the post-primary failure corrosion resistance of the clad inner surface 
(like e.g. the ZrSn liner) [56]. If a primary failure progresses, the conse-
quence can be a large activity release and that the plant must be temporarily 
shut down and the degraded rod removed. This has significant economical 
consequences, in addition to aggravating the plant dose burden. In order to 
prevent the propagation of a primary failure into a large secondary failure a 
number of procedures have been developed. The general rule is to localize 
the core region of the primary failure and then reduce the power locally by 
control rod insertion. 

Experience with LWR fuel shows that a primary failure may remain in a 
stable condition for long times or it can produce extensive secondary fail-
ures. The secondary failure generally takes place at quite some distance from 
the primary rod defect. Typically, the secondary failure, when it occurs, de-
velops in a time frame of a few weeks or months after the primary failure. 
The most important mechanism associated with failure degradation is mas-
sive hydriding of the cladding. Steam ingress promotes oxidation of both the 
fuel matrix and the cladding with generation of hydrogen as a consequence. 
The reaction between the zircaloy cladding and the coolant water (steam) 
can be written as: 

Zr+2H2O ZrO2+2H2

The hydrogen generated is picked up by the cladding, which becomes brittle 
[57]. The secondary failure is thus usually caused by extensive hydriding in 
presence of cladding stress. Experimental work has shown that a critical 
amount of hydrogen must be present in the hydrogen/steam mixture in order 
to promote cladding hydriding [58]. This is due to the fact that a sufficient 
amount of oxidant can produce a protective layer at the cladding inner sur-
face. Small primary defects are thus potentially more dangerous than larger 
defects. Larger primary defects may provide enough steam (i.e. oxidant) to 
prevent massive hydriding by the creation of an oxide layer on the cladding 
inside. The defect size is however not the only geometrical factor. The resid-
ual pellet-cladding gap size is another critical parameter; a very small or 
even closed gap may produce steam starvation conditions along the fuel 
column and thus more favourable conditions for hydriding of the cladding. 

This makes secondary failures strongly affected by the operating power. 
Another source of hydrogen in the rod interior is the radiolytic decomposi-
tion of steam, producing molecular hydrogen and hydrogen peroxide. Hy-
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drogen peroxide is highly reactive and enhances the UO2 oxidation. In this 
fuel failure degradation model, the steam entering the primary defect dif-
fuses along the pellet-cladding gap and is gradually enriched in hydrogen 
while the water molecules are consumed in the oxidation process. Hydrogen 
can enter the cladding at sites where the protective oxide layer is damaged or 
through diffusion to the zircaloy during the cladding oxidation process. 
Heavily hydrided cladding may undergo extensive failure in the presence of 
cladding stress. The stress may arise from pellet-cladding interaction since 
UO2 swells due to oxidation. Other possible sources of cladding stress are 
changes in gap chemistry causing increased fuel temperatures (higher ther-
mal resistance) or anisotropic expansion of the cladding due to local hydrid-
ing.

Basically all primary failures lead to some type of secondary degradation, 
e.g. locally reduced mechanical strength of the cladding due to the hydrid-
ing. Secondary degradation causes however no actual problem until a secon-
dary crack is formed, a process that may result in fuel washout. Even if the 
probability for the development of a long axial crack is very low for modern 
fuel with ZrSn-liner (close to zero from a practical perspective), secondary 
failure in the form of circumferential breaks has occurred with a higher fre-
quency. Circumferential breaks are generally not as severe as long axial 
cracks, since the fuel washout resulting from a circumferential break is typi-
cally much lower than the washout from a long axial crack. Further insight 
into the phenomena involved in the formation of circumferential breaks (or 
failure of the guillotine type as they are sometimes referred to) is needed to 
improve the post-primary failure behaviour of the nuclear fuel through e.g. 
in-pile studies of simulated primary fuel failures [59, 60]. 

Chapters 3 and 4 have introduced a number of important issues regarding 
the fuel pellets as well as the cladding and their interactions. In Chapters 5 
and 6 we will now introduce the experimental methods that could be used for 
studying these parameters, in-pile, in-pool and on-site.  
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5 Instrumentation and methods: Gamma 
scanning

The energy and intensity distribution of the intensive gamma-ray flux from 
irradiated nuclear fuel can be utilized to gain information of the various pa-
rameters of the fuel. The measurement technique is generally called gamma 
scanning, although in our definition it does not have to include a steady 
movement of the fuel during measurements. For the fuel parameters studied 
in this work, a gamma-radiation detection system offering high energy reso-
lution and ability to handle high counting rates is required. Furthermore 
proper shielding of the detector has to be achieved.  

5.1 Mechanical setup
Depending on the site of the gamma scanning, two different mechanical 
setups have been used. For measurements at BWR facilities in Sweden and 
Finland a collimator through the fuel storage pool wall allows for mounting 
the detector, electronics and data acquisition computers in a dry environment 
in the corridor outside the wall. For measurements elsewhere (like e.g. in 
Switzerland or Spain) a submergible detector and collimator housing has 
been developed, the so-called LOKET concept. 

5.1.1 Equipment in Sweden and Finland 
A pre-manufactured hole in the pool wall allows for the instalment of colli-
mators with different sizes and slit heights. A specially designed elevator 
(the “gamma wagon”) is used to move the fuel assembly in front of the col-
limator. Also single fuel rods can be moved with a similar device. The con-
trol unit for movements of the fuel is located near the pool-rim so that the 
operator can visually check the movements and observe any deviation from 
normal behaviour [61]. The elevator system has an adjustable speed control 
which is used to optimize the scanning velocity with respect to fuel length, 
general time planning, the need of counting statistics and cooling time. The 
axial positioning is indicated by a tachometer connected to the chain driving 
wheel for assembly or rod elevation. The readout of the tachometer is per-
formed by using a digital instrument. The tachometer signal is calibrated 
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against a precision meter ruler. During measurements the position signals are 
then registered simultaneously with detector data output by the data acquisi-
tion system. Typically the speed during scans is constant within 1%. In the 
fixture in the gamma wagon the fuel assembly can be rotated round its axis 
360°.

When mounted in the fixture the distance between the centre of the fuel 
and the pool wall (collimator front) is approximately 50 cm. The collimator 
arrangement consists of two massive (200 mm in diameter) steel half-
cylinders. Between the two half-cylinders is a thin steel plate and the colli-
mator height is defined by a horizontal slit routed in the steel plate. The 
width of the collimator slit increases towards the fuel assembly enabling the 
detector to view the full diagonal width of an assembly. Both the slit height 
and width can be changed and optimized for a specific application. The total 
weight of the collimator system is about 200 kg and the length is about 120 
cm. Figure 5.1 shows the principal components of the full experimental ar-
rangement. 

Figure 5.1. The principal setup for gamma spectroscopy experiments using the 
through-wall collimator option.

5.1.2 LOKET  
For gamma scanning at sites lacking the through wall collimator option a 
special submersible detector and collimator housing has been developed 
called LOKET (actually not an acronym, the chosen name is due to the fact 
that the equipment resembles an old-fashioned steam locomotive!). In the 
housing the detector resides under dry conditions and normal pressure below 
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about 7 m of water in the fuel storage pool, see e.g. ref. [62]. Concerning the 
gamma wagon the set up is basically the same as described in Section 5.1.1. 
Figure 5.2 shows the basic design of LOKET with the internal positioning of 
e.g. the detector and dewar for liquid nitrogen. 

Figure 5.2.  A schematic illustration of the submersible detector housing (LOKET). 
The dewar for liquid nitrogen is to the right in the figure, the collimator system is in 
the mid part and the air-filled part is to the left in the figure. 

The total weight of the system is about 1500 kg, which includes the collima-
tors and the length and height is about 2 m and 1.5 m, respectively. The 
housing is connected to the pool surface by a pipe of about 7 m length where 
data transmission cables and power supply cables are located. This means 
that the data acquisition system can be set up near the pool rim giving opera-
tors a good overview over the fuel handling and communication with per-
sonnel handling the fuel transport and management in the pool. Figure 5.3 
gives a general overview over LOKET when submerged in the fuel storage 
pool for gamma measurements. Figure 5.4 shows LOKET from a top view 
perspective in the fuel storage pool and Figure 5.5 shows a photography of 
LOKET with the detector and its dewar for liquid nitrogen from behind. 
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Figure 5.3. LOKET when submerged into the fuel storage pool for gamma scan-
ning. The object to the left is the fuel assembly to be measured. 

Similar to the through wall collimator system, the collimator and attenuators 
of LOKET can be changed and optimized according to the type of measure-
ments to be performed. The detector shielding is made from tungsten, since a 
very efficient attenuator is needed in order to shield both against other as-
semblies or single fuel rods handled in the vicinity as well as to fulfil re-
quirements from different types of measurements (like e.g. fission gas re-
lease and thermal power) as the system is designed for multiple applications. 

If whole fuel assemblies are to be measured the collimator part closest to 
the fuel (see Figures 5.2, 5.3 and 5.4) is an air-filled steel box in order to 
utilize the shielding effect of the surrounding water. In addition, the in-
creased source to detector distance of about 1 m obtained with this arrange-
ment is experimentally beneficial since a full size fuel assembly is a very 
strong gamma source after about 20 days from reactor shutdown (typical 
time planning for measurements of thermal power distribution in nuclear 
fuel). No beam is defined in this air-filled part of the collimator system. 
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Figure 5.4. LOKET when positioned in the fuel storage pool, top view. The nuclear 
fuel assembly to be measured is the object to the left in the picture. 

The need for liquid nitrogen (LN2) for cooling the semiconductor detector 
while submerged in the fuel storage pool put some restraints on the construc-
tion. An open connection with the atmosphere is secured through the 7 m 
long pipe. In this way the buildup of internal overpressure in the detector 
housing is prevented. LOKET is mechanically stabilized by a pair of suction 
feet attached to the pool wall.   
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Figure 5.5. LOKET from behind showing the detector’s dewar (filled with LN2) as 
well as the signal cables when mounted inside the housing. 

5.2 Detectors
For the nuclear fuel studies performed in this thesis, a high energy resolution 
is generally required, which calls for the usage of semiconductor detectors 
like e.g. high-purity germanium detectors (HPGe). In such detectors the en-
ergy deposited by gamma quanta excites electrons from the valence band to 
the conduction band leaving holes behind. The pairs of electrons and holes 
are collected through an electric field applied and a detectable electric signal 
is obtained. The amplitude of the generated pulse is proportional to the en-
ergy deposited by the quanta in the detector. By using suitable electronics 
and software, an energy spectrum can be generated and displayed where the 
various peaks identifies the measured isotopes uniquely. Figure 5.6 shows a 
typical gamma spectrum of LWR nuclear fuel a few weeks after irradiation 
in the core, when the activity is dominated by the Ba/La decay series. 

At present germanium detectors offer the highest energy resolution avail-
able for gamma-ray energies in the range from a few keV up to some 10 
MeV. Typical energy resolution for germanium detectors is in the order of 
0.1% at 1.33 MeV gamma energy. This may be compared to the considera-
bly cheaper scintillator type detectors such as e.g. NaI where the energy 
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resolution is about 10%. However, for some applications, like e.g. migration 
of volatile elements like Cs in the fuel matrix, scintillation detectors like NaI 
or BGO can be used since a high energy resolution is not required here. The 
ratio of the full energy peak to the corresponding Compton scattering back-
ground (peak to Compton ratio) is larger for a germanium detector for a 
given volume than for e.g. NaI or BGO detectors. For a general overview on 
germanium detectors, see e.g. refs. [63, 64]. 

