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Abstract

In this thesis, options for efficient transmutation of transuranium elements are discussed.
The focus is on plutonium, americium and curium mainly because of their long-term
contribution to the radiotoxicity of spent nuclear fuel. Two innovative helium-cooled core
designs are proposed, dedicated to the transmutation of actinides. The performance of the
more promising of the two is studied in realistic transient fuel cycle scenarios. During the
1150 day irradiation cycle, a minor actinide consumption of 355 kg/GWth·year is achieved.
An analysis of the efficiency of spallation neutron sources in helium-cooled cores is also
performed. It is shown that the proton source efficiency, ψ∗, is improved by about 10%
when helium is used as coolant, rather than lead-bismuth eutectic. Further, a proposal
is made to transmute actinides in the upper part of a BWR core. A net consumption of
transuranics is shown possible in the BWR park already when 50% of the BWR fuel is of
the proposed evolutionary type.

The thesis concludes that efficient transmutation of transuranic elements in dedicated
helium-cooled subcritical cores is possible. But, in many instances fuel cycles without
dedicated cores may lead to comparable final states. Especially, the evolutionary BWR-
fuel proposed seems interesting.



Swedish summary

Det är nu mer än 50 år sedan de första kärnkraftverken för elproduktion togs i drift.
I Obninsk utanför Moskva startades ett litet (5 MWel) redan 1954. Calder hall i
England, 1956, och Shippingport i Pennsylvania, 1957, var större och avsedda för
kommersiell elproduktion.

I Sverige gick forskningsreaktorn R1 kritisk den 13 juli 1954 [1]. R1 följdes av
reaktorerna i Studsvik och av en reaktor i Ågesta som försåg Farsta med fjärrvärme
under tio års tid. Den första större svenska reaktorn skulle bli den i Marviken. Men,
strax innan reaktorn skulle tas i drift upptäcktes allvarliga brister i den komplexa
härddesignen. Projektet avbröts och den svenska linjen med tungvattenreaktorer
och inhemsk uranbrytning övergavs. I stället byggdes i rask takt tolv lättvatten-
reaktorer efter amerikansk modell. Den första, Oskarshamn 1, startade 1972 och
de sista av de tolv, Forsmark 3 och Oskarshamn 3, 1985.

Fokus i den här avhandlingen ligger på de långlivade ämnen som uppstår vid
driften av kärnreaktorer. Två grupper är av särskilt intresse. Dels bildas lättare
grundämnen genom klyvning av tunga kärnor. Dessa kallas klyvningsprodukter.
Dels bildas en grupp tunga ämnen genom att kärnor i bränslet istället för att
klyvas, fångar in neutroner. När en neutron fångas in bildas en tyngre isotop av
samma grundämne. Genom successiva β−-sönderfall byggs nya grundämnen, med
högre protontal, upp. Uttryck 1 visar som exempel hur 239Pu byggs från 238U
genom infångning av en neutron, följd av två β−-sönderfall.

238U + n −→ 239U β−
−−−−→
23.5 m

239Np β−
−−−−−→
2.355 d

239Pu (1)

Den här gruppen av tunga ämnen brukar kallas transuraner. Plutonium är det
vanligaste ämnet i gruppen.

En viktig skillnad mellan klyvningsprodukterna och transuranerna är av avgörande
betydelse för det resonemang som ska följa i avhandlingen. Klyvningsprodukterna
är, med några få undantag, kortlivade. Direkt efter att kärnklyvningen avstan-
nat ger de upphov till en extrem radioaktivitet i bränslet. Då reaktorn stoppas
utvecklas fortfarande 10% av drifteffekten, genom den så kallade resteffekten. Den
utgörs helt av värme från de radioaktiva sönderfallen. Resteffekten sjunker raskt i
takt med att kortlivade klyvningsprodukter sönderfaller. Snart domineras radioak-
tiviteten av de två klyvningsprodukterna strontium-90 och cesium-137 (90Sr och
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137Cs) samt av transuranerna. Då 90Sr och 137Cs efter ungefär 300 år försvunnit är
transuranerna helt dominerande. Detta diskuteras vidare i kapitel 1 och illustreras
även i figur 1.2.

Transuranerna å andra sidan karaktäriseras av långa halveringstider. Till ex-
empel minskar mängden 239Pu, som är en viktig nuklid i använt kärnbränsle, till
hälften på 24 100 år. På grund av transuranernas långa halveringstider dröjer det
flera hundratusen år innan radioaktiviteten har sjunkit till den nivå som fanns i det
uran som en gång användes för att tillverka bränslet.

Lyckligtvis är det möjligt att klyva, inte bara uran, utan även transuranerna.
Genom att omvandla transuranerna till klyvningsprodukter ändras tidsperspektivet
på kärnbränslefrågan helt. Det är fortfarande fråga om långa förvaringstider, men
vi pratar om tusen år snarare än en miljon år.

Tekniken kallas transmutation och är i princip enkel. Man tillverkar nytt kärn-
bränsle av de ämnen man vill bli av med, laddar reaktorn med materialet, kör
reaktorn så länge det går, upparbetar bränslet och upprepar sedan processen till
dess allt är borta. Men, några saker komplicerar det hela. För det första bör man
inte bygga upp nya tyngre ämnen som strålar neutroner och därigenom blir svåra
att hantera. För att undvika det behöver man en reaktor där neutronerna har hög
genomsnittlig energi, i vilken chansen att klyva transuranerna är som störst. Det
ställer krav på materialvalen i reaktorn. Det är till exempel inte längre möjligt att
använda vatten som kylmedel, eftersom vatten effektivt bromsar neutroner. Det
visar sig också svårt att bygga en säker reaktor laddad med transuraner. För att
lösa det kan man transmutera de tunga ämnena i en underkritisk reaktor. I en
sådan måste man hela tiden tillföra neutroner utifrån för att hålla kärnreaktionen
igång. Om flödet utifrån upphör stannar reaktorn.

I Artikel I och Artikel II ges två olika förslag på hur man genom att använda
helium som kylmedel i en underkritiska reaktorer skulle kunna åstadkomma en miljö
i reaktorn som ger neutronerna höga energier. Alternativet är att kyla härden med
flytande metall såsom, bly, bly-vismutlegering eller natrium. Metaller interagerar
dock mer med neutroner och resulterar i lägre energier vilket leder till att en mindre
andel av transuranerna klyvs och en större andel bildar nya, tyngre ämnen. I den
ena av de två föreslagna designerna klyvs 19% av transmuranerna per bestrålnings-
cykel, i den andra 31%. För den senare byggs dock en liten mängd tunga ämnen
upp under bestrålningscykeln, vilket är en nackdel den höga utbränningen till trots.

Artikel III diskuterar hur den externa neutronkällan påverkas av valen av
bränslesammansättning och kylmedel. Det visar sig att den blir effektivare om
härden är heliumkyld i stället för bly-vismutkyld. En härd laddad med transuran-
bränsle ger dock en försämring av källeffektiviteten i jämförelse med en laddad med
avancerat lättvattenreaktorbränsle, så kallat MOX-bränsle.

Om transmutationsanläggningar togs i bruk skulle det få en rad effekter på
kärnbränslecykeln, vilka studeras i Artikel IV. Framförallt jämförs härden som
utvecklades i Artikel II med en metallkyld härd. Tre olika scenarier analyseras. I
det första antas kärnkraften stängas, men innan dess startas transmutationsreak-
torer för att ta hand om så mycket avfall som möjligt. De två andra scenarierna
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beskriver olika sätt att gå över till en kärnkraftspark bestående enbart av bridreak-
torer. I det ena av de två används speciella transmutaionsanläggningar som ett
sätt att ta hand om långlivat avfall. Resultaten i Artikel IV tyder på att förde-
larna med att bygga transmutationsreaktorer skulle kunna vara mindre än vad man
hoppats, men att det finns situationer då de kan göra stor nytta.

I Artikel V slutligen angrips frågan på ett annorlunda sätt. Idén är att använda
de energirika neutroner som finns högst upp i konventionella kokvattenreaktorer
(BWR) för att transmutera transuraner. Genom att blanda hafnium i kapslingen
som omger själva bränslet i en BWR, går det att skärma bort de långsamma neu-
tronerna. På så sätt blir den genomsnittliga neutronenergin tillräckligt hög för
effektiv transmutation. Artikel V visar att det går att förstöra mer avfall i en
BWR än vad som produceras. Det är ett mycket spännande resultat som alldeles
säkert kommer att utredas vidare de närmaste åren.

Trots att kärnkraften varit i kommersiell drift i över 50 år har ingen av kärnkraft-
nationerna placerat en enda kapsel med avfall i de slutförvar som planeras. Finland
och USA har börjat bygga geologiska förvar. I Sverige pågår just nu detaljer-
ade undersökningar på två platser; Östhammar och Oskarshamn. Det slutgiltiga
beslutet om var förvaret skall placeras är dock ännu inte fattat. I de allra flesta
kärnkraftsländer är avfallsfrågan fortfarande helt öppen. I övriga länder är avfallet
i många fall ännu längre ifrån en konstruktiv långsiktig hantering. Även här finns
avfall, framför allt från sjukvården, men också från industri och forskning. Däremot
finns generellt inte samma politiska fokus på frågan i de länder som saknar egen
kärnkraftindustri. Att studera olika alternativa metoder att hantera kärnavfallet
framstår således högst motiverat och kommer förmodligen att vara så under lång
tid framöver.
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Chapter 1

Long term radiological issues

1.1 Introduction

With the renewed interest in nuclear power for energy production, currently ex-
perienced following rising prices of fossil fuels, the issue of nuclear waste deserves
increased attention. Even though some countries recycle nuclear material, the dom-
inating nuclear fuel strategy in the world today is the once-through cycle, i.e. ura-
nium is mined and used once as fuel, whereafter the spent fuel assemblies are left
to cool before they are sent to long-term storage. How this storage will be designed
is still an open question in most countries. Sweden, Finland and the US are the
three countries where planning has gone the furthest. In all three countries, deep
geological repositories are foreseen. The main difference is that the US storage is
situated above the ground water table and is designed to stay dry, whereas the joint
Scandinavian design assumes inlet of water into the repository. Guaranteeing the
integrity of the repositories for a million years or more raises complex engineering
issues. However, current technology gives good reason to believe that the dose
to the biosphere from spent fuel repositories will be low compared to the natural
background [5].

There are scenarios where the releases of radioactive material are considerable
though. Human intrusion into the repository, intentional or unintentional, serves
as an example. In fact, human intrusion constitute the greatest threat to long-
term integrity [6]. Other, less probable, scenarios such as meteor impacts, are also
hard to handle on a design basis. The time-scale itself is the main reason for the
difficulties in repository design. A shorter demand on the storage integrity would
indeed simplify the engineering considerably.

The long term perspective of the storage of nuclear material arises from the long
half-lives of a small set of nuclides. The nuclides giving the largest contribution
to the radiological hazard for the first one million years are all nuclides with atom
numbers higher than 92, so called transuranium nuclides (TRU). After this period,
the remaining radioactive material consists of uranium, small amounts of long-lived
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2 CHAPTER 1. LONG TERM RADIOLOGICAL ISSUES

actinides such as 244Pu, thorium built from decay of TRU-nuclides, and of long-lived
fission products.

The transuranic nuclides may in principle be fissioned into light elements with,
generally, much shorter half-lives. Doing so opens a possibility of actually changing
the time perspective of the nuclear waste issue. Transmutation of the actinides in
spent nuclear fuel was first suggested by Claiborne in 1972 [7]. The work regards
transmutation in pressurised water reactors, PWR. It shows a highest achievable
reduction of the radiological hazard of a factor 204 after one million years. For the
first 10 000 years, Claiborne shows how the hazard is dominated by curium and the
reduction of the hazard is only about a factor 20. To achieve a large reduction early,
the transmutation should be performed in a fast neutron spectrum. Why this is
the case will be further discussed in chapter 2.3. Earlier, transmutation of selected
fission products, considered to be especially problematic, had been suggested [8].
But, Claiborne’s proposal aimed at reducing the radiological hazard of spent fuel in
the long term, whereas the earlier works focused only on individual nuclides which
were for different reasons considered troublesome.

Throughout this theses the concept of subcritical reactors dedicated to trans-
mutation of heavier actinides is extensively discussed. This idea was first described
in the open literature by Foster et al in 1974 [9]. In 1993, the idea of subcritical
reactors gained new interest as a group of CERN scientists published their work
on the Energy Amplifier [10]. Even though the Energy Amplifier itself was not
primarily intended for nuclear waste transmutation, their work was important for
the renewed research efforts in the field of transmutation.

In what follows, the idea of transmutation will be described, starting by dis-
cussing why transmutation is an interesting option for the back end of the nuclear
fuel cycle, followed by a description of the requirements for efficient transmutation
and what implications these have on the system, especially regarding safety.

The primary focus in this thesis is on reduction of radiotoxicity of material from
the nuclear fuel cycle. Most of all, actinide transmutation is discussed. Fission
product transmutation and transmutation of nuclear material originating from e.g.
hospitals and industry is out of the scope of the work.

Paper I and Paper II are design proposals for helium-cooled subcritical cores
dedicated to transmutation. Helium cooling potentially allows for a high trans-
mutation efficiency, but it is associated with properties related to core safety that
call for innovative solutions. Neutrons are, in both cases, supplied by an external
spallation neutron source.

In Paper III, the efficiency of spallation neutron sources is examined. It is
shown that the efficiency of the source is strongly dependent on the core. In this
paper a helium-cooled core and a liquid metal cooled core, as well as two different
fuel options are compared.

Paper IV puts the helium-cooled transmutation core in perspective. The core
design from Paper II is introduced into hypothetical fuel cycles, for which mass
flow calculations are performed. All actinides are accounted for, from the start of
the first reactor, until shut down of the last.
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The potential of transmuting actinides in existing boiling water reactors (BWR)
is examined in Paper V.

In all of the papers, different options for actinide transmutation are discussed.
For all the designs discussed, the goal is to achieve as high neutron energies as
possible in the transmutation zone since actinide incineration shows to be the most
efficient in hard neutron spectra, see chapter 2.

1.2 Nuclear Fuel after Irradiation

The dominating nuclear fuel today is uranium oxide, UOX. The uranium in typical
UOX fuel is enriched to 3-5% 235U, the remainder essentially being 238U. Traces
of 234U are also found, but the quantities are insignificant both for the neutronics
of the core and for the spent fuel management. The fuel burnup of commercial
power plants in the end of the cycle is proportional to the initial enrichment. As an
example, a 3.7% average fuel enrichment is sufficient for a burnup of 41.2 gigawatt-
days per ton heavy metal (GWd/tHM) [11]. This is a rather typical enrichment
in today’s nuclear power plants. The fuel enrichment has historically gradually
been increased following improvements in fuel and core designs. After irradiation
in the core the once pure uranium fuel consists of, ignoring oxygen, three groups
of nuclides. Uranium is still completely dominating. Most of the 235U nuclei have
fissioned, but over 93% of the heavy metal content of the irradiated fuel still consists
of 238U [11], that does not fission to great extent in the thermal neutron spectrum
found in the vast majority of the commercial reactors.

238U is principally consumed in capture reactions producing transuranic nu-
clides, starting out with 239Pu being formed through the capture of a neutron in
238U and two consecutive β-decays of 239U to 239Np and of 239Np to 239Pu, as given
in expression 1.1.

238U + n −→ 239U β−
−−−−→
23.5 m

239Np β−
−−−−−→
2.355 d

239Pu (1.1)

239Pu is fissile and accounts for a considerable part of the fission reactions in
the reactor, especially towards the end of the irradiation cycle. Neutron capture
reactions in 239Pu form 240Pu. Subsequent captures form heavier plutonium nu-
clides and eventually higher actinides through further captures and β−-decays, as
displayed in figure 1.1. Some nuclides e.g. 229Th and 237Np are produced through
α-decay of heavier nuclides. In the very long time perspective some of these accu-
mulate due to their long half-lives and eventually constitute the main fraction of
the remaining actinide vector.

