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Introduction

Introduction

Nuclear power has become an important source of energy in the world. The increase in
energy demand expected in the coming years and the depletion of fossil resources will
be a real challenge. Nuclear energy has several advantages, given the considerable
amount of energy it can produce. Moreover, it has made it possible to reduce
dependence on hydrocarbons. Nevertheless, nuclear energy poses two major

challenges to the scientist: nuclear waste and the use of its resources.

The separation of long-lived radionuclides is based on the industrial maturity of
various process which are currently in use in reprocessing plants, we cite PUREX,
DIAMEX, SANEX and SESAME. These processes are a satisfactory means can be
developed for recovery of iodine-129 contained in spent fuel. Radionuclides can be
trapped using : activated carbons and zeolites. Type of management can theoretically

be envisaged : conditioning for deep geological disposal.

Currently, storage appears as a reference solution for the management of nuclear
waste, but another way is being considered: separation followed by transmutation. The
latter is based on the principle of transforming the long-lived radiotoxic element, by a
nuclear reaction, into another element that is less radioactive or even stable. Among
the most important long-live radio-elements, we distinguish iodine-129 with a half-life
of 1,57x10" years. The other stable isotope available in spent fuel is iodine-127. lodine
is found in the form of metal iodides as irradiation targets. Transmutation of iodine-
129 is applicable in nuclear reactors by neutron capture. Transmutation efficiency

depends on neutron flux, neutron-cross section and irradiation time in reactors.

In order to show the potential interest of HFR (High Flux Reactor) reactors for the
transmutation of iodine-129, we evaluate in the framework of this thesis, the
transmutation performances in four research reactors namely: Petten (Netherlands),
BR2 (Belgium), SM3 (Russia) and JOYO (Japan). This evaluation is based on the use

of the transmutation calculation code ChainSolver 2.34. Other parameters calculated
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from this code are: transmutation rate R, transmutation amount C, transmutation
support ratio TSR, average transmutation acceleration A to select the best reactor

which provides a better rate.

The present manuscript is structured in four chapters. In the first chapter, some nuclear
concepts are described and some basic notions of nuclear waste are presented as well

as the three aspects of its long-term management.

In the second chapter, we describe the characteristics and methods of separation and

transmutation of the long-lived fission product iodine-129.

The third chapter starts with the Bateman equation; the basis of the code, then the
ORIP_XXI collection is explained in details. Its programs are: NKE, ChainFinder and
ChainSolver. This collection is used for the creation and evaluation of the

transmutation efficiency of iodine-129.

The fourth chapter is devoted to the numerical evaluation of the transmutation
efficiency such as R, C, TSR and A.
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Chapter |

From nuclear fission to nuclear waste

1. Atom, radioactivity and nuclear energy

From the 5th century BC, Leucippus, then Democritus, called "atom™ (from the Greek
"atomos" which cannot be cut, this small unit of matter, eternal, unlimited and
constantly in rapid motion. In 1879, Joseph John Thomson discovered the electron. In
1911, an English scientist, Ernest Rutherford, saw that particles projected on matter
pass through it as if it were a vacuum, except for a few, very rare ones which are
reflected or even rebound. He thus discovered the atomic nucleus which concentrates
almost the entire mass of the atom in a volume one hundred thousand times smaller
than the latter. We then find that the positive electric charge of the nucleus is carried
by the protons. In 1932, James Chadwick discovered the neutron, a neutral constituent
of the nucleus. When alone, it transforms into proton and electron; when inside the
atomic nucleus, it is stable. In 1969, physicists bombard nuclei with a beam of
particles (electrons) accelerated enough to penetrate the core of nucleons, some
electrons bouncing in seemingly bizarre ways. It can only be on even smaller
corpuscles. This is how quarks are discovered. Each nucleon contains three [1]. Figure

1.1 illustrates some elementary particles [2].
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Fig. 1.1. Descent to the heart of matter : elementary particles.

In 1896, Henri Becquerel discovered the phenomenon of the radioactivity, also known
as natural "radioactivity”. Following the work of Henri Becquerel, Pierre and Marie
Curie isolated polonium and radium in 1898. In nature, most atomic nuclei are stable,

but not all. Some heavy nuclei formed outside the valley of stability. They have too
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many protons or too many neutrons, which makes them unstable. To return to the
valley and therefore respect the laws of physics by finding the right balance between
protons and neutrons, they are transformed into another lighter and more stable
nucleus by ejecting very energetic particles. This transformation is called
disintegration [3]. Radioactivity only concerns the nucleus, and to measure it, different

units are used: the Becquerel (Bq), the Gray (Gy), the Sievert (Sv) and the Curie (Ci)
[4].

Radioactivity is detected by various types of extremely sensitive detectors, including
gas counter tubes (proportional counter, Geiger-Muller, ionization chamber),
scintillators coupled to photomultipliers, semiconductors (silicon, germanium, etc.).
Radioactivity decreases exponentially according to the law known "radioactive decay".
The different types of decay are : alpha (a), beta () and gamma (y). Figure 1.2

illustrates the penetrating power of different radiations [5].

Faper glass, Concrete,
aluminium lead

Fig. 1.2. Penetrative properties of radiation.

Energy is difficult to define simply other than through its effects and its variations. Its
study is the basis of physics. The mastery of energy is therefore the engine of human
activity. Man must store it, transport it, which some forms of energy allow better than
others. For these reasons, it can be driven to transform energy. The discovery of
electricity constituted a revolution: all known forms of energy can be transformed into
electrical energy, the latter can then itself be easily transported and then transformed
into movement or heat for the end user [6].

4
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A nuclear system is formed by a nuclear reactor and the associated fuel cycle [7]. The
use of nuclear energy consists in taking advantage of the high binding energy of the
nuclei through exothermic reactions. The two main types of reactions are fission and
fusion. Radioactivity itself releases great energy. For fission, we say that a nucleus if it
fragments, spontaneously or induced, into two or more products plus the fission
energy. Symmetrically, two nuclei fuse together if through nuclear reaction they
produce a heavier nucleus plus a light fragment and fission energy. Heavy nuclei
undergo fission, so light nuclei can undergo fusion [8]. Nuclear fission is the most

concentrated source of energy that can be used today [6].
2. Nuclear history

A nucleus of certain large atoms has the property of breaking in two under the effect of
a collision with the neutron, the latter without electrical charge has the ability to
approach the nucleus sufficiently close without being repelled by electrical forces, the
neutron can then penetrate inside this nucleus and break it into two pieces. The
fragmentation of the nucleus is called fission reaction. An atom having the ability to
break in two during a collision is said to be fissile, and the two pieces obtained after
the fission are the fission products, and are most of the time radioactive. The best
known of the fissile atoms are uranium-235 and plutonium-239 [9]. The sum of the
masses of the fission products is lower than that of the initial atom of U-235. This
decrease is due to the fact that this difference in mass has been transformed into
energy. This energy is defined according to Einstein's mathematical formula E = m.c?
where m, ¢ are the mass and the speed of light respectively [10]. At the same time, two
or three neutrons are also produced. These neutrons will also cause other fission
reactions [6]. The energy produced is carried away by the fission products in Kinetic
form which will eventually be transformed into heat [9]. This heat can be used to

generate electricity [6].

Following the Joliot-Curies in early 1934, other research teams attempted to create
new radioactive nuclei by varying materials, targets and incident particles. protons
suffered from a handicap for this: their positive electric charge made it necessary to
provide them with kinetic energy beyond the reach of the accelerators of the time to

5
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make them cross the Coulomb barrier [11]. In 1934, the Italian physicist Enrico Fermi
conducted experiments in Rome which showed that neutrons could split many types of
atoms. The results surprised Fermi himself. When he bombards uranium with
neutrons, he doesn't get the expected elements. The elements were much lighter than
uranium [10]. The experiment, conducted in 1934, proved disappointing, visibly very
many radioactive decays appeared in the reaction products without it being possible to

identify the elements 93 or 94 that we were looking for [12].

It was not until the very end of 1938 that the Germans Otto Hahn and Fritz
Strassmann, from the Kaiser Wilhelm Institute in Berlin, used a neutron source which
contained radium and beryllium to bombard a uranium target, they were surprised to
find lighter elements such as barium among the residues [10]. Mendeleev's table and
not nearly anywhere near uranium are expected, this was evidence that the uranium
nucleus had broken into two pieces, each approximately half the mass of the uranium.
Fission was discovered. Lise Meitner and her nephew Otto Frisch announce it. A
fission releases about two hundred million electron volts compared to the combustion
of a carbon atom which releases four electron volts. This is an example of the order of

magnitude [12].