The p-type HPGe detectors used in this work are cooled with liquid nitro-
gen through a cryostat equipped with a 13 liter dewar, which allows for 
about 5 days of measurements without refilling. The main detector has an 
energy resolution of about 2 keV at 1.33 MeV and a relative efficiency of 
25%. The detector is operated at +2.5 kV. For some specific experiments, 
e.g. fission gas release measurements, a Compton suppression system of 
BGO detectors has been used in order to enhance the peak-to-Compton ratio 
in cases where the full energy peak (in these cases gammas from the decay 
of 85Kr) is expected to be weak due to low fission gas release levels. Detailed 
performance studies of Compton suppression systems are given in e.g. refs. 
[65, 66]. 

Using the Compton suppression system, the improvement factor of the 
peak-to-Compton ratio in the energy interval of interest was about a factor of 
four in our study as presented in Paper II [67].  
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Figure 5.6. Gamma-ray spectrum of a fuel column a few weeks after the in-core 
irradiation is ended. Such a gamma-ray spectrum is dominated by gamma activity 
from Ba/La (left large peak). The right large peak is the pulse generator signal used 
for system dead time correction. 
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5.3 Electronics
Concerning the properties and performance of the electronics the most criti-
cal issues are: 

The system should be portable or at least easy to transport. Nuclear facili-
ties always have certain restrictions concerning transporting items in and 
out of controlled zones. 
Ability to handle high count rates is important due to the usually limited 
time available for performing measurements. 

The electronics used in the experiments here is based on the Nuclear Instru-
mentation Module (NIM) standard, see e.g. [68]. In this standard the basic 
electronic devices (like e.g. amplifiers and discriminators) are fitted in me-
chanical modules that fit into standardized bins that supply the modules with 
appropriate levels of power voltage. In this way a specific electronic system 
for a given application can easily be assembled by collecting the necessary 
modules, installing them in a bin and connecting them accordingly. For the 
studies in this thesis a switch between fast and standard amplifiers is a typi-
cal example when the NIM standard is very useful and versatile. 

The detector pulses are first amplified in a pre-amplifier (Transistor Reset 
Preamplifier or TRP) capable of handling high counting rates with a retained 
good energy resolution. The pre-amplifier is integrated with the detector and 
mounted in the cryostat. The TRP is followed by a gated integrator amplifier 
(in applications where high counting rates are inevitable) type Ortec 973U. 
For applications like e.g. fission gas release measurements a standard Gaus-
sian shaping amplifier was used due to its somewhat better performance 
regarding energy resolution. Analogue to digital conversion was done using 
a fixed conversion time ADC (e.g. Ortec ADC 914). 

A pulser signal with an accurately known and stable frequency is fed con-
tinuously into the signal chain directly after the detector (i.e. through the pre-
amplifier circuit) in order to allow for dead time correction. In such a way an 
artificial peak is obtained in the spectrum. Keeping the pulser frequency 
much below the measuring count rate it can be assumed that the artificial 
pulse is subject to the same dead time as the gamma-ray induced detector 
pulses. The proportional loss of pulses in the pulser peak is then used to cor-
rect the number of pulses in the gamma energy peaks in the spectrum. This 
gives adequate correction for losses from the combined effect of dead time 
and pulse pile-up. 

It should be kept in mind though that pulses generated by commonly used 
NIM-compatible pulse generators are typically not Poisson distributed. In 
addition the peak shape of such artificial pulses may differ slightly from true 
events with a difference in dead time as a consequence due to varying modes 
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of processing in the amplifier electronics. However, these effects are negli-
gible concerning the applications presented in this thesis. 

The amplitude of the pulser signals are adjusted to position the peak in an 
energy region where the spectrum is virtually free from other gamma peaks, 
allowing for a high accuracy in determining the pulser peak area. The sam-
pling time for each single spectrum recorded during scanning is short (about 
0.5 s for thermal power measurements) making it necessary to use a rather 
high pulser frequency (typically 1-2 kHz was used generated by e.g. a Ten-
nelec TC 814). The uncertainty in dead time corrections using the pulser 
method has been shown to be as low as 0.1% [69]. 

The output from the ADC connects to the computer via an interface (PC-
card) capable of storing spectra into the computer memory at count rates 
exceeding 100 kcps with an energy resolution of about 3 keV (FWHM) of 
the 137Cs peak at 662 keV. The interface was a FIFO GDM PC 16BIV2 [70]. 
Figure 5.7 shows the principal block scheme of the electronics as used in the 
gamma scanning presented in this thesis. 

Figure 5.7. Schematic block scheme of electronics. 

5.4 Computers and software
A dedicated IBM compatible PC is used for the data acquisition and storage 
and visual observation of gamma spectra, histograms of specific peaks or 
energy intervals and general data quality control. The computer operates 
with a basic DOS operating system installed in order not to interfere with the 
data collection software. The software used is SEDAS (latest version 3.71), a 
computer code for non-interrupt measurements of sequential spectra, dead 
time correction, peak evaluation and data storage [61]. The data acquisition 
module essentially performs multi spectrum scaling, i.e. it continuously 
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stores data from the ADC while switching the data area with regular time 
intervals. This switching is performed within a very small time frame of less 
than 1 s so that virtually no data loss occurs [5]. Some modifications to the 
original SEDAS code have been implemented due to special needs identified 
in certain experiments performed [70]. Special software has also been devel-
oped in order to facilitate the comparison of measured and calculated data 
(e.g. GASCE, see also sections below on specific measurement techniques). 

5.5 Fission gas release
For the non-destructive experimental determination of fission gas release 
(FGR), the gamma activity originating from 85Kr, a direct fission product, is 
measured in the plenum volume of the fuel rod after 1-2 years of storage, 
allowing short-lived nuclides to decay [71, 72, 73, 74]. 85Kr is the only inert 
fission-gas product with a half-life long enough (about 10.7 years) to let the 
large number of short-lived nuclides decay before measurement of the weak 
85Kr activity is possible. The decay of 85Kr is accompanied by the emission 
of a 514 keV photon in about 0.4% of the disintegrations (see Figure 3.3). 
Furthermore, the fission yield for 85Kr itself is also low. 

Cobalt impurities in the plenum springs give rise to a strong 60Co gamma 
source, whose Compton distribution tends to overshadow the weak 514 keV 
gamma peak from 85Kr (see also Section 5.2). However, the main challenge 
is the separation of the 514 keV peak from the 511 keV peak, emanating 
from annihilation radiation and from 512 keV photons due to the decay of 
106Rh. The half-life of 106Rh is only 29.8 s, but its decay is controlled by the 
half-life of the parent 106Ru (372.6 days). 

A typical plenum gamma spectrum is shown in Figure 5.8 (for a fuel rod 
with high FGR) and the details of the peak triplet in the energy region 510-
515 keV is illustrated in Figure 5.9. Thus the 85Kr peak at 514 keV is one 
component of an unresolved peak triplet. The spectrum is analyzed using a 
dedicated computer code (LADAKH). The code evaluates the area of the 
85Kr 514 keV peak by means of least square fitting of Gaussians to the unre-
solved structure. The area of the 106Rh peak (512 keV) is determined using 
the 622 keV and 1050 keV peaks due to the same nuclide. The background is 
determined by linear regression analysis. 
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Figure 5.8.  Gamma-ray spectrum of the fuel plenum. Main peaks are indicated. 
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Figure 5.9. Plenum spectrum around the gamma-ray energy region 510-515 keV 
(actually LADAKH fit to channel counts). 

The uncertainty of the intensity of the 514 keV peak is assessed by means of 
a Monte-Carlo like method. Each channel content of the spectrum is ran-
domized in accordance with its standard deviation (square-roots of counts 
for a Poisson distribution), and the complete evaluation is re-performed a 
number of times. The standard deviation of the resulting values is taken as a 
measure of the uncertainty. 
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In order to evaluate the macroscopic fission gas release other inputs are 
needed as well such as fission yields, half-lives, branching ratios, attenuation 
factors and geometrical factors. Since it is (currently) not possible to obtain 
the absolute detection efficiency for 85Kr, a reference measurement of the 
662 keV gamma radiation from 137Cs in the fuel pellet column is performed 
with an identical detector arrangement and experimental geometry except for 
a calibrated absorber that attenuates the considerably more intense radiation 
from the fuel column. The 137Cs measurements determine the burnup and 
thus the produced amount of 85Kr.

The analysis is incorporated in the LADAKH computer code and valid 
inputs are supplied through a standardized input file. The underlying equa-
tion used for the FGR evaluation in LADAKH is shown in Figure 5.10. 
Apart from measured intensities and well-known physical parameters such 
as yield, emission, decay corrections and attenuation factors, the formula 
utilizes a few geometrical factors that are defined for the specific fuel design 
to be measured and partly dependent on the burnup of the object (such as 
plenum length and pellet stack length) as well as the detector efficiency 
curve. Consequently, the uncertainty in these factors introduces an additional 
uncertainty in the finally determined fission gas release of approximately the 
same magnitude as the statistical error in peak areas. These error sources 
(systematic or stochastic) can be divided into two categories, those with im-
pact on individual rods only and those in common for the whole set of rods. 
The first category relative error is estimated to be <±5% while the second is 
estimated to be <±10% [75]. This could be compared to a typical relative 
statistical counting error of 2-15% depending on measuring time and abso-
lute level of fission gas release.
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Figure 5.10. The formula (in the LADAKH computer code) used to evaluate the 
fission gas release from the activity of 85Kr in the plenum. 
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Typically a plenum measurement takes 20-40 minutes in order to gain suffi-
cient counting statistics while the fuel pellet column reference measurement 
takes about five minutes. Calibration of the method with destructive post-
irradiation examinations for fission gas release has indicated a good correla-
tion [71]. However, the calibrations have so far only been performed on 8x8 
fuel designs and not on the more modern fuel designs (10x10). For these 
designs only fuel rods from the same assemblies, that is fuel rods with iden-
tical power histories as poolside measured rods, have been examined in hot-
cell laboratories. 

5.6 Thermal power distribution
The axial thermal power distribution in single fuel rods or fuel assemblies is 
measured using the 1596 keV radiation from 140La (see Section 3.2.3). The 
measurements have to be performed after the ratio 140La/140Ba has reached 
equilibrium, but before the barium activity is too low for accurate measure-
ments. This implies that the optimal time for measurements is 3-4 weeks 
after reactor shutdown. For earlier work on the measurement of power dis-
tribution in BWR fuel assemblies and fuel rods see e.g. refs. [13, 76, 77, 78].  

The fuel column is scanned using a division in typically 500-700 axial 
(spectrum) channels or sections. If measurements are performed on fuel as-
semblies the corner of the assembly faces the detector and the measurements 
are repeated for each corner. The results are in turn transformed into a 25 
nodes representation to allow a direct comparison with core physics codes, 
such as e.g. PHOENIX-4/POLCA-7 [6]. This code has the capacity of ex-
plicitly tracking the 140Ba concentration at fuel rod level, enabling a direct 
comparison with these types of measurements. For assembly measurements 
the count rates of the four corners are added in order to characterize the re-
sult for the full assembly. Example of a gamma spectrum is given in Figure 
5.6. Figure 5.11 shows the 1596 keV La peak and the background definition 
used in order to evaluate the full peak intensity (there are however a number 
of other options for background evaluation available in SEDAS). 
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Figure 5.11. Close view of the 140La peak and the background definition used in 
order to evaluate the number of events. The background is defined as a straight line 
fitted to the points in the shaded regions. 

The condensation of the raw data is performed by a computer code 
(GASCE) that inspects raw data for noise (electric disturbances affecting the 
signal from the position indicator), evaluates the fuel column length using 
fuel column end points, allocates 25 nodes, integrates the intensity level of 
each node, calculates mean values, corrects for decay, integrates the four 
separate corners (if assemblies are measured) and generates and stores the 
final data in a suitable format for subsequent comparison with core physics 
data.