Four years after discharge, fuel burnt to 41.2 GWd/tHM has a heavy metal
content of 1.1% Pu, 0.055% Np, 0.053% Am and 0.006% Cm by mass [11]. The
radiation from americium and especially from curium is more cumbersome than
from plutonium since the strong α-radiation from the former two induces (α,n)-
reactions in surrounding light nuclei, such as oxygen in the case of UOX. Another
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Figure 1.1: The most important actinide nuclides and their relations, via α-decay,
β-decay and neutron capture reactions. Cross sections for capture, σc, and fission,
σf , are given for thermal neutron energies.

source of neutrons is spontaneous fission, which becomes increasingly important for
heavier nuclides. These lead to a dramatic increase in the neutron emission as the
fraction of higher actindes in the spent fuel increases [12].

The fission products constitute a third group of nuclides, making up about five
percent of the spent fuel by mass [11]. In general, the half-lives of the fission
products are much shorter than for the transuranic nuclides. Thus, they are more
radioactive and are responsible for both the main radiological issue and the main
part of the heat production immediately after discharge. Only few of the fission
products have half-lives long enough to be of interest for the long-term management
perspective. The half-lives of these are given in table 1.1 together with the half-lives
of some of the actinides. Two nuclides, 90Sr and 137Cs have semi-long half-lives,
30.17 and 28.64 years respectively. These will be responsible for an important part
of the heat generation during the first period in repositories. Gradually, their role
as the main heat producer is taken over by the more long-lived actinides. After 90Sr
and 137Cs have decayed, the actinides dominate the radiological hazard completely.
At that time, the heat generation is negligible compared to the initial period.
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Transuranic Long-lived
Elements Fission Products

Nuclide Half-life Nuclide Half-life
237Np 2.14 · 106 a 79Se 1.1 · 106 a
238Pu 87.7 a 93Zr 1.53 · 106 a
239Pu 24100 a 99Tc 2.14 · 105 a
240Pu 6560 a 107Pd 6.50 · 106 a
241Pu 14.3 a 126Sn 2.3 · 105 a
242Pu 3.74 · 105 a 129I 1.61 · 107 a

241Am 433 a 135Cs 2.3 · 106 a
242mAm 141 a

243Am 7360 a
242Cm 163 d
243Cm 30.0 a
244Cm 18.0 a
245Cm 8500 a

Table 1.1: Half-lives of important actinides and of long-lived fission products,
JEFF-3.1 data [13, 14]

1.3 Radiotoxicity

General

In order to compare the radiological hazard of different nuclides, the concept of
radiotoxicity has been introduced. Radiotoxicity is hypothetical dose, expressed
in sieverts (Sv). Activity, measured in bequerels (Bq = 1 decay/s), denotes the
number of radioactive disintegrations per second, for some sample. The original
activity, A0, decreases with time, t, governed by the decay constant, λ according
to equation 1.2.

A = A0e
−λt (1.2)

Energy deposition in materials exposed to radiation is referred to as dose. It is
normalised per mass.

The SI-unit for dose is gray (Gy = J/kg). Dose per second is known as doserate.
Dose, weighted for its biological effect is the radiotoxicity.

Different types of radiation yield quite different radiotoxicities due to large vari-
ations in their effect on the human body. Further, the radiotoxicity of a particular
nuclide varies depending on whether it is inhaled or ingested and depending on the
age of the recipient, small children being more sensitive to radiation than are adults.
The International Commission on Radiological Protection, ICRP, issues coefficients
for calculating the radiotoxicity of different nuclides from their activities, in units of
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Sv/Bq. Table 1.2 presents dose conversion coefficients as recommended by ICRP in
1996 for some important nuclides appearing in spent fuel [15]. The large differences
between doses for ingestion and inhalation are clear. Especially for the actinides,
inhalation poses a much greater hazard than does ingestion. However, assuming a
scenario where actinides from a repository are dispersed in the biosphere, ingestion
seems more likely. Especially this is true in the long run and therefore ingestion
will in the following be used for comparing the nuclides, rather than its inhalation
equivalent. In table 1.2 the transuranic nuclides exhibit dose coefficients signifi-
cantly larger than most of the important fission products. The major exceptions
are 241Pu and 242Cm which cause comparatively low damage, and 129I which, on
the contrary, poses a considerable threat in comparison to other fission products
due to its concentration in the thyroid, where it remains. The β-decay of 241Pu is
far less harmful than are α-decays once the source is within the body. 242Cm has a
half-life much shorter than most of the actinides. It decays to 238Pu with a much
longer half-life and lower activity. In conclusion, the radiotoxicity is dependent not
only on the activity and quality of the emitted radiation, but also on whether the
nuclide accumulates and on its residence time in the body.

Transuranic Long-lived
Elements Fission Products

(nSv/Bq) (nSv/Bq)
Nuclide Ingestion Inhalation Nuclide Ingestion Inhalation
237Np 110 23000 79Se 2.9 2.6
238Pu 230 46000 90Sr 28 36
239Pu 250 50000 93Zr 1.1 10
240Pu 250 50000 99Tc 0.64 4.0
241Pu 4.8 900 107Pd 0.037 0.085
242Pu 240 48000 126Sn 4.7 28

241Am 200 42000 129I 110 15
242mAm 190 37000 135Cs 2.0 3.1

243Am 200 41000 137Cs 13 9.7
242Cm 12 5200
243Cm 150 31000
244Cm 120 27000
245Cm 210 42000

Table 1.2: Dose coefficients for important nuclides in spent nuclear fuel given for
intake by ingestion and for inhalation in adult humans. The inhalation data are
given for a moderate uptake rate. Data from ICRP 72 was used [15].
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Radiotoxicity of Spent Fuel

The total radiotoxicity of the spent fuel is simply the sum of the radiotoxicities of
the individual nuclides. The evolution of the radiotoxic inventory of spent uranium
oxide (41.2 GWd/tHM) is displayed in figure 1.2. During the first few hundred
years, the radiotoxicity emanating from the fission products is clearly dominating.
But, after about 300 years, the contribution from the fission products drops dras-
tically as 90Sr and 137Cs decay. The actinides remain much longer and keep the
radiotoxicity above the reference level for about 300 000 years. This time is deter-
mined mainly by the decay of 239Pu, with a half-life of 24 100 years. The reference
level chosen in figure 1.2 represents the radiotoxicity of the amount of natural ura-
nium originally used to produce the fuel elements. There are several reasons to
criticise this choice of reference level and other choices are possible. Such choices
could be, for example, natural uranium, as in figure 1.3 and figure 1.4, or for ex-
ample the radiotoxicity of the ashes from a coal power plant of a size comparable
to the nuclear plant. In addition it should be noted how the fission product curve
in figure 1.2 flattens out at a low level after about 1000 years. This is due to the
long-lived fission products listed in table 1.2, which are sometimes discussed as can-
didates for transmutation. Actually the first suggestion to include transmutation in
the spent fuel management strategy, made by Steinberg in 1964, was prompted by
worries that the fission product 85Kr, released to the atmosphere during reprocess-
ing, would reach an unacceptably high equilibrium level with the large expansion
of nuclear power envisioned [8]. Whether to transmute the fission products or not
is an issue closely related to the question of what level of radiotoxicity may be
acceptable.

In figure 1.3, the contribution to the radiotoxicity from individual actinide ele-
ments is displayed. Plutonium dominates both initially and in the long-term per-
spective. The contribution from americium increases for about 100 years with the
decay of 241Pu to 241Am. Americium then dominates the radiotoxicity up to around
1000 years after discharge from the core, when plutonium takes over again.

Even though the amount of curium produced by light water reactors in the once-
through fuel cycle is small, advanced fuel cycles involving recycling of americium
lead to an increase in the significance of curium as contributor to the overall ra-
diotoxicity. The build-up of curium is associated with burdensome radiation issues,
since it emits neutrons originating from (α,n)-reactions and spontaneous fission.
Due to this, curium deserves special attention when considering irradiation of plu-
tonium and americium, e.g. for transmutation purposes. In table 1.3 the neutron
emission from irradiated fuels are compared. Introduction of TRU in thermal re-
actor fuels, in this case for a PWR, leads to high neutron doses as compared to the
case of fast reactors. Already when plutonium alone is introduced, the difference is
significant [12].

figure 1.4 displays the time evolution of the radiotoxicity from irradiated mixed
oxide, MOX-fuel consisting of 8.3% plutonium oxide, the rest being uranium oxide.
Comparing figure 1.3 with 1.4 reveals that already this rather modest introduction
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PWR Fast reactor
Pu-recycling TRU-recycling Pu-recycling TRU-recycling

Neutron source

(n·g−1·s−1) 4.6·104 2.4·107 2.1·103 1.5·104

238Pu 0.7% 0.3%
240Pu 2.7% 0.4%
242Pu 0.3% 0.1%

241Am 0.1%
242Cm 9.9% 49.2% 20.3%
244Cm 56.5% 0.3% 46.3% 59.8%
246Cm 1.5% 0.1% 0.4% 6.6%
248Cm 0.1% 0.1% 1.3%
250Cf 4.6%
252Cf 31.4% 99.0% 6.7%

Table 1.3: Neutron emission from spent fuels for Pu and TRU recycling at time
of discharge from reactor [12]. In the PWR case, MOX with an enriched uranium
support was assumed.

of plutonium to the fuel, leads to an increase in the build-up of curium of more than
an order of magnitude. Higher plutonium contents, and most of all, the introduction
of americium into fuels, yield even higher curium fractions. Table 1.4 displays the
composition of spent UOX and spent MOX respectively.

Neptunium on the other hand is below the reference level at all times, even
though the neptunium contribution to overall radiotoxicity increases slightly with
the α-decay of 241Am, building 237Np.

The main message of figure 1.2, figure 1.3 and figure 1.4 is that, in order to
decrease radiotoxicity in the long run, plutonium and americium have to be trans-
muted. Despite the lion part of the curium being rather short-lived, there are two
main reasons to transmute it as well. The irradiation of plutonium and americium
leads to an increase in the curium inventory, including the long lived isotopes. Un-
less curium is included in the transmutation strategy, the potential of radiotoxicity
reduction through americium recycling is limited to about a factor 10 [16]. The sec-
ond reason is that there is no industrial scale process available today for separation
of curium from americium.

Sometimes strategies where curium is separated and stored are suggested, as
for example in the recent study of the back end of the nuclear fuel cycle performed
by NEA [5]. This strategy looks appealing, knowing that the half-life of 244Cm,
constituting around 90% of the curium both in spent UOX and MOX [11], is only
18.10 years. However, 244Cm α-decays into 240Pu having a half-life of 6563 years.
Storage of curium would be complex, bearing in mind that the critical mass of
245Cm is in the order of 50 grams. Curium separation and storage should only
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UOX MOX
Burnup 50 GWd/tHM 50 GWd/tHM
Initial enrichment 4.2%
Initial Pu content 8.1%
Cooling time 4 a 7 a

Uranium 93.5% 88.8%
235U 0.77% 0.11%
236U 0.55% 0.030%
238U 92.2% 88.6%

Neptunium 0.072% 0.023%
Plutonium 1.20% 5.57%

238Pu 0.042% 0.28%
239Pu 0.62% 2.11%
240Pu 0.29% 1.69%
241Pu 0.15% 0.74%
242Pu 0.095% 0.75%

Americium 0.066% 0.61%
241Am 0.038% 0.40%
243Am 0.028% 0.20%

Curium 0.011% 0.11%
244Cm 0.010% 0.094%
245Cm 0.001% 0.016%

Fission products 5.15% 4.94%

Table 1.4: Composition of spent fuel. The fractions are given by mass. In both
cases, the irradiation period is divided in five 18-month cycles. A 100% MOX-
loading is considered. [11]

be considered if the overall objective is to reduce stockpiles of potential weapons
material. From a perspective of radiotoxicity reduction, it makes no sense.

Long-lived fission products and neptunium should, generally, not be prioritised if
the overall aim of transmutation is to reduce the long-term radiotoxicity. However,
there are scenarios in which some of these nuclides are extra mobile in the bed-rock
surrounding the repositories, and thus may give a significant contribution to the
overall dose. In these cases, transmutation of long-lived fission products might be
worth considering.

1.4 Closure of the Nuclear Fuel Cycle

The once-through nuclear fuel cycle is often referred to as an open fuel cycle in the
respect that it produces long-lived nuclear material beside the desired commodity.
A typical annual discharge from a large nuclear power plant is 20 tonnes of spent
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Figure 1.4: Evolution of the radiotoxicity of the actinides in spent MOX produced
from spent UOX with and original 235U enrichment of 3.7%

fuel, most of which is uranium, around 5% being fission products and 1% transura-
nium elements. Moreover, some 170-190 tonnes of depleted 238U, a by-product of
the enrichment process, has to be dealt with [17]. Unless this material finds some
use, it has to be considered waste and be treated as such.

A fully closed fuel cycle, on the contrary, implies that fissionable material is
not left behind. All such nuclides are taken care of, one way or the other. As will
be further discussed, the task is rather simple for some of the nuclides, and quite
complex for other.

In reality, there will always be radioactive material left from the utilisation of
nuclear technology for the benefit of mankind. This is true not only for nuclear
power, but also for medical and industrial applications. Even though a fully closed
fuel cycle is somewhat utopian, it is reasonable to achieve a situation where the
potential radiological hazards become negligible at an acceptable timescale.

A common goal for the the closure of the fuel cycle and for the transmutation
effort is to reduce the fraction of long-lived material enough to make the radiotox-
icity of the fission products and the losses of actinide material from the fuel cycle
to fall below the natural uranium reference level within 1000 years. This is what
may be achieved without transmuting 90Sr and 137Cs.

As will be further discussed in chapter 4.1 there are several ways of closing
the nuclear fuel cycle. Especially in the case of helium-cooled fast reactors a net
consumption of higher actinides may be achieved [18], relieving the need for trans-
mutation systems. However, in a situation where the inventory of spent nuclear
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fuel has to be dealt with within a few decades, or the fraction of fast cores in the
reactor park is too small to stabilise the minor actinide production from thermal
cores, dedicated systems are necessary.

In some countries, the interest for transmutation has different origins than the
desire to reduce radiotoxicty in the long-term only. In the US for example, the pos-
sible reduction of geological repository size with transmutation is a strong argument
for its implementation [19].

The role of transmutation in the closure of the fuel cycle is further discussed in
Paper IV.

Closure of the fuel cycle requires chemical separation of elements in the radioac-
tive material. Fission products are removed for geological storage. The actinides
are used for producing new fuel for transmutation cores. Plutonium may also be
used as MOX-fuel for LWRs or fast reactors.

The drawback of transmutation, apart from the cost penalty on energy from the
nuclear fuel cycle, is that highly radioactive material has to be handled industrially
in society on a large scale for many years to come. Certainly, this will sooner or later
lead to accidents, resulting in radiation exposure of workers and maybe even local
populations. In the worst case fatalities may be involved. Also the doses to workers
during normal operation of the fuel cycle facilities should be given serious attention
when considering advanced fuel cycles. The consequences of direct disposal of
the active material are harder to predict. In any event, the risks associated with
long-term repository are delayed and will not be known for sure until long after the
benefits of nuclear power are enjoyed. The question whether to utilise transmutation
techniques or not sums down to choosing between the expected consequences for
current generations and the more speculative consequences for the coming.



Chapter 2

Theoretical Background

2.1 Delayed neutrons - β and βeff

The vast majority of neutrons in the, critical or close to critical, reactor are pro-
duced directly in fission reactions. These are referred to as prompt neutrons.

Several of the fission products decay through emission of a neutron. This decay
is the source of delayed neutrons. Depending on precursor half-lives, the delayed
neutrons are emitted seconds to minutes after the fission reaction took place. This
delay in emission has a fundamental importance for the controllability of the fission
chain reaction. The average neutron reproduction time [20] is several orders of
magnitude longer for systems that rely on the contribution of delayed neutrons to
achieve a critical condition than for systems where prompt neutrons themselves are
sufficient to sustain the chain reaction. The latter is referred to as a prompt critical
system. The control of a prompt critical reactor has to rely only on very rapid
phenomena such as the Doppler feedback, since neutron flux and power changes
occur at timescales much to short for operator intervention.

Since the release of delayed neutrons is dependent on the fission product compo-
sition, it varies depending on the fuel composition used. Table 2.1 lists the average
release of prompt and delayed neutrons for some important actinides at thermal
energies. In the two rightmost columns, the resulting delayed neutron fractions, β,
are given. To first approximation, the fission neutron yield ν̄ = ν̄p + ν̄d is linearly
increasing with incident neutron energy. Keepin gives Equation 2.1 as a general
expression for the average neutron production for all fissionable species [21].