In 1939, Bohr came to America. He shared with Einstein the findings of Hahn-
Strassmann-Meitner. Bohr also met Fermi at a theoretical physics conference in
Washington. They discussed the exciting possibility of self-perpetuating chain
reaction. In such a process, atoms can be split to release large amounts of energy.
Scientists around the world began to believe that a self-sustaining chain reaction might
be possible. It would occur if enough uranium could be processed under specific
conditions. The amount of uranium required to make a self-sustaining chain reaction is
called a critical mass. Fermi and his associate, Leo Szilard, suggested a possible design
for a uranium chain reactor in 1941. Their model consisted of uranium placed in a

stack of graphite to make a cube-shaped framework of fissile material [10].

In 1942, in the United States, the first reactor was built by Fermi. It consists of a stack

of 6 t of metallic uranium, 34 t of uranium oxide and 400 t of graphite [13]. This first
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reactor is also known as the Chicago pile [10]. In France, the first Zoé test reactor was
built by the CEA, which operated for the first time in 1948 [13].

The first nuclear reactor was just the beginning. Most of the early atomic research
focused on developing an effective weapon for use in World War Il. This project was
carried out under the code called the Manhattan Project. After the war, the United
States government encouraged the development of nuclear energy for civilian
purposes. Congress created the CEA Atomic Energy Commission in 1946. The
commission authorized the construction of the first generation experimental reactor on
the Idaho site. This reactor generated the first electricity of nuclear origin on
December 20, 1951 [10]. In 1954, the Soviet Obninsk reactor paved the way for higher
powers with 5 MW. The first French reactor producing electricity entered service at
Marcoule in 1956. Its power was 40 MW [14].

3. Nuclear system

A nuclear system is formed by a nuclear reactor and the associated fuel cycle. It is
globally optimized in its industrial implementation, from raw material to waste [7].
Figure 1.3 gives a general presentation of a pressurized water reactor and its main
circuits [15].

Nuclear Island Conventional island

Eletrical and auxiliary
backup building

m Primary circuit
® Secondary circuit
® Tertiary (cooling) circuit

Reacter building

= B B
b Machine room = A
Fuel building Steam [T | =K 5
aenerator ,] l " :;,,,}Turt?ines \
k B AR EAA Alternator
“d A - = Air cooler
Pressurzer e Control room ‘
' e - | =
[ Tank ;:r:c{ . | Condenser | . :
. -
Nuclear auxiliary | Generator building
building

Operating building Cold source

Fig. 1.3. General presentation of a pressurized water reactor and its main circuits.
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3.1. Nuclear reactor

The purpose of a nuclear power plant is to generate electricity. Its structure is in
principle very similar to that of a conventional thermal power plant. Fission produces
heat which is used to heat water and make steam. The latter is used in a turbine to
produce mechanical energy which is transformed into electricity with an alternator.
The fission of a heavy nucleus gives two nuclei of average mass and a few neutrons:
two or three neutrons (2.4 on average) depending on the case [14]. These neutrons
released during fission will in turn be able to cause new fissions and the release of new
neutrons and so on, this is the chain reaction. In a nuclear reactor, the chain reaction is
controlled, that is to say a balance must be reached: a fission gives a fission, etc. and
not one fission gives two fissions which gives four fissions, etc. [9]. This process is
exothermic and, in the case of the fission of a uranium nucleus, releases about 200
MeV. Fission can be spontaneous or induced. The nuclear reactors used in the world to

produce electricity are slow or the thermal neutron reactors [14].

Some nuclei, when they capture a slow neutron, fission. They are said to be fissile
nuclei. This is the case of uranium-235, uranium-233, thorium-229, neptunium-238 or
polonium-241. Other nuclei, called fertile, are those which, after capture of a neutron
and radioactive decomposition, can lead to fissile nuclei. This is the case of uranium-

238, uranium-234, polonium-238, polonium-240, americium-241 or thorium-232 [14].
Five main constituents are needed to design a reactor core [13]:

e A fuel in which fission occurs, only uranium-235 occurs naturally. It is
therefore most often used in natural form or enriched uranium oxide, or even
plutonium [11]. The nuclear fuel is placed in the reactor core [13].

e The coolant, which evacuates the thermal energy produced: water, liquid, or
not, sodium [11]. It is a heat carrier outside the reactor [13].

e The moderator (except for fast neutron reactors) [13]. Which slows down
neutrons by elastic scattering to promote their capture by uranium-235 nuclei:
heavy water, graphite. For proper operation of the reactor, fuel and moderator
must be alternated [11].



Chapterl From nuclear fission to nuclear waste

e Control rods, also called rods or control and stop rods, made of neutron -
absorbing materials (boron, cadmium), ensure the chain reaction [7]. These bars
are mobile, trapping neutrons [13].

e The steam generator, a heat exchanger [9].

The different types of nuclear reactors are distinguished by their physical or
technological characteristics, as well as by their field of application. Electronuclear is
currently the most industrially developed field. From a physical point of view two
main families of reactors can be distinguished according to the neutron spectrum
chosen: thermal or fast [16]. Among all the possible combinations between the
different fuels, coolants or moderators, only some have been retained and have given
rise to industrial achievements [13]. After the very first power reactors, such as UNGG
(Uranium Natural Graphite-Gas), which constituted the first generation developed in
the 50s/70s and which are now almost all shut down, large-scale reactors unit power,
such as PWRs (Pressurized Water Reactor) constituted a second generation that
entered into operation between the 70s and 90s, which constitutes the bulk of the
current world fleet [17]. The Soviet sector RBMK (Reactor Bolchoe Molchnastie
Kipiachie) mean high power boiling reactor is classified in the second generation, they
were disqualified by the Chernobyl accident in 1986. There are also BWRs (Boiling
Water Reactors). Finally, the CANDU-type PHWR (Pressurized Heavy Water
Reactor) sector, of Canadian design. The third-generation sector corresponds to
facilities that are beginning to be built with a view to commissioning from around
2010. It includes in particular the EPR (Evolutionary Pressurized Reactor) which was
developed by the NPI (Nuclear Power International) subsidiary of Framatome and
Siemens. The fourth generation under study, expected around 2040 on an industrial
level. These are fast neutron reactors (FNR) [7]. The characteristics of these reactors is

that they do not include a moderator, so the neutrons remain fast [9].
3.2. Nuclear fuel cycle

A fuel is a material that provides heat when it burns. The best known are wood, coal,

natural gas or oil. By analogy, uranium, used in nuclear power plants, is called
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"nuclear fuel” because it also releases heat by fission and not by combustion [18]. The
element uranium has three natural isotopes; U-238 (99.28 %), U-235 (0.718 %) and U-
234 (0.0056 %). Uranium is a metal, with a density of 19, whose melting point is
1133°C. Uranium is relatively widespread in the earth's crust (2 to 3 g per ton of rock),
more abundant in granites (10 to 30 g per ton) and very low content in water [19], the

Figure 1.4 presents the nuclear fuel cycle [15].
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Fig. 1.4. The nuclear fuel cycle.

The nuclear fuel cycle (Fig. 1.4) is the set of operations necessary to supply nuclear
reactors with fuel, then to store, reprocess and recycle this fuel after use: prospecting
and extraction of ore, concentration, conversion and enrichment of uranium,
manufacture of fuel elements, reprocessing and recycling of nuclear materials, waste
storage [8]. A distinction is made between the front end of the nuclear fuel cycle and
the back end [17].

The nuclear fuel cycle begins with the extraction of uranium ore in open-pit mines or
in underground galleries [18]. The uranium content of the ore is generally quite low:
0.1t0 0.3 %. That is, only 2 to 3 kg of uranium per ton of ore extracted. The uranium

Is concentrated; the ore is first crushed and ground, then dissolved in sulfuric acid. The
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resulting solution is then chemically treated to obtain a concentrate called "yellow-
cake" because of its color, and which contains about 70 % uranium. The treatment and
concentration of 1000 tons of ore yields 1,5 tons of yellow cake. The yellow cake is
not sufficiently pure, so it undergoes a purification step known as fluorination: various
chemical treatments make it possible to obtain a very pure uranium oxide, which is
then reacted with hydrofluoric acid to obtain uranium tetrafluoride (UF,). From this
UF,, it is possible to obtain uranium hexafluoride (UFg) intended for enrichment,
which is in the gaseous state at a temperature of 56°C. Several processes for enriching
uranium have been developed: gaseous diffusion and ultracentrifugation. All of them
rely on the difference in mass that exists between the nuclei of the two isotopes of
uranium in order to obtain a desired enrichment rate 3 %. After enrichment, the
enriched UFg is transported in solid form to the fuel element manufacturing plant. It is
first transformed into uranium oxide UO, in the form of a black powder. This powder
is then sintered, that is, compacted with automatic presses that give it the shape of
small cylindrical pellets 13 mm high and 8 mm in diameter, then brought to high
temperature (1800 °C) in a furnace. After checking their characteristics, the UO,
pellets are stacked in cylindrical zircolay tubes, called "rods"; 264 rods 4m long,
arranged in a square section of 17x17 constitute an "assembly". The core of a 900 MW
PWR reactor contains 157 of these assemblies, i.e. a total of 41.448 rods and more
than 11 million pellets, and contains 72.5 tons of fuel [8]. An assembly remains in the
reactor for three to four years. Out of 100 kg of fuel originally presents, for example, 3

kg of U-235 and 97 kg of U-238, there remains after three years of use.

