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Abstract

This thesis presents a first principle approach to model helium diffusion
and retention in molybdenum. Results from electron structure calculations
within the framework of density functional theory are used to assess param-
eters in a rate theory model. The model is used to reproduce experimental
desorption spectra, which, to a large degree of accuracy, coincide with exper-
imental data in temperature regions relevant for nuclear fuel applications.

The models indicate that produced helium will diffuse out into the fuel
pin during operation. However, some helium will be trapped in molybdenum
vacancies. The amount of trapped helium will largely depend on the fuel
operational temperature.

Data presented in the thesis is a first step towards a self consistent dataset
of first principle data on helium diffusion in CERMET fuel, one candidate fuel
suggested for transmutation of nuclear waste. To realise the use of CERMET
fuel, modelling of fuel performance is essential, and to accomplish this, the
understanding of helium diffusion and retention in molybdenum is one im-
portant aspect.





Svensk sammanfattning

Heliumdiffusion i CERMET-bränslen

Idag kommer 16% av världens elproduktion från kärnkraft, vilket utgör en
intallerad effekt på 372 GWe. De flest bedömmare är överens om att dessa
siffror troligen kommer öka under de närmaste 50 åren. OECD räknar till ex-
empel med en ökning av den installerade effekten på 50–250% till år 2050. Det
betyder också att den samlade mängden kärnavfall kommer att öka markant.
Detta tillsammans med säkerheten vid kraftverken är två faktorer som måste
hanteras för att kunna försvara en storskalig kärnkraftsproduktion. Med detta
som målsättning, samt med en utfästelse om ekonomisk lönsamhet och sprd-
ningssäkra anläggningar, har det världsomspännande nätverket Generation
IV Forum börjat designa framtidens kärnkraftverk.

Även om Generation IV-reaktorerna klarar av att hantera de avfall som de
själva kommer generera, så kommer de inte att kunna hantera allt det avfall
som dagens reaktorer skapat. För att göra detta på ett säkert och försvarbart
sätt krävs en introduktion av acceleratordrivna reaktorer, eller ADS som de
ofta förkortas. För att ADS-tekniken ska gå att realisera krävs också att nya
typer av kärnbränslen utvecklas. Idag finns flera förslag på vad dessa bränslen
ska bestå av och hur de ska vara utformade och för att kunna göra ett val
bland dessa bränslen har ett antal kriterier ställt upp mot vilka bränslena kan
jämföras.

Bland de bränslekandidater som diskuteras för ADS återfinns de klassika
oxidbränslena, aktinid- och zirkoniumnitrider, aktinidkarbider, aktinid- och
zirkoniumlegeringar och så kallade inerta matrisbränslen, eller IMF som de
förkortas. De sistnämnda är de som studeras i detalj här. Från en jämförelse av
dessa bränslen kan man dra slutsattsen att de två mest lovande kandidaterna
ur ett materialperspektiv är nitridbränslet och IMF.

En viktig faktor att ta hänsyn till när man sedan ska skapa modeller för
att beskriva det valda bränslets beteende under utbränning är att förstå hur
helium diffunderar i bränslet. Helium bildas efter alfasönderfall av de tyngre
aktiniderna i bränslet och kan antingen bindas upp i bränslet och då orsaka
svällning eller diffundera ut ur bränslet och då orsaka tryck i bränslepinnen. I
de inerta matrisbränslena, där matrisen kan bestå av antingen magnesiumoxid
eller molybden, kommer diffusionen av helium i matrisen att vara avgörande
för hur bränslet påverkas av heliumproduktionen. Här beskrivs diffusionen av
helium i molybden och hur man kan skapa modeller för denna.

Heliumdiffusion i molybden kan beskrivas med jämviktsmodeller, där dif-
fusionen drivkraft kan beskrivas i termer av den kemiska potentialen och av
systemets diffusionskoeficienter. En sådan modell förutsätter dock att kon-
centrationen av helium är låga, något som inte går att garantera i ADS-
bränslen. Man behöver därför använda sig av modeller som mer utförligt be-
skriver den atomistiska kinetiken i systemet. Detta görs här med hjälp av
rat-teori. Systemet beskrivs då av en uppsättning tillstånd samt övergångsra-
ter mellan tillstånden. Dessa övergångsrater kan beräknas från två konstanter:



den energetiska migrationsbarriären mellan två tillstånd och en effektiv vib-
rationsfrekvens. Dessa parametrar kan antingen bestämmas genom empiriska
studier eller, som i detta fall, med hjälp av kvantmekaniska beräkningar.

Resultaten från en modellering av helium i molybden visar att helium ten-
derar att fångas upp i vakanser i kristallen och då temperaturen ökar kommer
heliumatomer en efter en att lösgöra sig från dessa kluster och diffundera ut
ur kristallen. Beräkningarna gjorda med ratteori övernsstämmer väl med ex-
perimentella försök utom vid de högsta undersökta temperaturerna. Detta
beror troligen på att de ursprungliga modellerna härledda ur experimentella
data inte är korrekta. Möjliga mer troliga modeller diskuteras i den bifogade
artikeln.
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Chapter 1

The nuclear waste issue

According to most recent estimates the nuclear share of the world electricity pro-
duction is 16%. The current production is from an installed capacity of 372 GWe in
439 plants (as of June 2008), numbers expected to rise significantly by the middle
of the century. The Nuclear Energy Agency at the OECD expects the installed ca-
pacity to increase by 50% to 280% until 2050. The large spread in these numbers is
explained by uncertainties in future energy policies, where factors such as the future
public acceptance for nuclear power are taken into account. The acceptance will
likely depend, among other factors, on the success of renewable energy sources and
other green house gas fighting measurements such as carbon capturing and storage
(CCS) from fossil fired power plants according to the Nuclear Energy Agency, but
also on the safety of the present nuclear fleet [1].

Safety, always a top priority in the nuclear industry, is given large attention
during the design of new plants. Generation III+ power plants, for which construc-
tion has started in China, can be mentioned as an example. These have so called
passive safety systems, which should not need an operator intervention during sys-
tem failures [1, 2]. Next step in the technological development is the introduction
of the Generation IV power plants planned for deployment after 2030. These will
be designed to fulfil four criteria [2]:

- The plants should have a safe design ensuring high availability and low prob-
ability for accidents.

- The plants should be able to recycle its own long-lived waste and if possible
breed new fissile fuel to ensure a sustainable nuclear fuel cycle.

- The plants should be able to compete on a free energy market, meaning the
construction and operational costs should be competitive with alternative
energy sources.

- The plants should be compatible with non-proliferation policies.