ν̄(En) = ν̄0 +
[
dν̄

dEn

]
En (2.1)

Duderstadt and Hamilton [22] adds to Keepin expression that for some nuclides,
e.g. 233U and 235U, there are to branches for the energy dependence. For both of
these, ν̄(En) grows faster with energy above 1 MeV.

13
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233U : ν̄(En) =
{

2.482 + 0.075× En[MeV ] 0 ≤ En ≤ 1 MeV
2.412 + 0.136× En[MeV ] En > 1 MeV (2.2)

235U : ν̄(En) =
{

2.432 + 0.066 × En[MeV ] 0 ≤ En ≤ 1 MeV
2.439 + 0.150 × En[MeV ] En > 1 MeV (2.3)

A consequence of the variations in fission neutron yield with energy is that β
varies with the neutron energy spectrum.

Nuclide νp νd β
ENDFB6.8 JEF3.0 ENDFB6.8 JEFF-3.0 ENDFB6.8 JEF3.0

235U 2.44 2.44 0.0167 0.0167 0.69% 0.68%
238U 2.49 2.49 0.0440 0.0478 1.77% 1.92%

237Np 2.64 2.64 0.0108 0.0108 0.41% 0.41%
238Np 2.79 2.79 0.0216 0.0216 0.77% 0.77%
238Pu 2.90 2.89 0.0042 0.0047 0.14% 0.16%
239Pu 2.88 2.88 0.0065 0.0065 0.22% 0.22%
240Pu 2.80 2.78 0.0090 0.0091 0.32% 0.33%
241Pu 2.95 2.93 0.0162 0.0160 0.55% 0.55%
242Pu 2.81 2.86 0.0197 0.0183 0.70% 0.64%

241Am 3.24 3.33 0.0043 - 0.13% -
242mAm 3.26 3.26 0.0069 0.0069 0.21% 0.21%

243Am 3.27 3.06 0.0080 - 0.24% -
242Cm 3.44 3.44 0.0014 0.0014 0.04% 0.04%
243Cm 3.43 3.43 0.0030 0.0030 0.09% 0.09%
244Cm 3.46 3.24 0.0044 - 0.13% -
245Cm 3.60 3.53 0.0059 0.0063 0.16% 0.18%

Table 2.1: Theoretical numbers of prompt neutrons, delayed neutrons and delayed
neutron fractions for important actinide nuclides undergoing thermal fission (data
from JENDL3.3 has been used for delayed neutrons in 244Cm)

It should be noted in table 2.1 how β varies also in between different nuclides.
The highest values are observed for 235U, 238U, 238Np and for 242Pu, whereas
the transuranium, and especially the transplutonium nuclides generally yield lower
delayed neutron fractions. The two data libraries are in rather good agreement, even
though some deviations, e.g. for 238U, are observed. The reasons for this variation
in the delayed neutron production from different nuclides is the difference in fission
product yield. Figure 2.1 displays the relative abundance of fission products from
235U, in black, and 245Cm, in green. Two peaks are recognised in the fission product
distribution. The upper peak, around mass number 140, looks much the same for
both nuclides, whereas the lower peak is clearly shifted towards higher masses for
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Figure 2.1: Fission product yield from 235U, black, and 245Cm, green. Data from
JEFF-3.1 [13, 14]

245Cm. As a consequence, the production of the delayed neutron precursor 87Br is
about a factor three lower when fissioning 245Cm compared to 235U-fission.

The physics of prompt and delayed neutrons are different, which in some cases
further deteriorates the margin to prompt criticality. Delayed neutrons are emitted
with mean energies in the order of a few hundred keV, while prompt fission neutrons
are Watt-spectrum distributed, mainly being emitted at energies just under 1 MeV
and with an average energy around 2 MeV, somewhat varying between nuclides. As
a consequence, the delayed neutrons are more likely to induce fission in a thermal
core than are prompt neutrons, as the former undergoes less interactions in average
during moderation and thus are less likely to be captured. However, in fast spec-
trum cores, where the overall fission probabilities generally increase with incident
neutron energy, the opposite is valid, and delayed neutrons show to be relatively
inefficient in inducing fission.

The effective delayed neutron fraction, βeff, accounts for the fact that delayed
neutrons appear with lower energies than as compared to prompt fission neutrons.
In the kinetic model used by Bell and Glasstone [23], βeff is defined by

βeff ≡ 1
F

∫
χd(E)βνdΣf (r, E′)ψ(r,Ω′, E′, t)Φ∗

0(r,Ω, E)dV dΩdEdΩ′dE′ (2.4)

where the factor F denotes the total neutron production

F (t) ≡
∫
χ(E)νΣf (r, E′)ψ(r,Ω′, E′, t)Φ∗

0(r,Ω, E)dV dΩdEdΩ′dE′ (2.5)
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χ(E) represents the neutron emission spectrum, ν the fission neutron yield, Σf the
macroscopic fission cross section, ψ(r) denotes the shape of the neutron flux and
Φ∗

0 is the adjoint flux in the steady state system.
The definition of βeff, given by expression 2.4, includes all factors affecting the

probability of delayed neutron induced fission.
Fuels containing large fractions of americium give small effective delayed neutron

fractions, raising safety concerns in critical reactors. This is especially the case in
fast spectra, where βeff is smaller than β due to the large discrepancy between the
fast and delayed neutron spectra. Methods for accurate calculations of β and βeff
will be further discussed in section 3.3.

2.2 Doppler Feedback - a Main Reactor Safety Parameter

Inherent, prompt, negative feedback to reactivity following a temperature increase
is the most important parameter to assure stable operation of a nuclear core. With-
out such feedback, minor deviations from the desired operation condition might
escalate, threatening core safety. The Doppler effect causes a strong reactivity
temperature feedback. But, as we shall see, its magnitude varies considerably de-
pending on fuel composition.

Large resonances in the neutron capture cross sections of some nuclides, par-
ticularly in 238U give rise to a reactivity feedback on temperature changes due to
the Doppler effect. As depicted in figure 2.2, the cross section varies several orders
of magnitude in the resonance region. With an increase in fuel temperature, the
thermal movement of heavy nuclei becomes more vehement. Due to Doppler effect
between the moving nuclei and the incoming neutron, the resonance peaks in cap-
ture cross section are broadened. The probability of neutron capture increases, for
some nuclides significantly, with rising temperature.

Americium Bearing Fuels

In conventional uranium fuelled cores, the Doppler feedback is very pronounced.
The reason is the large fraction of 238U. Unfortunately, a large 238U-fraction is
in itself no guarantee for Doppler feedback. Studies have shown that, for cores
operating in a fast neutron spectrum, a rather small introduction of americium in
the fuel offsets the effect of 238U, making the Doppler feedback vanish. This is true
both for sodium cooled [24] and for gas-cooled [Paper I] cores utilising oxide fuels.

Table 2.2 clearly shows how the importance of the Doppler effect detoriorates as
more americium is added to the fuel. As indicated, adding 238U does not improve
the situation. The explanation for this is the relatively high neutron capture cross
sections of americium at energies above the 238U resonance region, figure 2.2. Since
a majority of captures take place at energies far above the resonance region, the
fraction of neutrons with energies affected by the Doppler broadened resonances is
too small to have a significant impact on reactivity.
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Figure 2.2: The resonances in the capture cross sections in 238U are very pro-
nounced. Americium show relatively high, non-resonant, cross sections for capture
at energies above the resonance region in 238U.

Doppler feedback should hence not be expected to be significant in fast cores
with fuels bearing more than about ten percent americium [18, 24]. This is true
regardless of 238U-fraction.

Introduction of americium also has large consequences for the effective delayed
neutron fraction as can clearly be seen in the rightmost two columns of table 2.2.
The probability of capture of delayed neutrons in americium is relatively high, as
displayed in figure 2.3. Prompt neutrons on the other hand are less likely to be
captured, since they are born at energies above the capture region in americium.
This results in low relative efficiency of delayed neutrons in inducing fission in
americium bearing fuels.

Please note that the rightmost column in table 2.2 differs from the corresponding
table in Paper I. A mistake was made in calculating βeff in the paper. Fortunately,
the faulty values of βeff does not affect the conclusions of the paper.

The combination of a small Doppler feedback and effective delayed neutron
fraction leads to a small margin to prompt criticality and, at the same time, to dif-
ficulties in the stabilisation of reactivity excursions. Such a condition is dangerous
and is not recommended for critical operation. Cores with large americium content
should therefore be operated under subcritical conditions.
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U Pu Am Zr KD = Tdk/dT βeff
Na He Na He

80 20 -810 (20) -285 (11) 342 (10) 393 (10)
70 20 10 -88 (11) 305 (10)
50 20 30 -20 (20) 0 (14) 204 (11) 198 (11)

20 80 -420 (20) 206 (13)
20 30 50 -20 (20) +10 (16) 143 (11) 152 (11)

Table 2.2: The Doppler reactivity feedback is completely deteriorated by americium
introduction. βeff decreases significantly. The standard deviation of the values are
given in parenthesis. The data for sodium data have been adopted from [24]. Please
note that the values in the rightmost column in the corresponding table in Paper I
are faulty. This table contains the correct values. KD = Tdk/dT is the Doppler
constant.
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Figure 2.3: Fission and delayed neutron spectra for 235U and fission probability for
241Am (JEFF-3.0 [25])

Subcritical Systems

To safely manage fuels for transmutation, high in both americium and curium
content, the suggestion is to construct subcritical cores, where protons from an
accelerator, imping on a heavy metal spallation target positioned in the centre of
the fuel region, acting as the neutron source.

Figure 2.4 displays the EFIT design of a subcritical core proposed by Ansaldo
Nucleare as part of the European Commission project Eurotrans [26]. The core
itself is placed in the bottom of the coolant pool. Above it, the accelerator tube is
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Figure 2.4: The design of the subcritical ETIF-core [26]

seen. The liquid metal heat exchangers are placed on the sides of the tube. The
spallation target is placed in the centre of the core.

The number of neutrons produced in the spallation target per incident neutron
is energy dependent. The most energy efficient neutron production is achieved for
proton energies in a region ranging from 1 to 1.5 GeV [27]. Core size is limited by
the possible size of the spallation neutron source. A reasonable upper power limit
for an accelerator-driven system, ADS, is around 800 MWth [24]. Several design
studies have been performed in the field of subcritical cores. Takizuka et al. pro-
posed a sodium-cooled design [28], Carluec and Anzieau suggested a helium-cooled
design [29] and Tsujimoto et al. presented a core cooled by lead-bismuth eutec-
tic [30]. Different fuels have been considered, but composite oxide and nitride fuels
are the preferred candidates [30, 31]. Typically an accelerator-driven system is ca-
pable of incinerating 20% of the actinide inventory in one irradiation cycle, lasting
around two to three years [30, 32]. Minor actinide burnup is also extensively dis-
cussed in Paper I and Paper II. The decrease in reactivity resulting from burnup
is compensated for by increasing the proton beam current, thus producing more
spallation neutrons. The introduction of burnable absorbers have been suggested
to give a flatter power profile and to reduce the reactivity swing [32]. For safety rea-
sons, the variation in beam power has to be limited, which introduces a limitation
on the cycle length and thus also to the maximum burnup. The suggestions for an
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ideal range for the effective k-eigenvalue of the system varies somewhat. Wallenius
and Eriksson suggest a k-eigenvalue of 0.97 at beginning-of-life (BOL) and 0.95
at end-of-life (EOL) [24]. Tsujimoto et al are a bit more conservative, suggesting
0.95 at BOL, implying a larger margin to criticality [30]. Generally, the limiting
parameter for the burnup is the neutron induced damage in core structures. Intense
research is underway aiming at developing more radiation resistant materials. Ma-
terial damage is also a concern in fusion systems, and the two research communities
are working closely together on this issue.

2.3 Burnup and Transmutation Efficiency

Burnup
The average energy release in a fission reaction is given by the fuel composition.
The energy release varies somewhat between the actinides. For 235U the figure
is close to 200 MeV per fission, for higher actinides, the energy is slightly higher.
The energy release directly gives the consumption of fissile material per amount of
energy produced. Taking 235U as the example. With 200 MeV released per fission,
3.12·1010 fissions are needed to release one Joule. This corresponds to 1600 moles,
or 384 kg of 235U per GWth per year, close to 1 g of 235U per MWd. Once the
efficiency of the power conversion is known, this may instead be expressed as the
consumption of heavy metal normalised to electricity production. Typically, the
figure would then be three times larger, since the thermal efficiency in electricity
production is around 30-35% in today’s nuclear power park.

Fission energy Recoverable
release energy

Fission products 168 168
Fission neutrons 5 5
Prompt γ 7 7
Short lived β 8 8
Short lived γ 7 7
Neutrinos 12 0
γ from (n,γ) 0 ∼5
235U total 207 ∼200

Table 2.3: Energy release from the fission of 235U [33]

In table 2.3 the fission energy release is studied somewhat more in detail, for
the example of 235U. Most of the energy is carried by the fission products as
kinetic energy. With about 2.5 neutrons released per fission with average energies
of 2 MeV, the energy carried by the fission neutrons accounts for 5 MeV. The
prompt release of γ-radiation adds another 7 MeV. Fission product decay produces
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15 MeV as β- and γ-radiation, plus another 12 MeV carried by neutrions from β-
decays. The neutrinos have very low interaction cross sections and do not interact
within the reactor. The neutrino energy is thus lost. These contributions sum up to
195 MeV. On top of that, 5 MeV more is released in (n,γ)-reactions, yielding a total
of 200 MeV per fission. Table 2.4 lists the fission energy release for some nuclides as
given by Duderstadt and Hamilton [22]. The table includes all contributions except
neutrinos and very long-lived fission products. (n,γ) is also not included. In 233U,
235U, 239Pu and 241Pu fission is induced by thermal neutrons, for the other nuclides
in table 2.4, 235U fission spectrum neutrons are assumed to induce the reaction.

Nuclide Recoverable
energy

232Th 184.2±0.9
233U 190.0±0.5
234U 188.9±1.0
235U 192.9±0.5
236U 191.4±0.9
238U 193.9±0.8

237Np 193.6±1.0
238Pu 196.9±0.8
239Pu 198.5±0.8
240Pu 196.9±1.0
241Pu 200.3±0.8
242Pu 200.0±1.9

Table 2.4: Recoverable energy (MeV/fission) from fission in various nuclides, ex-
cluding neutrinos, long-lived fission products and (n,γ) [22]

When discussing burner reactors, the heavy metal consumption is often utilised
as an indictor of the performance. The performance indication is given by the
distribution of the mass consumption between nuclides. In a core dedicated to
transmutation, the main interest is to reach high burnup for the higher actinides,
mainly americium and curium. High burnup of plutonium is not necessarily a goal
for an ADS, since this may be achieved more cost efficiently in other parts of the
fuel cycle, in fast reactors or in thermal cores specialised for plutonium incineration
such as the graphite moderated pebble bed reactors [34].

In the following, the burnup of nuclides will often be expressed as a percentage
of the original inventory. For some nuclides e.g. 238Pu this figure is positive before
an equilibrium in nuclide composition settles. The total figure given expresses the
overall mass change in transuranium inventory, including nuclides which were not
present in the fresh fuel. The strength of presenting burnup this way is that it
translates very easily to the number of recycles needed to transmute all of the
material.
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Alternatively, burnup is presented as the absolute mass, total or by nuclide,
normalised to thermal power production. This way of presenting burnup gives a
clear picture of the composition of the nuclear park in a closed fuel cycle, where
material produced in one reactor type is intended for incineration some place else.

Fission Probability

The basis for the discussion on transmutation efficiency is the fission probability,
expressed as the cross section for fission over the cross section for absorbtion. This
figure is strongly dependent on incident neutron energy. It also varies between
nuclides. Nuclei consisting of an even number of neutrons require incident neutron
energies to be in the MeV-scale to fission. Figure 2.5 displays the fission probabilities
for; 238U, with even numbers of both neutrons and protons; 239Pu with odd numbers
of neutrons and protons and for 241Am formed by an odd number of protons and
an even number of neutrons. 239Pu is fissile in a thermal spectrum, but for both
238U and 241Am neutron capture reactions dominate completely over fission for low
neutron energies. A fast spectrum is required to fission these. Any attempt to do so
in a thermal spectrum would lead to build-up of heavier nuclides. In most cases this
is synonymous with complicating radiation protection, since the higher actinides to
greater extent are sources of neutron radiation, either through (α,n) or spontaneous
fission reactions. This was shown in table 1.3. As was shown, recycling of TRU
in inert matrix Corail-assemblies in a PWR leads, after two recycles, to a neutron
dose from the assembly which is initially 1250 times higher than for plutonium
recycling only in the same fuel. The main contributor, responsible for 99.0% of the
neutron dose originating from the TRU-fuel is 252Cf built from curium. These high
neutron doses make handling of the material complicated. The manufacture of fuel
for further recycles is considered extremely difficult [12, 35].