- 1kg of U-235 (2 kg were fissioned) ;

- 95 kg of U-238 (2 kg were transformed into Pu-239) ;

- 1 kg of Pu-239 (of the 2 kg obtained by the transformation of U-238, 1 kg was
fissioned) ;

- 3 kg of fission products.

The spent fuel is stored in an on-site cooling pool. Then the assemblies are transferred

to a deactivation pool and remain there for about a year [8].
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Reprocessing consists, on the one hand, in recovering the material that is still usable,
the plutonium and uranium, that is to say, the recycling of the energetic materials
contained in the spent fuel, and on the other hand, in sorting out the radioactive waste
that cannot be recovered by storage after its removal from the reactor. New fuels
composed of a mixture of uranium oxide and plutonium oxide (called MOXx; Mixed
Oxides) are already used in certain PWR reactors. The recovered uranium can still be

enriched to more than 3 % and follow a path similar to that of ordinary fuel [18].

The major drawback of nuclear energy is the generation of radioactive waste. Nuclear
power will have to address the problems of waste management, plant safety,

proliferation of radioactive materials and optimization of uranium resources [6].

4. Nuclear waste
4.1. Definition of nuclear waste

After leaving the reactor, nuclear fuel undergoes a series of operations before seeing
the material is labeled "recoverable” or "waste" [19]. The production of nuclear waste
is the price to pay for the production of energy from the phenomenon of nuclear
fission [6]. According to the definition of the International Atomic Energy Agency
(IAEA), radioactive waste is any material for which no use is foreseen and which
contains radio-nuclides in a concentration higher than the values that the competent
authorities consider acceptable in materials suitable for uncontrolled use [21]. The

definition of radioactive refers to two problems that are not semantic problems [22]:

- That of ultimate radioactive waste. Ultimate waste is waste that cannot be
treated under the economic and technical conditions of the moment, in order to
extract the recoverable part or to reduce its polluting or dangerous nature.

- That of the exemption and release thresholds below which radioactive waste

can or could be treated in a conventional disposal system.

Figure 1.5 shows the production of waste from the nuclear power industry; high-level

and long-lived waste [23].
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Fig. 1.5. Production of waste from nuclear power industry: HL and LL waste.

4.2. Nature and origin of nuclear waste

Radioactive waste is essentially produced in the context of nuclear activities [24].
Most nuclear waste comes from the back end of the nuclear fuel cycle and has its
physical origin in fission reactions and neutron capture, sometimes associated with
radioactive decay. In the first case, they are called fission products, and in the second
case activation products, or "actinides" depending on the capturing body [25]. The
main source of nuclear waste is spent nuclear fuel [26]. Radioactive waste is produced
at each stage of the nuclear fuel cycle, which includes a series of activities: mining
and milling of uranium ore, conversion and enrichment of uranium, fuel fabrication,
operation of nuclear reactors, reprocessing of spent fuel (if any), dismantling of

nuclear power plants and associated cycle facilities, and site rehabilitation [27].
The main wastes from nuclear energy have three origins [17]:

- Fission products, ashes of the chain reaction: these nuclei are almost all
characterized by an excess of neutrons compared to stability and are therefore

mostly  and y emitters.
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- Actinides (series of elements with atomic number between 89 and 104 in the
periodic table) [6]. They are classified in two categories: the major actinides
(uranium and plutonium) which have heavy nuclei and are fissile materials
likely to be recycled in reactors and the minor actinides (neptunium, americium,
curium) which are all o emitters and some also  emitters [17].

- Activation products, resulting from neutron capture by the structures of a

reactor, for example cobalt 60. They are f and y emitters [17].

Table 1.1 gives more details on the amount of energy associated with the fission of a
U-235 nucleus, and Table 1.2 illustrates the different components of the inventory at

the discharge of a pressurized water reactor in France per year [28].

Kinetic energy of F.P 165 MeV
Kinetic energy of the emitted neutrons | 5 MeV

y radiation 12 MeV
B radiation 8 MeV
Energy of antineutrinos 12 MeV
Total energy released 202 MeV

Tab. 1.1. Detail of the energy associated with the fission of a “*°U nucleus.

Radionuclides Period (y) Discharge Total
(kg/year) (kg/year)
2y 7.1x10° 220
URANIUM 28y 2.3x10’ 90 20500
v 4.5x10° 20200
“Spy 88 3.3
“py 24120 123.1
PLUTONIUM “Ppy 6570 47.5 210
#py 14.4 25.4
“2py 3.7x10° 10.5
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“'Np 2.1x10° 8.8
MINOR “TAm 432.2 4.4 16
ACTINIDES “BAm 7380 2.2
“Cm 18.1 0.5
MEDIUM- %05y 28 10.5
LIVED F.P Bcs 30 24.3 35
Bzr 1.5x10° 15.5
LONG- *Tc 2.1x10° 17.7
LIVED 107pq 6.5x10° 4.4 50
F.P 123 1.6x10’ 3.9
Bism 93 7.7

Tab. 1.2. Components of inventory at discharge of PWR per year.

It is important to understand the origin of these elements. Neutrons in the reactor do
not only induce fissions, but a whole series of nuclear reactions, more or less probable

[28]. It can be noted that the proportions in the spent fuel are (% by mass) [22]:

- U (Uranium) : 95.5 %, Pu (Plutonium) : 1.0 % ;
- F.P (fission products) : 3.5% ;
- M.A (minor actinides) : 0.1 %.

After leaving the reactor, the spent fuel rests in a pool for four years before any
intervention, to allow the fuel to cool. Uranium and plutonium must then be separated
from the actinides and fission products [20]. Spent nuclear fuel is reprocessed in such

a way as to [6]:

> Recovering volatile energy materials;

» Separate these materials from the other radioactive elements that constitute the
waste;

» Conditioning waste in an inert and safe form by embedding it in glass, it is the

vitrification process.
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4.3. Characteristics of nuclear waste

Nuclear waste contains radioactive elements called radionuclides that emit radiation
that can harm the body's cells, so it cannot be recycled or left in the environment. The
physical and chemical nature, the level and type of radioactivity, are all characteristics
that differ from one waste to another. Classification is therefore necessary. It defines
the categories of classes of waste. Each type of waste requires the implementation or
development of specific treatment and management procedures, from the producer to
the outlet, appropriate to the risk it presents [29]. The radionuclides contained in
radioactive waste may be of artificial origin. The radioactive characteristics of waste
are [30]:

» The type of radionuclides contained and the radiation emitted (alpha,
beta, gamma), the activity (number of atomic nuclei that spontaneously
disintegrate per unit of time - expressed in Becquerel);

» The Half-life (time required for the activity of a radionuclide in a sample
to decrease by half).

4.4. Classification of nuclear waste
4.4.1. According to the period
According to the radioactive half-life of radionuclides, we distinguish [31]:

o Waste whose radionuclides have a very short half-life (less than 100 d): VSHL
waste.

o Waste whose main radionuclides have a short half-life (less than 31 y): SHL
waste.

o Waste whose main radionuclides have a long half-life (over 31 y): LHL waste.
4.4.2. According to the mass activity

Radioactive waste is most often classified according to its mass activity, i.e., the

quantity of radioactive elements contained per unit of mass [32] :
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o Very Low Level Active (VLLA) elements with an activity between 1
Becquerel/gram (Bqg/g) (the average level of natural radioactivity) and 100
Ba/g;

o Short-lived Low-Level waste (SLLL) and Long-Lived waste (LLLL), whose
radioactivity varies from 0.1 to 10 million Bq/g;

o Short-Lived Medium-Level waste (SLML) and Long-Lived Medium-Level
waste (LLML): they have a radioactivity of around 100 million Bq/g;

o High-Level and Long-Lived waste (HLLL) concentrates 92 % of the
radioactivity and has activity levels of several billion Bg/g. Most of the high-
level waste comes from the irradiation in nuclear reactors of fuel consisting of

uranium pellets (UOX) and, in part, of mixed uranium-plutonium oxide (MOX).
4.4.3. According to waste manager

From the point of view of the "waste manager”, three categories are, in fact,
distinguished [17]:

o Category A: low or medium activity short-lived (LMA-SL) (by definition,
maximum 30 y). In practice, these are § and y emitters; the content of a emitters
must not exceed a very low limit of 1.517 GBq per ton. They consist essentially
of technological waste.

o Category B: low or intermediate level long-lived (LIL-LL), which may contain
a, B and y emitters. They are made of highly contaminated materials such as
fuel cladding.

o Category C: high activity and long-lived HALL (including products with
periods that are not very long but that must be stored for a very long time given
the initial activity). This is essentially irradiated fuel, if not reprocessed, or

fission products and minor actinides separated during reprocessing.