The long-term stability of the experimental set-up is checked by recurrent 
measurements on a reference fuel assembly or rod. Since a linearity check of 
the measurement system by the two-source method is not easily arranged for 
fuel assemblies (only applicable for single rod measurements), measure-
ments using different well-defined absorbers are used instead [62]. Ratios 
between the strengths of the two sources i.e. measurements at different axial 
levels should come out equal independently of absorber thickness (Figure 
5.12). The deviation from linearity has been proven to be within 1% in the 
intensity regions encountered in most of our experiments. 
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Figure 5.12. Result from a linearity test using the absorber method when measuring 
fuel assemblies. The figure shows the maximum deviation in detector response be-
tween low and high intensity between different absorbers at different intensity (i.e. 
axial) levels. 

Other possible sources of errors are e.g. varying pool water temperatures, 
which may give rise to thermal deformation of the collimator, pulser stability 
(dead time correction), rotational asymmetry or mechanical instabilities. The 
estimated total error (1-  level) for an average assembly node measurement 
is estimated to be within ±2%. 

5.7 Correction for gamma-ray absorption in a fuel 
assembly

A point-kernel based adjustment for the relative pin contribution to the 
measuring efficiency is evaluated by a Monte-Carlo simulation technique 
[79, 80]. The main reason for this type of correction is if fuel designs with 
different cross section geometry are included in the same experiment [62]. 
To be able to directly compare the measured barium distribution between the 
different fuel geometries and subsequently with the calculated barium distri-
bution the relative pin contribution is needed. Figure 5.13 shows the pin 
contributions for the GE14 fuel assembly geometry at a certain axial level, 
summed over the four corners and normalized to an average pin value of 
unity. Corresponding simulations are performed for all fuel types measured 
during an experiment and for all the relevant axial levels in order to include 
part length rods. 
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The angular position of the fuel assembly in the experimental rig may in-
volve a certain uncertainty. An estimate of change in measured count rate 
due to this uncertainty has been obtained by simulating various angular off-
sets of the fuel assembly using the same Monte-Carlo technique. The change 
in average pin contribution is estimated below 0.7% for an angular offset of 
2° [80].    

A B C D E F G H I J 

1 1.606 1.436 1.368 1.306 1.269 1.267 1.294 1.349 1.443 1.631 

2 1.436 1.042 0.936 0.914 0.877 0.858 0.881 0.946 1.084 1.443 
3 1.368 0.936 0.686 0.632 0.654 0.631 0.650 0.756 0.946 1.349 

4 1.306 0.914 0.632 0.468 0.452 0 0 0.650 0.881 1.294 

5 1.269 0.877 0.654 0.452 0.403 0 0 0.631 0.858 1.267 

6 1.267 0.858 0.631 0 0 0.403 0.452 0.654 0.877 1.269 
7 1.294 0.881 0.650 0 0 0.452 0.468 0.632 0.914 1.306 

8 1.349 0.946 0.756 0.650 0.631 0.654 0.632 0.686 0.936 1.368 
9 1.443 1.084 0.946 0.881 0.858 0.877 0.914 0.936 1.042 1.436 

10 1.631 1.443 1.349 1.294 1.267 1.269 1.306 1.368 1.436 1.606 

Figure 5.13. Pin contributions for the GE14 fuel type assembly cross section ge-
ometry at an axial level of 2133.6 mm above the reference level, summed over the 
four corners and normalized to an average pin value of unity. 

Another reason for performing the pin contribution calculations is the bur-
nup dependent cross sectional redistribution of rod power in a fuel assembly. 
In turn this is due to the fact that the cumulative yield of 140Ba is different for 
fission in different mother nuclei (see Table 5.1). Since fission occurs more 
frequently in 239Pu and 241Pu with increasing burnup, the yield of 140Ba will 
decrease with burnup and the development in burnup looks different for fuel 
rods depending on their location in the assembly matrix and the correspond-
ing neutron flux density (as evaluated by the core physics codes). Since the 
gamma measurements are integrated over the whole assembly cross section 
(i.e. measurements are the average of intensities measured by the detector in 
four directions) this effect would have to be taken into account before com-
paring with calculated barium distributions and is actually applied to the 
calculated pin power distribution. This effect is estimated at below 0.5% (on 
the 1-  level) and is generally ignored in the comparison between measured 
and calculated Ba concentrations (since it also can be said to introduce a 
certain circular-argument in the comparison between measured and calcu-
lated Ba concentrations). 
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Table 5.1: The cumulative yield of 140Ba in thermal fission of typical fissile nuclei 
present during BWR operations. For 238U the yield relates to fission induced by fast 
neutrons. Table taken from ref. [9].

Fission target Cumulative yield of 140Ba (nuclei per 100 
fissions)

235U 6.21 
239Pu 5.35 
241Pu 5.77 
238U 5.82 
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6 Instrumentation and methods: In-pile 
experiments

The in-pile fuel performance experiments described in this thesis have been 
performed in the Halden reactor (HBWR). This research reactor was origi-
nally constructed for commercial reasons since its purpose was to generate 
process steam for a neighbouring paper mill plant back in the late 1950s. It is 
a heavy water boiling reactor with natural circulation and a maximum ther-
mal output of about 25 MW. The reactor is located in a rock cavity (tunnel) 
just outside the city of Halden in southernmost Norway. The OECD Halden 
Reactor Project (HRP) is a joint undertaking of national organizations in 19 
countries sponsoring the research program under the auspices of the OECD 
Nuclear Energy Agency (NEA). In addition there are collaborations with 
several East-European countries. The research areas cover not only fuel 
physics but also fields as man-machine systems, accident management, core 
surveillance and control room engineering. HRP forms a part of The Institute 
for Energy Technology with research activities also in e.g. oil and gas tech-
nology, materials science, medical technology and isotope irradiation tech-
nology (located in Kjeller just outside Oslo). Furthermore, post irradiation 
hot cell studies can be performed in Kjeller. 

The first instrumented fuel assembly (or IFA) was installed in the HBWR 
back in 1963 in support of core dynamics studies. Others were soon followed 
and the assemblies gradually grew in number and complexity, allowing the 
instrumentation of individual fuel rods, thus allowing studies of more fuel 
parameters. The first instruments were gas pressure sensors and fuel centre 
thermocouples together with instruments for determination of the power 
produced in the test rig. In 1965 the first differential transformer extensom-
eter was successfully applied for measurements of fuel rod dimensional 
change. Figure 6.1 shows a top view of the Halden core configuration. Fig-
ure 6.2 shows the basic design of a Halden experimental test rig. 

The reactor water temperature is 240°C, corresponding to an operating 
pressure of 33.3 bar. The maximum thermal neutron flux is about 5·1012

n·cm-2·s-1. The reactor system contains about 14 tons of heavy water (D2O). 
A heavy water reactor has a much larger core volume than a light water reac-
tor of equivalent power (due to longer neutron thermalisation length in heavy 
water). This leaves correspondingly more room for experimental equipment. 
The flat reactor lid has individual penetrations for fuel assemblies, control 
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stations and experimental equipment. The core consists of about 110-120 
fuel assemblies, including the experimental fuel assemblies in an open hex-
agonal lattice with a lattice pitch of 130 mm. 30 lattice positions are occu-
pied by control stations. The maximum height of the fuel section is 1710 
mm, and the core is surrounded by a reflector of heavy water. Each driver 
fuel assembly consists of eight or nine fuel rods with 6 % fuel enrichment 
and standard fuel pellet diameter. The driver fuel assemblies maintain the 
neutron flux density in the core. The active core has a height of 80 cm. There 
are normally 2-3 main shutdowns per year, dictated primarily by the various 
experimental programmes, and typically a few additional cooling downs or 
scrams for special tests as well.  

Figure 6.1.  Top view of the core layout in the Halden test reactor. Reproduced by 
courtesy of the OECD Halden Reactor Project.  
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Currently some 30 test rigs are installed in the reactor core providing suit-
able conditions for measurements/experiments on e.g. fuel thermal proper-
ties, PCMI, fission gas release, fuel failure degradation, material corrosion 
testing and water chemistry investigations performed in experimental loops 
with prototypical coolant conditions. Experiments can be performed both 
under BWR and PWR conditions in the individuals test rigs. An extensive 
real-time data collection system and databases (the Halden Project’s data 
acquisition and management system-TFDB) also forms part of the facility 
infrastructure [81]. The analogue signals are sent to the mainframe computer 
via fast multiplexers. More than 1000 signals from the instrumented test rigs 
are logged at regular intervals and sent to an on-line conversion system and 
stored in a circular buffer. Every 15 minutes all signals are entered into the 
TFDB system for permanent storage and analysis. More frequent data sam-
pling are sometimes required by special experiments and the system allows 
for sampling intervals down to 10 ms. 

Figure 6.2.  A Halden experimental fuel assembly (experimental rig- IFA) showing 
two clusters of test rods. Reproduced by courtesy of the OECD Halden Reactor 
Project 
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6.1 Fuel performance experiments
The instrumentation consists of devices in the rig, e.g. inlet and outlet ther-
mocouples, neutron detectors or flow meters, and fuel rod instrumentation, 
e.g. fuel centre thermocouples, pressure transducers or cladding elongation 
sensors. To meet the extreme in-core environmental conditions the instru-
ments are manufactured from materials which are highly resistant to irradia-
tion, elevated temperatures and corrosion. This leaves only special metals 
and ceramics as a choice. 

After design of the experiment and decision of the fuel parameters to be 
measured (and thus the necessary instrumentation) the instrumented fuel 
assembly (IFA) is loaded into the Halden core. In order to be able to follow 
the burnup of the experimental rods, the linear heat rate has to be evaluated. 
In the power calibration, typically carried out in the beginning of the ex-
periment, the assembly power is determined by thermo-hydraulic measure-
ments using the inlet and outlet thermocouples, and a factor is determined 
that relates the measured thermal power to the neutron detector signals [82]. 
Also fuel depletion functions are determined for the individual fuel rods. 
These functions describe the change of the relationship between the rig 
thermal power and the neutron detector signals as a function of burnup [83]. 
Neutron detectors (typically self powered with vanadium absorber) are lo-
cated at several axial levels in the experimental rig. 

Fuel centre thermocouples can be inserted in hollow pellets (central holes 
are 2-2.5 mm in diameter) in the upper and/or lower end of the fuel pellet 
column, typically 100-150 mm from the end point. Depending on the tem-
perature regime, different types of sheaths are used, however in the experi-
ments described in this thesis type I thermocouples (W3%Re/W25%Re) with 
beryllium insulation in tungsten/25% rhenium sheath of 1.6 mm outer di-
ameter was used. The thermocouples could be used for fuel centre tempera-
ture measurements up to 2000°C, occasionally 2500°C. A special gas tight 
seal is arranged inside the fuel rod end plug to prevent fission gases to dif-
fuse into the cable insulation. The thermocouple temperature measured in a 
fuel pin is a function, not only of the current power level, but also of the 
recent power history [84]. The time constants (the function F( ) describing 
the relationship between the temperature now and the power  seconds ago) 
are studied by noise analysis performed during power ramps. The irradiation 
induced de-calibration of thermocouples is compensated for in the data han-
dling system (TFDB). So-called normalized fuel temperatures i.e. tempera-
tures at a constant linear heat rate, are also evaluated in the TFDB system 
(the data conversion routine).     

Pressure bellows transducers are used to measure the internal rod pressure 
and (indirectly) the fission gas release. A bellow is mounted inside the fuel 
rod. A ferritic armature is mechanically connected to the bellows. A differ-
ential transformer (see below) outside the fuel cladding senses the position 
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of the armature and thus the deflection of the bellows. The measuring range 
is up to 120 atm with an accuracy of about 1% of full scale. The transforma-
tion from rod pressure measurements to FGR is performed in the TFDB sys-
tem through the data conversion routine. Irradiation induced creep of the 
bellows might introduce a drift in the instrument signal. This effect is com-
pensated for using the pf-drift computer code developed in Halden [85]. 