As a consequence, nuclear cores dedicated to transmutation of minor actinides
should be operated on a fast spectrum. Further, the higher the average neutron
energy is, the more efficient the transmutation becomes. The method to achieve
this is to avoid moderation of neutrons by choosing low-moderating fuel, coolant
and construction materials. In practice there is always a trade off between the need
for a hard neutron spectrum and other aspects, such as core safety. Paper I and
Paper II describe two different transmutation core designs where helium is used
as coolant to achieve as hard a spectrum as possible.

2.4 Physics of Subcritical Systems

Neutron Balance

Transmutation of one nuclide into another occurs through a nuclear reaction. Neu-
tron induced reactions are generally favourised, since chain reactions are possible,
which is a necessity if the transmutation is to make sense energetically.
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Figure 2.5: Fission over absorbtion cross sections ratios for 238U, 239Pu, 241Am and
243Am, JEFF-3.1 data [13, 14]

Some nuclear reactions, such as capture, net consume neutrons, where as reac-
tions such as (n,xn) and fission produce neutrons. Salvatores et al. performed a
study on the neutron balance of transmutations systems [36]. The study, that con-
cerned both transuranium elements and long-lived fission products (LLFP), studied
five systems from ranging from very thermal to very fast spectra. It contains a num-
ber of important conclusions:

• Transmutation of TRU does not pose neutronics constraints for the five sys-
tems studied.

• Fast reactors with a breeding ratio close to zero are the most efficient systems
for transmutation.

• Accelerator-driven systems imply low equilibrium inventories of transuranics.

• LLFP may not be transmuted completely in LWRs due to their poor neutron
economy. ADS are on the other hand capable of incinerating LLFP from a
rather large LWR park.

• The authors did not find any system that allowed transmutation of minor
actinides without separating them from both the stable and the short-lived
fission products first. In theory, this could be accomplished in a pure ADS
park. However, ADS-cores capable of managing this task would consume
70% of their own power production, mainly because of high beam power
requirements. This is totally unacceptable from an economics perspective [36].
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Subcriticality Margin
In general, control rods are not envisaged for shutting down subcritical systems.
The reason is their limited effect on a subcritical core. Since the source is not
affected by control rods, the only effect of inserting them is to make the core more
subcritical. The power decreases, but shut-down is not achieved. As an example,
insertion of -10$ in a subcritical core with keff = 0.98, the power is reduced only by
about 50%. To reduce the power to 20%, a -50$ reactivity insertion is required [37].
Control rods may be used to compensate for burnup of the fuel, thus prolonging
the irradiation cycle.

The subcriticality level has to be chosen in such a way that the largest reac-
tivity insertion possible may be accommodated safely at any core temperature in
a condition when the fuel is the most reactive [38]. The fuel is not necessarily the
most reactive when fresh. Buildup of fissile nuclides raises reactivity. For nuclides
with a critical mass low enough, this may lead to an overall increase in reactivity.
Buildup of the very reactive nuclide 245Cm is a main cause of these effects.

Source Efficiency
In subcritical systems, the neutron source is of fundamental importance. The neu-
trons from the source differ from fission neutrons both regarding their geometrical
and energetic distributions. The difference in energy spectra is visible in figure 2.6,
taken from Paper III, where the source and fission neutron spectra are plotted for
a MOX-fuelled, helium-cooled subcritical core. Especially in the 1-10 MeV-region
there is a large difference between the spectra.

As a consequence of the different characteristics of the two groups of neu-
trons, the likelihood of source neutrons inducing nuclear reactions are also different
from that of fission neutrons. To describe this, the term source efficiency is in-
troduced [39]. Traditionally in studies of accelerator-driven systems, the neutron
source efficiency ϕ∗, denoting the number of neutrons appearing in the system per
source neutron, has been studied. In a proton-driven system, a source neutron
is not uniquely defined. To overcome this, the Seltborg coefficient, ψ∗, was in-
troduced, being normalised to source protons, rather than source neutrons [39].
Apart from the convenience of a unique definition, a main benefit of ψ∗ is its direct
proportionality to the beam power amplification. ψ∗ is, for keff < 1, expressed as

ψ∗ =
(

1
keff

− 1
)
· < FΦS >

< Sp >
, (2.6)

where < FΦS > is the total neutron production by fission in the system and < Sp >
is the total number of source protons.

As will be discussed in section 5.5, there are significant variations in ψ∗ following
changes in core and target geometry and following material changes.
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Figure 2.6: Energy spectra for fission and source neutrons for a helium-cooled,
MOX-fuelled subcritical core





Chapter 3

Tools and Methods

3.1 Monte Carlo Codes

Monte Carlo methods are a class of algorithms based on statistical methods. They
are useful for problems with many degrees of freedom or with large uncertainties
in input. For example, Monte Carlo methods are used in ray-tracing, where the
distribution of light from sources placed in complex computer modelled geometries
are sought. An exact solution to such a problem is hard to attain, given the com-
plexity of the problem. This application is similar to the problems found in reactor
physics, where neutrons are transported in complex geometries. The geometrical
complexity of nuclear reactors has long been the limiting parameter in the use of
statistical methods. But nowadays, computing power is cheap enough to allow for
accurate results in reasonable times, even for full core models.

Monte Carlo N-particle Transport Code (MCNP)
The Monte Carlo N-particle transport code [40], MCNP, is a software developed
by the Los Alamos laboratory for solving neutron transport problems. MCNP is
capable of transporting neutrons, photons and electrons. The energy regime for
neutrons is 10−5 eV to 20 MeV, which makes the code suitable for conventional
reactor calculations, but insufficient for high energy neutron transport e.g. in spal-
lation targets.

Apart from statistical codes, there is a class of softwares known as determinis-
tic codes. These solve the transport equation for the system for average particles,
usually divided into several energy groups. Statistic codes, on the other hand, treat
single particles. MCNP simulates the random behaviour of the transported parti-
cle, recording properties of its behaviour, according to user requirements. These
recorded data are referred to as tallies. Not only direct properties such as particle
energy and direction are recorded, but also derived properties such as interaction
rates with different nuclei and the radiation damage induced in fuel and construc-
tion materials.

27
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Once a large enough number of particles have been simulated, the average be-
haviour of the simulated particles approaches that of the average real particle, with
a statistical uncertainty that is possible to estimate. Unless the results achieved
are to be used as input for further calculations, it is generally sufficient to simu-
late enough particles to assure the statistical error is significantly smaller than the
uncertainties of the cross section data used to describe interactions between the
transported particles and the materials used in the model.

MCNPX

MCNP eXtended [41], MCNPX, is a variant of MCNP, where the high energy
transport code LAHET [42] has been included. In MCNPX 34 particle types may
be transported, including neutrons, electrons, muons, neutrinos, protons, pions,
kaons, deuterons, tritons, 3He, 4He and the anti-particles of relevance. There are
no limitations to particle energies in MCNPX. For neutrons, cross section data are
used to describe interactions where they exist. Traditionally this has meant up to
about 20 MeV. However, efforts are under way to measure cross sections for higher
neutron energies. Above 150 MeV semi-classical models become more applicable,
whereas below this energy, the effects on cross sections from details in the nuclear
structure and quantum effects in the scattering may not be ignored [43].

In the present work, MCNPX has been used to simulate high energy proton and
neutron transport, especially in the modelling of spallation targets.

Monte Carlo Continuous Energy Burnup Code (MCB)

The Monte Carlo continuous energy burnup code, MCB [44], is based on version
4c of MCNP [40]. The code works in two steps. First MCNP is used to calculate
neutron spectra in different parts of the geometry. The spectra are used to calculate
transmutation chains. In the second step, the Bateman equations are solved using
the transmutation trajectory method giving the material composition following
irradiation [45]. Since the changes in composition affects the neutron spectra, the
calculation has to be divided into time steps at which the spectra are recalculated
and the procedure is repeated.

In the beginning of the calculation, at least one short time step is needed due to
the build-up of fission products with high capture cross sections. After about two
days, the concentration of the strong neutron poison 135Xe has reached an equi-
librium. Longer time steps may be utilised from that time on. Thermal neutrons
are especially affected by the build-up of 135Xe, consequently the short initial time
step is the most important when simulating thermal cores.

Increasing the number of time steps or the number of cells where burnup is
considered, makes the MCB-calculation more demanding concerning calculation
time. Thus, simplifications of fuel regions may be required. It is wise to limit the
number of different materials where to calculate burnup. However, unwise choices
of burnup zones or, a too limited number of burnup materials introduced, may lead
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to errors in the calculations. The material compositions are recalculated after each
time step. Even if the material compositions of two cells are identical initially, it
may well be that important differences occur with burnup, especially if there are
large differences in flux between the cell. Unless different materials are explicitly
used in the two cells, MCB will use the composition resulting from burnup averaged
over both cells as input material for the next time step. At high fluence, the error
introduced this way may be significant.

It is also important to carefully consider the time steps utilised. They should
be short enough for accuracy, but long enough to yield decent calculation times.
Fortunately the changes in neutron spectrum with burnup is rather slow, resulting
in acceptable errors from applying long time steps. For example, during the first
two years of irradiation in the helium-cooled core described in Paper III, the
biggest change in a capture cross section is seen in 239Pu, for which the cross
section increases by 7.5%. The largest change in a fission cross section is that for
238U. For this nuclide, the cross section drops by 25% the first two years. It should
be noted that time steps as long as two years are rare. Usually several steps per
year would be used, which was also the case in Paper III.

Uncertainties in Geometries

The strength of statistical methods in neutronics is their flexibility in the description
of three-dimensional geometries. The codes are not only used for core modelling, but
also for example in medicine, when modelling the human body to calculate radiation
doses in cancer therapy. Deterministic codes are usually more limited concerning
geometry description. These are well suited for calculations of conventional cores,
but in general less so for calculations on e.g. exotic fuel designs or spallation
targets. Another advantage of the geometrical flexibility of the statistical codes is
the possibility of studying details in a three dimensional core model. Performing
this is more complex when coupled two- and three-dimensional deterministic codes
are used.

Let us study an example to illustrate the importance of accurate geometry
descriptions. Consider a radially infinite core consisting of MOX-fuel pins, arranged
in a square lattice. In the first case, the pins are described by a MOX-cylinder
surrounded by a zirconium tube representing the cladding. Around the pin, there
is water with a density of 0.7 g/cm3, acknowledging both the lower density due to
the temperature and pressure conditions and the presence of some void. The void
is assumed to be uniformly distributed. In the second case, the entire geometry is
homogenised. The reactor is filled by a smeared out material consisting of MOX,
zirconium and water.

Table 3.1 lists some parameters of the two system descriptions. Both systems
are super-critical since the geometry is infinite and since every pin contains fresh
fuel. Homogenisation of the geometry results in a difference in k-eigenvalue of about
four percent. In this case the main reason for the large difference is the decrease in
neutron leakage in the axial direction in the homogenous core.
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The most striking difference between the two models is clear when studying the
probability of fission in nuclei with an even number of neutrons. 237Np, 238Pu,
240Pu, 242Pu, 241Am, 243Am and 244Cm all show very large differences in fission
probabilities. The average neutron energy is clearly much lower in the heteroge-
nous model, which is expected since this model includes a zone filled with water
that moderates the neutrons before they go back into the fuel zone. In the ho-
mogenous model, moderation is much less efficient, resulting in much higher fission
probabilities.

This simple example shows the importance of a proper geometry description,
as well as it illustrates that over-simplifications of the geometry in a Monte Carlo
calculation should be avoided, even though this speeds up the calculations.

Homogenous Heterogenous
model model

k∞ 1.256 (44 pcm) 1.208 (71 pcm)
Av. neutron E 184 keV 4.9 keV

Nuclide σf /σa σf /σa

235U 0.81 0.74
238U 0.17 0.13

237Np 0.24 0.03
238Pu 0.76 0.19
239Pu 0.85 0.65
240Pu 0.52 0.02
241Pu 0.86 0.75
242Pu 0.48 0.04

241Am 0.15 0.02
242mAm 0.87 0.82

243Am 0.14 0.02
243Cm 0.94 0.88
244Cm 0.52 0.07
245Cm 0.89 0.87

Table 3.1: k-eigenvalues and fission probabilities, σf

σf +σc
, for two simple models of

MOX-fuel, σa = σf + σc

Deterministic codes compensate for self-shielding and would thus not produce
the same results as statistical codes for this kind of example.

When modelling nuclear cores, the uncertainties in geometry is generally not a
main concern. In case there are small deviations in geometrical dimensions between
model and reality, the effect is a change in keff . The variation of keff with changes
in geometry following temperature changes are known to be small for fast spectrum
cores, typically in the order of 1-2 pcm/K [24]. Assuming the thermal expansion
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coefficient of stainless steel to be 18μm/m/K in the temperature region of interest,
an error in the model dimensions in a steel structure introduces an error in the
calculation of keff of about 500 pcm. As the reactor is taken into operation, this
has to be compensated for by alterations e.g. of the fuel. The magnitude in the
change in the amount of fuel would be about the same as the error in keff , 0.5%.
This leads to effects on safety parameters, such as the effect of voiding the coolant
and the Doppler effect. These effects are different for the different parameters, but
none of them should be expected to be very much greater than 0.5%.

3.2 Nuclear Data

Data Libraries

The exchange format used when communicating nuclear data is known as EX-
FOR. The format includes data on neutron, charged particle and photon induced
reactions. Apart from the data itself, the format includes bibliographic data and
information on experimental uncertainties.

There are several groups evaluating EXFOR data, delivering evaluated libraries,
such as ENDF, JEFF and JENDL. During the evaluation process, the experimental
data are critisised, compared and selected. Mathematical models are applied to
complete the data.

The OECD/NEA evaluated data is released under the acronym JEFF, Joint
Evaluated Fission and Fusion files. The American evaluation is ENDF, Evaluated
Nuclear Data Files. Also, the Japanese library, JENDL, the Chinese, CENDL and
the Russian library BROND are often referred to.

Over the years, the evaluated data libraries have improved. More data have
been added and new evaluations have become necessary. Partly this development
have been driven by the shift in research focus among the users of nuclear data.
As research was focused around light water reactors and fast breeder reactors,
there was, most of all, a need for detailed data on uranium, plutonium and on the
fission products. The energy range was limited by the energy released in fission
reactions. For neutron induced reactions, the libraries included neutron energies
up to 20 MeV. In recent years interest in actinide incineration has prompted for
better data for americium and curium, where there have been large uncertainties.
Research on accelerator-driven spallation neutron sources has lead to development
of data libraries for neutron energies up to 150 MeV.

Through out this thesis, JEF-2.2 [46], JEFF-3.0 [25] and JEFF-3.1 [13, 14] have
been used for almost all nuclides in all calculations. In some rare instances, data
from JENDL-3.2 [47] and ENDF/B-VI [48] have been used, especially for nuclides
that do not appear in the JEFF-libraries. Two examples of such nuclides are 60Ni
and 207Pb, both of which appear in ENDF/B-VI. It has been considered more
appropriate to use data from other evaluations, rather than ignoring these nuclides
in material descriptions.



32 CHAPTER 3. TOOLS AND METHODS

For high energies, above 20 MeV, the LA150 [43] library has been used, which
combines data up to 150 MeV with mathematical models where data are missing.
For low energies models are not sufficient, but for high energies they show good
accuracy. In the scope of this work, LA150 was primarily used for spallation target
calculations.

Cross sections
Flux-weighted average microscopic fission and capture cross sections are calculated
according to

σ̄x,i =
∫
σx,i(E)φ(E)dE∫

φ(E)dE
(3.1)

x and i representing the type of reaction and the nuclide, respectively. The
integrations are performed up to the maximum energy of the flux considered. One-
group microscopic cross sections are useful as indicators of the hardness of the
neutron spectrum. Flux-weighted average macroscopic cross sections are calculated
according to

Σ̄x =
∑

i

(σ̄x,i · ni) (3.2)

where ni is the atom density for nuclide i.