To these categories, must be added very low level waste (VLL).
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Type Activity Period
A Low Medium Short
B Low Medium Long
C Strong Long

Tab. 1.3. Classification of nuclear waste.

4.5. Origin of different classes
For the origin of the different classes of waste [30]:

» Waste (VSHL) : a significant part of which results from medical applications of
radioactivity (diagnostic or therapy) and whose radioactive elements have a
half-life of less than 100 d;

» Waste (VLL) :14 % of the volume and 0.031 % of the radioactivity come from
the nuclear industry, in particular from the dismantling operations of the
facilities. Uranium ore processing residues can be attached to this category;
they benefit from specific management;

» Waste (LMA-SL) :76.8 % of the volume and 0.055 % of the radioactivity come
mainly from the nuclear industry, but also from a few research laboratories;

» Waste (LLLL) : 4.6 % of the volume and 0.013 % of the radioactivity are either
radium-contaminated wastes (called radiferous) and mainly originating from the
use of naturally radioactive raw materials in industrial processes;

» Waste (LLML) : 4.4 % of the volume and 8.2 % of the radioactivity, result
mainly from the processing of spent fuel (spent fuel cladding, processing
sludge) and from the maintenance of nuclear facilities;

» Waste (HALL) : 0.2 % of the volume and 91.68 % of the radioactivity are non-
recyclable materials from the processing of spent fuel from nuclear power

plants.
4.6. Nuclear waste management

The management of radioactive waste must be carried out with respect for the
protection of nature, the environment and health, taking into consideration the rights of
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future generations [25]. The main source of waste is spent fuel. The vast majority of
this waste (90 %) is low-level and short-lived and is stored in surface sites. In less than
300 v, its radioactivity will have returned to the level of natural radioactivity. The
remaining 10 % have a long life, up to several tens of thousands of years. This waste

can be safely stored temporarily [6].
There are two approaches to spent fuel [14]:

» The first is to leave the spent fuel as it is and to consider it as waste. This is
called open cycle management.

» The second is to try to recover now or in the future what can be recovered from
the spent fuel. The different constitutes are chemically separated by

reprocessing the fuel. We say that we have a closed cycle management.

After three years of storage of a 1300 MW PWR, the uranium contains mostly 2*®U;
the plutonium produced represents only 1 %. Uranium and plutonium can be recovered
or used in fast neutron reactors and cannot be considered as final waste. The vast
majority of fission products and minor actinides are, on the other hand, ultimate waste
that must be stored at great depths in a conditioning system appropriate for long-lived
waste, or incinerated in fast neutron reactors. Plutonium can be used in the short term
by making MOx fuel. MOx can be used, together with normal fuel, in dedicated

nuclear reactors [14].

As with other wastes, the first aim for radioactive waste is to reduce its volume. Thus,
it is compacted, incinerated or cut up and then packaged to form transportable package
ready for storage or disposal. VLL waste is compacted and packaged in bags (bigbags)
or in metal caissons. LMA-SL waste is conditioned and sometimes compacted, in solid
form in several types of packages: metal drums, concrete shells, concrete caissons of
filters used in nuclear power plants, or metal caissons. LLML waste is encased in
bitumen or concrete and placed inside stainless steel or concrete container. HALL
waste vitrified, i.e., packaged in special glass that is resisting to heat and radiation.
These glasses are then poured into stainless steel tight containers. The containers are

stored in ventilated shafts for cooling. Studies are underway on the conditioning and
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storage of HALL waste. It is currently stored on the surface, in complete safety, for
several decades. Storage consists of placing the radioactive waste package in

appropriate facilities without the intention of removing them [24].

The situation in France is governed by the 1991 Bataille law, which gives fifteen years
to research to develop three solutions for managing nuclear waste [25]. This law
concerns only the HALL type of waste, which is currently stored, since LLA and
VLLA waste is considered to be permanently stored [17]. Work on the management of

this HALL waste will be carried out in three research areas [33].

» Axis 1: Of solution concerning the separation and transmutation of long-lived
radioactive elements;
> Axis 2: Possibilities of reversible or irreversible storage in deep geological

formations, particularly through the construction of underground laboratories;

» Axis 3 : Conditioning processes and long-term storage.

AXIS 1 AXIS 2 AXIS 3
& |E====|

Separation

Conditioning

=]

;li_

P
Transmutation geological disposal

Fig. 1.6. Overview of the three research axes.
4.6.1. Separation and transmutation

Table 1.4 below gives the orders of magnitude of the amount of HALL in the fuel
irradiated in PWR reactors, respectively minor actinides (mainly o emitters) and long-
lived fission products (B and y emitters). The activation products are, like the fission

products, p and y emitters [17].
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Nuclide Period (y) Abundance (g/t)

Neptunium-237 2 100 000 430

Americium-241 430 220

Minor Actinides Americium-243 7 400 100
MA Curium-243 28 0.3
Curium-244 18 21,4

Curium-245 8 500 1.2

Selenium-79 65 000 4.7

Zirconium-93 1 500 000 713

Technetium-99 210 000 810

Fission Products Palladium-107 6 500 000 200
FP Tin-126 100 000 20
lodine-129 16 000 000 170

Cesium-135 2 300 000 360

Tab.1.4. Main minor actinides and fission products present in PWR reactors (UOX
fuel irradiated at 33 000 MWd/t; 3 years after unloading.

The objective of advanced separation and transmutation is to sort and transform certain
long-lived wastes into other, less radiotoxic, short-lived wastes. This approach would
significantly reduce the quantity and long-term harmfulness of the waste. Concerning
more precisely advanced separation, the objective of this process is to extract from
spent fuel, in addition to the uranium and plutonium already extracted, other
radioactive and long-lived elements contained in the waste. In concrete terms, within
the framework of research in this area, researchers are working on the development of
advanced separation techniques, as well as on the definition of concepts for nuclear
reactors and systems capable of transmuting long-lived radioactive elements. This
research is led by the CEA, which has several research laboratories in this field
(Phénix reactor for studies on transmutation) [24]. Transmutation will certainly be
useful in reducing the quantities of HALL waste, but it will not eliminate all of it [17].

Figure 1.7 defines the transmutation process [34].
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Fig. 1.7. Transmutation by causing fission (left) / simple capture of a neutron (right).
4.6.2. Deep storage

Research in this area is aimed at developing underground storage arrangements and
technologies, several hundred meters below the surface. Unlike storage, which is
temporary in nature, deep geological disposal makes it possible to place long live
radioactive waste permanently in a site that guarantees its containment, while
reserving the possibility of recovering it if necessary or appropriate. Three types of
waste are being studied for deep geological disposal: SLML, HALL, and spent fuel
that would be conditioned without treatment [24]. For a man-made repository, not only
is the geological terrain optimally chosen - the main criteria being the least possible
circulation of water (clay, granite, salt mine), geological stability, and the absence of
exploitable mining resources - but at least three artificial barriers would be added:
matrix (e.g., a glass), containers, and structures. Under these conditions, models prove
the safety of storage over periods longer than the periods of the products to be stored
[17]. Deep storage is illustrated in Figure 1.8 representing the CLAB installation in
Sweden [34].

Fig. 1.8. The CLAB facility in Sweden for underground storage (about 30m deep of

spent fuel under water).
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4.6.3. Conditioning and long-term storage

The objective of the researchers on conditioning and long-term storage is to develop
conditioning for all types of waste and to study the feasibility of storage facilities
designed from the outset to operate for a period of 100 to 300 y while guaranteeing the
protection of man and the environment. The facility concepts were examined for two
different locations, one above ground and one below ground. Storage is an interim
solution, designed to retrieve waste packages for final disposal or recycling if new
techniques are found. For specific, researchers are studying materials known to be
highly resistant to alteration. The research focuses in particular on the study of
materials belonging to the family of ceramics [24]. Vitrification remains the best
qualified process for all high-level waste extracted by the separation process [21]. The

concept of surface and subsurface storage is illustrated in Figure 1.9 [34].