The linear voltage differential transformer (LVDT) is used as fuel clad-
ding extensometer, fuel stack end pellet position sensor and as part of bel-
lows based pressure sensor. The design is a single primary coil and a secon-
dary coil in two halves electrically balanced. A coaxial ferritic core controls 
the balance of the secondary voltage and causes a signal proportional to the 
core offset from central neutral position. The instrument has a full scale of 
about 200 mV at 50 mA (400 Hz excitation). A number of linear ranges are 
available. The accuracy is better than ±1%. 

6.2 Fuel failure experiments   
Fuel failures due to fretting on the cladding resulting in a primary failure and 
eventually a secondary failure with significant activity releases are costly for 
a nuclear facility. In order to simulate a primary failure of the fuel cladding 
and study the fuel degradation and eventually the development of a secon-
dary fuel failure, the fuel rods were equipped with a water ingress device 
(WID) at the upper end plug. When the valve in the WID opens the water is 
allowed to pass through a 110 mm long tubing before entering the rod free 
volume (plenum) at the upper end plug. In addition the test rods must be 
equipped with instrumentation that provides information on the fuel rod per-
formance during the degradation process. In the secondary fuel failure ex-
periment described in this thesis (IFA-631.1) the fuel rods were equipped 
with thermocouples both at the upper and lower ends. Earlier experiments 
also used so called hydrogen detectors [59, 86]. The fill gas (2.9 bar at 20°C) 
was chosen as a composition of He and Ar giving a thermal conductivity 
distinctly higher than that of steam and markedly lower than that of hydro-
gen. This choice allows tracking of the development in the gas mixture due 
to the liberation of hydrogen and the entrance of steam/water in the rod free 
volume. 

The experimental condition in the HBWR rig was BWR (286°C and 70 
bar) and the loop was operated under normal BWR water chemistry condi-
tions. The axial power profile was peaked towards the lower end of the test 
rods. This was done in order to simulate the type of axial power profile that 
is obtained in a commercial BWR at the beginning of a reactor cycle. The 
maximum linear heat rate (MLHR) during the base irradiation was about 30 
kW/m. This limitation was mainly set for preventing thermal fission gas 
release and poisoning of the pellet-cladding gap with fission gas (Xe and Kr) 
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and thus altered thermal conductivity conditions. The active fuel length was 
120 cm. 

Prior to simulation of the primary failure the test rods were irradiated un-
der steady-state conditions for 144 days to a burnup of 5.3 MWd/kgUO2.
After opening the valves of the WID the in-pile experiment continued for 
another 118 days with the valves open under stable heat rate. Following the 
water ingress water sample from the loop was taken regularly. At the end of 
the in-pile experimental period the burnup was about 9 MWd/kgUO2. Simul-
taneously both the test rods and the rigs central cable tube were used for the 
study of enhanced spacer shadow corrosion (ESSC), see Section 4.2. This 
was done by using a significant number of specimens threaded onto the fuel 
rods and cable tube. Following the in-pile phase of the experiment the four 
fuel rods and specimens were sent to post irradiation examinations (PIE) at 
Kjeller hot cell laboratory. These examinations included neutron radiogra-
phy, hydrogen analysis and metallography. In addition, dimensional meas-
urements were performed on three fuel rods (the fourth one was observed to 
have a part-circumferential crack after core unloading).   

By inserting a known amount of water in an experimental fuel rod the re-
action kinetics of hydriding and oxidation can be studied in-pile by monitor-
ing the rod internal pressure. For the experiment (IFA-634) described in this 
thesis the amount of water was 300-400 mg which was sufficient to fill the 
rod free volume with steam during operations. The test rods were equipped 
with pressure bellows transducers (pre-pressurized to 15.5 bar) at the lower 
end. The IFA-634 experiment was also performed under BWR conditions. 
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7 Results: Fuel performance studies 
performed by gamma spectroscopy 

The poolside (and in-pool) gamma spectroscopy (scanning) technique offers 
means to obtain information concerning the performance of the fuel rod or 
fuel assembly without requiring expensive, and from a risk perspective un-
wanted, transports and complex handling procedures. The technique is there-
fore considered suitable for the studies of fuel rods or assemblies that are to 
be reloaded in the core again, or fuel that is to be temporarily stored awaiting 
a final storage, like e.g. in a geological repository. 

The applicability has been investigated in a more general manner in paper 
I, specifically for fission gas release in Papers II-IV and Paper VI and spe-
cifically for thermal power determinations in Papers V and VII. Studies of 
crud deposition are presented briefly in Section 7.8 and studies of volatile 
element redistribution are presented briefly in Section 7.9. Burnup determi-
nations are shortly commented upon in Section 7.10.   

7.1 Paper I: Developments in Gamma Scanning of 
Irradiated Nuclear Fuel  

Existing methods based on gamma-ray spectroscopy have been further de-
veloped for on-site determination of fission gas release, axial thermal power 
distribution, burnup profiles and the redistribution of cesium in the fuel ma-
trix [5]. The determinations of fission gas release (FGR) shows a good corre-
lation with post-irradiation examinations using mass spectrometry for 8x8 
fuel types. The FGR results indicate a thermal component of the measured 
release in 8x8 type fuel in that fuel rods with higher burnup within a given 
fuel assembly show significantly higher release levels. Since these rods are 
the ones that have been operated with the highest linear heat rates in order to 
reach their high burnup (i.e. identical power histories within the assembly) 
they have also experienced the highest maximum fuel (centre) temperatures. 

The relative axial power distributions are determined with a precision (re-
producibility) of about ±1% (on the 1-  level) for a single rod node meas-
urement and are thus fully useful for the benchmarking/validation of produc-
tion codes. Furthermore, the experience shows that the possibility of feed-
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back to the reactor operators is of importance when the fuel is to be reloaded 
in the core. 

The results obtained in several poolside measurement pro-
grammes/experiments (often in close co-operation with reactor operators) 
show that high-resolution gamma scanning is a versatile method for the de-
termination of several fuel performance indicators such as fission gas re-
lease, cesium migration and thermal power distribution, see e.g. refs. [53, 
62]. 

7.2 Paper II: Fission Gas Release Determination Using 
an Anti-Compton Shield Detector

Fission gas release can be measured by studying the 514 keV gamma-ray in 
high-resolution gamma-ray spectrometry with HPGe detectors, see Sections 
3.2.4 and 5.5. In order to enhance the sensitivity of high-resolution gamma-
ray spectroscopy for measurements of fission gas release in 10x10 fuel irra-
diated in the TVO2 reactor (BWR) in Finland the germanium detector was 
provided with an anti-Compton shield of BGO detectors. The reason was 
mainly that the expected low fission gas release in the fuel to be measured 
and thus the suspicion that the Compton distribution could possibly obscure 
the weak 85Kr peak at 514 keV. 

The system was first characterized in a laboratory environment using a 
60Co source. A Compton suppression shield of BGO detectors instead of NaI 
detectors can be more compact in size [87]. 

The laboratory investigations showed that the maximum peak-to-
Compton ration (p/c) was improved substantially using the anti-coincidence 
technique. A comparison is given in Table 7.1, including the poolside meas-
urements. 

Table 7.1: Peak-to-Compton ratio (p/c) with and without the BGO shield active. The 
peak is the 1332 keV gamma line of 60Co.

Energy range of 
Compton back-
ground (keV) 

p/c with BGO 
shield active 

p/c with BGO 
shield inactive 

Improvement 
factor (labora-
tory)

Improvement 
factor (poolside) 

515-522 ~420 ~70 6.0 4.2 
1040-1096 ~200 ~70 2.9 3.2 

In the poolside measurements larger amounts of scattered gamma radiation 
is present, originating from the surrounding materials. This affects the p/c 
ratio, explaining the smaller improvement in p/c ratio in comparison with the 
laboratory tests. The relative errors (1-  level) in the FGR determinations 
were significantly smaller (by approximately a factor of 2) for measurements 
using the anti-Compton shield for equal acquisition times. 
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As both the level of the fission gas release and the measuring times are 
typical for a majority of realistic cases, the use of the shielding detector sys-
tem means a substantial improvement in practice. 

7.3 Paper III: Fission Gas Release in ABB SVEA 
10x10 BWR Fuel

The introduction of the 10x10 fuel design (such as ABB SVEA 10x10) has 
proven highly successful in limiting the fission gas release in BWR fuel un-
der normal (commercial) operating conditions. The design has permitted a 
considerably higher fuel assembly thermal power with a generally reduced 
rod average linear heat rating (ALHR) and surface heat flux, compared to 
older 8x8 and 9x9 lattices. Also the SVEA water-cross concept has enabled 
the individual fuel rod heat ratings to be more closely matched. This reduc-
tion in both the absolute level and relative spread in LHR within a given 
assembly has implied a significant reduction of the maximum FGR levels in 
the fuel. The release fractions in the SVEA 10x10 fuel are generally far 
lower than in 8x8 fuel despite higher assembly powers, and also show less 
variation between rods within an assembly. This has made it possible to 
avoid unacceptably high rod internal pressures and fuel temperatures when 
operating the reactors at extended burnup levels. The fractional fission gas 
release, as measured by non-destructive gamma-ray spectroscopy for the 
plenum content of 85Kr, was found to increase generally with burnup, reach-
ing a maximum value of about 5% at rod average burnups of 50 MWd/kgU.  

Based on analyses of the release gas isotopic composition, as determined 
by mass spectrometry [88], it is concluded that also in SVEA 10x10 fuel the 
FGR is primarily governed by thermal processes. The results also indicate 
that the fission gas release in the 10x10 lattice fuel generally occurs later in 
life than in the 8x8 fuel. The released gas isotopic composition, based on the 
134Xe/86Kr-ratio, does not support an athermal enhanced pellet rim release 
model. 

7.4 Paper IV: Fission Gas release in ABB SVEA-
96/100 Fuel

As stated in paper III, the SVEA 10x10 fuel designs have proven very suc-
cessful in limiting the fission gas release in BWR fuel. Non-destructive 
measurements of FGR based on the plenum content of 85Kr as determined by 
high-resolution gamma-ray spectroscopy has generated a valuable database 
both for older 8x8 lattice type fuel and for SVEA 10x10 fuel. 
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BWR fuel rods are often subject to relatively complicated power histories, 
including quite rapid and large local power changes due to control rod blade 
maneuvering. Large differences in the axial power profile during a fuel rod‘s 
history may lead to a high local power and resulting FGR. The effect on 
FGR from control blade movements that have been established for 8x8 fuel 
are not significant for SVEA 10x10 fuel. The control blade corner rod (J10 
in the lattice) shows no significant tendency to have a higher FGR compared 
to other rods in the assembly. By comparison, in 8x8 type fuel, the FGR 
values are significantly higher for the H8 corner rods compared to other rods 
in the fuel lattice. 

It has been proposed that the increased FGR in the H8 corner rod may 
have been at least partly due to an increased oxygen/uranium (O/U) ratio in 
the fuel as a result of the far higher proportion of plutonium nuclide fissions 
in the low-enrichment corner rod, compared to in other, higher enrichment, 
rods [89]. The corner rods in the SVEA 10x10 fuel assembly designs also 
have a lower initial enrichment than the interior fuel rods. However, the ef-
fect does not appear to have had a detectable impact on FGR, probably due 
to the generally lower heat ratings and fuel temperatures in 10x10 type fuel. 

From the FGR measurements it is concluded that FGR also in the SVEA 
10x10 lattice type fuel is still largely temperature dependent, and is conse-
quently dependent on both the LHR and the burnup. 