1



CHAPTER 1. THE NUCLEAR WASTE ISSUE

As of today, the nuclear power industry has a decent track record with few
major incidents during more than 50 years of operation. This is also reflected in
the public opinion on nuclear power where citizens in countries with nuclear power
as part of their energy mix tend to be more positive than others. For the last 20
years the tendency of the public opinion has also shifted towards worrying more
about the waste from the nuclear plants than for the operation of the same [1].

The main topic of this thesis is the waste, or rather the discharged fuel, and the
possibility to reuse still fissionable isotopes as fuel, the alternative being depositing
all spent fuel in geological storages. Transmutation routes and different ways to
achieve the goals of the transmutation community is presented in the next section,
followed by a discussion on what, in terms of material properties, is needed to be
fulfilled by a fuel candidate intended for transmutation of spent fuel. As it turns
out, the design and selection of suitable materials to be used in transmutation
applications is one of the most challenging issues for the transmutation community
as well as the Generation IV research [2].

In this thesis the focus is on fuels for transmutation purposes. The major
findings concern inert gas diffusion in transmutation fuels. Therefore the second
chapter will discuss candidate fuels for transmutation applications and their poten-
tial to fulfil the selection criteria is discussed. After that focus will shift towards
gas diffusion in these fuels where most attention is given to rate theory models
for non-equilibrium systems. Finally in the fourth chapter the results for helium
diffusion in molybdenum matrices are presented and their implication for so called
CERMET fuels is discussed.

1.1 Transmutation strategies

Almost all nuclear power generation is today utilising the once through fuel cycle,
where the discharged fuel is stored in interim storage with the intention to be placed
in a geological repository without reprocessing. The spent fuel will have to be stored
for hundred of thousands of years until the radiotoxicity of the fuel has decreased
to the levels of the uranium ore it originated from. This is due to the transuranium
elements created from neutron capture reactions in 238U. If the minor actinides and
plutonium instead were to be separated from the waste stream the time needed for
the waste to reach the radiotoxicity levels of uranium ore would be reduced with as
much as a factor of 200 [3]. Some of the separated transuranium elements, mainly
plutonium, can in fact be used as fuel in light water reactors (LWRs). This is to
some extend already done, when plutonium is being reprocessed and used in mixed
oxide (MOX) fuel in e.g. Russia, UK, France and Japan. However, since only about
8% of all nuclear plants are licensed to use MOX fuel this has very little impact
on the overall world uranium consumption [4] and thereby the need for geological
storage.

The aim of the efforts within the transmutation community is to develop tech-
nologies to reduce the amount of long lived elements in the nuclear waste and
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1.2. SELECTION CRITERIA FOR FUELS

thereby reduce the size and long time hazard of a geological repository. In fact only
reprocessing plutonium, as is done today, will neither reduce the size of a repository
nor the time needed for the radiotoxicity of the waste to decay to the reference level
of uranium ore by any longer times [3].

To be able to reduce both the size of a repository and the time frame of the
hazardous materials considerably, transmutation of americium and curium into
fission products is required, as this is hardly achievable in a thermal spectrum
[5]. Fast neutron systems would have to be deployed. Safety concerns however
limit the fraction of americium in critical cores to 3-5 %, leading to large support
ratios [3].

To overcome these safety issues, accelerator driven systems have been proposed
for transmutation purposes. In such a reactor the core is sub-critical and the nuclear
chain reaction is sustained with neutrons from a spallation source. Such systems
were proposed for the first time during the 1970th [6, 7] but has yet not been
constructed. One of the largest challenges in the design and construction of such
accelerator driven systems (ADS) has been the selection of suitable materials for
fuel, cladding and structural components. The materials have to withstand high
neutron fluxes and elevated temperatures. For fuels this means high demand on
both mechanical and chemical stability presented as selection criteria for fuels in
the following section.

1.2 Selection criteria for fuels

As mentioned in the last section, transmutation applications imply new and of-
ten tougher operational conditions for reactor materials. These materials have to
withstand more severe neutron irradiation, higher temperatures and more corrosive
environments than materials in present LWRs. Therefore several selection criteria
have been presented to be able to make a choice between different fuel candidates.
The criteria for selecting suitable fuels for transmutation can be divided into several
categories ranging from physical considerations and material science to technologi-
cal feasibility of the different options. Since this thesis focuses on materials science,
discussion on e.g. neutronic issues or reprocessability and fabrication, important
as they are, is left to other authors1.

1.2.1 Thermo-physical criteria
It is expected that transmutation systems will be operated at higher temperatures
than for example LWRs [8]. This puts several thermal physical constrains on the
fuel that have to be taken into account in the selection phase:

- Thermal conductivity and melting temperature has to be high enough, to
avoid the risk for centreline melting.

1For a overview on selection criteria see e.g. ref. [8]
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CHAPTER 1. THE NUCLEAR WASTE ISSUE

- Phase stability of the fuel is important to avoid the formation of low melting
phases or phases with a high swelling rate during operation.

1.2.2 Mechanical and structural stability criteria

All nuclear reactor fuels exhibit structural changes during operation. This is mainly
due to thermally induced stress and radiation effects in the fuel materials. Typically
the fuel exhibit swelling and thereby the gap between fuel and cladding is reduced
and in some cases even closed. A typical cross section of a fuel pin is shown in
Figure 1.1. For a transmutation fuel there are two main selection criteria that have
to be fulfilled in order to avoid failure due to mechanical instability or geometry
changes:

- The mechanical stability under operating conditions has to be ensured, the
fuel should neither become too brittle, nor too plastic.

- Fuel swelling has to be kept on a manageable level to avoid extensive pellet-
clad interaction (PCMI).

1.2.3 Chemical and transport criteria

Apart from the thermal properties and the mechanical integrity of the fuel one
also has to consider the chemical stability. During operation several new elements
are introduced in the fuel from the fission reactions. For some of these chemical
bonds with the fuel material is formed ensuring that they are maintained in the
fuel. However, not only will the fission products react with the fuel, some of them
will also react with structural materials causing corrosion and other issues.

~1 cm

Figure 1.1. Cross section of a typical fast rector fuel pin. In black, the cladding
and in grey the fuel, in between is the fuel cladding gap, typically about 100 μm for
an oxide fuel in present fast reactors.
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1.2. SELECTION CRITERIA FOR FUELS

- The transport of fission gases like Xe and Kr has to be taken into account
for the different fuel candidates, to ensure large enough gas plenum in the
fuel pin, and that the degradation of thermal conductivity in the fuel pin is
manageable.

- The fuel-cladding chemical interaction (FCCI) has to be managed to avoid
corrosion of the cladding material and possible fuel pin failure.