Uncertainties in Data
The neutron data libraries are all evaluations of experimental data. Theory and
experiments are combined, resulting in curves fitted to measurements. Naturally,
this makes the libraries different, especially for those nuclides where experimental
data is insufficient.

As an example, comparing four cross section libraries, for the same MOX-fuel
pin as in the previous example, results in very good agreement for most of the
transuranic nuclides. But, in some cases, the differences are significant. See ta-
ble 3.2.

In table 3.2 the data for 242Am are of particular interest. The fission probability
for this nuclide as given from JEF-2.2 data is only half of that given from the other
libraries. The reason is that JEF-2.2 gives a capture cross section around an order
of magnitude higher than other libraries for the average neutron energy in the
MOX-fuel as depicted in figure 3.1. Without stating which library gives "correct"
data, this shows the importance of input data for the final results. Fortunately the
ground state of 242Am is short-lived, 16 hours. Even, rather large errors for this
nuclide in particular does not affect burnup results very much since the nuclide will
always be present in small amounts due to its rapid decay.

On the bottom line of table 3.2, the resulting k∞ is given for the four data
libraries respectively. Small differences are seen, but the four values are all similar.
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JEF-2.2 JEFF-3.0 JENDL-3.3 ENDF/B 6.8 Max diff.
to JEF-2.2

235U 0.75 0.74 0.74 0.74 1.5%
238U 0.13 0.13 0.13 0.13 1.8%

237Np 0.03 0.03 0.03 0.03 6.5%
238Pu 0.18 0.19 0.18 0.17 7.3%
239Pu 0.64 0.65 0.65 0.65 0.39%
240Pu 0.02 0.02 0.02 0.02 4.8%
241Pu 0.76 0.75 0.75 0.76 1.7%
242Pu 0.04 0.04 0.04 0.04 1.8%

241Am 0.02 0.02 0.02 0.02 4.0%
242Am 0.44 0.90 0.88 0.90 104%

242mAm 0.82 0.82 0.84 0.84 2.7%
243Am 0.01 0.01 0.01 0.01 5.7%
243Cm 0.86 0.88 0.87 - 2.6%
244Cm 0.07 0.07 0.06 0.07 18%
245Cm 0.86 0.87 0.87 - 1.1%
246Cm 0.21 0.17 0.17 0.18 16%
247Cm 0.62 0.58 0.68 0.62 9.7%

k∞ 1.20991 (70) 1.20774 (70) 1.21144 (66) 1.20921 (68) 0.18%

Table 3.2: Fission probabilities, σf

σf +σc
, calculated in a MOX-pin with four different

cross section libraries. 243Cm and 245Cm data for fission is lacking in ENDF/B 6.8.
The standard deviations of the k∞-calculations are given in parenthesis.

Hogenbirk et al. made similar calculations for the ADS-designs proposed within the
PDS-XADS project [49]. They show variations in keff in the 1000 pcm range already
for fresh fuel. They expected this figure to grow with increasing burnup, since data
for some of the fission products vary between the libraries. Their analysis showed
that lead, bismuth, 238U and 239Pu are the main contributors to the variations seen.

The example of 242Am shows how there are sometimes significant differences in
the data from different sources. Doubtless, there is room for more research in the
field of minor actinide reaction cross sections.

An extensive comparative study on codes and neutron data for minor actinide
fuelled ADS was undertaken by the NEA in 2002 [50]. A large range of both data
libraries and codes were used to calculate cross sections, multiplication constants,
migration areas, burnup effects, neutron spectra and flux distributions, source
strengths, activity, decay heat, neutron dose, and various safety parameters. The
study show significant discrepancies between the calculations. Differences in the
data libraries are claimed to be the main reason, but the codes themselves are also
pointed out as responsible.

Aliberti et al. conducted a study on the impact of uncertainties in data for ADS-
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Figure 3.1: Capture cross section data for 242Am for four different data libraries.
(JEFF-3.0 and ENDF/B 6.8 are very similar.)

calculations [51]. Their main conclusions are that there are large uncertainties that
must be reduced in order to optimise ADS designs. The data for lead and bismuth
need to be improved, especially regarding inelastic and (n,2n) cross sections. Un-
certainties in the energy range above 20 MeV only play a significant role for lead
and bismuth, which are the most important for spallation target calculations.

Bidaud et al. have benchmarked JEFF-3.0 and ENDF/B 6.8 against exper-
iments with UOX and MOX performed at the Venus facility in Mol [52]. They
conclude that the maximum discrepancies between calculations and experiments
are in the order of 1% for the fuels considered. They also claim, this is to the
largest extent due to problems associated with the resonance region in 238U.

Bidaud et al. have also studied the impact of uncertainties in nuclear data on
keff in a graphite moderated core [53]. The authors claim that the uncertainties in
neutron yield, fission and capture cross sections for fissile material, capture cross
sections in fertile material and scattering in moderators are the most sensitive
for uncertainties in core calculations. This is rather independent on the choice of
reactor concept. They also remind us that uncertainties in keff -calculations is not
the main concern. Rather we should be concerned about the design margins being
large enough to to allow for control of reactivity swings.

There is always an uncertainty in the composition of the fuel used in the core.
Small deviations, in the order of a tenth of a percent should, be expected between
reprocessing batches. The uncertainty in the composition of uranium from en-
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richment is smaller. The errors in parameters heavily dependent on the material
description, such as delayed neutron fractions and the Doppler coefficient, may also
be assumed to be small. Typically their errors are in the same order of magnitude
as the original deviation. There are no reasons to expect any sudden or non-linear,
changes in the parameters following changes in the material composition.

3.3 Calculating β and βeff with MCNP

A method for accurate calculation of βeff in subcritical systems, by using statisti-
cal, Monte Carlo, methods has been described by Klein Meulekamp and van der
Marck, who have also compared the method to various experimental data [54]. The
procedure for calculating β and βeff described below refers to the commonly used
Monte Carlo code MCNP [40], but the principle is applicable also to other statistic
codes.

The delayed neutron fraction, β, given by

β =
¯nud

ν̄
, (3.3)

may easily be calculated from a standard MCNP-run, where both the production
of prompt, ¯nup, and delayed neutrons, ¯nud is given by the summary table. Math-
ematically the neutron production is described by

ν̄ =
∫
ν(E )Σf (r,E )Φ(r,E ,Ω)dEdΩdr, (3.4)

where

E = neutron energy
Ω = solid angle of neutrons
r = neutron position
Φ = neutron flux

Σf = macroscopic fission cross section at position r

ν = average number of neutrons released per fission

The effective delayed neutron fraction, βeff, is given by the number of neutrons
produced in reactions induced by delayed neutrons, divided by the total number of
neutrons produced.

In case χtot(E) ≈ χp(E) and keff adopts a value only somewhat subcritical, keff
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may be used directly to calculate β and βeff according to

β = 1 − k3

k2
(3.5)

βeff = 1 − k3

k1
(3.6)

(3.7)
k1 = kp + kdeff
k2 = kp + kd

k3 = kp

where, kp denotes the prompt neutron contribution to keff ; kdeff the contribution
from delayed neutrons, and kd the contribution the delayed neutrons would have
given if they were to have had the same space and energy distribution as the prompt
neutrons. With this approach, no alterations to the MCNP-code are necessary to
find βeff.

In MCNP, k1, k2 and k3 above are calculated in "k-code" mode. k1 is the k-
eigenvalue resulting from using the "PHYS" card with delayed neutrons turned on.
Transforming delayed neutrons into prompt neutrons, by using the same card with
the "DNB" option set to 0 gives k2. The introduction of a "TOTNU" card with
"NO" as the only entry turns off delayed neutrons in k-code mode, producing a
final k-eigenvalue corresponding to k3.

There is an ongoing discussion on how to apply the kinetic theory of critical
systems on source-driven subcritical systems [55, 56]. This discussion is out of the
scope of this thesis.



Chapter 4

Strategies for Radiotoxicity
Reduction

The issue of long-lived nuclear material and nuclear waste is complex, as there
are no simple "solutions" or even "right answers". To start with, the term nuclear
waste has quite different meanings depending on the fuel cycle strategy chosen. In
the light water reactor once-through fuel cycle, the fuel elements are by definition
waste after irradiation, and should be treated as such. The waste form is ceramic
uranium oxide. However, if the MOX-strategy is applied to recycle plutonium, the
waste definition is different. In this case, waste is produced at the reprocessing
facility, as well as at the reactor. The waste from reprocessing is glass, in which
fission products and actinides are dissolved. The irradiated MOX-fuel assemblies
are also considered as waste, unless multi-recycling is applied, in which case they
are considered a resource. In a fast breeder fuel cycle on the other hand, the spent
UOX-fuel is not at all a waste since it contains plutonium needed to start the fast
breeder reactors.

Taking a close look at the spent UOX-assemblies, or the glass waste form, we
notice that these contain significant amounts of valuable material, such as precious
metals. This again puts the expression waste in perspective.

4.1 Fuel Cycle Strategies

Historical Background

Over the years, a large number of studies have been performed on potential fuel
cycles. In the seventies, a main focus was to design fuel cycles guaranteeing the
fissile inventory to grow faster than the expected growth in electricity consumption.
This may be achieved through efficient breeding in fast spectrum reactors. By
then, electricity consumption had, historically, doubled every twelve years in the
western world [57]. To keep up the same pace in the expansion of the nuclear
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park, reactors would have to breed six percent additional fissile material per year.
Extrapolations from the growth rate of nuclear energy production indicated nuclear
would provide 25% to 40% of the world’s energy demand in the period 2000 to
2030 [58]. Two main factors were considered likely to be determining the pace of
the fast reactor introduction; the rate of nuclear construction and the amount of
plutonium available.

But, the prognoses made thirty years ago did not come true. Several factors
contributed to this. Economically nuclear energy did not show competitive enough
to replace fossil fuels. The two oil price shocks experienced in 1973, following
the Yom Kippur war, and in 1979 following the Iranian revolution, resulted in,
temporarily, high oil prices. But, prices fell back again to low levels in the eighties
and only started rising again in the late nineties. A corresponding slow-down in
the nuclear expansion was also experienced from the mid-eighties.

The slow-down in the nuclear expansion, together with discoveries of more re-
sources, led to a uranium price much below the level projected in the sixties and
seventies. With cheap uranium the need for developing breeder reactors was not as
stressed as it had seemed [59].

However, economics alone is not a sufficient reason for the failure of early prog-
noses on nuclear expansion. At least as important was the change in attitude
towards the nuclear industry. In the late 1970s, the opposition to nuclear power
was growing. Focus was beginning to shift from the promises of the nuclear in-
dustry of cheap, clean, energy to the down-sides of nuclear power [60]. With the
accident at Three Mile Island in March 1979, the criticism intensified and spread
around the world. The accident in Chernobyl seven years later meant the end of
research on advanced reactors in several countries, and led to a definite halt in
nuclear expansion, especially in most western countries. Nuclear development did
continue, especially in China and India, but overall, expansion ceased.

Only recently have the interest for nuclear energy begun growing around the
world. Increasing fossil fuel prices, global warming, and concerns regarding security
of fossil fuel supply are common explanations to the change in policy globally.
With the awakened interest in nuclear power, by some referred to as the nuclear
renaissance, fuel cycle studies are gaining importance. The focus is slightly shifted
as compared to thirty years ago. Today, concerns about uranium supply are not
so prominent in the fuel cycle discussions. The main focus is rather the back
end of the fuel cycle, especially the long-lived nuclides. The recent OECD/NEA
study, Advanced Nuclear Fuel Cycles and Radioactive Waste Management [5], is a
good example of this. This is also recognised in the goals for the Generation IV
project [61], which will be further discussed below 4.3.

4.2 Contemporary Fuel Cycle Discussions

Several broad, international studies have been undertaken during the last years,
concentrating on the back end of advanced fuel cycles. These have been performed
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both by the OECD/NEA [5, 62], and by other parties, like the European Commis-
sion, e.g. with its project RedImpact [4].

The studies are in many aspects very similar. Different scenarios are studied,
usually in equilibrium, where all mass flows are assumed to be in balance. Some-
times transitions from the current situation to the postulated situations are also
included. The equilibrium studies are valuable for comparison of different strate-
gies, but they are in many aspects far from realistic. The transition studies are, in a
way, more realistic. On the other hand, they require a large number of predictions
on the introduction and phase out of different reactors and fuel cycle facilities, and
many thus show to be quite unrealistic as well.

Among recent studies, Advanced Nuclear Fuel Cycles and Radioactive Waste
Management [5] contains the broadest approach. A number of indicators are studied
for each of a dozen scenarios. The indicators range over the entire fuel cycle, but the
majority concern the back end. Interestingly, breeding gain/doubling time, that used
to be the most important indicator in the seventies, is completely absent in modern
fuel cycle studies. The argument is that the stockpiles of depleted uranium and
plutonium available around the world are so large that shortage of fissile material for
the introduction of fast reactors is no longer a concern [5]. Uranium consumption
does appear as an indicator, indicating that there is a concern over the price of
uranium in the somewhat longer perspective.

In the OECD/NEA study, the scenarios are divided into three categories; those
based on current and near at hand technologies; partially closed and fully closed
fuel cycles. The latter is closed for all actinides, while the former is closed for
plutonium, and in some cases, for neptunium. The inclusion of neptunium is for
plutonium proliferation reasons as the manufacture of a weapon from plutonium
requires removal of neptunium. Closure of the fuel cycle for plutonium may be
achieved through multi-recycling of MOX-assemblies. Standard MOX is not suited
for multi-recycling, as the plutonium quality is degraded with irradiation. 239Pu and
241Pu form 240Pu and 242Pu through neutron capture, thus making the plutonium
less reactive. To compensate, the plutonium content has to be increased after
reprocessing of the spent MOX-assemblies. At a content of 12 weight percent,
the plutonium gives a positive void coefficient in light water reactors [59]. By
introducing 235U, the loss of reactivity may be compensated for without raising
the plutonium fraction. MOX-assemblies containing enriched uranium are usually
referred to as MOX-UE or CORAIL [63, 64, 65]. In CORAIL-assemblies, the net
plutonium consumption is 7.2 kg/GWth·year. But, the minor actinide consumption
is only 1.1 kg/GWth·year. The thermal spectrum results in a three times higher
curium inventory as compared to fast spectrum burners [66].

As the aim of this thesis is to discuss strategies for reducing radiotoxicity and
the time perspectives of long-term storages of nuclear material, requiring actinide
incineration, we will concentrate on the third family of scenarios, those assuming full
closure of the fuel cycle. Three strategies for fully closed fuel cycles are discussed;
the use of fast reactors to incinerate transuranic elements produced in the thermal
rectors; the Double Strata strategy, and the pure fast breeder economy. These



40 CHAPTER 4. STRATEGIES FOR RADIOTOXICITY REDUCTION

three are essentially the same that were discussed in earlier OECD/NEA reports
as well [11, 62].

Paper IV discusses fuel cycle strategies in detail. Its main objective is to
examine the impact on the fuel cycle of utilising lead-bismuth eutectic-cooled ADS
compared to helium-cooled ADS.

TRU Burning in Fast Reactors

As was discussed in section 2.3, the requirement for net consumption of actinides is a
fast neutron spectrum, where the cross sections for fission in the even-N nuclides are
comparable to their capture cross sections. Any fast reactor could in theory be used
for transmutation. But, as we have seen in section 2.2, the presence of americium
in the fuel severely deteriorates the safety parameters of the reactor. Apart from
that, the handling of the fuel grows increasingly demanding as americium and,
even more important, curium is introduced. These increase both the γ-activity,
the neutron-radiation, and the heat production significantly. Americium releases
0.1 W/g and curium 2.8 W/g, which means 250 g actinides dissolved in a liter of
water release around 25 W in the case of americium, 100 W for an 88/12% mixture
and 700 W for curium alone. In today’s reprocessing plants, the dissolved fission
products release up to 10 W/l [35].

According to Tommasi et al., the upper limit for homogenous loading of minor
actinides in large fast reactors is 2.5% of the fuel inventory. With heterogenous
loading, where the minor actinides are placed in special irradiation targets, a some-
what higher mass fraction is possible [18]. As discussed in Paper IV, already 2.5 %
minor actinides is more than the equilibrium level in fast reactors. Figure 4.1, from
Paper IV, displays the projected minor actinide content of the fast reactor fuel.
As seen from the figure, there is some margin to increase the minor actinde content
in the fast cores to transmute americium and curium from thermal reactors.