7.5 Paper V: The Shut-down of the Barsebäck 1 BWR: 
a Unique Opportunity to Measure the Power 
Distribution in Nuclear Fuel Rods

Reactor poolside measurements of gamma radiation specific for the fission 
product 140La (1596 keV) have been used for an experimental determination 
of the axial power distribution in 55 nuclear fuel rods irradiated in the Barse-
bäck 1 BWR nuclear power plant. The measurements took advantage of the 
unique situation of a very short last reactor cycle of only three months due to 
the out-phasing of the reactor unit at November 30 1999. 140La, whose decay 
is controlled by the mother nuclide 140Ba with the half-life 12.75 days, re-
flects the average power distribution, representative for the latest weeks of 
core operation (in this case basically during November 1999). The measured 
intensities have been transformed into a 25 nodal representations to allow a 
precise and direct comparison with the corresponding calculated power dis-
tributions. The 55 rods were selected from two different fuel assemblies with 
average burn-ups of 1.9 and 9.7 MWd/kgU, respectively (that is one fresh 
bundle and one slightly more than one cycle bundle). The stability and the 
linearity of the measurement system were evaluated. The linearity was 
checked using the two-source method. The stability was checked by recur-
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rent measurements on a reference fuel rod. The results have been used in the 
validation of the pin power reconstruction model of Westinghouse 3-D core 
simulator POLCA-7. The deviation between the measured and the calculated 
140Ba concentrations (expressed as rms radial errors) is typically a few per-
cent on the rod level. The results indicate that also Gd-rods are properly 
modelled over a broad range of conditions. It is indicated that predictions for 
fuel rods in their first month of operation are less accurate than for the rest of 
the fuel rods. Figure 7.1 shows measured and calculated Ba concentration 
profiles for a selection of fuel rods measured during the experiment. 
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Figure 7.1. Measured and calculated Ba concentration profiles at nodal level (nor-
malised over all nodes) for selected fuel rods in FA 23199 (fresh bundle). Rod F8 is 
a burnable absorber (Gd) rod. 

7.6 Paper VI: On-site Gamma-ray Spectroscopic 
Measurements of Fission Gas Release in Irradiated 
Nuclear Fuel

The gases xenon and krypton, produced during fission of uranium and pluto-
nium, have low solubility in UO2. Therefore, after a relatively short irradia-
tion period a large number of fission gas filled bubbles are generated within 
the fuel grain. The fission gas affects the performance of the nuclear fuel in a 
number of ways. An experimental, non-destructive in-pool, method for 
measuring fission gas release (FGR) in irradiated nuclear fuel has been de-
veloped. Using the method, a significant number of experiments have been 
performed in-pool at several nuclear power plants of the BWR type. The 
method utilises the 514 keV gamma radiation from the gaseous fission prod-
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uct 85Kr captured in the fuel rod plenum volume. A submergible measuring 
device (LOKET) consisting of an HPGe-detector and a collimator system 
was utilized allowing for single rod measurements on virtually all types of 
BWR fuel. A FGR database covering a wide range of burnups (up to average 
rod burnup well above 60 MWd/kgU), irradiation history, fuel rod position 
in cross section and fuel designs has been compiled and used for computer 
code benchmarking, fuel performance analysis and feedback to reactor op-
erators. Measurements clearly indicate the low fission gas release in more 
modern fuel designs in comparison to older fuel types (see also paper III and 
paper IV). Figure 7.2 illustrates recurrent measurements, separated by sev-
eral years and using different measurement geometry, of fission gas release 
using the method on a specific fuel rod. 
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Figure 7.2.  Recurrent measurements of FGR of the same fuel rod (rod C4 in the 
fuel assembly denoted AAA006) measured in 1998 and re-measured in 2003. These 
measurements were performed at the Leibstadt nuclear power plant (KKL) in Swit-
zerland.   

7.7 Paper VII: LOKET- a Gamma-ray Spectroscopy 
System for In-pool Measurements of Thermal 
Power Distribution in Nuclear Fuel 

An important issue in the operations of nuclear power plants is the inde-
pendent validation of core physics codes like e.g. Westinghouse PHOENIX-
4/POLCA-7. Such codes are used to predict the thermal power distribution 
down to single node level in the core. In this paper, a dedicated measurement 
system (LOKET) has been developed and is described and experimental 
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results are discussed. The system is based on a submergible housing, con-
taining a high-resolution germanium detector, allowing for measurements in-
pool. The system can be transported to virtually any nuclear power plant’s 
fuel storage pool for measurements in-pool during outage. The methodology 
utilizes gamma radiation specific for 140La, whose decay in turn is governed 
by the parent 140Ba, reflecting a weighted average power distribution, repre-
sentative for the last weeks of operation of the core. 

Good agreements between measured power distribution and core physics 
calculations (Ba distribution) have been obtained during a series of experi-
ments at Leibstadt NPP in Switzerland and Cofrentes NPP in Spain (BWRs) 
for both fuel assemblies and single fuel rods. The system has proven as a 
very useful tool for the experimental validation of core calculations also for 
the most complex fuel designs and challenging core configurations. Experi-
mental errors (on the 1-  level), has been demonstrated below ±2% on nodal 
level for assembly measurements. Figure 7.3 illustrates the deviation be-
tween experimentally determined Ba concentration and Ba concentration as 
evaluated by core physics calculations on the assembly level. Figure 7.4 
show examples of the deviation on nodal level.  
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Figure 7.3.  The deviation between experimentally determined thermal power and 
core physics evaluations (expressed as radial rms errors at bundle level) as a func-
tion of exposure during measurements at Leibstadt NPP (KKL) in 2003. 
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Figure 7.4. Nodal comparisons between measured and calculated Ba concentrations 
after KKL cycle 15 measurements, using LOKET. Nodes 16-18 have been excluded 
from the comparison due to interfering structural materials close to the gamma scan-
ning equipment.  

The overall comparison between core physics codes (PHOENIX-4/POLCA-
7) indicates that the nodal power can generally be predicted with an accuracy 
of 4% (rms error over all nodes). Bundle power can be predicted with an 
accuracy of better than 2% (rms error of the comparison at the bundle level). 

7.8 Crud deposition measurements 
Crud is impurities in the reactor water which deposits on the hot cladding 
surfaces. At high crud deposition values, crud can have a significant impact 
on the fuel performance (see Section 4.3). Axial gamma scanning specific 
for 60Co gives a strong response for the plenum spring but also a weaker 
profile over the fuel column dominated by cobalt in the crud layer. Such 
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measurements could well be performed in conjunction with 85Kr measure-
ments, allowing for short-lived nuclides to decay (the half life for 60Co is 
about 5.3 y). Additional sources of 60Co are cobalt impurities in the fuel ma-
trix and the cladding material. Since the fuel mass is much larger than the 
mass of the crud for a given part of the fuel rod, as viewed by the detector, 
the cobalt content of the fuel is a critical parameter in interpreting the data. 
The cladding is ignored in comparison with the fuel due to its significantly 
smaller mass (about 20% per unit length). However, based on manufacturing 
specifications and production pathways these two concentrations are be-
lieved to be negligible in comparison with the crud related signal. 

Experiments performed at the Leibstadt BWR showed downward peaked 
60Co profiles, i.e. in the lower part of the fuel rods, where the cobalt intensi-
ties were about a factor of four larger than in the upper part for high burnup 
fuel rods (Figure 7.5). The difference showed an increase with exposure time 
as well [53, 90]. These results are well in line with post irradiation examina-
tions on fuel rods of similar burnup and core history as the ones being 
gamma scanned, showing thicker crud deposits in the lower parts of the fuel 
rods [49]. The results are only indicative however. The more precise relation 
between measured 60Co intensity, activation on different axial levels and 
amount/thickness of the crud layer is not yet thoroughly evaluated. However, 
the results look promising.  

Figure 7.5. Profile of the 60Co gamma-ray intensity (the 1332 keV peak) over fuel 
rod F2 from fuel assembly ACC 117 (KKL). The interpretation is thicker crud de-
posits in the lower part of the fuel rod.   
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In order to reduce the man-doses in LWRs, a method has been developed 
at Westinghouse Electric Sweden AB for the decontamination of irradiated 
fuel assemblies, ICEDECTM. The method uses a slurry of small ice particles 
mixed in water that are guided through the fuel assembly flow channel. The 
water containing the detached particles (which is basically crud) is then fil-
trated in a special filter unit (FILDECTM), with the same dimensions as a fuel 
assembly box. Real fuel decontamination was performed in the Ringhals 1 
BWR unit in Sweden in order to test the system on-site. Two burned-out fuel 
assemblies were cleaned using the (test) decontamination facility. The result 
was that the fuel integrity was maintained and that 60-80% of the loose crud 
was removed and collected in the filters. The fuel assemblies were gamma 
scanned for 60Co before and after the decontamination process, an experi-
ment that supported the degree of decontamination, i.e. 60Co count rates were 
reduced to 20-40% after finishing the decontamination. The activity circulat-
ing in the decontamination loop was also monitored using NaI detectors at 
specific points in order to be able to track the decontamination process dy-
namically. 

7.9 Volatile element redistribution      
The axial migration of volatile elements (with Cs being the most prominent 
example) in fuel rods can be measured by high axial resolution gamma scan-
ning. Extensive migration of volatiles indicates elevated fuel temperatures, 
possibly beyond safety margins or leading to non-adequate in-pile perform-
ance of the fuel. Such measurements have been performed either by using an 
energy window dominated by the cesium activity and measured by NaI de-
tectors or single peak events measured by high resolution germanium detec-
tors. Significant volatile element migration (to e.g. pellet interfaces where 
condensation would take place) in the fuel rod is a clear indication of ele-
vated fuel temperatures during operation and would probably also correlate 
with increased fission gas release. 

A series of measurements performed at the Leibstadt nuclear power plant 
(BWR) showed low degrees of cesium migration [53, 90]. Table 7.2 illus-
trates the low degree of volatile element migration as evaluated by the com-
puter code RUNE and the low to moderate fission gas release as determined 
by gamma ray spectroscopy . An energy window between 250 and 850 keV 
strongly dominated by cesium was defined and the (dimensionless) degree of 
cesium migration to pellet interfaces was quantified for each fuel rod (Figure 
7.6). The degree of cesium migration is basically expressed as a relation 
between (average) signal strengths over a portion of the fuel rod including 
several fuel pellets and the signal strength over pellet interfaces [91]. A low 
degree of cesium migration as measured using the methodology would be 
indicated by pronounced dips in signal strength over pellet interfaces (Figure 
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7.6). A full length scanning using the cesium dominated energy window is 
shown in Figure 7.7, still with dips in signal strength at pellet interfaces 
clearly visible. 

Figure 7.6. Selected part of axial profile measuring cesium migration in the fuel 
matrix. The dips in count rate are fuel pellet interfaces indicating low degree of 
migration of volatiles in this case. 



75

Figure 7.7. Axial profile measured with high axial resolution using a gamma-ray 
energy window dominated by cesium activity. Dips in the activity at pellet interfaces 
are clearly indicated.  

Table 7.2: Cesium migration results and fission gas release results for measure-
ments performed at the Leibstadt BWR. 

Assembly Rod Cs migration FGR (%) 

ACC 119 F2 0.8 4.8 
ACC 119 F9 0.8 3.6 
ACC 119 G8 0.8 3.5 
ACC 119 H10 0.7 4.0 
ACC 119 J3 0.8 4.4 
AAA 006 E2 1.0 5.3 
AAA 006 F9 1.2 3.7 
AAA 006 I5 1.1 5.5 
AAA 006 I6 0.8 4.0 
AAA 006 J10 0.7 4.6 
ACC 117 B6 0.7 0.4 
ACC 117 E10 0.5 0.4 
ACC 117 F9 0.5 0.4 
ACC 117 H9 (BA rod) 0.6 0.2 
ACC 117 H10 0.6 0.6 
ACC 117 I10 0.6 0.4 



76

Also at the Leibstadt BWR measurements of the axial distribution of the 
highly volatile iodine was performed. The intensity distribution of the 364.5 
keV line of 131I was used for the detection of migration of iodine in the fuel 
matrix of rod F8 in assembly AAA 023 with an average burnup of 41.7 
MWd/kgU. The short half life (8.05 days) of 131I was a challenge at these 
measurements and they were therefore performed just five days after the 
reactor shutdown. The background for performing the experiment was the 
measurements of remarkably thick oxide layers (sometimes as high as 290 

m) on fuel rods by means of poolside eddy current techniques. Such thick 
layers raised strong concerns over the fuel performance since possible over-
heating due to the thermal resistance in such a thick oxide layer could be 
expected.