Fig. 1.9. CEA's concept of storage for HA and CU (1) above ground, (2) below

ground.

The general diagram that summarizes the waste management cycle is given in Figure

1.10 [29].

Decontamination }—»‘ Conditioning ’7

A
Effluents

r Transmutation or

Storage (ultimate waste)

‘ Environment ‘

Fig. 1.10. General waste management cycle.
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Chapter 11
Separation and Transmutation of lodine-129
I. Separation of lodine-129
1. Spent fuel
1.1. Medium - and long-lived fission products

The production of waste is the price to pay for the production of energy from the
phenomenon of nuclear fission. There are two categories of nuclear fission products;
medium-lived and long-lived. The medium-lived fission products are Strontium-90
(28.8 y) and Cesium-137 (30.07 y). The long-lived fission products are: Selenium-79
(327x10%y), Zirconium-93 (1.53x10° y), Technetium-99 (710x10° y), Palladium-107
(6.5x10° y), Tin-126 (0.23x10° y), lodine-129 (15.7x10° y), Cesium-135 (2.3x10° y)
and Samarium-151 (93 y), in total eight fission products [26].

1.2. Inventory of long-lived fission products from a PWR reactor

The basic fuel for light water nuclear reactor is uranium in oxide form, slightly
enriched in U-235 (< 5 %), which is its only fissile isotope. As it produces energy, the
nuclear fuel is depleted of fissile material, until it becomes necessary to unload the fuel
assemblies to replace them with new ones [36]. Under the effect of the nuclear
reactions that occur within the nuclear fuel, it undergoes a certain number of important
transformations, leading to an evolution of its composition throughout its use in the

reactor. At the end of its cycle in the reactor, the fuel is called spent fuel [26].

The average composition of long-lived fission products LLFPs at the end of the fuel
cycle, initially enriched in ?°U to 3.5 %, of a PWR reactor with a burn-up of 33
GWad/t and after 3 years of operation, is given in the following Table 2.1:
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Radionuclides Period (y) Discharge (kgly)
Selenium-79 70000 0.11
Zirconium-93 1.5x10° 15.5
Technetium-99 2.1x10° 17.7
Palladium-107 6.5x10° 4.4
Tin-126 10° 0.44
lodine-129 1.57x10’ 3.9
Cesium-135 2x10° 7.7
Samarium-151 93 0.33
Total long lived fission products 50.1

Tab. 2.1. Inventory of LLFPs at PWR reactor discharge.
1.3. Problems posed by long-lived fission products

The destruction of selected long-lived fission products (Technetium-99, lodine-129

and Cesium -135) in reactors poses many problems:

v' They are pure consumers of neutrons;

v Their capture cross-sections (and thus transmutation rates) are low in the fast
spectrum (< 0,5 b) and in the thermal spectrum (a few barns at most);

v' They are in the minority (except for *Tc) compared to the stable or medium-
lived isotopes of the element produced in the reactor, as shown in the previous
table;

v The chemical form that can be introduced into the reactor is not necessarily the
pure element (especially for easily fusible or volatile bodies, such as iodine and

cesium).
The problems mentioned are susceptible to various solutions.

For the first point, hybrid reactors are more adapted to the transmutation of LLFPs,

thanks to their external source of neutrons, but this gain is limited by the maximum
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acceptable intensity of the beam. In a critical reactor, the destruction of LLFPs can

only use the surplus of neutrons released by the fission of actinides.
2. lodine-129 in the fuel cycle
2.1. Characteristics of lodine

lodine is an element of the halogen family with atomic number 53. It crystallizes in an
orthorhombic structure with a melting point at 113.7 °C. Its valence number can be -1,
0, 1, 5 or 7 and its atomic radius is 130 pm. Various iodines are described in the
literature: 10, 1,04, 1,05 and 1,04. For example, 10 is a purple gas that reacts with
ozone. The other oxides are very soluble in water and react to form iodic acid (HIO3)
and di-iodine I,. Their melting temperature is low, between 75 °C (1,0g) to 300 °C
(1,05) and they are rarely obtained pure. lodine has five major isotopes: 123, 125,
127, 129 and 131. lodine-123 and iodine-125 decay to tellurium-123 and tellurium-
125 by electron capture and emission of gamma radiation of energy 127 keV and 35
keV, respectively. The isotope 127 is the stable isotope of iodine. The isotope 129 and
131 undergo B~ decays (energy 156 keV and 236 keV respectively) and emit y-
radiation with energy 40 keV and 364 keV respectively, to form stable xenon forms;
xenon-129 and xenon-131 [37].

Thirty-seven isotopes of iodine are currently known, with atomic masses ranging from
108 to 144; twenty-eight of them have half-lives shorter than one day. In the case of
irradiated fuel, the production of iodine consists mostly of iodine-129 (82 %) whose
half-life is equal to 1.57.10" y, but also of iodine-127 (stable isotope) and iodine-131
with a period of 8.05 d [38].

The radioactive decay of iodine-129 occurs according to the following scheme [38]:

B~ (156keV); 1.57.107years 39.6 keV; 1.0 ns
1291 129m¥e ———— 129Xe(stable)

The heat released is about 34 MW/t of fuel. Chemically very active, iodine is rarely
found in elemental form. It combines easily and forms organic compounds (HOI, ICN,
alkyl iodide) but also inorganic compounds (l,, HI). The literature reports the

possibility of very complex mixtures including high molecular weight compounds
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[39]. lodine is one of the first fission products to escape from the fuel in case of
cladding rupture. It reacts with the water in the primary circuit of pressurized water
reactors (PWR). In practice, iodine is only released from the fuel when it is dissolved
during reprocessing. At this stage, three years after the reactor's exit, practically only

the isotope 129 remains, the iodine-131 having disappeared by decay [38].

Because of its very long half-life, iodine-129 has a low specific activity that implies a
relatively low radiotoxicity compared to the other nuclides in radioactive waste.
However, it is active over a very long period compared to the human scale, migrates
easily in the environment, and readily concentrates in a critical organ (the thyroid)
[40]. The activity of iodine-129 for a mass of 8.09 kg is 52,91 GBq, and its
radiotoxicity is 2.7x10" Sv/g ; values for 1GWexy [41].

2.2. Thermal power

The thermogenic or non-thermogenic character of the isotopes to be conditioned must
be taken into account in the choice of the most appropriate management method. This
depends on the residual thermal power at time 't' of each isotope 'i', named Py, (i, t). It

is expressed according to the equation :

Py (i,t) = A(i,t) X k X [E, (D) + Eg (1) + E, (D] oevveveeeieeeieieeeee, (Eq. 2.1)
With : Py(i, t) : specific residual thermal power of the isotope 'i' (in Watt).

A(i, t) : Activity of the isotope ‘i’ at time ‘t’ (in BQ).

k : 1.602176487x10™° J/keV is Planck's constant.

E. Eg E, : Energies of the o, B, y decays respectively, in keV.

In the case of iodine, two radioactive isotopes are predominantly present in spent fuel:
2% and 1. For a UOXx fuel, after storage in a pool for 4 years, the activity of iodine-
129 is about 1.1 GBq, that of iodine-131 is neglected because of a half-life of 8 d for
this isotope, which is to be compared to the cooling time in the pool. Knowing that the
B~ decay of *?| produces an electron of 156 keV and an electromagnetic radiation y of

40 keV, and considering a probability of 1 for each of these two emissions and O for
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the other decay modes, the residual thermal power of iodine-129 brought back per
gram of isotope is about 2.1x10”7 W. For comparison, the thermal power per gram of
cesium-137, an isotope classified as thermogenic, is 0.6 W. lodine is therefore not a

thermal emitter [42].
2.3. Radiotoxicity of lodine : health effects

The radiotoxicity depends on the dose factor and the mass activity of the element

according to the following equation [37]:
, .. Sv Sv , .
Radiotoxicity (;) = Dose Factor (E) X MassActivity (Bq/g).....cc...... (Eq. 2.2)

The dose factor depends on the mode of absorption of the element by the body
(inhalation or ingestion). Table 2.2 shows the dose factors (for the thyroid, the organ
of preferential iodine fixation in mammals), the mass activity and the radiotoxicity (for
ingestion or inhalation) for two major radioactive isotopes of iodine [43]. A is the
activity of the nucleus in Bg. The activity of a radionuclide is the number of
disintegrations of its nuclei per second. It evolves over time as a function of the

number of nuclei present N(t) according to the relation [44]:
A(L) = AN () e ettt nras (Eq. 2.3)

Where A is the decay constant of the nucleus; it is the probability of decay of a single
nucleus in one second. Table 2.2 shows that with a radiotoxicity of the order of a tenth
of sievert per gram, the 129 isotope is weakly radiotoxic compared to the 131 one,

which is considered very radiotoxic [37].