An interesting, somewhat unconventional approach to the recycling of nuclear
material in fast reactors is that of Takaki et al. [67] They suggest cumbersome nu-
clides to be removed from the spent fuel rather than separating the actinides. Nu-
clides acting as neutron poisons in the core must be removed, while non-poisonous
fission products may be allowed to remain in the recycled material. This approach
also allows retrieval of valuable metals such as rhodium, ruthenium and tellurium
from the spent fuel. According to the authors their, so called, Orient Cycle may
reduce the high level wastes, HLW, just over a factor ten as compared to the HLW
mass produced at reprocessing today.

Double Strata

The Double Strata strategy for the nuclear fuel cycle was originally suggested by
Murata and Mukaiyama [68]. Their main idea is to divide the fuel cycle into
two strata, thereby separating the minor actinide management from the power
production. In the first stratum, thermal reactors are used to produce energy. As
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Figure 4.1: Minor actinide content in the fuel of the fast reactors in the Fast breeder
economy-scenario of Paper IV

much plutonium as feasible is recycled in thermal reactors. Remaining plutonium
and the rest of the spent fuel is passed on to the second stratum, where dedicated
burner reactors incinerate long-lived material.

Through this division, the first stratum is kept free from minor actinide han-
dling. This implies a reduced number of facilities involved in the second, much more
complex, stratum. The philosophy is to keep as large a part as possible as simple
as possible to limit negative impact on power production from the second stratum
activities where more frequent interruptions in operations may be accepted.

Would they be needed, fast breeder reactors are introduced in the first stratum.
At this stage plutonium recycling in thermal reactors ceases, the plutonium being
reserved for the breeders. The thermal reactors may eventually either gradually be
phased out, or, if they show to still be competitive, remain as an integrated part of
the first stratum.

An advantageous aspect of the Double Strata fuel cycle is its flexibility. In
practice it could be thought of as a transition fuel cycle, where constant change
is an important aspect. At Double Strata introduction, the entire nuclear park
consists of conventional thermal reactors. The introduction of actinide burning
systems gradually reduces the amounts of legacy wastes. With the introduction
of fast reactors for power production, the need for dedicated burners eventually
disappears. As the stockpiles of actinides produced historically by thermal reactors
diminish, the accelerator-driven systems may be phased out. In the long to very
long term, the nuclear park is converted into a pure fast reactor park.
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The Double Strata philosophy is also well suited for international approaches
to parts of, or the entire, fuel cycle. Facilities like aqueous reprocessing plants
and ADS technology imply huge economical undertakings. Large reactor parks
are required for these to make sense economically. Therefore, the development of
regional facilities for the back end of the fuel cycle seems beneficial [66].

Fast Breeder Economy
With fissile material being limited, the once-through strategy is clearly unsustain-
able. Eventually, the poor economics of utilising not more than a fraction of the
mined uranium will lead to unacceptably high prices. This is the traditional reason
to why fast breeder reactors, using the resource much more efficiently, have been
the long term goal of nuclear development ever since the early days. The expected
date of fast reactor introduction has always been some tens of years in the future
though. Being the long term vision, the pure fast breeder economy often appears
in scenario studies as a reference case. Even though fast reactors will most likely
become part of a future nuclear mix, the replacement of all thermal reactors for
fast reactors must be assumed to lie very far in the future.

4.3 Generation IV

The aim of the international Generation IV Initiative, Gen IV, is to design a reactor
that will meet a set of goals, one of which concerns the closure of the nuclear fuel
cycle. The reactors of Gen IV shall minimise nuclear waste [61]. In practice this
implies closure of the fuel cycle with respect to the actinides.

Among the six concepts chosen by the Gen IV International Forum, only the
three fast spectrum cores; SFR, LFR and GFR; offer the potential of fully closing
the fuel cycle for even-N actinides. The other three concepts; VHTR, SCWR and
MSR; are all thermal or epithermal. The neutron energies are too low for a full
fuel cycle closure. They require support from fast reactors in the nuclear park. At
the best, they may show to reduce somewhat the number of fast reactors required
to transmute the transuranic elements produced in LWRs [69].

The Gen IV design most related to this work is the Gas-cooled Fast Reactor,
GFR. It is one of the most promising Gen IV concepts, since it meets the design
objectives very well. Integral actinide recycling, without separation of individual
actinides, is possible. The GFR is fed by natural uranium or depleted uranium.
Plutonium produced through internal breeding is the primary fuel.

One of the Gen IV design objectives is to increase the proliferation resistance of
the fuel cycle. To meet this goal, breeding blankets are avoided in the GFR-design.
The aim is a conversion ratio equal to one. Further the fissile fuel inventory is
limited to 20% [70].

The upper limit for the fuel temperature in the GFR is 1200 ℃ during normal
operation and 1600 ℃ during accident conditions. Carbides and nitrides are in-
vestigated as fuel candidates. U/Pu-carbide melt around 2420 ℃, U/Pu-nitride at
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Core power density MW·m−3 100
Core pressure drop bar 0.44
(U, Pu)C/coolant vol. frac. % 22.4 40
TRU content % 15.2
Pu inventory t/GWel 8.2
Core management efdp 3·831

BOL EOL

Doppler constant pcm -1872 -1175
Void worth pcm 212 253
βeff pcm 388 344

Table 4.1: Properties of the GFR core design [73]

about 2780 ℃. Both have high heat conductivity compared to oxide fuels [70]. Ox-
ide fuels moderate the spectrum more than nitrides and carbides. In a gas-cooled
core with high leakage, they do not provide enough breeding unless a blanket is
used, which is not envisioned in the GFR for non-proliferation reasons. A coolant
volume of 40-50% in combination with a specific power in the 50-100 MW/m3 re-
gion is envisioned. The large coolant volume implies that the actinide content of
the fuel has to be at least 50%. This is at the limit of what is achievable with
coated particles. Thus, the reference fuel choice is a SiC-plate fuel in which fuel
pellets are arranged in a triangular lattice, the plates themselves being arranged i
hexagonal assemblies [70]. This fuel is referred to as the Caramel fuel.

The reference GFR-core is designed for a maximum power of 2400 MWth [71, 72].
The net efficiency in the power conversion ranges from 48.2% for the direct Brayton
cycle, to 45.1% for an indirect cycle with a mixture of N2 and helium on the
secondary side. The latter option allows for the use of industrially avaliable gas
turbines [73]. Some properties of the GFR are collected in table 4.1.

The loss-of-pressure accident is partly managed by the utilisation of a pres-
surised containment. At 25 bar, only one of three decay heat removal trains need
to be operational to cool the core by natural helium circulation [74].





Chapter 5

Gas Cooling of Accelerator-Driven
Systems

5.1 Motives for Helium Cooling

Gas cooling of subcritical cores dedicated to actinide transmutation is an interesting
alternative to liquid metal cooling. Liquid metals are indeed associated with favor-
able properties such as high thermal conductivity and high density. But, there are
drawbacks pertaining to liquid metals such as the incompatibility of air and water
with sodium and the corrosion problems associated with lead and lead alloys.

From a pure core physics perspective, helium is interesting since it is practi-
cally transparent to neutrons, providing conditions for neutron spectra harder than
possible in metal cooled systems. Figure 5.1 from Paper III displays the neu-
tron energy spectra in an LBE-cooled and a helium-cooled subcritical system. The
main difference between the two spectra appears in the region above 1 MeV, where
the neutron population for some energies in the helium-cooled core is considerably
higher than that of the LBE-cooled core.

From a neutronics perspective, other noble gases are potential coolant candi-
dates. It shows though that for thermo-hydraulics reasons, the heavier noble gases
are not feasible. Already neon requires a much higher pumping power than helium,
while exerting larger forces on the fuel. Neon is therefore not likely to be used as a
reactor coolant [75].

Table 5.1 summarises physical properties of some coolants. The first two lines
in the table state the temperatures and pressures for which the coolant properties
are given.

5.2 Safety

The main disadvantage of helium utilisation is its low density at ambient pres-
sure, which implies the need for high pressure operation to assure heat removal.
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Figure 5.1: Fission neutron energy spectra for an LBE- and a helium-cooled ADS

H2O CO2 He Na LBE
T 573 753 823 723 700 723
p 15·106 4·106 7·106 10·106 0.5·106 no data
ρ 700 28.4 4 6.8 850 10150
CP 5300 1155 5200 1380 146
μ 0.9·10−4 3.2·10−5 4·10−5 3.65·10−5 2.6·10−4 1.4·10−3

k 0.535 0.055 0.305 0.28 70 no data

Table 5.1: Density, heat capacity, viscosity, and heat conductivity for some coolants,
given assuming some common operational temperatures and pressures [76, 77]. SI-
units are used: K, Pa, kg·m−3, J·kg−1·K−1, kg·m−1s−1, W·m−1K−1

Typically fast helium-cooled reactors are designed to operate at pressures around
8 to 12 MPa [76]. In that regime, a loss of pressure, or flow, might lead to severe dif-
ficulties in decay heat removal. Several approaches have been suggested to address
this issue, including nitrogen emergency cooling and the introduction of separate
cooling circuits, called cold fingers [78, 79].

The coolant mass flow through the gas-cooled core is linearly proportional to
coolant pressure. Even though the decay heat produced in the core after shut-down
is just a few percent of full power, a pressure drop from 8 to 12 MPa to ambient
pressure means the cooling capacity is reduced by two orders of magnitude. Would,
on top of the pressure drop, the gas circulation cease, the cooling capacity is further
reduced.

These two, critical, states of a gas cooled system are referred to as loss-of-
pressure (LOP) and loss-of-flow (LOF). The potential for either of them, or in the
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worst case both, occurring is a main design concern for gas-cooled reactors.

5.3 Two Approaches

Paper I and Paper II describes two approaches of designing a helium-cooled ADS.
In the first design, referred to as GCADS, the philosophy has been to increase the
coolant fraction as much as possible, thereby allowing for a lower working pressure,
relieving somewhat the concerns associated with a loss-of-pressure accident. The
design is traditional, based on pins and assemblies. The excellent neutron economy
of plutonium has been utilised to compensate for the neutron leakage resulting as
a consequence of the large coolant introduction.

In Paper II, the idea behind the design, hereafter referred to as TiN because of
its titanium nitride fuel matrix, is the principle of a forgiving system. By allowing
the maximum temperature to be very high, the need for heat removal by helium
circulation is reduced. Instead, to a large extent, emergency cooling relies on heat
radiating from the core.

Coated particle fuels are known to withstand very high temperatures. Such fuels
have been developed for thermal reactors based on SiC. In the context of trans-
mutation, a reprocessable coating material would have to be introduced. Titanium
nitride coated particles have been suggested by JAERI and ANL for critical burner
reactors [80, 81].

Naganuma et al. have shown that, in a fast reactor with TiN-coated particle
fuel in tube-type assemblies, core melt down can be avoided even during a loss-of-
pressure accident, relying on natural circulation only. This is possible also without
immediate scram [82]. The fuel concept proposed by Naganuma et al. was adopted
for the design described in Paper II. A core with a design similar to the Japanese,
but fuelled with SiC-particle based fuel, was suggested by van Rooĳen et al. [83].

Stacey et al. have proposed helium-cooling of subcritical cores dedicated to the
transmutation of minor actinides [84, 85, 86]. They propose, however, the utilisation
of a fusion neutron source rather than, as in this work, a spallation source. Stacey
et al. use SiC-coated particles, which represent a more mature technology than do
TiN-coated particles.

Core Characteristics
The two core-concepts proposed are both assumed to be fuelled with transuranium
elements from spent LWR-MOX that was left to cool for seven years before reloading
into the ADS. Table 5.2 lists the isotopic compositions of plutonium, americium and
curium respectively. The fractions of the three elements are varied in the design of
the fuel to achieve the desired core characteristics.

Apart from the geometry and composition of the fuel, the main difference be-
tween the two concepts is the thermal power. In the GCADS-design, the power is
limited to 570 MWth, where as in the TiN-design, 800 MWth is allowed. This of
course has consequences for both heat removal and burnup.
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Nuclide Mass Nuclide Mass Nuclide Mass
fraction fraction fraction

238Pu 5.1% 241Am 66.6% 244Cm 87.3%
239Pu 37.9% 243Am 33.4% 245Cm 12.7%
240Pu 30.3%
241Pu 13.2%
242Pu 13.5%

Table 5.2: The fuel in both designs is composed of spent MOX after seven years
of cooling. Actinindes present in small amounts are neglected. The mass fractions
of the remaining nuclides have been adjusted accordingly. The fractions of the
individual elements vary depending on fuel design.

Safety Performance

The GCADS-design discussed in Paper I is capable of handling a protected loss-
of-pressure accident, where the chain reaction is interrupted so that only decay heat
removal need to be addressed. Similarly, the design is such that natural circulation
is sufficient to remove decay heat at normal operating pressure. The design is not
capable of handling both of these events simultaneously, which must be considered
as a main disadvantage.

For the TiN-design, extensive analyses were performed within the Japanese
programme on innovative fast reactor fuels. Naganuma et al. [82] and Satu et
al. [87] show that for fuel assembly powers up to 5.26 MWth the temperature of
the fuel stays below 2500 K during a combined LOP and LOF accident. The core
described in Paper II contain 204 fuel assemblies. With a radial power peaking
of 14%, the maximum assembly power is 4.5 MWth, well below the limit given by
Naganuma et al.

5.4 ADS in the Fuel Cycle

Power Peaking

The thermal power of the transmutation core is limited by the temperature in the
hottest position. This temperature may either be altered by varying the coolant
flow or the thermal power in the fuel.

In order to maximise the burnup of the fuel and thereby the incineration of minor
actinides per irradiation cycle, the core should be designed so that the neutron
power is as evenly distributed as possible over the core. In practice, this means the
fuel should be more reactive close to the rim of the core, where the neutron leakage
is high. In an accelerator-driven system, with a strong neutron source in the centre
of the core, this is an even greater concern than in critical cores.
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Figure 5.2: The proton current required for the TiN-design initially decreases due to
the build-up of 245Cm. In the end of the irradiation period, the current is increased
to compensate for fuel burnup.

Burnup Performance

The irradiation cycle of the accelerator-driven system is limited by the power of the
proton beam impinging the spallation target. For safety reasons there are limits to
the increase in beam power.

In the GCADS-design the proton beam power was allowed to double before
irradiation was interrupted. In the TiN-design, the build-up of 245Cm is larger
which leads to an initial decrease in the need for source neutrons. To increase the
safety margins, the beam power was limited to 150% of the initial value for this
design. Figure 5.2 depicts the proton current requirement through the irradiation
cycle of the TiN-design.

This gives the TiN-design an irradiation period of 1150 days, during which 31.2%
of the initial actinide mass of 2924 kg is fissioned. The corresponding actinide con-
sumption is 362 kg/GWth·year. Only 7 kg of the consumption concerns plutonium.
The minor actinide consumption is thus 355 kg/GWth·year. As a comparison, Tak-
izuka reports a total minor actinide burnup of 305 kg [88] and Wallenius 331 to 356
kg of minor actinides per GWth per year [24].

For a fuel burnup of 43.5 GWd/tHM, the minor actinide production in an LWR
is 16.5 kg/GWth·year [11]. Assuming an availability for ADS of 70% and 90% for
LWR the 31.2% burnup of the TiN-design corresponds to a support ratio for minor
actinide incineration of 1 GWth of ADS required per 17 GWth of LWR.

The GCADS-design yields a harder neutron spectrum than what might be
achieved in the TiN-design. Curium production through neutron capture in ameri-
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cium is thus minimised. Limiting the curium production is a main goal in the design
of transmutation systems. The paradox, however, is that some build-up of curium
is very beneficial for maintaining reactivity. Thus curium build-up may prolong the
irradiation period, leading to an overall increase in total actinide burnup. Conse-
quently, the GCADS-core, where curium build-up is limited, is associated with a
much quicker drop in reactivity than is the TiN-core. To deal with this, a scheme
for altering the reflector to increase reactivity is applied for the GCADS-design,
as described in Paper I. At the beginning of the fuel cycle, BOC, absorbing ele-
ments are placed around the core to limit the neutron flux. As the fuel is consumed
and reactivity drops, absorbing elements are removed to give room for reflecting
elements. The irradiation period is prolonged considerably as the k-eigenvalue is
raised from 0.94 back to 0.97 no less than four times. Eventually the radiation
damage induced in the construction material sets a limit to the irradiation. The
highest dose rate received by steels in the GCADS-core is 44 dpa annually. Tita-
nium stabilised cladding steels such as 15-15Ti have shown acceptable swelling up
to doses of 150 dpa, the expectation being that 180 dpa will be possible following
minor optimisation [89]. The design choice is to interrupt the irradiation after 1400
effective power days, to leave some margin to the 1500 days which would be the
theoretical limit given by the induced radiation damage.