It was later confirmed (by PIE) that the high oxide thickness measure-
ments was erratic and that the standard eddy current method (the lift-off 
signal) was influenced by the crud layer due to the Zn injection in the cool-
ant at Leibstadt [49, 50]. However, even before that, it was concluded from 
the in-pool gamma scanning of the iodine and cesium distribution that the 
fuel matrix had not been exposed to any abnormal temperatures during op-
erations [41]. 

7.10 Burnup
Non-destructive burnup determinations based on the 137Cs activity from the 
fuel column (see Section 3.2.1) have been performed in conjunction with 
fission gas release experiments, or rather as a by-product of these experi-
ments since the 137Cs intensity is needed for the FGR evaluation [53, 90]. 
Both full axial scans and measurements at a fixed axial level were performed 
and measurements were compared to core physics calculations of burnup 
[53, 90]. Figure 7.8 shows calculated burnup versus 137Cs count rate [75]. 
Due to three basic causes BA-rod results must be adjusted: 

The density of 3.5 weight-% BA fuel is about 1.2% lower then for stan-
dard fuel. 
Only 96.5 % of the fuel material is UO2.
The self attenuation in the BA-fuel for 662 keV gamma radiation is re-
duced somewhat. 

Altogether a correction on 137Cs intensities of about +4.0 % for 3.5 weight-% 
BA-rods should be used in order to use the results as burnup measures for 
the two kinds of rods mixed. 
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Figure 7.8. Calculated rod burnup versus 137Cs cps with a linear fit. 

7.11 Conclusions and remarks 
Non-destructive pool-side and in-pool measurements in which the gamma 
radiation from various nuclides is utilized has been proven successful for the 
determination of fuel performance indicators and code benchmarking. Meas-
urements have been able to track the significant improvements in fission gas 
release characteristics from improved fuel designs (e.g. from a 8x8 fuel lat-
tice to a 10x10 lattice and also part length rod designs and SVEA or water 
cross designs). The non-destructive 85Kr method has generated a valuable 
data bank covering a wide spectrum of reactors, fuel designs, burnup values 
and power histories, showing that also in the modern fuel designs the ther-
mal fission gas mechanism appears to be in operation. Based on PIE of the 
isotopic composition of fission gases also the timing of the release and fuel 
matrix origin (rim or central parts) has been indicated and compared between 
older fuel designs and more modern fuel designs. 

The increased complexity of modern nuclear fuel designs is the response 
to challenging demands imposed by the economical demands on commercial 
nuclear power generation of today and calls for the independent evidence of 
the reliability of computer codes. The poolside experimental determination 
of the axial distribution of the Ba/La concentration (thermal power distribu-
tion) has provided an extensive dataset for validation of core physics codes 
like the PHOENIX-4/POLCA-7 package, for several fuel designs, both on 
fuel bundle level and fuel rod level at various stages of burnup. The high 
precision of the measurements allows for high quality validation of core 
physics code packages. For the series of experiments performed on assembly 
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level at the Leibstadt BWR (KKL), the comparison indicates that the nodal 
power can be predicted with about 4% uncertainty and the bundle power 
with an uncertainty of less than 2%. Similar prediction power was demon-
strated at other experiments both on single fuel rod level and bundle level 
[6]. 

Measurements utilizing radiation from cobalt (60Co) have demonstrated 
that the thickness/amount of activated crud deposits on the fuel rod surfaces 
can be determined in relative terms along the axial profile. This method has 
also been used for an independent verification of a recently developed fuel 
decontamination method [92]. 

The migration of volatile elements (basically Cs and I) in the fuel matrix 
has been measured by means of high axial resolution gamma scanning. The 
potential of such experiments has been demonstrated under conditions in 
which the thermal performance of the fuel was questioned during annual 
outage due to exceptionally thick oxides measured by standard EC methods. 
Measurements indicated, as confirmed by subsequent PIE, that the fuel had 
behaved perfectly normal during operations and that the thick oxide layers 
indicated was an artifact due to choice of reactor water chemistry.  
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8 Results: Fuel performance studies by means 
of in-pile experiments

In-pile experiments in test reactors offer real-time information of fuel per-
formance key indicators under highly controlled operational conditions. 
However, the fuel to be tested has to be specifically designed or remanufac-
tured to fit in the test reactor core and to allow the fuel rig to be properly 
equipped with sensors. Thus full scale commercial fuel can seldom be stud-
ied and the method does consequently not allow for the reloading of fuel in a 
commercial facility post-experiment. This is in contrast to the pool-side 
gamma scanning technique, where performance of the fuel can be studied 
non-destructively and the fuel reloaded after completion of the measure-
ments. The two methods thus complement each other in a most useful way. 

Studies of FGR, fuel temperatures and PCMI are addressed in Papers 
VIII-XI while secondary fuel failure degradation experiments are presented 
in Papers XII and XIII. 

8.1 Paper VIII: The integral fuel rod behaviour test 
IFA-597.3: Analysis of the measurements 

The objective of the IFA-597.3 experiment was to study fission gas release, 
thermal behavior and pellet-cladding mechanical interaction in high burnup 
commercial fuel. Two remanufactured fuel rods have been further irradiated 
from 59 MWd/kgUO2 to 61.5 MWd/kgUO2. One fuel rod was instrumented 
with a fuel centerline thermocouple and a bellows pressure transducer. The 
other fuel rod was instrumented with a cladding elongation transducer. 

The percentage of fission gas release has been evaluated from the pres-
sure readings. An FGR of about 10% is reached at a burnup of 60.3 
MWd/kgUO2. The fission gas release appears to obey a diffusion controlled 
dependence on time. Fission gas release is only detected by the pressure 
transducer following a power decrease when the pellet-cladding gap reopens 
allowing escape ways for the fission gases to the rod free volume (i.e. the 
phenomenon of delayed fission gas release). The pellet-cladding gap was 
shown to be tightly closed at nominal power levels. 

The fuel centerline temperature is above the Halden threshold for 1% fis-
sion gas release during the whole irradiation period of the experiment [45]. 
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In the beginning of the experiment, the peak fuel centreline temperatures are 
close to 1350°C. Fuel centreline temperatures normalized to a constant linear 
heat rate showed an increase with burnup that was higher than fuel tempera-
ture model codes predictions based on fission gas release poisoning of the 
pellet-cladding gap and thermal conductivity degradation of the UO2. The 
extra increase in the observed fuel centreline temperature may be due to the 
thermal resistance created by the additional grain boundary fission gas po-
rosity and a radial redistribution of the power generation within the pellet 
due to the softer neutron spectrum of the HBWR in comparison with the 
significantly harder neutron spectrum of a LWR. This interpretation is also 
supported by fuel temperature model codes [93, 94]. Figure 8.1 shows the 
measured fuel centreline temperature, the average linear heat rate and the 
moderator temperature for rod 8 during irradiation in the Halden in-pile ex-
periment IFA-597.3. 

Figure 8.1. Measured fuel centre temperature, average linear heat rate (ALHR8) and 
moderator temperature (T1) for fuel rod 8 in the experiment IFA-597.3. 

The measured cladding elongation has been divided into thermal expansion, 
permanent elongation and plastic and elastic elongation due to pellet-
cladding mechanical interaction. The high degree of PCMI decreases during 
the first part of the irradiation, showing relaxation of cladding axial stress 
and strain probably as a consequence of pellet-cladding slip and fuel densifi-
cation or creep. Following this period there is an increase in normalized 
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PCMI induced elongation (elongation at a constant LHR) at a rate similar to 
that expected from solid fission product fuel matrix swelling. 

A significant increase in fuel temperature time constants, evaluated at 
four reactor scrams during the irradiation period, could be observed. The 
increase with burnup is due to the general thermal degradation of the fuel 
matrix.

8.2 Paper IX: The effect of fuel micro-structure and 
burn-up on FGR and PCMI studied in IFA-534.13        

Fission gas release and cladding elongation in-pile data have been collected 
for four high burnup PWR fuel rods with two different grain size (8.5 and 
22.1 m) in the IFA-534.13 experiment. The theoretical expectation is that 
the larger grains size should have a positive impact on fission gas release 
(i.e. a lower observed release), mainly as a consequence of the distance the 
gas atoms have to diffuse before reaching a grain boundary and subsequently 
reaching the rod free volume [95, 96]. The fission gas release is low for both 
fuel types. During the first part of the irradiation period there is no signifi-
cant difference between the normal grain size fuel (8.5 m) and the large 
grain size fuel (22.1 m). 

During the second half of the irradiation period the FGR was slightly 
higher in the large grain size fuel. The fission gas release at end-of-life in the 
large grain size fuel is about 2.1% while it is about 1.5% in the normal grain 
size fuel. The reason for this result is unknown although the possibility of an 
irregular behavior of the pressure transducer in the normal grain size fuel is a 
possibility (although no clear indication of this was observed during the ex-
periment). It was basically concluded that it was necessary to await the next 
experiment in the series (IFA-534.14, see Section 8.3) due to these uncer-
tainties.

The degree of pellet-cladding mechanical interaction was higher in the 
large grain size fuel during the first part of the in-pile experiment. During the 
second period the difference between the two grain sizes were insignificant. 
The point of onset of PCMI had shifted to lower power between the begin-
ning and end of the irradiation period, with a similar behavior of both fuel 
types. No clear indication of relaxation was observed for either fuel type, an 
observation possibly connected to the very weak rim structure in these rods. 
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8.3 Paper X and Paper XI: The Effect of Grain Size on 
FGR and PCMI in High Burnup Fuel (IFA-534.14) 

Fission gas release and cladding elongation data of four high burnup PWR 
fuel rods with three different grain sizes (8.5, 22.1 and 38.0 m, respec-
tively) have been analyzed and compared in the IFA-534.14 in-pile experi-
ment. The fission gas release measurements shows that rod 19, with the 
smaller grain size of 8.5 m, has experienced a higher degree of fission gas 
diffusion to grain boundaries than rod 18 with the larger grains size of 22.1 

m, and that this fission gas is subsequently released to the free volume of 
the rods during the power ramps (i.e. the phenomenon of delayed fission gas 
release is observed). At the end of the experiment (at a burnup of 55.1 
MWd/kgUO2) the fission gas release is about 3% in rod 18 and about 9% in 
rod 19. 

The conclusion reached from the comparison of experimental data and 
computer code predictions is that the characteristics of the fission gas release 
reflect the difference in rod design, which was grain size in this experimental 
setup. The fit between measured and predicted fission gas release is very 
good at the end of the experiment, see Figure 8.2 [97]. 

Figure 8.2. Measured and predicted fission gas release in the IFA-534.14 Halden in-
pile experiment. 

The increase in cladding elongation for rods 20 (grain size 22.1 m) and 21 
(grain size 38.0 m) is similar to that expected from a solid fission product 
fuel swelling rate of 0.75% V/V per 10 MWd/kgUO2. Some relaxation 
takes place during the first part of the irradiation period. An observed per-
manent elongation of 0.20-0.30 mm at the end of the experiment is believed 
to be due to cladding creep and/or plastic deformation to accommodate the 
solid fission product fuel swelling, with some small contribution from irra-
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diation induced cladding growth. There is no significant difference between 
the two fuel rods in terms of cladding elongation behavior (PCMI). 

The IFA-534.14 experiment clearly indicates that increased UO2 grain 
size is an effective way of suppressing fission gas release in LWR fuel to the 
burnup level covered by this experimental investigation. 