Isotope Dose Factor (Sv/BQ) Mass Activity Radiotoxicity (Sv/g)
Ingestion | Inhalation (Ba/g) Ingestion Inhalation
lodine-129 | 7.4x10° | 4.7x10° 6.74x10° 5.0x10" 3.2x10"
lodine-131 | 1.8x107" | 7.2x10° 4.60x10" 8.3x10° 3.3x10°

Tab. 2.2. Dose factor, mass activity and radiotoxicity of iodine 129 and 131.
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The dangerousness of the element also depends on the effective period of radioactive
emission in the body. It corresponds to the time after which the activity in the body
will have been divided by two, under the combined effect of radioactive decay and the
biological half-life (time after which half of a quantity ingested or inhaled is
eliminated from the body by purely biological processes). The effective half-life is

determined by the following equation [42]:

Te, Ty and T, are the effective, biological and radioactive periods respectively.

Table 2.3 shows that the isotope (129 or 131), the effective half-life of iodine does not

exceed one month [37].

Isotope Biological period | Radioactive period Effective period
lodine-129 30d 15.7x10°%y 30d
lodine-131 8d 6,3 d

Tab. 2.3. Biological, radioactive and effective period of iodine 129 and 131.

In the case of iodine-129, the predominant mechanism governing the decrease in its
effect on the body is biological elimination, whereas for iodine-131, the mechanism of
radioactive decay is predominant. The first clinical signs of radioactive contamination
appear from 1 Sv and the annual dose received is about 3.7 mSv (of which 2.4 mSv is
of natural origin). The body contains about 15 to 20 mg of iodine, which would
represent about 6,4 mSv if all of this iodine were iodine 129 (i.e., 6 times more than
the dose obtained artificially per years) [37]. In radiation protection, we are interested
in the energy deposited by the radiation in the unit of mass of the material, which is

called the absorbed dose (in J/kg, or Gray - abbreviation Gy) [28].
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2.4. The risks of lodine

They can be radiological, chemical or physical (heat). When we talk about nuclear
waste and the associated risk, we are interested in the radiological risk. A distinction is
made between the potential risk, to which any person would be subjected without any
radiation protection measures, and the residual risk, which takes into account possible
protection. The effect on living matter will differ according to the nature of the
radiation and its energy. The equivalent dose (and radiation weighting factor W),

measured in Sievert Sv, is defined by the relation [28]:
Equivalent_Dose = W, X Absorbed_Dose (GY)....cccccccuvcurvimnciiicenicininaniennns (Eq. 2.5)

While the quantity W, is characteristic of the radiation alone, it does not have the same
effect depending on whether it reaches a particular tissue or organ. Hence the

introduction of a tissue weighting factor W, and an effective dose:
Effective_Dose (Sv) = W, X W, X Absorbed_Dose (GY).....ccccuerrcurrunnne. (Eq. 2.6)

A distinction is made between external irradiation and contamination; the latter, if the
elements are fixed on the organs, may be followed by internal irradiation. As the
definitions below are hardly operational, the International Commission on
Radiological Protection (ICRP) evaluates the dose, following an ingestion or an

inhalation of a given radioelement, by the following formula:
Effective_Dose (Sv) = Activity (Bq) X Dose_Factor (Sv/Bq)......c........ (Eq. 2.7)

The committed effective dose factor is evaluated using a model of the pathway of the

radioelement in the body [28].
2.5. Generated flow and current management

In the nuclear power industry, iodine comes from the fission of uranium-235 and
plutonium-239. Several isotopes of iodine are present in spent fuel. Table 2.4

summarizes their characteristics [45]:
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lodine isotope Emission Period Mass Activity (Bg/g)
127 Stable Stable /
129 B,y 15.7x10%y 6.74x10°
131 B,y 8d 4.6x10"
133 B,y 20.8 h 4.2x10"
135 B,y 6.6 h 1.3x10"

Tab.2.4. Characteristics of iodine isotopes in spent fuel.

Of the different isotopes present in the spent fuel, only iodine-127 and iodine-129
remain to be considered after storage for 4 to 5 years for cooling. Since the half-life of
iodine-129 is nearly 16 million years, and its activity nearly 7 MBqg/g (or 7 GBg/kg),

iodine-129 is considered to be a long-lived intermediate-level waste (LLIL) [42].

Table 2.5 illustrates the amount of iodine contained in a fuel rod [37].

Fuel generation UOx1 UOx2 MOXx
Cooling time 4y 5y 5y
U enrichment 3.5 %
tihm/y Base 800
Burn-up 33 GWadht 45 GWdht 45 GWdit
127 379=296kgly | 52g=416kgly | 379g=50.4kgly
129 169 g (1.1 GBQq) 234 g (1.5 GBQq) 282 g (1.8 GBq)
135.2 kgly 187.2 kgly 225.6 kgly
B Negligible quantity after a few years of storage due to the
radioactive period of 8 days.

tihm: ton irradiated heavy metal

Tab. 2.5. Quantity and activity of lodine produced per ton of irradiated heavy metal

fission after storage in pool for cooling.

The higher the burnup in the reactor, the greater the amount of iodine (two thirds more
for MOx fuel than for UOx).
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We can also note that in a fuel, before cooling in a pool, the mass quantity of iodine
per isotope is distributed as follows: 15 % iodine-127, 82 % iodine-129 and 3 %
iodine-131 [37].

At the spent fuel reprocessing plant, iodine is present in three types of waste streams,
liquid, solid and gaseous, with a heterogeneous distribution:

e 96 % by mass of the iodine inventory is in liquid form, which undergoes
isotopic dilution by discharge into the sea;

e 31to 4 % by mass of the iodine inventory is trapped on filters in solid form
(silver iodide). These filters are currently stored awaiting a storage solution;

e Approximately 1 % by mass, corresponding to the residual fraction, is divided

between atmospheric releases and immobilization in high activity glasses.

The source reactions for the production of iodine-129 involve either activation or
fission. In the field of nuclear waste, iodine-129 is produced from the reprocessing of
spent fuel. lodine-129 is not produced directly by the fission of uranium-235 or
plutonium-239, but by the intermediary of fission products: Antimony-129 and two
isomers of Tellurium-129.

The total **1/I ratio in the reactor is 80 %. The amounts of iodine present in the fuel at
the time of reprocessing depend essentially on the neutron flux and the duration of

irradiation in the reactor and the cooling time after leaving the reactor, Table 2.6 [46].

Fuel PWR PWR MOXx FBR
Burnup 33000 45000 45700 85000
Fissile content 35% 35% 6,95 % 28 %
(cooled after 1y) 25 2% Pu+ Am Pu+ U
23111 (glt fuel) 208 (1.11 GBq/t) 290 390 756 (3.071 GBq/t)

PWR: Pressurized Water Reactor FBR: Fast Breeder Reactor MOx: Mixed Oxides of uranium and plutonium

Tab. 2.6. Quantities of iodine produced in different reactors.

For a reprocessing plant producing of 1500 t/y of waste, the amount of iodine leaving
isonly 0,3tly [47].
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3. Reprocessing of lodine-129

The behavior of iodine during reprocessing has been the subject of numerous studies
in several countries. Two specific features of the chemical element iodine should be
noted: the variety of its oxidation states (I, 1°, I, ') and the ability to form organic
compounds easily; in addition to this, the volatility of certain compounds (elemental
iodine, organic iodine compounds) [48]. lodine in fuel is present in the form of soluble
iodides; and in particular cesium iodide. The principle of separation of the lodine

contained in the dissolution of irradiated fuel is based on two points :

v Oxidize non-volatile iodides into volatile iodine, this is favored by the presence
of HNO;;
v' Have a sufficient gas/liquid ratio to de-sorb the lodine from the solution, this is

promoted by boiling.
The trapping of gaseous iodine is carried out according to two processes:

v" By absorption in liquid phase;

v By adsorption on a solid support.

Studies carried out on the trapping of gaseous iodine in the liquid phase have naturally
focused on the precipitation of very poorly soluble compounds such as silver iodide,
lead iodide or copper iodide or barium iodate, but also on adsorption on sorbents such
as silver clinoptilolite or natural cinnabars and ion exchange on an inorganic ion
exchanger. The fate of iodine 129 in the reprocessing of irradiated fuel is presented in
Figure 2.1 [49].