At the end of the irradiation cycle, EOC, the average actinide burnup in the
GCADS-core is 19.1%, significantly lower than for the TiN-core. However, the
specific minor actinide consumption is similar, 352 kg/GWth·year. Further, the
actinide vector is more promising in the GCADS-case, with lower build up of even-N
nuclides. Table 5.3 compares the transmutation performance of the two designs.

Nuclide GCADS TiN
238Pu +56% +463%
239Pu -33% -58.5%
240Pu -8.2% -8.1%
241Pu -40% -53.1%
242Pu -0.76% +43.8%
241Am -33% -63.8%
243Am -27% -54.7%
244Cm +0.03% +22.1%
245Cm +0.68% +19.2%

All actinides -19.1% -31.2%

Table 5.3: Evolution of the actinide vector during irradiation in the two ADS cores
proposed
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Scenario studies with helium- and LBE-cooled ADS

As has been shown, the helium cooled ADS described in Paper II have promising
burnup characteristics. In Paper IV, fuel cycle studies have been performed where
the GCADS has been compared to the LBE-cooled ADS designed by Ciemat [90, 91]
Three scenarios have been studied.

The first scenario is an advanced nuclear phase out scenario where a park of
light water reactors, PWR, have, over the years, produced an inventory of long-lived
waste which is recycled in an ADS, dedicated to transmuting actinides, thereby
reducing the radiotoxicity of the material sent to geological repository. At the
beginning of the scenario, ten 1200 MWel PWRs are commissioned over a period of
ten years. These operate for 50 years and are then replaced by a second generation
of another ten PWRs, producing power for 50 more years. After 110 years, the
last of the PWRs is decommissioned. Starting from year eleven, when enough
recycled plutonium is available, the PWRs are to a part loaded with MOX, which
minimises the amount of plutonium leaving the PWR park. This loading pattern
is maintained until the end of the PWR campaign. Sixty years into the scenario,
the first subcritical ADS core is commissioned to transmute the actinide inventory.
The second ADS is started five years after the first one. Some years into the 22nd
century, the last ADS is decommissioned and nuclear power is phased out. The
number of ADS cores is varied as part of the analysis. With one ADS deployed,
the MOX fraction of the PWR park is limited to 18%. With three ADS cores, the
maximum fraction should be limited to 17% to leave enough plutonium for start
up of the ADS park.

The double strata scenario describes a transition from a PWR park, via ADS,
to a fast breeder economy. The scenario begins by the gradual introduction of
ten 1200 MWel PWRs. These are decommissioned at the end of their 50 year
life-time. The decommissioning stretches over a ten year period. At the time of
decommissioning of the first five cores, between years 51 and 55, fast reactors are
not assumed to be commercially available. The first five PWRs are replaced by a
second generation. From year 56, fast reactors are assumed to be available to replace
the last five PWRs as these are decommissioned. The fast reactors are assumed to
have a life-time of 60 years. As they retire, new fast reactors replace them. The
resulting scheme for reactor introduction effectively includes three generations, the
first a pure PWR park, the second a mix of PWRs and fast reactors and the third
finally a pure fast reactor park, which produce constant power infinitely. Beginning
in the 60th year of the scenario, a series of ADSs are deployed every five years
to transmute the actinides originating from PWR operations. As these cores are
decommissioned, the nuclear park consists only of the fast reactors, capable of
incinerating their own minor actinide production. Also in this scenario, different
options for the number of ADS cores are investigated.

In the fast breeder economy scenario, the ten PWRs are replaced with fast
breeders as rapidly as allowed by the available plutonium inventory, starting in
the fiftieth year. The minor actinides produced by the PWRs are sent to the
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PWR PWR Fast reactor ADS ADS
UOX MOX LBE He

Power (MWth) 3600 3600 3000 320 800
Power (MWel) 1200 1200 1200 150 320
Load factor (%) 90 90 90 70 70

Fuel UOX MOX MOX TRU-N TRU-N
ZrN matrix TiN matrix

Fissile HM frac. (%) 4.2 8.5 25.9 100 100

Core inventory (t) 118.3 118.3
36.3 (core)

3.15 2.9710.8 (rad. bl.)
14.4 (ax. bl.)

Coolant Water Water Sodium LBE Helium
Irr. cycle 5·1 a 5·1 a 5·1 a 482 d 1150 d
Life time (a) 50 50 60 60 60

Table 5.4: Properties of the cores used for the scenario studies in Paper IV
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Figure 5.3: The most important minor actinide transmutation chains in ADS cores

geological repository as vitrified waste together with the fission products. Sodium
fast reactors on the other hand are capable of incinerating minor actinides as long
as their fraction of the core inventory stays below 2.5% by mass [18]. As was shown
in figure 4.1, this is sufficient to recycle actinides arising from the fast reactors in the
fast reactor park itself. After retirement of the PWR park, the actinide inventory in
the fast breeder economy is in theory stable. In this scenario though, some breeding
is assumed and the inventory slowly increases. Some important properties of the
reactors used in the scenarios are summarised in table 5.4.

Figure 5.3 displays the two main minor actinide transmutation chains in an ADS.
The rightmost one is of particular importance since it is building heavy actinides,
causing radiation and material handling issues.
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Figure 5.4: Inventories of curium nuclides in the helium-cooled ADS, operating in
the phase out scenario

In figures 5.4 and 5.5 the inventories of 244Cm and 245Cm are plotted over time
for the helium- and LBE-cooled ADS-designs respectively, when operating in the
phase out scenario.

A clear difference may be seen between the two cores. While the relative levels of
the two curium nuclides stabilise after about 23 years in the helium-cooled design,
the relative amount of 245Cm in the LBE-cooled case keeps increasing throughout
the life-time of the core. The early stabilisation of the curium inventory is a clear
advantage of helium-cooling over LBE-cooling of ADS.

In order to compare the three scenarios, and the effect of introducing cores
dedicated to minor actinide transmutation, the inventories of plutonium, americium
and curium are plotted in figures 5.6, 5.7 and 5.8. In all three figures, the case of
large ADS-introduction is considered.

In the phase out scenario, the ADS park stabilises the inventories over the years
the subcritical reactors operate. However, when the ADS cores are decommissioned,
the amount of minor actinides remaining is still comparable to the amount produced
by the PWRs up to the point of ADS startup. The effective result is a halt in the
increase in minor actinide inventories. Comparing the double strata scenario to the
fast breeder economy scenario, reveals only slight differences in the inventories of
the three elements. Recalling that the full capacity of transmutation in the fast
breeders was not used in either of the two scenarios indicates that the americium
and curium inventories may be lowered if desired.

Finally, the resulting radiotoxic inventories for the scenarios have been studied.
The comparison is not easy since the phase out scenario has a clear end, where as
the other two scenarios have been studied for 500 years, without actually coming
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Figure 5.5: Inventories of curium nuclides in the LBE-cooled ADS, operating in the
phase out scenario
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Figure 5.6: Plutonium inventories in the three scenarios studied. For the ADS
scenarios, both inventories with helium- and LBE-cores are plotted.
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Figure 5.7: Americium inventories in the three scenarios studied. For the ADS
scenarios, both inventories with helium- and LBE-cores are plotted.
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Figure 5.8: Curium inventories in the three scenarios studied. For the ADS scenar-
ios, both inventories with helium- and LBE-cores are plotted.



56 CHAPTER 5. GAS COOLING OF ADS

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
8

10
9

10
10

10
11

10
12

10
13

TiN DS (in cycle)

TiN DS (geo. rep.)

LBE DS (in cycle)

LBE DS (geo. rep)

FR economy (geo. rep.)

Once through eq

Rad. tox.

(Sv)

Time (a)

Original U (TiN DS)

Figure 5.9: Radiotoxic inventories resulting from the double strata and fast breeder
economy scenarios, compared to an equivalent electricity production in a once-
through fuel cycle

to their ends there. In figure 5.9, the radiotoxic inventories accumulated in the
geological repositories in the double strata and fast breeder scenarios are compared
after 150 years. For the double strata scenario, also the radiotoxicity of the material
remaining in the fuel cycle is plotted. For comparison, the corresponding radiotoxic
inventory of producing the same amount of electricity under a once-through strategy
is also plotted.

The main difference between the double strata and fast breeder scenarios is
that the fast breeders scenario produce a higher radiotoxic content of the geological
repository from about 100 to 30 000 years after disposal. This is an effect of the
direct disposal of minor actinides produced in the PWRs in the fast breeder scenario.
In the ADS scenario, minor actinides from the thermal reactors are included in the
transmutation strategy. As has been mentioned, this would be a possibility also in
the fast breeder scenario. Doing so would decrease the difference between the two
scenarios.

5.5 Source Efficiency

Model Descriptions
In order to take a close look at the source efficiency of helium and LBE-cooled ADS,
two core models have been studied, as described in Paper III. In each model, two
kinds of fuel have been used; MOX and TRU-fuel with the nuclide composition from
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Figure 5.10: The helium-cooled core (left) has a smaller radius, but is higher. The
fuel assemblies are larger in the LBE-cooled core (right). Both models are based
on the designs developed within the PDS-XADS-project. Core radii have been
adjusted to give keff =0.97. Both models are heterogenous.

spent MOX, cooled for seven years. Table 5.5 show the material compositions used.
The models for the two different coolants require somewhat different geometries.
These follow the designs developed within the PDS-XADS project under the fifth
European framework programme [2]. Both designs are 80 MWth and of similar
physical size [92, 93]. Table 5.6 gives some important geometrical parameters for
the two different core models used.

The reflector was simplified in the models and was replaced with a homogenous
material with density and composition corresponding to the lattice of steel pins
making up the real reflector. In the base cases, the radius of the spallation target
was kept at 20 cm as in the PDS-XADS designs [92, 93]. The effect of varying the
radius in the 20 - 40 cm range was examined as part of the study. The magnitude
of this effect is compared to the effect of the coolant and fuel changes.

All core setups have keff close to 0.97. In the MOX fuelled cores this is achieved
by adjusting the core outer radius so that the desired level of subcriticality is
reached. For the TRU-fuel models, the radii used in the corresponding MOX cores
were kept. Instead, reactivity was managed by altering the inert matrix fraction of
the TRU-fuel. A matrix mass fraction of 45% was used for the helium-cooled core.
In the LBE-case, 41% was needed to achieve keff =0.97. The two simplified models
used for the calculations are shown in figure 5.10.

Results

The cases modelled yield very varying proton source efficiencies. Both changes
in fuel and coolant result in significant effects. The calculated values of ψ∗ are
collected in table 5.7.



58 CHAPTER 5. GAS COOLING OF ADS

MOX (%) TRU (%)
235U 0.42 -
238U 76.47 -

238Pu 0.09 2.00
239Pu 16.00 15.16
240Pu 5.64 12.14
241Pu 0.60 5.29
242Pu 0.27 5.40

241Am 0.51 33.30
243Am - 16.68
244Cm - 8.74
245Cm - 1.30

Table 5.5: Nuclide compositions of the two fuels examined. MOX refers to the
mixed oxide fuel proposed in the XADS project [93]. TRU refers to a typical
equlibrium Pu-Am-Cm composition in an LBE-cooled core dedicated to actinide
transmutation. ZrN is used as matrix in the latter case.

He LBE
Assemblies 90 120
Pins 3330 10800
Pin P/D 1.29 1.58
Pin diameter (mm) 13.0 8.50
Pellet internal diameter (mm) 3.2 1.8
Core radius (mm) 645 830
Core height (mm) 1500 870

Table 5.6: The two XADS-designs differ in geometry, the most important difference
being that P/D is larger in the LBE-cooled core.

He-MOX LBE-MOX He-TRU LBE-TRU
ψ∗ 19.4 16.8 16.8 15.2

-13% -13% -22%
Z 13.5 12.5 13.5 12.5
ϕ∗ 1.43 1.35 1.24 1.22

-6% -13% -15%

Table 5.7: ψ∗ for the four cases studied and the relative difference to the He-MOX
case. Z denotes the number of neutrons produced per incident proton.
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Analysis

Table 5.8 shows the macroscopic cross sections for fission and capture in the four
cases studied for fission and source neutrons respectively. The relative differences in
the cross sections for fission and source neutrons are very important for the proton
source efficiency. Generally, high fission cross sections and low capture cross section
for the source neutrons in comparison to the fission neutrons result in high proton
source efficiency.

Several interesting observations can be made from table 5.8. By looking at the
changes in cross sections when changing the fuel and coolant, the reasons for the
observed changes in ψ∗ may be traced.

Σf Σc

Model Fission Source Relative Fission Source Relative
neutrons neutrons difference neutrons neutrons difference

He-MOX 37.0 34.2 - 7% 37.8 38.6 2%
LBE-MOX 28.9 27.7 - 4% 33.2 36.4 9%

He-AcN 53.5 46.7 -13% 71.7 74.9 5%
LBE-AcN 35.5 31.5 - 11% 48.9 54.7 12%

Table 5.8: The macroscopic cross sections for fission and source neutrons respec-
tively for the four cores and the relative differences. There is a pattern in the figures
corresponding to the variations in ψ∗ observed. High cross sections for source neu-
tron capture in combination with low fission cross sections result in poor source
efficiency as displayed in table 5.7.

When the coolant is changed from helium to LBE, the cross sections for fis-
sion induced by fission neutrons increases in comparison to the cross sections for
source neutrons. This suggests that ψ∗ would increase when changing the coolant.
However, the observed changes are the opposite, ψ∗ decreases by around 10%. The
reason for this is found in the cross sections for capture. When LBE is utilised as
coolant, the capture cross sections for source neutrons are significantly higher than
in the helium-cooled cases relative to the fission neutron capture cross sections. For
the MOX-fuelled core, the difference increases from 2% to 9%, for the TRU case,
from 5% to 12%. Apparently, this effect is large enough to counteract the change
in the fission cross sections.

The main contributors to the capture cross sections are 238U in the MOX-fuel,
and 241Am and 243Am in the TRU-fuel. The explanation for the relative changes
in capture cross sections arises from slight shifts in the neutron energy spectra
following the change of coolant. LBE moderates fast neutrons through inelastic
scattering to a higher extent than helium does, and consequently, gives a softer
spectrum. Figure 5.11 shows how the microscopic capture cross sections vary for
the three nuclides of interest. It should be noted that the gradients of the cross



60 CHAPTER 5. GAS COOLING OF ADS

10
5

10
6

10
7

10
-2

10 -1

10
0

10
1

U

Am

Am

(eV)

C
a
p
tu

re
 c

ro
ss

 s
e
ct

io
n
 (

b
a
rn

)

Incident neutron energy

238

241

243

Figure 5.11: Capture cross sections for 238U, 241Am and 243Am.

sections are quite steep at neutron energies above 1 MeV.
Changing the fuel, for the same coolant also, gives an effect on ψ∗. When

replacing the MOX fuel with TRU-fuel, 238U is replaced by, mainly, americium.
The effect is that the relative differences in cross sections between fission and source
neutrons increase significantly for both fission and capture. These changes both act
towards a lower ψ∗ for the TRU-fuel, just as observed (table 5.7). It is not quite clear
which changes in the neutron spectra that cause the changes in the capture cross
sections. However, it is clear that the difference in capture cross sections for the
fission and for the source neutron spectra is larger when americium is dominating
the fuel.

The explanation for the changes in the fission cross sections also arises from the
substitution of 238U for 241Am and 243Am. Figure 5.12 shows how the microscopic
fission cross sections for these three nuclides vary with energy. All three nuclides
have a steep increase in fission cross section. This occurs at around 1 MeV in 238U
and somewhat lower in energy for the americium nuclides. This explains the change
in relative fission cross section between fission and source neutrons. The change in
microscopic cross section is simply very different for different nuclides even though
the shift in energy may be rather similar.