8.4 Paper XII: Reaction Kinetics of Oxidation and 
Hydriding Inside Operating Fuel Rods

The fuel degradation test series in IFA-634 were carried out to study the 
reaction kinetics of oxidation and hydriding of fuel and cladding after a rod 
primary failure. In order to simulate such conditions the fuel rods were filled 
with a known amount of water and irradiated under BWR conditions in the 
HBWR. Four loadings of totally seven fuel rods with different pellet-
cladding gap, initial water amount and cladding material, have been irradi-
ated during one Halden reactor cycle and target power levels ranging from 
13 to 30 kW/m. The rods were equipped with pressure transducers to meas-
ure the rod internal pressure changes with time. 

In the beginning of the experiment all rods showed a similar development 
in pressure. The rod pressure increased and reached a peak value. At this 
stage the differences in rod pressures are caused by the different linear heat 
rates. After reaching the peak pressure a decrease could be observed. For 
fuel rods with a pure zirconium liner cladding the pressure decrease appar-
ently occurred when the same calculated inner cladding oxide thickness was 
reached for these rods. The calculation of the thickness of the oxide layer 
was according to ref. [98]. Subsequently the pressure fell at different rates 
depending on the pellet-cladding gap, the initial amount of water and the 
cladding type as well as the linear heat rate. 

The rate of pressure decrease with time was higher for rods with a higher 
average linear heat rate and for rods with a lower amount of water present. 
Since the time-dependent pressure changes should reflect the reaction kinet-
ics in the rods, a clear difference in the corrosion behavior can be expected 
between rods with pure zirconium liner and rods with a Fe-enhanced liner. 
An improvement in the corrosion resistance leads to a thinner oxide thick-
ness as well as less hydrogen uptake. Such a behavior was also observed in 
the experiment. 
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8.5 Paper XIII: Test-Reactor Study of the Phenomena 
Involved in Secondary Fuel Degradation

The test rig IFA-631, holding four instrumented test rods, was loaded in a 
BWR loop in the Halden test reactor to study the phenomena involved in 
secondary fuel degradation after simulating a primary failure. Liner clad-
dings with an outer zircaloy-2 component and an inner ZrSn-liner were used. 
Two out of the four claddings were pre-oxidized to enable evaluation of a 
thin zirconia layer as a potential barrier towards hydrogen pick-up thereby 
also being a possible remedy against secondary fuel failure degradation (Ta-
ble 8.1). Primary failure was simulated at power after a base irradiation pe-
riod of 144 days and the rods were subsequently irradiated under primary 
failure conditions for another 118 days. The primary failure was simulated 
by opening the valves of a so-called water ingress device (WID) in the upper 
part of the fuel rods and coolant water entered the test rods at power.   

The data from the in-pile measurements clearly show the evolution of so-
called oxygen- or steam starvation immediately after the simulation of the 
primary failures. The upper part of the rods (close to the simulated primary 
failure) is dominated by steam, while the lower part of the rods is character-
ized by a gas mixture with a very high hydrogen partial pressure. The upper 
parts of the rods were filled with steam from the point in time where the 
primary failure was simulated until the end of the in-pile experiment. The 
environment in the lower end of the fuel rods changed within a few days 
after simulating the primary failure showing that steam after a certain period 
reached all parts of the fuel rods. 

Table 8.1: The main features of the test rods in the IFA-631.1 secondary fuel degra-
dation experiment. 

Parameter/Rod 631-1 631-2 631-3 631-4 

Pellet-cladding 
gap ( m) 85 55 85 55 
Pre-oxidized
inner cladding 
surface  

No No Yes Yes 

The post-irradiation examination showed heavily hydrided areas in re-
gions of the cladding near the lower end of the fuel stack in all four rods. In 
these regions the measured hydrogen concentration was in the range from 
400 to above 5500 ppm, while 100-160 ppm of hydrogen was measured in 
the upper and middle sections of the claddings. 

It is concluded that the experimental set-up enabled simulation of the 
conditions that occur following a primary debris failure in the top end of a 
fuel rod in a commercial reactor. It is further concluded that excessive hy-
drogen pick-up takes place during the first few days after the occurrence of a 
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primary failure and that a pre-oxidized layer does not function as a barrier 
towards hydrogen pick-up under exposure in an environment with a very 
high partial pressure of hydrogen. 

8.6 Conclusions and remarks
In-pile experiments have been performed with the aim to study the impact on 
fission gas release from various grain size distributions of the UO2 matrix. 
The results are well in accordance with computer code simulations, showing 
the positive effect (lower fission gas release levels that is) on macroscopic 
fission gas release from larger grain size. 

The in-pile secondary fuel failure degradation experiments clearly dem-
onstrated the development inside an operating fuel rod with a simulated pri-
mary failure in its upper part. The experimental set-up was able to track the 
change in gas composition in the fuel pellet cladding gap following the pri-
mary failure and ingress of water/steam and that steam starvation conditions 
prevailed in the lower part of the operating fuel rods (i.e. a very high partial 
pressure of hydrogen). Subsequent PIE also demonstrated massive hydriding 
in the lower parts of the cladding. It was also concluded that a pre-oxidized 
inner surface of the liner does not act as a very efficient remedy against the 
development of secondary fuel failures under steam starvation conditions. 
However, our conclusion is that a second in-pile experiment with a some-
what modified experimental set-up (like e.g. different pellet-cladding gap 
and geometry of the simulated primary failure) would be highly beneficial.     
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9 Outlook

The very high demands on modern commercial nuclear fuel, originating 
from a combination of a more competitive economic environment (both con-
cerning price for electricity, competition from other modes of producing 
electricity and spent fuel management costs) and the generally high focus on 
safety within the nuclear industry in comparison with most other industry 
sectors, call for methods for the non-destructive determination of various 
fuel performance indicators. The non-destructive nature of measurements 
keeps the possibility of feedback to reactor operators and regulators open. 
The collected data bank is typically used for the benchmarking of core- and 
fuel physics computer codes. This application also calls for the ability to 
create a data set covering a wide spectrum of operating characteristics and 
objects (fuel types). 

The evolution of on-site gamma ray spectroscopic methods applicable to 
nuclear fuel performance studies could be briefly summarized as below: 

Measurements at a number of fixed axial positions for e.g. burnup and 
thermal power axial distributions (late 1970s). 
Continous scanning of the intact assembly or single fuel rod for e.g. bur-
nup and thermal power (1990s). 
Submergible detector housing and collimator system for in-pool meas-
urements (LOKET in the late 1990s). 
On-site tomographic techniques (PLUTO in the early 2000s). 
Next generation of tomographic techniques (KARON as a concept). 

The two last points are still under development and the tomographic tech-
niques have not yet been used to collect any volumes of experimental data. 
The submergible detector and collimator housing system has been developed 
and used for the collection, in parallel with measurements utilizing the 
through-wall collimator, of an extensive dataset concerning fission gas re-
lease, axial thermal power distribution, volatile element migration and bur-
nup. The dataset covers a wide spectrum of fuel types, reactor units, burnup 
and power histories. The experiments performed reflects the developments 
in fuel designs, from 8x8 type fuel to advanced water cross and part length 
rods fuel assemblies. The potential of the poolside gamma scanning method 
has been demonstrated also for measuring the level of crud deposition on 
irradiated fuel rods. 
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The following areas/tasks are identified for further usage and develop-
ment of the gamma-ray spectroscopy method as presented in this thesis: 

Benchmarking and validation of the crud measuring technique versus 
poolside electromagnetic measurements (i.e. Magnacrox) and/or PIE, re-
lating the measured cobalt activity to the actual amount of crud present. In 
this way a very versatile method for non-destructive crud measurements 
will emerge.  
The method is suggested to be used as a benchmarking tool for the tomo-
graphic measurements. It is suggested that an experiment/campaign is 
performed in which data are collected from a fuel assembly using both the 
tomographic technique and gamma scanning of a more limited number of 
fuel rods from the assembly. 
The method should be used to collect data at even higher burnups since 
the core- and fuel physics codes should be evaluated for the most modern 
fuel designs now starting to reach very high burnup levels, where specific 
high burnup phenomena might be encountered, e.g. rim effects in fission 
gas release. 

The in-pile secondary fuel failure degradation experiments have been able to 
simulate the conditions in an operating fuel rod experiencing a primary (de-
bris) failure. It is concluded that excessive hydrogen pick-up takes place 
during the first few days of the occurrence of the primary failure and that a 
pre-oxidized layer does not function as an efficient barrier when the partial 
hydrogen pressure is very high. It is suggested that a second secondary fuel 
failure degradation in-pile experiment is performed in order to reach a better 
understanding of the dependence on hydrogen partial pressure for the devel-
opment during irradiation. 

In the in-pile fission gas release experiments the positive effect from in-
creased grain size of UO2 was demonstrated. The ongoing developments in 
fuel composition for increasing the fuel performance in various respects, like 
e.g. fuel additives such as Al2O3 and Cr2O3, should preferably be experimen-
tally verified in a test reactor.  

In view of the intensive discussions going on regarding the effects on the 
global climate from increasing emission of greenhouse gases in combination 
with currently high demands for oil and gas and finite supply concerns, a 
renaissance of nuclear power is not only thinkable but maybe also necessary. 
Clear signs of such a change in standpoint are e.g. the new reactor (PWR) 
under construction in Finland and the extensive nuclear plans in China (one 
of the really large and fast growing consumers of energy resources). Also the 
ongoing research efforts within the field of transmutation could very well put 
extra confidence in the nuclear technology, potentially providing a way of at 
least reducing the problems related to the long term storage of spent fuel. 
Taking such a perspective a possible scenario could be the initiation of new 
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nuclear programs in various parts of the world, the development of new reac-
tor concepts (like the pebble bed reactor) and the successive replacement of 
older reactors on a global basis. Such a development will demand accurate 
methods for the determination of fuel and fuel material performance, fuel 
safety, computer code benchmarking and safeguard systems. 

The non-destructive gamma-ray based methods presented and used for 
measurements in this thesis may well serve as a starting point for the devel-
opment of new methods, techniques and applications. 
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Summary in Swedish 

Direkt översatt till svenska blir denna avhandlings lite omständliga titel Stu-
dier av kärnbränsles egenskaper med hjälp av gammaspektroskopi vid 
pool och mätningar i härd. Avhandlingen sammanfattar innehållet i, och 
utvecklingsarbetet knutet till, ett antal rapporter inom industriell forskning, 
publikationer i internationella tidskrifter och presentationer vid internationel-
la konferenser. Två delområden avhandlas, dels oförstörande studier av be-
strålat kärnbränsle på kärnkraftverk med hjälp av gammaspektroskopi, dels 
mätningar på kärnbränsle under bestrålning i testreaktorer med instrument-
försedda bränsleelement. Med oförstörande studier förstås att experimenten 
kan utföras utan att bränslets integritet påverkas. Arbetet syftar till att gene-
rellt öka förståelsen för de processer som äger rum i kärnbränsle under drift 
såsom t.ex. fissionsgasavgivning (FGR) och fördelningen av den termiska 
effekten i bränslet. Speciellt har effekterna på olika parametrar då nya bräns-
ledesigner introducerats studerats. En annan målsättning har varit att genere-
ra ett dataunderlag för validering av härdfysikaliska och bränslefysikaliska 
beräkningsprogram. 

Skador som uppstår på bränslet under drift kan orsaka utsläpp av radioak-
tivitet i kärnkraftverkets primära system och leda till stora kostnader. Därför 
har förloppet när en skada uppstått på bränslets kapsling studerats under 
kontrollerade former i en experimentreaktor. Med ökad förståelse för dessa 
processer kan bränslet utnyttjas bättre ur ett rent ekonomiskt perspektiv med 
bibehållna säkerhetsmarginaler. I förlängningen kan man även därigenom 
minska den totala mängden producerat kärnavfall.    