- In transmutation fuels containing large quantities of americium and curium,
high concentrations of helium gas is accumulated due to alpha decay. The
retention and diffusion of helium in the fuel is therefore of importance to avoid
unwanted swelling and embrittlement.

5





Chapter 2

Fuels for transmutation

From the early days of FR-technology until today several different nuclear fuels
have been suggested. Most of these fuel candidates have a conventional cylindrical
geometry and are also under discussion for transmutation of nuclear waste. Some
more innovative designs have been proposed, like e.g. the TRISO fuel particle
concept [9] in high temperature reactors (HTR), or the honeycomb particle fuel
design of the carbide fuel for the gas cooled fast reactor (GCFR). For transmutation
in fast neutron spectra and especially in ADS, no such innovative design has gained
much support. Rather, the conventional fuel pin design in hexagonal fuel assemblies
is suggested [10]. This chapter gives an overview of some of the fuels suggested for
ADS applications and their potential to fulfil the transmutation fuel criteria.

The overview starts with the oxide fuel, a good reference fuel to compare the
other candidate fuels with due to the extended operational experience with this
fuel. After discussing the oxide fuel this overview continues to nitride fuel, followed
by carbide fuel and metallic fuel, ending with the so called inert matrix fuel which
the major scientific contribution of this thesis concerns. Last a short summary is
given where the fuels are compared with the transmutations criteria. In such a
comparison it is important to remember that for all fuels but the oxide fuel, the
operational experience is very limited. This is partly due to the fact that there are
not many fast reactors operating today and very few of them have been in operated
with significant amounts of any other fuel than the oxide fuel.

2.1 Oxide fuel

The oxide fuel is the most common fuel in nuclear reactors and is the fuel used
in most power reactors today and have so been since the beginning of commercial
nuclear power with some exceptions. The accumulated operational experience with
oxide fuel ensures a safe operation of present reactors and has given the modelling
community enough data to develop reliable models predicting fuel behaviour to a
high degree of accuracy for most operating conditions in both LWRs and FRs [11].

7



CHAPTER 2. FUELS FOR TRANSMUTATION

The oxide fuel is therefore a good starting point in any search for transmutation
fuels, since they not only could be a candidate themselves but the modelling expe-
rience also makes it possible to identify important weaknesses and indicates factors
which have to be taken into account when studying other candidate fuels.

Concerning the transmutation fuel criteria, the thermo physical properties of
oxide fuels are one of the more challenging issues. The fresh fuel consists of an
actinide dioxide phase having fcc structure, the relatively low thermal conductivity
of this phase results in high thermal gradients in the fuel. In fast neutron spectrum
reactors, the temperature difference between the centre of a pellet and the rim can
be several hundred degrees [12]. This causes, among other things, redistribution
of metal ions in the solid, a redistribution where uranium tends to diffuse to the
colder parts in the rim and plutonium and americium towards the hotter centre of
the pellet [13–16]. Also, a redistribution of oxygen has been observed, resulting in a
tendency towards stoichiometry at the rim and larger deviation from stoichiometry
than in the fresh fuel at the hotter centre [12, 17–20].

Not only the thermal gradient itself, but also the lower melting point of pluto-
nium and americium dioxides of about 300-400 K [21] compared to pure uranium
dioxide1 could result in centreline melting. The literature also reports the existence
of a miscibility gaps in the phase diagrams of mixed actinide oxides at least in
the U-Pu-O system [24], but possibly also in the U-Am-O system [25, 26]. Phase
segregation during operation could thereby lead to partial melting of the fuel. Nev-
ertheless, the phase stability of the oxide fuel is rather good relative to some of the
other fuel candidates.

When it comes to mechanical, structural and chemical criteria the oxide fuel
is known from operational experience to have a relatively low swelling rate and to
maintain its original shape during irradiation [27, 28]. If the oxygen potential is
kept at low levels no severe chemical interaction occurs between fuel and cladding.
It is also known that fission gases can be maintained in the fuel if it is operated
under specified conditions [29] in a LWR. In a FR where the burn-up is higher than
in a LWR the risk of fission gas release is increased, but from operational experience
it can be concluded that up to moderate burn-ups this can be managed. Helium
is assumed to diffuse rather easily in the fuel material [30, 31]. Even though it
does not cause issues with reduced thermal conductivity in the fuel clad gap as the
fission gasses when released into the pin, it still causes pressure built up which has
to be taken into account by having a large enough plenum in the fuel pin.

It is the thermo physical properties of the oxide fuel which limit the feasibil-
ity to use it in fast reactor technologies. However this limitation also gives us a
hint of what to search for when designing and choosing materials for the fuel used
in next generation reactors. Therefore finding and testing fuels with higher ther-
mal conductivity than the oxides ones remains in the focus for the transmutation

1Pure UO2.00 has a melting temperature of about 3140 K, which decreases to about 2440
K for UO2.20 and is constant or somewhat increasing for hypostoichiometric uranium dioxide
(UO2−x)[21–23].

8



2.2. NITRIDE FUEL

community.

2.2 Nitride fuel

Nitride fuel was a candidate fuel for fast breeder technology during the early days
of nuclear technology, however, as interest in FRs decreased one settled with oxide
fuel in those FRs which were built. This has lead to very little real operational
experience with nitride fuels. The experience gained so far is from test irradiations
of individual pins or fuel elements [32].

The interest in nitride fuel has yet again increased in the last decade due to
the awoken interest in FR technology. The nitride fuel consists of an actinide
mononitride phase with an fcc structure, due to the smaller lattice parameter of
actinide nitrides compared to the actinide dioxides the fissile density of a nitride
fuel is as much as 25-30 vol.% higher than for dioxides [33, 34]. This either leaves
a margin to design a smaller core with the same power output, increasing the
breeding ratio, or the possibility to improve material properties by dissolving e.g.
zirconium nitride into the fuel phase. The phase stability of the actinide nitride
phase is also relatively good, but the literature does report the existence of higher
uranium nitrides [35] and a miscibility gap in the Zr-Am-N system [36] which has
to be taken into account when choosing fuel composition.

Another reason to use nitrides as transmutation fuel is the higher thermal con-
ductivity compared to e.g. oxides observed in most actinide nitrides [33, 37, 38].
This results in a flat temperature profile in the fuel, which not only lowers the risks
at power transients but also reduces the mobility of fission products in the fuel ma-
trix. The lower fuel temperature decreases fission product release and thereby the
risk of lowering the thermal conductivity in the fuel clad gap due to the release of
xenon and krypton. However, as a result the nitride fuels are also known to exhibit
higher swelling rates during burn-up [27, 39]. This has to be taken into account
during the design of the fuel pin, since it requires a larger fuel clad gap, which
might require the introduction of e.g. liquid sodium in the fuel pin to increase heat
conductivity of the gap.