/ Nal adsorbed 99.5% (released to nature; the sea)

lodine in the dissolving
solution

lodine fixed on silver zeolite 0.499975%

A\ 4

\ lodine gas 0.000025% (released to atmosphere)

Fig. 2.1. The fate of iodine-129 in the reprocessing of irradiated fuel.
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4. Alternative management of lodine-129
4.1. Advanced separation

Plutonium is the principal element contributing to the radiotoxic inventory, followed
by minor actinides and fission products. This observation must be qualified according
to the mobility of these elements in the geosphere. Indeed, some fission products, as
iodine or cesium, are more mobile than actinides and are likely to have a greater
impact on the environment [50]. The distribution of the various radionuclides in the
spent fuel is as follows: for 500 kg of uranium initially contained, the fuel consists,
after use, of 475 kg of residual uranium, 5 kg of plutonium, 20 kg of fission products,

and less than 500 g of minor actinides [21].

The reference separation scheme for these radionuclides is shown in Figure 2.2 below
[43].

18] Pu Np Tc: 1 Am Cm

Spent fuel

Lanthanides Am+Cm
Fission products > Di - +ncmudes>
and minor actinides ke
Fission
Cs products Lanthanides

e

Fission |¢
products

glass

Fig. 2.2. Reference scheme for the separation of long-lived radionuclides.

The separation of long-lived radionuclides is based on the industrial maturity of the
PUREX (Plutonium Uranium Refining by EXtraction) process, which already allows
the separation of uranium and plutonium [51]. Filters can then be used to isolate the
gaseous iodine by precipitation of an insoluble compound (yield of about 99 %) [52].
It is also possible to take advantage of the extracting capacities of tributyl-phosphate to
recover neptunium and technetium [53]. The addition of downstream steps then allows

the separation of the other main radiotoxic elements.
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The actinide/lanthanide separation, because of very similar chemical properties,
requires the succession of three steps: their non-selective isolation from the fission
products by molecules of the diamide family in the DIAMEX (DIAMide EXtraction)
process (yield greater than 99.9 %) [54], then that of americium and curium by various
polydentate nitrogenous molecules in the SANEX (Selective Actinides EXtraction)
process [55] and finally the separation of these elements by the SESAME (Selective
Extraction and Separation of Americium by Means of Electrolysis) process [56]. The

extraction yield is 99.1 % for Americium and 97.5 % for Curium.

According to this scenario, at the end of the advanced separation stage, the various
radiotoxic elements have been isolated. Their harmfulness by transmuting them into

shorter-lived or non-radioactive elements or by confining them in specific matrices.
4.2. lodine extraction from fission product solutions

In spent fuel, it is often assumed that iodine combines with electropositive elements,
and in particular with cesium, which is present in greater quantities (about 2.6 kg per
ton of irradiated fuel for UOx fuel). lodine is therefore considered at this stage in the
form of cesium iodide (Csl). The spent fuel is then dissolved while hot in a nitric acid
solution. The iodine oxidizes and passes from the oxidation state -1 to 0 (molecular
form 1,) which gives it a volatile character (limited solubility in aqueous phase). The
di-iodine is carried away by water vapor and they trapped in a soda washing column
where it is reduced to form sodium iodide (Nal). It should be noted that a small
proportion of the iodine combines with organic residues to form alkyl iodides whose
majority representative is CHzl and which are carried along with the molecular iodine
I,. In contact with water, di-iodine undergoes a dismutation reaction according to the

chemical reaction [37]:
I, + 3H,0 & 6H* + 105 + 51~

All the iodine in liquid form thus represents 96 % by weights of the iodine inventory
and is then released into the sea where it undergoes isotopic dilution (seawater
containing lodine-127 at a rate of 50 pg/L, Figure 2.3 [37]. In practice, the conditions

of dissolution of the spent fuel thus ensure a separation in principle of the iodine from
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the other fission products. In the gaseous outlets of the dissolution reactor, iodine is
associated only with krypton 85 and carbon-14. Only the latter is likely to interfere
with iodine during subsequent trapping and therefore to be associated with the iodine

that exists and allows the isolation of this elements from carbon-14.

Atmospheric release - «g, 5%
-

Discharge at sea ¢
(Mal) : 95-97% Soda
trap I
(NaD) lodine filters 3-4%
/A-._
's ™
Spmtglﬁ _"| Extraction ’_"ka]cmaum’_"l'khtnfcauod
use (Ls

Fig. 2.3. Schematic diagram of iodine management in the reprocessing plant.

They can either be based on extraction techniques from liquids (which requires a
selective trapping step upstream of the soda trap, which is then a secondary trap
mainly intended to immobilize the carbon-14), or on filtration techniques using series
of zeolites whose cage dimensions are adapted to the nature of the elements to be fixed
[45]. It should also be noted that the principle of fixing the entire iodine flow from the
dissolution reactor on a solid support has already been validated on an industrial scale,
since this solution has already been implemented at the Rokashomura spent fuel
reprocessing plant in Japan, where the iodine flow is trapped in the form of silver

iodide in alumina or silica-based supports [45].
4.3. lodine trapping
4.3.1. Activated carbons

If iodine management by isotopic dilution were to be completely abandoned, it would
be necessary to capture the entire iodine inventory in the gaseous emissions from the
reprocessing plant. This trapping would always be done on a solid support, such as
porous alumina-based supports impregnated with silver nitrate. However, these

supports are not the only ones that can be used. Indeed, there is a great diversity of
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materials studied for the trapping of iodine. Among them are activated carbons, most
often impregnated, which have excellent trapping capacities, but which present risks of

explosiveness [37].
4.3.2. Zeolites

Zeolites are also widely studied as iodine filters. They are porous materials with a
controlled geometry, and their iodine trapping efficiency depends on their stability
under acidic conditions (the iodine to be captured can be found within acidic flows),
this being higher when the Si/Al ration increases. Mordenite (Al;Si;;O4g), impregnated
with silver, has a high Si/Al ratio of 2.4 and is therefore particularly used for iodine
capture. MOF (Metal Organic Framework) materials can also be found, such as ZIF-8
(Zeolit Icimidozalate Framework-8) which has higher adsorption capacities than
mordenite. Finally, more original materials have also been developed in recent years,
such as microporous polymers or porous argaeoles based on cellulose impregnated

with silver or based on chalcogenides [42].

The trapping of iodine on a solid support (as well as its eventual advanced separation)
opens the way to the possibility of alternative management of this element. Two types
of management can theoretically be envisaged : management by transmutation (as for

minor actinides) or conditioning for deep geological disposal.
5. Conditioning (packaging) of iodine-129

The objective of a conditioning matrix is to guarantee the durable containment of
radionuclides. It must therefore meet a certain number of specificities determined by
the properties of the isotopes to be immobilized. In particular, it must have good
resistance to irradiation damage. These corresponds to the breakage of chemical bonds
and atomic displacements created by the production of daughter nuclei, helium nuclei
and radiation during radioactive decay. Because of the thermogenic power of certain
isotopes, a conditioning matrix must also be able to withstand significant heating
during the first years of storage. In addition, in the event of contact with a vector for
the dissemination of radionuclides into the biosphere such as water, it must have good

resistance to leaching, i.e., a high degree of chemical durability [43].
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The matrix considered for the conditioning of iodine-129 belongs to the mineral family
of apatites; it has the formula Pb,q(\VO,)1 .1, [38]. This phase is obtained by reaction in
a closed environment between a lead vanado-phosphate with lead iodide, which is the

envisaged form of the waste, according to the balance equation [57]:
3Pb3(V04)1.6(P04)0.4 + Pblz - PblO(V04)4.8(PO4)1.212

The conditioning material is obtained by sintering under load at 700°C under 25 MPa
from a Pbl, core embedded in a Pbs3(VO,)16(PO4)o4 gangue. The initial rate of
alteration of iodo-apatite at 90 °C, based on the released of iodine, at pH 5.7 (25 °C),
in a strongly renewed medium is equivalent to 2.5.10° g/(m?.d). This rate decreases by
a factor of 20 after one year (4.4.10* g/(m?.d)). lodine release is then limited by
diffusion through a residual layer of lead phospho-vanadate of formula
Pb,V116P0.2707.66 [57].

I1. Transmutation of lodine-129

1. Basic concepts

Transmutation consists in modifying the nuclei of certain isotopes to transform them
into stable or shorter-lived bodies. Three solutions have been considered to achieve

these results : photonic transmutation, proton transmutation and neutron transmutation.