Kärnbränsle
Den grundläggande process som genererar energin i en kärnreaktor är klyv-
ning, eller fission, av tunga atomkärnor som uran och plutonium. Till skill-
nad från en kärnvapenexplosion så kontrolleras fissionsprocessen i en kärn-
reaktor så att en stabil kedjereaktion upprätthålls. I så kallade lättvattenreak-
torer (LWR), och kärnbränslet som studerats i denna avhandling är avsett för 
denna typ av reaktorer, så anrikar man bränslet på den klyvbara uranisotopen 
U-235 upp till ungefär 5 % av det totala innehållet av tunga atomkärnor. Ett 
antal olika bränsledesigner för lättvattenreaktorer av så kallad kokarvatten-
typ (BWR) finns, alla har dock det gemensamt att de består av kutsar av 
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urandioxid som staplas på varandra i kapslingsrör, bestående av en zirkoni-
umlegering, av cirka 4 m längd och cirka 10 mm i diameter. Här sker emel-
lertid en ständig utveckling för att öka bränslets prestanda och säkerhetsmar-
ginaler. Exempel är bränsleelement med så kallade dellånga stavar, fler 
bränslestavar i tvärsnittet och speciella vattenkanaler i tvärsnittet. Tidigare 
bränsletyper hade ofta 8x8 bränslestavar i ett tvärsnitt, medan de moderna 
har 10x10 eller fler. Bränslet till tryckvattenreaktorer (PWR) består av fler 
stavar i varje element (t.ex. 17x17 stavar) men har i övrigt en likartad teknisk 
uppbyggnad. 

Normalt drivs reaktorerna i cykler om omkring ett år, varefter man byter 
ut delar av bränslet i härden och går igenom anläggningens olika system. 
Efter 4-6 sådana cykler är bränslet slututbränt och förvaras i väntan på geo-
logisk slutförvaring, vilket är det vanligaste alternativet hos de länder som 
har kärnkraftprogram, eller annan behandling i from av upparbetning för att 
återvinna klyvbara isotoper, detta tillämpas av vissa länder helt eller delvis. I 
en framtid hägrar möjligen även så kallad transmutation, ett sätt att på tek-
nisk väg behandla det utbrända kärnbränslet så att långlivade radioaktiva 
kärnor omvandlas till stabila eller kortlivade kärnor. 

Innan kärnbränslet har bestrålats i en reaktor avges endast en mycket be-
gränsad mängd strålning från de naturligt förekommande uranisotoperna. 
Detta förändras emellertid snabbt efter påbörjad bestrålning i en reaktorhärd. 
Ett nyligen uttaget bränsleelement är en mycket kraftig strålkälla, främst på 
grund av alla de fissionsprodukter som byggts upp under driften. Samtidigt 
innebär naturligtvis detta att materialets egenskaper, både fysikaliska och 
kemiska, förändras radikalt. Den starka joniserande strålningen från fis-
sionsprodukterna och nuklider bildade genom så kallad neutroninfångning, 
kan emellertid användas för att dra slutsatser om bränslets egenskaper ge-
nom att mäta energispecifikt och/eller med hög rumslig (axiell) upplösning. 
Detta för oss in på gammaspektroskopiska metoder. 

Gammaspektroskopi 
Mätmetoden bygger på användandet av germaniumdetektorer, HPGe, som 
tillåter hög energimässig upplösning och därmed nuklidspecifik information. 
Mätningar har antingen utförts bakom bränslebassängens vägg i torrt ut-
rymme eller med mätsystem nedsänkt i bränslebassängen. Den första optio-
nen har dock bara varit möjlig vid vissa kärnkraftverk som har haft en förbe-
redd kollimator i poolväggen. Kollimatorn definierar upp en lämplig strål-
gång mellan bränslet och detektorn. För mätningar på andra kärnkraftsan-
läggningar har ett speciellt mätsystem, kallat LOKET, utvecklats. LOKET 
består av en vattentät enhet i vilken en germaniumdetektor kan placeras till-
sammans med sin kylning av flytande kväve. Ett kollimatorpaket finns in-
byggd i det cirka 1.5 ton tunga mätsystemet. Vid mätning sänks LOKET ner 
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i bränslebassängen till cirka 7 m djup och kärnbränslet hanteras i en speciell 
fixtur. Figur 1 visar LOKET under slutmontering vid bränslebassängen. 
Namnet kommer sig av att mätsystemet till det yttre liknar ett gammeldags 
ånglok och inte på grund av fysikers ökända fascination för långsökta akro-
nymer. 

Två egenskaper har särskilt studerats hos kärnbränslet i denna avhandling, 
fissionsgasavgivning (FGR) och fördelningen av termisk effekt över bränsle 
och härd. En betydande del av klyvningsprodukterna är gasformiga såsom 
xenon och krypton, och har därmed sin speciella påverkan på kärnbränslets 
egenskaper. Gaser lösta i matrisen, eller ansamlade i form av bubblor i eller 
mellan mineralkornen, påverkar bland annat bränslets termiska egenskaper 
på ett genomgripande sätt. Den andel av gaserna som slipper ut ur bränsle-
matrisen och samlas i gapet mellan kutsarna och kapslingen samt i bränslets 
så kallade plenum, påverkar dessutom de termiska egenskaperna hos gas-
blandningen där. I båda fallen är påverkan av det negativa slaget, med ökat 
termiskt motstånd som konsekvens och därmed högre temperaturer vid en 
given effektutveckling. Detta kan resultera i en positiv återkoppling där hög-
re bränsletemperaturer leder till högre fissionsgasavgivning, vilket i sin tur 
resulterar i högre bränsletemperatur och så vidare. Fissionsgasavgivningen 
kan mätas med hjälp av gammastrålning specifik för Kr-85, en ädelgas med 
en halveringstid på omkring 10 år. Aktiviteten från Kr-85 i bränslestavens 
plenum (ett gasfyllt utrymme i stavarnas övre del), ett mått på den mängd 
fissionsgas som avgivits, relateras till producerad mängd i staven för att be-
räkna avgiven fraktion i procent. Denna typ av mätmetod har påvisat, bland 
annat, den betydligt lägre fissionsgasavgivningen i moderna bränsletyper 
jämfört med äldre typer. Den stora fördelen med denna mätmetod är dess 
oförstörande natur vilket tillåter att en omfångsrik databas har kunnat byggas 
upp för olika bränsletyper.     
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Figur 1. LOKET under montering innan nedsänkning i bränslebassängen. Detektorn 
med sitt flytande kväve placeras i bildens vänstra del (”hytten”) medan kollimator-
paketet finns i bildens högra del (”ångpannan”). Genom röret (”skorstenen”) leds 
signalkablarna upp till elektronikenheter och mätdatorer.    

Den termiska effektens fördelning i bränslet och över härden beräknas med 
hjälp av storskaliga beräkningsprogram, som exempelvis Westinghouse 
PHOENIX-4/POLCA-7. Beräkningarna sker ner till enskilda så kallade no-
der, 25 stucken fördelade längs en stav eller patron. Dessa beräkningskoder 
behöver valideras experimentellt och här erbjuder gammaspektroskopin möj-
ligheten att mäta fördelningen av Ba-140 över enskilda bränslestavar eller 
över hela bränslepatroner. Intensitetsfördelningen av Ba-140 är ett bra mått 
på den termiska effekten som bränslet har genererat under de sista 3-4 veck-
orna i härden. LOKET har använts vid ett stort antal sådana experiment vid 
reaktorer av BWR-typ i Schweiz och Spanien. Resultaten visar att överens-
stämmelsen mellan beräkningar och mätningar, uttryckt som rms fel, är bätt-
re än 2% för effekten över en hel patron och bättre än 4% för en enskild nod 
hos patron. För mätningar på enskilda stavar är överensstämmelsen ytterliga-
re cirka en faktor två bättre. 

Utöver dessa två tillämpningar har den gammaspektroskopiska metoden 
använts för att påvisa en eventuell omfördelning av volatila element som 
exempelvis jod och cesium i kutsarna. En mer omfattande sådan omfördel-
ning skulle indikera onormalt höga bränsletemperaturer under driften med 
sämre säkerhetsmarginaler som konsekvens. Sådana experiment har utförts 
genom att skanna bränslestavarna med hög axiell upplösning för energiom-
råden som domineras av aktivitet från sönderfallet av t.ex. cesium. Den axi-
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ella fördelningen av Co-60 har även studerats som en indikation på mängden 
crud på bränslestavarna. Crud är benämningen på en mer eller mindre lös 
beläggning på bränslets kapsling bestående av aktiverade korrosionsproduk-
ter. Crud är mycket aktivt och bidrar till att dosbelasta kärnkraftverket. 

Mätningar i härd
I experimentreaktorn i Halden, Norge, eller OECD Halden Reactor Project 
som detta internationella forskningssamarbete kallas, har fissionsgasavgiv-
ning, interaktionen mellan kutsar och kapsling samt hur dynamiken i en 
bränsleskada utvecklas under drift studerats i denna avhandling. Detta har 
skett med hjälp av speciellt instrumenterade bränslestavar samlade i grupper. 
Dessa kallas IFA, Instrumented Fuel Assembly. Fördelen med denna expe-
rimentella metodik är att parametrarna kan studeras i realtid och under realis-
tiska driftförhållanden. Fissionsgasavgivningen mäts med hjälp av trycksen-
sorer och kapslingens och bränslets interaktion med hjälp av olika typer av 
extensometrar. Höga krav ställs här på den experimentella utrustningen som 
skall klara de kraftiga strålningsfält som uppstår under reaktordriften utan att 
degenerera för snabbt. Fissionsgasavgivningen i bränslen med olika korn-
storlek hos urandioxiden har speciellt studerats. Större korn begränsar fis-
sionsgasavgivningen enligt teoretiska modeller, detta bekräftades också ge-
nom de experimentella resultaten (se Tabell 1). 

Tabell 1. Fissionsgasavgivningen uppmätt  i experimentreaktorn i Halden i  bräns-
len (urandioxid) med  olika kornstorlek. 

Stav Kornstorlek Fissionsgasavgivning 

19 8.5 m 3% 
18 22 m 9% 

               
Skador på bränslekapslingen kan resultera i aktivitetsutsläpp i primärsyste-
met och därmed en ökad dosbelastning på anläggningen. Degenererar en 
bränsleskada ytterligare kan man tvingas till en oplanerad avställning för att 
byta ut det skadade bränslet med stora kostnader som följd. Även om skador 
på bränslet har minskat med de moderna designerna så förekommer de fort-
farande och en ökad förståelse av skadeförloppet är av stor vikt för att hitta 
motåtgärder. Förloppet är oftast att en primärskada uppstår på bränslekaps-
lingen genom nötning av någon partikel, vanligtvis skräp som cirkulerar i 
reaktorkretsen. Via denna primära skada kommer vatten in i bränslestavens 
fria inre volym och en process startar där frigjort väte tränger in i kapslingen 
från insidan, hydrerar denna som man säger, vilket avsevärt försvagar kaps-
lingens fysikaliska egenskaper och gör den mindre motståndskraftig och 
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spröd. I vissa fall får man ett brott på kapslingen där hydreringen varit som 
kraftigast och en fullt utvecklad bränsleskada (sekundärskada) med stora 
aktivitetsutsläpp som konsekvens. Processen brukar refereras till som sekun-
där bränsledegradering eller som sekundär bränsleskadeutveckling. Genom 
att förse kapslingens insida med en så kallad liner eller genom att föroxidera 
kapslingen kan man motverka en sådan utveckling. Dessa åtgärder fungerar 
då som en barriär mot vätediffusionen in i kapslingen. 

Experiment har utförts i Haldenreaktorn där man simulerat en primärska-
da genom att under kontrollerade former släppa in vatten i stavarna och se-
dan följa utvecklingen under fortsatt drift, dels genom att mäta temperaturen 
i stavarna och dels aktivitetsnivån i testriggen. Experimenten simulerade väl 
den utveckling som sker i en kommersiell bränslestav efter en primärskada i 
den övre delen och att massivt upptag av väte sker under de första dagarna 
efter en primärskada. Vid mycket höga partialtryck av väte tycks inte heller 
en föroxiderad inre kapslingsyta fungera som en effektiv diffusionsbarriär 
för väte.                  
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