Even though melting temperatures or in some cases dissociation temperatures,
of the nitrides, typically in the range of 3000 ± 100 K, are somewhat below the
melting temperatures of the actinide dioxides [40–45], the risk of centreline melting
is reduced considerably in these fuel. This is due to the higher thermal conductivity
of the nitrides, leading to operational temperature far below those in the oxide fuel.

The mechanical behaviour of nitride fuel is also better at operational conditions,
as compared to oxide fuel. They both exhibit lower plasticity and a lower creep rate
[27, 46]. This, on the other hand, leads to more severe pellet cladding mechanical
interactions that should be avoided. The chemical interaction between fuel and
cladding is on the contrary less severe than in the case of oxide fuel, at least in FR
applications where iron cladding is used.

Little is known on the helium diffusivity in nitride fuel. Few experiments on

9



CHAPTER 2. FUELS FOR TRANSMUTATION

fresh material have been conducted, and since most experimental irradiation test
have been conducted with helium gas filling in the fuel pins no information on
helium release could be obtained from those.

2.3 Carbide fuel

As with the nitride fuel, there is not much operational experience with carbide fuel,
but at least some more experience than with nitride fuel. Not more than a tonne
of carbide fuel has been fabricated worldwide and during the first building period
of FRs in the 60th and 70th only one reactor, BR-5, in Russia was operated on a
full carbide core from 1965 to 1971. The carbide fuel in BR-5 achieved a maximal
burn-up of 6.2%. As interest in the carbide fuel decreased in the countries with
early nuclear ambitions, due to reprocessing and fabrication issues, it was picked
up by India which, in 1985, started operating their fast breeder test reactor on a
plutonium rich carbide core [32].

As far as material properties are concerned, the carbide fuels have much in
common with the nitride fuels. They are usually designed to consist of an ac-
tinide monocarbide solid solutions, which has an fcc structure and almost the same
thermal conductivity as actinide mononitride, but about 300 degrees lower melting
temperatures [27]. However, as in the case of the nitride fuel their operational
temperature will be lower compared to oxide fuel, resulting in a reduced risk of fuel
failure.

Also the mechanical properties of monocarbide fuel are comparable with those
of the nitride. The main difference being a slightly larger brittleness of the carbides,
manifested as more cracking of pellets in an irradiation test [47]. The cracking can
mostly be explained by the lower operational temperature of the carbide and nitride
fuels. As operational temperatures are lower than in an oxide fuel the brittle nature
of ceramic materials are more pronounced. The carbide fuel, as the nitride, has a
larger tendency to swell than the oxide. However, this and the brittle nature of the
fuel has not lead to any significant issues with fuel pin failure during irradiation
test as long as the pins have been designed with these issues in mind [47].

There are a few other drawbacks with the carbide fuel compared with the nitride.
First the phase diagrams of actinide carbides are more complicated than those of
the nitrides. There exists several more carbon rich phases [48], potentially causing
trouble during both fabrication and operation. Actinide monocarbides have an fcc
structure with a larger fissile density in the proximity of that of the mononitrides,
but since the more carbon rich phases have a smaller fissile density this advantage
would decrease with the formation of other phases. Second, the fuel cladding chem-
ical interaction is a major concern in the case of carbide fuel, since carbon easily is
dissolved into the steel cladding, causing increased embrittlement [47].

10



2.4. METALLIC FUEL

2.4 Metallic fuel

The main operational experience with metallic fuel in FRs comes from the US and
Russia where several different actinide alloys have been irradiated in fast neutron
spectrum. For examples U-Pu-Zr alloys have achieved burn-ups of more than 10
at.% [32]. The metallic fuels were originally selected for their high thermal con-
ductivity and the relatively easy production route through regular metallurgical
processes, where the fuel usually is formed to rods rather than pellets. Also the
high fissile density of a metallic alloy is impossible to match for any of the above
mentioned fuels [47].

After irradiation tests of several different alloys both Russian and US fast reactor
programs settled with U-Pu-Zr alloys as the preferable material for metallic fuel
[32, 47]. At regular operational temperatures the γ-U-Pu-Zr phase is stable. This
phase has a disordered bcc structure and is stable over most of the composition
range [48]. Typically 10 wt.% of zirconium has been used and no more than 20
at.% of plutonium has been included in the alloy of irradiated fuel [27, 47]. During
irradiation, diffusion mechanisms activated by the temperature gradient, neutron
radiation and ionising radiation in the fuel causes redistribution of mainly zirconium
in the fuel rod in such a way that the centre and rim of the rod is enriched in
zirconium [48]. As it turns out this enrichment leads to beneficial properties of the
fuel since it raises the eutectic melting point of the alloy formed between fuel and
cladding in pellet-clad interactions.

As with most metallic alloys the thermal conductivity of the metallic fuel is
high. This makes it possible to operate the fuel although the melting temperatures
are much lower than the case of ceramic fuels. These temperatures range from 1200
K for plutonium rich alloys to 1500 K for more uranium rich alloys.

The metallic fuel exhibit a substantial swelling rate, much higher than any of
the fuels discussed previously [27]. This is mainly attributed to the accommodation
of fission products in the fuel. Typically the ratio between fuel material area and
total area in a radial cross section of a fuel pin, the smear density, of 75% or less
have to be used to accommodate for this swelling [32].

Since the metallic fuels usually are cast into pins they tend to be significantly
denser than other fuels. This causes large swelling rate during early stages of
irradiation mainly due to fission gas built-up. To avoid PCMI during this stage of
irradiation the smear density of the pin has to be kept below 75%.

The diffusion of fission gases2 in the metallic alloy are rather fast, these gases
are therefore released into the fuel pin gap quite early during the irradiation cycle.
Left is a rather porous metallic alloy, with considerably reduced PCMI at the point
of fuel clad gap closure [32, 47].

2and presumably helium as well
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CHAPTER 2. FUELS FOR TRANSMUTATION

2.5 Inert matrix fuel

The inert matrix fuel (IMF) utilizes the benefits of the operational experience of
the oxide fuel while reducing their deficits by the addition of an inert matrix,
increasing the heat conductivity considerably. In practice this is done by mixing
actinide dioxide particles into the matrix material, which in the European design is
either magnesium oxide or molybdenum in case of fast reactor technology or zirconia
in the case of LWRs. The chemical state of these two matrix materials give rise
to the names of the two different fuel families, ceramic-ceramic (CERCER) and
ceramic-metallic (CERMET) fuel [10]. To achieve a significant increase in thermal
conductivity of the fuel at least 50% of the pellet has to consist of matrix material,
this of course lowers the total fissile density of the fuel considerably.