It also seems reasonable that the neutron yield, ν̄, from the average fission
reaction would have an impact on ψ∗. In case there is a large difference in fission
yield between source and fission neutron induced fission reactions, this would have
a large effect. It turns out however that the differences in ν̄ for source and fission
neutron induced fission varies in the range of one to three percent. That variation
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Figure 5.12: Fission cross sections for 238U, 241Am and 243Am.

in itself is not sufficient to explain the variations in ψ∗ observed.
In conclusion; the utilisation of americium-rich fuels in a subcritical core reduces

the proton source efficiency, ψ∗, by 10% compared to utilising MOX-fuel. In a
helium-cooled subcritical core ψ∗ is 10% higher than in a LBE-cooled core. Both of
these effects arise from the strong energy dependence of cross sections for even-N
nuclides in the 1 MeV region. Small variations in spectrum yield large changes in
cross sections.





Chapter 6

Transmutation in BWR

The transmutation strategies discussed in chapter 4.1, including fast spectrum cores
and ADS are revolutionary. Both require significant investment in research and, in
the case of ADS, in dedicated facilities. The fast reactor development is likely to
be driven by other needs than that of transmutation. Due to the deterioration of
safety parameters following minor actinide introduction in the fuel, the potential
for transmutation in fast reactors is limited [18]. With a large thermal reactor park
or an aggressive transmutation strategy, while only a limited fast breeder park is
employed, the fast reactors are not sufficient to transmute to long-lived nuclides,
again raising the need for ADS.

The introduction of ADS represents a large investment that may not be covered
by electricity sales from the ADS themselves. Other reactors, producing long-lived
nuclides would have to be taxed to pay for the dedicated transmutation cores.
Transmutation thus gives a cost penalty to nuclear energy [5, 62, 94].

To avoid large scale investment in new technology it is of interest to examine how
existing reactors may be used to produce hard enough spectra for minor actinide
transmutation. Light water reactors are classified as thermal spectrum reactors.
But in some cases epithermal, or even fast spectra may be found in LWRs, especially
in those utilising MOX-fuel.

In BWRs, the void fraction in the upper part of the core is quite significant.
For power up-rated cores it reaches 80%. The resulting low moderation yields an
average neutron energy of 3 keV to be compared to 1 keV in the core bottom.

From a transmutation view-point, this energy is, as we have seen, far too low.
Even without large presence of water, neutrons are still moderated by oxygen in
the fuel. To reduce the neutron population below the fast fission threshold, and
improve the fission probability for the even-N actinides, Paper V suggest the
introduction of hafnium in the cladding of the transmutation pins. The hafnium
shields the transuranics from thermal neutrons while being relatively transparent
to fast neutrons.

In the early work on Paper V, the use of metallic fuel was suggested to reduce

63
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Nuclide Fraction Nuclide Fraction Nuclide Fraction
238Pu 3.5 241Am 66.6 242Cm 0.1
239Pu 51.9 243Am 33.4 243Cm 1.5
240Pu 23.8 244Cm 86.8
241Pu 12.9 245Cm 10.9
242Pu 7.9 246Cm 0.7

Table 6.1: The transuranic composition (at%) assumed is that of spent
50 GWd/tHM UOX with an initial enrichment of 4.2%, left to cool for four
years [11].

moderation within the fuel pins, thereby further hardening the spectrum [95]. The
melting points of metallic fuels are low as compared to ceramic fuels. An improved
thermal conductivity between fuel and cladding is needed. This may be achieved
using a metallic bond. In fast reactors, sodium has been used [96]. Due to its violent
reaction with water, sodium is not suitable for use in light water reactors. Lead is
a potential alternative, but there are concerns that it might dissolve the metallic
fuel [97]. In Paper V, the idea of utilising metallic fuels is abandoned. Instead,
nitrides and oxides are examined. Nitrides have the advantage of a lower fraction of
light elements, resulting in lower moderation as compared to oxide fuels. Americium
bearing oxide fuels are less complicated to fabricate. However, the dissolution rates
of MOX-fuels containing more than 40% plutonium are low in nitric acid, making
aqueous reprocessing impractical. The MOX-fuel used in Paper V thus contains
60% uranium, resulting in lower transuranium burning in the oxide fuel compared
to the inert matrix nitride fuel.

In both of the fuel options examined the transuranium vector is that of spent
50 GWd/tHM UOX, with an initial 235U enrichment of 4.2%, left to cool for four
years before reprocessing. The compositions of the individual elements are given
in table 6.1. To yield the same axial power profile as expected for a standard fuel
assembly, the Pu/Am/Cm ratio was set to 88/10/2%. In the case of the nitride
fuel, 60% of the volume consists of ZrN inert matrix.

The modelling of the BWR core was performed with MCNP and MCB. Four fuel
assemblies and one control rod were modelled. The cooling water is divided into 26
regions with different density. At inlet, the density is 0.74 g/cm3, corresponding to
zero void at an operational pressure of 7 MPa. Seventeen burnup zones were used
to adequately follow the burnup of the six different fuel enrichments occurring in
the fuel assembly. A 5×335 day irradiation cycle with 30 day outages was assumed.
Cross section data from JEFF-3.0 [25] was used.

Figure 6.1 displays the void profile of a BWR fuel assembly with hafnium clad
transmutation fuel in the upper part. In figure 6.2, the k-eigenvalue over time of a
radially infinite core loaded with the transmutation fuel assemblies is displayed to-
gether with the k-eigenvalue of the same core loaded with standard fuel assemblies.
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Figure 6.1: Void profile of a modern power up-rated BWR. The transmutation fuel,
is positioned in the upper part of the core.

In the beginning of each irradiation period, there is a sudden drop in reactivity
following xenon build-up. The increased reactivity over the first period is the result
of gadolinium burning. Gadolinium is used as a burnable poison in BWRs to limit
the reactivity of fresh fuel. Towards the end of the fuel cycle, the reactivity drop
of the reference fuel is quicker than for the transmutation fuels. The explanation
is that the hafnium in the cladding acts as a burnable poison. By the end of the
cycle, the effective capture cross section of the cladding is reduced by 10%.

Figure 6.3 displays the neutron fluxes in the nitride transmutation fuel compared
to the reference UOX-fuel. In a typical BWR, the expected average neutron energy
is about 2 keV. The spectra displayed are both in the transmutation zone in the
upper part of the core. In the lower parts of a BWR, a double peaked spectrum is
expected due to the higher thermal flux there, but in the upper parts, the thermal
flux is much reduced. In the case of the hafnium cladded fuels, the average neutron
energy reach tens of keV, with the exception of the corners where the energy is lower.
In the nitride fuel, the average energy in the non-corner pins range from 40-60 keV,
as displayed in figure 6.3. For the low fertile MOX-fuel, the corresponding figure is
30-50 keV. In the present configuration, average neutron energies of at least 40 keV
are required to obtain significant fission probabilities in neptunium and americium.
Above this energy, the fission probabilities rapidly approach values typically found
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Figure 6.2: The evolution of the k-eigenvalue with burnup for a BWR loaded with
the transmutation assemblies and for a standard BWR

in sodium cooled fast cores. Table 6.2 compares the fission probabilities for even
neutron number nuclides to the values reported for the European fast reactor,
EFR [98].

The reduction in mass of the transuranium nuclides in the suggested nitride
fuel is 14.2%, resulting in an overall reduction in the fuel assembly of 8.8%. A
BWR loaded exclusively with the suggested assemblies would thus have a TRU
consumption of 278 kg/GWth·year. This figure is significantly lower than for the
ADS cores suggested in Paper I and Paper II. However, the TRU production in
a BWR is typically 256 kg/GWth·year. The conclusion is that 47% of the BWR
park need to be loaded with the fuel assemblies suggested to stabilise the TRU
inventory.

In the first cycle, the 245Cm inventory increases by 20%, which indicates that
equilibrium will be reached within a few cycles. This figure is quite comparable to
the 245Cm production in the first cycle of the TiN-design of Paper II.

The MOX-fuel proposed results in a lower TRU mass reduction due to the
greater moderation resulting from the higher fraction in the oxide fuel compared
to the nitride fuel. A TRU burnup of 4.7% by mass, averaged over the assembly, is
reached. This means a BWR loaded with the suggested MOX-fuel does not have
any net production of TRU, but it is neither capable of burning any additional
TRU.

Overall, the concept for transmutation of long-lived transuranium nuclides pro-
posed in Paper V seems most promising and certainly deserves further attention.
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Position 238Pu 240Pu 242Pu 241Am 243Am 244Cm
0- 22 cm 0.06 0.00 0.01 0.01 0.01 0.06

22-124 cm 0.09 0.01 0.02 0.01 0.01 0.06
124-245 cm 0.10 0.01 0.02 0.01 0.01 0.06
245-265 cm 0.51 0.33 0.34 0.13 0.10 0.40
265-295 cm 0.53 0.36 0.36 0.14 0.11 0.42
295-338 cm 0.54 0.37 0.37 0.14 0.11 0.42
338-368 cm 0.53 0.36 0.38 0.14 0.11 0.43

EFR 0.61 0.47 0.31 0.13 0.14 0.39

Table 6.2: Axial dependence of the fission probabilities for even neutron number
nuclides. The hafnium cladded nitride fuel is in the top of the pins, from 245 cm
to 368 cm. The last line gives values reported for the European Fast Reactor.





Chapter 7

Concluding Remarks

The installed nuclear capacity is increasing globally at a pace not experienced in
twenty years. Several of the countries already using nuclear power are building, or
planning for more power plants. Also, a large number of countries without nuclear
power today have announced their interest in building nuclear. It seems reasonable
to assume that nuclear power will play a role in supplying electricity, and possibly
other forms of energy, for many years to come.

In former times there was a great concern over the uranium resource. It was
expected that uranium would rapidly become a scarce commodity with the huge
expansion of the nuclear industry foreseen. Today, these concerns are not as pro-
nounced, despite the construction of new plants. Rather, the back end of the
nuclear fuel cycle has overtaken the role as the main headache of nuclear power.
With a growing park of nuclear installations mainly adopting the once-through fuel
strategy, the stockpiles of spent fuel keep growing. Fast reactor and fuel cycle de-
velopment today is to some extent driven by the uranium resource issue, but also
by the potential for waste minimisation.

If the transuranium elements are transmuted, the timescale of their potential
radiological hazard may, in the ideal case, be changed dramatically from a million
years to about a thousand years. Both of the helium-cooled ADS designs suggested
in this thesis are efficient minor actinide burners, capable of performing the trans-
mutation task efficiently. The TiN-design shows better overall performance than
the GCADS, especially since the safety characteristics are more promising for the
former design.

The study of the efficiency of spallation neutron sources in subcritical systems
shows most promising results for the helium-cooled systems, where 10% more neu-
trons are produced per incident proton as compared to the LBE-cooled cores. How-
ever, the study also shows that fuels with high americium contents reduce the source
efficiency. This affects both LBE and helium-cooled cores.

Even though the ADS cores have most promising characteristics, it is not easy
to make full use of them in a realistic fuel cycle. To reach the reductions of the
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radiotoxic inventories theoretically achievable, all TRU have to be transmuted. In
the cases where some of the material has already been vitrified, this may not at
all be achievable. Full transmutation of all TRU must also be assumed to be time
consuming. If dedicated reactors are to be used, 100 years is a minimum for the
enterprise. Long term stability of policy is thus a prerequisite.

Advanced fuel cycles may to some extent ease the issue of long-lived spent fuel.
It is possible to introduce enough minor actinides in the fuel of critical fast spectrum
cores to achieve a net consumption of those elements. This way, the fuel cycle may
be closed for a nuclear park with a large fraction of fast reactors.

Both the deployment of fast reactors and ADS on a large scale are still several
decades away at best. The technologies involved require intense research before
they will be commercially available. A possibility of transmuting minor actinides
in existing reactors is therefore of great interest. Certainly, also such an attempt
would imply years of research, but it has a potential of becoming common practice
much earlier than do the advanced technologies.

A method to achieve a significant net consumption of minor actinides in BWRs
is proposed in this thesis. Due to its simplicity and rather small requirements of
alterations of today’s industrial practice, the technique looks most promising.

Even though management of long-lived nuclear material is a complex issue, ac-
tion need to be taken. There are no simple answers, technical, biological, geological,
moral and political issues all get entangled. The purpose of this thesis is to add a
few pieces of the information needed to resolve the issue, an issue which in itself is
just part of the overall effort of providing energy for a growing population, without
violating the quality of life for the generations to come.



Appendix A

List of Abbreviations

This list contain more abbreviations than only those used in the present work. The
additional entries might be useful for example when studying the texts referred to
in this thesis and are given for the readers convenience.

a annum
ANL Argonne National Laboratory
ATW Accelerator-driven Transmutation of Waste
ADS Accelerator-Driven System
BN-350, BN-600, BN-800 Russian prototype fast reactors
BR-1, BR-2, BR-5, BR-10 Russian experimental fast reactors
BOC Beginning Of Cycle
BWR Boiling Water Reactor
CAPRA Consommation Accrué de Plutonium en Réacteur rApide
GCADS Gas-Cooled Accelerator-Driven System
CEFR China Experimental Fast Reactor
CERN Centre Européen pour la Recherche Nucleaire
CPF Coated Particle Fuel
DFR Dounreay Fast Reactor
dpa displacements per atom
EBR-I, EBR-II Experimental Breeder Reactor

(US experimental fast reactors)
efpd effective power days
EFR European Fast Reactor (design project)
ENDF Evaluated Nuclear Data Files
EOC End Of Cycle
EXFOR EXchange FORmat for nuclear data
FAUST German fast reactor test facility
FBTR Fast Breeder Test Reactor (India)
FFTF Fast Flux Test Facility (USA)
FR-0 Swedish fast critical assembly
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GA General Atomics
GCFR Gas-Cooled Fast Reactor (GA design project)
GFR Gas-cooled Fast Reactor (Gen IV concept)
GWd/tHM gigawatt-days per ton heavy metal
HLW High Level Waste
IAEA International Atomic Energy Agency
IFR Integral Fast Reactor (US fast reactor design project)
JAEA Japan Atomic Energy Agency
JAERI Japan Atomic Energy Research Institute

(since 2005-10-01 JAEA)
JEFF Joint Evaluated Fission and Fusion file
JENDL Japanese Evaluated Nuclear Data Library
JNC Japan Nuclear Cycle development Institute

(since 2005-10-01 JAEA)
JOYO Japanese experimental fast reactor
kgHM kilogram heavy metal
KNK-2 German fast reactor design project
LBE Lead-Bismuth Eutectic
LFR Lead-cooled Fast Reactor (Gen IV concept)
LLFP Long-Lived Fission Products
LOF Loss-Of-Flow
LOP Loss-Of-Pressure
LWR Light Water Reactor (e.g. BWR and PWR)
MCB Monte Carlo continuous energy Burnup code
MCNP Monte Carlo N-particle transport code
MCNPX MCNP eXtended
MK-I, MK-II, MK-III JOYO-core configurations
MONJU Japanese experimental fast reactor
MOX Mixed OXide (mixed U and Pu oxides)
MSR Molten Salt Reactor (Gen IV concept)
MWel megawatt electric (power)
MWth megawatt thermal (power)
MWd/kg megawatt-days per kilo gram
OECD Organisation for Economic Corporation and Development
OMEGA Options Making Extra Gains from Actinides
P/D Pitch over Diameter
P&T Partitioning and Transmutation
pcm pour cent mille (1/100 000)
PFBR Prototype Fast Breeder Reactor (India)
PFR Prototype Fast Reactor (United Kingdom)
PUREX Plutonium Uranium Redox EXtraction
PWR Pressurised Water Reactor
SCWR Super-critical Water Reactor (Gen IV concept)
SFR Sodium-cooled Fast Reactor (Gen IV concept)
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SPX Superphénix
TBP tributyl phosphate
TMI Three Mile Island
UOX Uranium OXide
VHTR Very High Temperature Reactor (Gen IV concept)
PDS-XADS Preliminary Design Study of an

eXperimental Accelerator-Driven System





Appendix B

English-Swedish Dictionary

Below, the translations of some important terms are given for the convenience of
Swedish speaking readers. Most of them may be found in modern glossaries [99].

breeder reactor bridreaktor
breeding gain bridvinst
burnup utbränning
cross section tvärsnitt
doubling time fördubblingstid
fission product klyvningsprodukt
minor actinides mindre aktinider
power peaking factor (effekt)formfaktor
radiotoxicity radiotoxicitet
source efficiency källeffektivitet
subcritical underkritisk
transmutation transmutation
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Figure B.1: The author at the building site of the China Experimental Fast Reactor