The irradiation experience of these fuels are limited to a few test irradiations in
experimental facilities, and since the fabrication of CERCER fuel is easier than for
CERMET fuel this is the IMF for which most in pile irradiation results exist [49].
Due to this limited experience with the fuel several of the fuel selection criteria can
not be addressed directly, making modelling assessments an important part of the
data in fuel selection discussions.

Some conclusions can, however, be drawn from experimental studies with this
fuel. First regarding the mechanical properties it has been concluded that the
CERCER fuels have a tendency to form cracks in the matrix originating from
the swelling of fuel particles [50]. It is also concluded that fission gas tends to
accumulate between the fuel particle and the matrix [51] and presumably to be
released by cracking in the fuel. Also, very small swelling rates were observed
for the MgO CERCER fuel [50]. Irradiation experiments of CERMET fuel has
been conducted, but results from post irradiation examinations have not yet been
published [49].

The helium release in these fuels has been studied in several experiments both
in pile, but also for non-irradiated materials. Theses results, as they concern the
scientific contribution of this thesis will be presented in the next chapters.

2.6 Summary and comparison

In Table 2.1 the fuel candidates here discussed are found together with their ability
to fulfil of the selection criteria. From there some conclusions on the material
properties of the different fuels can be drawn.

The oxide fuels have the highest melting temperatures but due to poor thermal
conductivity of actinide dioxides the margin to melting is rather low. From this
point of view the nitride and carbide fuels have a clear advantage. However, the
carbide fuel is problematic both due to more complicated phase diagrams and the
possible carburisation of the cladding. The metallic fuel with its rather poor me-
chanical properties is problematic since the fuel has a potential of large geometry
changes during irradiation both in the form of swelling due to fission gas built-up
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2.6. SUMMARY AND COMPARISON

Oxide Nitride Carbide Metallic IMF
Thermal Poor High High Very High
conduction high
Melting High High Rather Rather High
point high low
Phase Rather Rather Moderate Rather High
stability high high high
Mechanical Rather Good Good Rather Good or
stability good poor moderate
Swelling Low Moderate Moderate High Unknown
rate
Fission gas Manage- Manage- Manage- Problematic Unknown
behaviour able able able

FCCI None or None Carbur- Risk of eutectic None
small isation melting

Helium Releases Releases Releases All released Unknown
behaviour into pin into pin into pin into pin

Table 2.1. Summary of fuel selection criteria and how they are met during ordinary
operational conditions.

and due to the plastic nature of the metal alloy. In case of the IMF much is un-
known concerning the in-core performance and the operational experience and post
irradiation data is very limited. The mechanical stability of IMF is much dependent
on the choice of matrix material, in the case of MgO the mechanical properties can
be assumed to be similar to those of the other ceramic fuels, but in the case of Mo
the pronounced plasticity of a metal could be a source of concern if the fuel clad
gap would close due to pressure built up in gas bubbles.

There are certainly other factors involved when selecting fuel, e.g. neutronic
considerations in core design and fabrication feasibility. However, from a mate-
rial science perspective some of fuel candidates look more promising than others.
Among the ceramic fuels, the nitride fuels seems to be a valid option, if not on-
going irradiation testing would prove otherwise. The IMF is also an interesting
fuel option, since it combines high thermal conductivity and melting temperatures
with relatively good mechanical properties. Also the inert matrix will constitute a
non fissile buffer which has the potential to reduce some of the risks exhibited in
the other fuels. For the IMF to be a valid fuel option, material properties of these
systems have to be more carefully studied and models describing the behaviour
during irradiation have to be developed.
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Chapter 3

Modelling gas diffusion in inert matrix fuels

In nuclear fuel gases are formed through either the fission reaction itself, as in
the case of the fission products xenon and krypton, through (n,α)-reactions in
e.g. magnesium or nitrogen, or through alpha decay of unstable isotopes, mainly
americium and curium.

In an ordinary LWR with standard uranium oxide fuel the production of transplu-
tonium isotopes is rather low and thereby also the production of helium. In these
fuels most gas produced consists of fission gases and since as much as 20% of all
fission events result in the production of xenon and krypton [52], the amount of gas
produced is significant. In transmutation applications, where the amount of minor
actinides in the fuel will be much higher, the helium production will add to the
total amount of gas produced. This gas can either be retained in the fuel pellet or
released into the pin, depending on the type of fuel and its irradiation history.

The phenomenon of fission gas release in LWR oxide fuel has been widely studied
and was summarised by Vitanza et al. in a phenomenological expression know as
the Vitanza threshold [29]. In their work, gas release into the fuel pin is shown to be
a threshold phenomenon and an equation stating the correlation between burn-up
and centreline temperature in the fuel is given for 1% of gas release. However, for a
more fundamental understanding of gas release the mechanisms of this phenomenon
have to be studied on a more detailed level. This chapter will therefore discuss
models for gas diffusion and retention mechanisms occurring in nuclear fuels, more
precisely inert matrix fuel. The main topic will be the behaviour of helium, but the
models and results are also relevant for the heavier noble gases xenon and krypton.

3.1 Equilibrium models and beyond

To develop models for diffusion and retention mechanisms in nuclear fuel, one first
has to decide on what foundation to build the models. In a matrix with high sol-
ubility of helium, helium concentrations below the solubility limit may be treated
under the assumption of local thermodynamic equilibrium[53]. One can then adopt
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CHAPTER 3. MODELLING GAS DIFFUSION IN INERT MATRIX FUELS

equilibrium models in such cases. These models have the benefit of well defined
driving forces possible to quantify as chemical potentials, their gradients and con-
centrations. They also have the benefit of not treating the system on an atomistic
scale, since local equilibrium justifies the use of a thermodynamic mean field theory,
where diffusion coefficients, thermodynamic solution models and boundary condi-
tions fully describe the system. On the other hand, if the system is far from equi-
librium the model has to take into account non-equilibrium phenomena such as the
formation of helium bubbles in the matrix. To know whether to apply equilibrium
models or to include more detailed kinetic modelling the equilibrium concentration
of helium in the solid has to be estimated.

The equilibrium concentration cHe of helium in the bulk of a solid can be derived
from the equilibrium condition of equal chemical potential for helium in the gas
phase and the helium-solid solution phase. The chemical potential of helium is in
this case defined as the first derivative of the Gibbs energy with respect to the
amount of helium in the phase:

μHe = ∂G

∂nHe
(3.1)

With this assumption, the equilibrium concentration of helium atoms in the solid
is given by [54]:

cHe = N pHe
p0
eΔS/kBe−ΔH/kBT (3.2)

where ΔH is the solution enthalpy of a helium atom in the solid, ΔS the non-
configurational change in entropy due to the dissolution of helium into the solid,
pHe the helium gas partial pressure, T the absolute temperature, kB the Boltzmann
constant, and

p0 = (2πm)3/2(kBT )5/2

h3 (3.3)

with m as the mass of a helium atom and h the Planck constant. N in equation
(3.2) is the number of available sites for a helium atom per unit cell atoms in the
solid. The possible positions for helium atoms are either substitutional, in which
case N = 1, or interstitial where the value of N depends on the geometry of the
crystal.

In the case of IMF, where fuel particles can be thought of as spheres surrounded
by the matrix material, the important solution phase is the one between helium and
the matrix material. This will determine the final release of helium into the pin.
To calculate the equilibrium concentration of helium in the matrix, the solution
energy of helium into substitutional and interstitial sites in magnesium oxide and
molybdenum has to be estimated. This is possible to do with experimental meth-
ods, but few such experiments exist. However, they can also be calculated from
electronic structure methods, which will be discussed later in this chapter.

Using such results cHe can be calculated for all interstitial and substitutional
helium sites in the matrix materials. In all cases cHe is found to be orders of
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magnitude lower than concentrations expected in transmutation applications, where
the typical helium production is of the order of 1500–2000 ppm/yr. Due to the large
over saturation of helium in the matrix, models describing the kinetics of the system
in more detail are needed.

There are several different models describing the kinetics in these types of sys-
tems. Most of them are either based on molecular dynamics (MD) simulations,
Monte Carlo (MC) simulations or rate theories. In the case of MD simulations
the calculations are based on potentials describing the interaction between atoms,
Newton’s second law is then applied to the system and the time evolution of the
system is calculated. Such simulations are rather calculation demanding and can
therefore usually only be performed for short times. The quality of the results is
also much dependent on the potentials used in the calculations. MD simulations
for helium in tungsten [55, 56] and iron [57] have been performed and indicate
similar behaviour patterns of helium as those presented in the following chapter for
helium in molybdenum. In the case of MC simulations and rate theory the system
is described by a given set of states and transition probabilities of transitions in
between states or in the case of rate theory transition rates. This limits the models
in the sense that if a state or transition that would occur in a real system has been
omitted, the model fails to describe the system accurately. Very little work can be
found in the literature on MC simulations of helium in solids. In this thesis the
choice has been to use rate theory to describe the kinetics of helium atoms in the
inert matrix. This is mainly due to the relatively simple equations that have to be
solved but still gives valuable results, which are easily compared with experiments.
The approach used is described in more detail in the following section.

3.2 Rate theory

Given a system consisting of a set of states {i}Ni=1 with transition rates Γj←i for
transitions from state i to state j the kinetics of the system is fully determined by
the following set of first order ordinary differential equations (ODEs) and initial
conditions:

dni
dt

=
∑
j �=i

Γi←jnj(t)−
∑
j �=i

Γj←ini(t) + δi(t) (3.4)

ni(0) = Ni (3.5)

with ni as the occupation number of state i and δi(t) an external source or sink
for state i. The solution of this set of ODEs depends on the set of transition rates
and the external source term. In the case of a zero external source and no time
dependence in the transition rates the system transforms into a homogeneous set
of linear ODEs with constant coefficients and is easily solved by diagonalising the
transition rate matrix. However, in most cases the transition rates have implicit
time dependencies and the external source can not always be assumed to be zero.
In most of those cases the system of equations has to be solved numerically.
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3.2.1 Experimental diffusion coefficients and transition rates

For diffusion, rate theory is often applicable. Experimentally it has been found
that the diffusion coefficient D often is well described by two constants, D0 and E
[58, 59]:

D = D0e
−E/kBT (3.6)

This is an empirical equation that does not take into account the actual diffusion
mechanisms but rather describes an observed correlation of diffusion coefficients and
temperatures. To understand the actual diffusion mechanisms theoretical models
on an atomistic scale are needed.

From a more detailed point of view the diffusion process in a crystalline solid
can be seen as a transition from a state characterised by an atom in a specific
equilibrium position in the lattice into a state where the atom has moved to an
adjacent equilibrium position. The jump and the probability for it to occur is
governed by the energy needed to pass any migration barrier in between the first
and the second state and the forces acting on the atoms in the crystal and thereby
the atom performing the jump. These forces can be calculated and from them the
vibrations in the lattice and of the jumping atom. It can be shown that these
assumptions lead to the following transition rate [58, 60, 61]:

Γ = ν∗e−ΔF/kBT (3.7)

where ν∗ is an effective vibration in the system and ΔF the free energy change
in the system when going from an initial state to a transition state. However, to
relate the empirical expression in equation (3.6) to equation (3.7) in the case of e.g.
diffusion of point defects one has to make the substitution ΔF = ΔE − TΔS in
equation (3.7) to introduce the measurable parameter ν̃:

Γ = ν∗eΔS/kBe−ΔE/kBT = ν̃e−ΔE/kBT (3.8)

From this we can now relate the model parameters to the empirical ones. ΔE or
E in case of the empirical expression describes the energetic migration barrier in
the configuration space. The parameters ν̃ and D0 are prefactors possible either to
determine from experimental data or to calculate from phonon spectra. The two
different parts which ν̃ can be factorised into are first a vibrational part where the
change in vibrational frequency and thereby entropy is taken into account and one
part due to configurational entropy changes [61].

The parameters determining the transition rates can be assessed from exper-
imental investigations. They can also be derived from e.g. electronic structure
calculations, which is the case for the work in this thesis. Before presenting the
results of such a rate theory with ab initio data in the next chapter, the theoret-
ical framework on which the calculations of model parameters has been based is
presented below.
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3.3. DENSITY FUNCTIONAL THEORY

3.3 Density functional theory

It is often possible to characterise a quantum mechanical system at finite tem-
peratures by the properties of its ground state at zero Kelvin. This section will
therefore give an overview of the density functional theory (DFT), a method to
calculate ground state properties of crystalline solids. Here the important physical
assumptions of the model and the numerical schemes needed for results applicable
to real systems are pointed out. The following presentation of the foundation of
density functional theory is based on ref. [62–64] and more details can be found
there.

Since the quantum mechanical ground state is the quantum state with lowest
energy, not to be confused with the states in rate theory, the time independent
Schrödinger equation for electrons and nuclei in a crystal lattice has to be solved.

HΨ = EΨ. (3.9)

Here the eigen value E is the total energy of the system and Ψ is the many body
wave function of the electrons and nuclei. The Hamiltonian operator H consists
of several terms. With the Born-Oppenheimer approximation, where it is assumed
that the electrons in the crystal only interact with themselves and a fixed external
potential from the nuclei it can be divided into an electronic and a nuclei part:

Ψ = ΨeΨn, H = He + Hn (3.10)
HeΨe = EeΨe (3.11)
HnΨn = EnΨn. (3.12)

The nuclei part is rather trivial to handle and will not be discussed more here. The
electronic part of the Hamiltonian can be divided into three parts:

He = T + U + V = F + V, (3.13)

where T is the kinetic energy functional, U the electronic interaction functional,
V the external potential functional arising from interaction with the nuclei and F
represents the internal energy. Explicitly these terms have the following form.

T = h̄2

2me

Ne∑
i=1
∇2
i (3.14)

U = e2

4πε0

Ne∑
i<j

1
|ri − rj | (3.15)

V =
Ne∑
i=1
v(ri) (3.16)

where all sums are performed over the number of electrons in the system.
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The electron wave function is subject to two conditions, first it should be nor-
malised according to:

〈Ψe|Ψe〉 =
∫ ∫

. . .

∫
dx1dx2 . . .xN |Ψe|2 = 1 (3.17)

and second it should be antisymmetric.

Ψe(. . . ,xi, . . . ,xj , . . . ) = −Ψe(. . . ,xj , . . . ,xi, . . . ). (3.18)

However, with the large number of degrees of freedom of the wave function it is
hard to implement any efficient numerical scheme to solve equation (3.11). To be
able to do this the electron density is introduced.

n(r) = Ne
∫ ∫

. . .

∫
dx2 . . . dxNe |Ψe(r,x2, . . . ,xNe)|2 (3.19)

With this definition the normalisation condition gives:
∫
drn(r) = Ne (3.20)

Now, to calculate the energy of the ground state E0, the wave function of the
ground state has to be known. It could theoretically be calculated from (3.11) but
this is seldom feasible in practice. Here the Rayleight-Ritz variational principle [65]
offers a helping hand, since it from that can be concluded that the energy of the
ground state can be found from:

E0 = min
Ψ
〈Ψ|He|Ψ〉 (3.21)

and that the wave function minimising the expression will correspond to Ψ = Ψe,0,
the electronic ground state. Now, as mentioned, the number of degrees of freedom
in the minimisation problem is proportional to the number of electrons and is in
computational terms rather larger. To resolve this one can introduce the electron
density into the expectation value calculation.

Ee = 〈Ψ|He|Ψ〉 = 〈Ψ|F|Ψ〉+ 〈Ψ|V|Ψ〉 (3.22)

Introducing the electron density in the last term of equation (3.22) gives:

〈Ψ|V|Ψ〉 =
∫ ∫

. . .

∫
dx1dx2 . . . dxNe

Ne∑
i=1
|Ψe|2v(ri) =

= 1
Ne

Ne∑
i=1

∫
drin(ri)v(ri) =

∫
drn(r)v(r)

(3.23)
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Introducing the electron density into the first two terms is not as easily done, since
these take the following functional form.

〈Ψ|F|Ψ〉 =

=
∫ ∫

. . .

∫
dx1dx2 . . . dxNe

⎛
⎝ h̄2

2me

Ne∑
i=1

Ψ∗e∇2
iΨe +

e2

4πε0

Ne∑
i<j

|Ψe|2
|ri − rj |

⎞
⎠ (3.24)

As equation (3.23) shows it is possible to express the external potential as an
explicit functional of the electron density 〈Ψ|V|Ψ〉 = V [n]. The wish would be to be
able do the same for the internal energy, i.e. 〈Ψ|F|Ψ〉 = F [n] but as equation (3.24)
shows that is not done in an explicit manner. However, there are two theorems
presented by Hohenberg and Kohn [62] and Kohn and Sham [63] stating:

1. The ground state electron density n(r) fully determines the potential v(r) of
a system within an additive constant.

2. For a given potential v(r) the total energy functional E[n] = F [n] + V [n]
assumes its minimal value for the electron density of the ground state.

From these two theorems it can be concluded that the electron density of the ground
state fully determines all properties of the ground state. With the starting point
in these theorems and assuming there exists a system of non interacting electrons
which ground state corresponds to the ground state of a system with interacting
electrons [62, 63], it is possible through minimisation methods to calculate the
electron density of the ground state of a given system. There is only one issue,
to do this it is required to have an explicit functional form of F [n], which is not
possible without further approximations.

To resolve this issue several different functional forms of F [n] have been pro-
posed, all with their advantages and disadvantages. It is worth mentioning the two
most commonly used: the local density approximation (LDA), where each electron
is assumed to interact with a mean field electron density, and the generalised gradi-
ent method (GGA), where also gradients in the electron density are included. The
GGA is not uniquely defined due to the need for parameterisation. The two most
common parameterisations of the GGA was made by Perdew and Wang [66] and
by Perdew, Burke and Ernzerhof [67].

With these approximations it is possible to implement DFT into numerical
schemes which solve the minimisation problem. To do this, a few numerical ap-
proximations are needed. First one has to settle on a set of basis functions with
which to describe the wave function. In several DFT codes e.g. VASP [68–70] the
choice has been plane wave functions. This gives one particle wave functions on the
form:

ψ(r) =
∑
K
cKe

i(k+K)·r (3.25)

where cK is a model parameter and the sum is performed over the reciprocal space
up to a given cut off energy. This choice of basis functions is excellent in describing
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wave functions that vary slowly in space. This is the case for the electron gas in
a metal, but not the case close to the nuclei. To resolve this, so called pseudo
potentials are introduced. Here potential of the nuclei and the core electrons too
strongly bound to the atom to be considered free is calculated and an effective
potential is derived which gives the same potential outside of the core region but
smears out the charges in the core region.
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Chapter 4

Helium Diffusion in Molybdenum

Several experiments have been performed on helium diffusion in metals. At con-
stant temperatures these studies show a good agreement with the predictions of
equation (3.6) [71, 72]. However, when the metals containing helium are heated the
helium diffusion exhibit threshold phenomena, not fully described by the empiri-
cal expression. This can be understood from the fact that the diffusion of helium
atoms is slowed by defects in the crystal such as vacancies, impurities and grain
boundaries [73, 74].

In the case of CERMET fuel, helium will have to diffuse through the molyb-
denum matrix to be released into the pin. It is therefore important to understand
the diffusion and retention mechanisms of helium in molybdenum crystals. Some
experiments have been conducted to study helium diffusion in molybdenum, mainly
due to earlier interest in having molybdenum as a wall material in fusion reactors
[73, 75, 76]. These studies were also followed by modelling efforts, mainly MD
simulations [77, 78], but those results are somewhat inconclusive. Later other au-
thors have studied similar systems, most with MD simulations or with electronic
structure calculations. These studies usually concern helium in α-iron [57, 79–85]
but some authors have also studied other transition metal systems such as tung-
sten [55, 56, 86–89]. These calculations give a good qualitative understanding of
the system but in most cases they do not give sufficient data to fully reproduce
experimental results.

This thesis therefore presents modelling efforts of helium in molybdenum based
on earlier experimental assessments. The model is based on rate theory where the
parameters are calculated within the framework of DFT. The rate theory results are
compared with experiments and the implications for the CERMET fuel application
are discussed.
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4.1 The rate theory model

To study the behaviour of helium in molybdenum Evans et al. [73] performed
a transmission electron microscopy (TEM) study at 300 K on a single crystal of
molybdenum with ion beam implanted helium. The atoms were found to be trapped
in vacancy clusters, here denoted HenVm-clusters. With increasing helium concen-
trations the number of helium atoms in the clusters increased. For low and moderate
helium concentrations, the clusters were assumed to contain only one vacancy.

Following this experiment two helium desorption experiments were conducted
by van Veen et al. [76] and Moore and Kornelsen [75]. In these, single crystals
of molybdenum were implanted with helium through ion beam implantation at
different temperatures. The samples were then heated with a constant heating
rate and the helium desorption spectra were measured. From those results and the
results of the TEM study the authors assumed the following state evolution:

HenV → He + Hen−1V n > 1 (4.1)
He1V → He + V n = 1 (4.2)

where He represents an interstitial helium atom. In the case of van Veen et al. this
evolution was assumed to be valid for all n, whereas Moore and Kornelsen assumed
it to be valid up to n = 10 and therefore tried to avoid helium concentrations that
would cause larger clusters. In both of these works interstitial helium atoms were
assumed to diffuse to the boundary of the crystal and from there to be released to
the surroundings. The authors also disregarded recapturing of interstitial helium
in clusters on the basis of the rather high heating rate used in their experiments.

From their desorption spectra they could determine ν̃ and ΔE in equation (3.8)
using regression analysis. Using these results and with a start in reactions (4.1)–
(4.2) and transition rates according to equation (3.8) it is possible to reproduce
the experimental desorption spectra. However, no experimental data exists to fully
validate this model at elevated temperatures. The effort in this thesis is therefore to
validate these models using a first principles approach. To do this ν̃ and ΔE have
been calculated for the case of having one to five helium atoms in a cluster. The
details of the calculations are discussed in the included paper, but the main results
and their implications for CERMET fuels are discussed in the following section.

4.2 Results and implications thereof

In experimental studies it was assumed that helium, when released from a helium-
vacancy cluster, diffuses interstitially to a grain boundary. To test this assumption
the two highly symmetrical helium positions, octahedral and tetrahedral helium
depicted in Figure 4.1 was studied. Both were found to be stable but the tetrahedral
site has 0.17 eV lower formation energy. Next the diffusion path between these states
was studied and it was found that the migration barrier from a tetrahedral state
to another tetrahedral state without passing through an octahedral state was 0.053
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eV. This lead to the conclusion that helium diffuses between tetrahedral states and
could be assumed to be immediate at temperatures relevant for in-core CERMET
fuels.

Figure 4.1. A tetrahedral state and an octahedral state. Helium in white, molyb-
denum in grey.

Parameters needed to model the system using rate theory are presented in Table
4.1. Some notable differences can be seen between experimental and ab initio
results, most notable is the difference in ΔE and vibrational frequencies for the
He1V→ He + V transition.

Using the data in Table 4.1 it is possible to both reproduce the experimental
desorption spectra and create a spectrum from the calculated parameters by solving
equation (3.4). These spectra are depicted in Figure 4.2. As seen the calculated
peaks are in good agreements with the experimental ones except for the case of the
above mentioned He1V→ He + V transition. This discrepancy is discussed more in
the enclosed paper, since, in the case of CERMET fuels, this last transition in the
reaction chain could be expected to have little impact on the overall helium release.

In the case of CERMET fuels helium is only created in the fuel particles through

ΔE (eV) ν̃ (s−1)
State This work ref. [76] ref. [75] This work ref. [76] ref. [75]
He5V1 2.00 2.11 2.32 1.9·1013 0.7·1013 6.2·1014

He4V1 2.54 2.4 2.7 1.6·1014 3·1013 5.3·1015

He3V1 2.54 2.6 2.61 2.3·1013 5·1013 2.3·1014

He2V1 2.67 2.9 2.80 1.9·1013 3.0·1014 1.4·1014

He1V1 3.64 3.8 3.75 7.6·1013 5.0·1015 3.0·1015

Table 4.1. Binding energy and effective frequency for the reaction HeiV1 → He +
Hei−1V1.
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alpha decay. This helium will be implanted in the molybdenum either by recoil
energy or from pressure built-up by the particle-matrix interface. we can therefore
assume there to be a significant concentration of helium in the matrix.

From the desorption spectra in Figure 4.2 it is evident that at around 1000
K, the typical operational temperature of CERMET fuels in an ADS core [90],
helium atoms will be released from the molybdenum crystals. These atoms will
diffuse to the grain boundary and will be trapped there until the gas pockets at the
grain boundaries interconnect and forms channels that eventually will release gas
to the surroundings. However, as the results in Figure 4.2 indicates the diffusion
coefficient of helium in molybdenum will depend on the amount of helium trapped
in helium-vacancy clusters.

From a first conservative perspective it could be in place to design fuel pins for
ADS purposes with a plenum large enough to accumulate all helium from the alpha
reactions. If the over saturation of vacancies in the matrix, created by irradiation
damage, are taken into account one can assume a significant amount of helium to be
trapped in the matrix at operational conditions. however, to take this into account
would require transient analysis to ensure fuel temperatures below those required
to release this helium.
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Figure 4.2. Helium release rates normalized to the initial value divided by 10000
for a heating rate of β = 10K/s, experimental results from ref. [76] and [75] and
spectra from first principle parameters. It is possible to resolve peaks for each of the
five transitions in each case except for the He3V1 → He + He2V1 and He2V1 → He
+ He1V1 in the theoretical spectra since those are overlapping each other.
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