Since they have no electrical charge, neutrons, through capture and fission phenomena,
appear to be best candidates for transmutation of radionuclides [58]. Produced in the
core of nuclear reactors, they have the advantage of being able to use existing or future
reactors. Efficiency of transmutation depends on the neutron cross-sections of capture
and fission, expressed in barns (b), which are complex and vary from one element to

another, but also, for the same element, from one isotope to another [58].
2. Benefits and risks

The benefit/risk ratio of transmutation appears to be quite different for long-lived

fission products than for actinides, as the following arguments show [59]:
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A reduction in the inventory of radiotoxic actinides in stored waste
reduces the risk of storage facilities in human intrusion scenarios. Also
in this case, the number of storage facilities or the volume of waste
stored at each facility could be reduced.

Exploitation of the full energy content of actinides could reduce fuels
costs and waste streams from mining and spent fuel. However,
transmutation could also induce new risks due to a more complex fuel
cycle or to a change in safety parameters. In this respect, the fraction of
delayed neutrons and the reactivity coefficients depending on
temperature and vacuum are relevant.

After decay of the shorter-lived waste in the storage facilities, a weapon
material could be extracted from the spent fuel and, therefore, future
proliferation and criticality risks could be eliminated by
separation/transmutation. On the other hand, the
separation/transmutation process itself has increased these risks to the
present population.

The dose risks from leakage of mobile elements such as Rn-222 and the
metalloid fission products technetium and iodine should be reduced. The
price to be paid is related to the efforts needed to avoid the ecological
risks of the separation/transmutation process itself, since radiotoxicity
should not be spread by procedures such as machining or solvent
spillage. It seems sensible to distribute the efforts in such a way that the

total dose risk is minimized for a given amount of spent fuel.

3. Transmutation process

The isotopic composition of iodine in the spent fuel is 16 ~ 23 % for iodine-127 and

77 ~ 84 % for iodine-129. By neutron capture, *?°l produces two states of **¥°I, an

isomeric (metastable) state noted ***™I produced at ~ 66 % with a half-life of 9 min,

and a fundamental (ground) state noted **%I produced ~ 33 %, with a period of 12.36

h. 29 makes an isomeric transition at 84 % characterized by the emission of a photon
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of 39.95 keV, and de-excites by B emission, at 16 % towards the excited states of

130%e. These levels transition to the stable ground state by emission of y photons [41].

The *%|, formed directly by neutron capture and indirectly by isomeric transition
decays in 12.36 h entirely by B~ radioactivity toward the excited levels of *¥Xe; as
before a y-cascade signs the relaxation towards the fundamental. The y rays at 536.1
keV and 586.1 keV are present in each of the decays of the **°I states, which will have
to be taken into account in the analysis of the spectra. The rest of the de-excitations
consists of electronic captures forming **®Te, with half-life 7.7x10** y. Figures 2.4 and
2.5 schematize these decays, with the direct and total level population probabilities in
parentheses respectively [60]. Table 2.7 shows the strongest y lines of **I and |
[60].
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Fig. 2.4. Simplified diagram of the de-excitation of ***™ and ¥,
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Fig. 2.5. Simplified diagram of the de-excitation of **I.

Energy (keV)

(Intensity + err) %

Energy (keV)

(Intensity + err) %

130M1 (9.0 min)

1309] (12.36 h)

536.1 15.643 £ 0.1 418 3457 +0.1
586.1 1.06 + 0.01 536.1 98.823+0.1

128] (24.99 min) 586.1
442.9 12.807 + 0.1 668.6 96.199 0.1
526.6 1.1993 + 0.01 739.5 82.583 + 0.1
1157.5 11.41+0.1
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4. Ways of transmutation
4.1. Use of photons

If a target is bombarded with a beam of electrons provided by an accelerator, it is
possible to obtain photons (Bremsstrahlung effect) which can give rise to reactions (y,
xn), i.e. X neutrons are rejected from the nucleus under the effect of incident gamma
radiation. By applying it to bodies too rich in neutrons such as some fission products
that are unstable. These reactions lead to stable bodies. This method has not been
adopted, given the very low yield and the high level of electron current required,

which is still unattainable [61].
4.2. Use of protons

This way was proposed in the early 90's, using accelerator-assisted subcritical reactors,
which are called hybrid systems or ADS (Accelerator Driven System). ADS must be
able to deliver high currents (tens of mA) at energies in the GeV, with a high level of
reliability. The protons reach a target in which a reaction called spallation occurs. Each
proton emits on average about thirty neutrons which are added to the fission neutrons.

Very big difficulties are posed for the spallation target [28].
4.3. Use of neutrons

Produced in the core of nuclear reactors, the efficiency of transmutation depends on
the neutron capture and fission cross-sections which are a function of the neutron

spectrum (flux, energy) [43].

Fission products are produced by capture reactions and the mass inventory at the exit
of a PWR (Pressurized Water Reactor) is dominated by plutonium (after uranium).
The use of higher burnup or MOXx fuels increases the relative proportion of heavy
transuranics. The total quantity of fission products (FP) is directly proportional to the
thermal energy released by the core. The formation of LLFPs depends only slightly on
the fissioning nucleus, and the only way to create less LLFPs, is to increase the
proportion of energy actually used. Making cogeneration or high temperature reactors,
produces less FP.
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The average yield of iodine-129 is 7.7 kg/y in a PWR of 900 MWe (UOx 3.5 % at 33
GWij.t1h of discharge [25].

Reaction cross-sections are the physical quantities that drive the evolution of nuclei in
the reactor. The cross-section o reflects the probability for the reaction to take place.
For a number N of target particles in a flux ® of incident particles, the reaction rate R

is by definition of o:

The cross-section is a function of the nature of the nucleus and the energy of the
incident neutron. In the case of iodine-129, cross-section is 0.35 b for the fast neutron
spectrum, and 3.12 b for the thermal neutron spectrum. These values were calculated
by the ORIGEN code for a thermal flux of the order of 1x10™ n.cm™.s™ and a fast flux
of the order of 1x10"° n.cm™.s™ [62].

5. Transmutation mode

The only realistic principle of transmutation envisaged is neutron irradiation, inducing
fissions on the heavy elements, and captures on the fission products FP to result by
transition in short-lived isotopes. The fission reactor is considered the only device

where a high enough flux of neutrons can be maintained for years.

The addition of fission products (FPs) in the core of a reactor modifies its neutronic
behavior and may therefore require new assembly configurations. Two modes of
transmutation are distinguished, homogenous and heterogeneous. The choice between
these two modes depends on the behavior of each element in the reactor, and its

influence on the fuel cycle [63].
5.1. Homogenous mode

In this case, the fission product is homogeneously mixed with the fuel, figure 2.6 [64].
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Thermal neutron Spent fuel > Reprocessing j‘> Conditioning
reactor

A

U, Pu, FP <

Fig. 2.6. Transmutation in homogenous mode.
5.2. Heterogeneous mode

The fission products are located to be transmuted into special rods without any fuel.
These rods, will form groups of 24 units intended to be inserted into the guide tubes of
the 17x17 assembly exactly as control groups. The fissile content of the assemblies
receiving these groups is kept identical to those without groups. Figure 2.7 describes

the heterogeneous mode [64].

Thermal neutron Reprocessing 4\ Conditioning
Spent fuel FP
reactor _‘/

A

U, Pu
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FP
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Fig. 2.7. Transmutation in heterogeneous mode.

6. Transmutation of long-lived fission products : lodine-129
6.1. Introduction

The long-term risk of a geological repository for nuclear waste is generally dominated
by the LLFP citing iodine-129; 1. The latter is generally more mobile than the
actinides. lodine also has a relatively high radiological toxicity. In most repository

designs, the early dose contribution from primarily LLFP and their order of
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importance depend on the characteristics of the repository. To reduce the long-term
dose, it has been suggested that LLFP be transmuted into stable or short-lived isotopes,

or that they be specially packaged for disposal.

Activities on LLFP transmutation are mainly focused on the transmutation of iodine-
129 and technetium-99, since they can be transmuted quite efficiently in nuclear

reactors due to their standard neutron absorption cross-section (30 b for iodine-129).
6.2. Neutronic consideration of the transmutation of lodine-129

The elemental iodine in spent fuel consist of iodine-127 and iodine-129, with a typical
composition of 23 % *¥'l and 77 % '®I in the case of PWR. Because the half-lives of

128 130 1311 and 2 are very short, *¥’l and '*°| are mainly

the unstable nuclides
converted by neutron capture to *®Xe and **Xe, respectively. The conversion of **'|
to | is very small, as I decays rapidly to ***Xe. As a result, **I and '#| are
transmuted to stable xenon isotopes by neutron capture reactions. In the thermal
energy range, the capture cross-sections of 2l and '*°I and *Xe are inversely
proportional to the neutron velocity, and **I has a much larger capture cross-section
than the other two isotopes. *°l has a resonance series, and the resonance integral is
36 b. In an iodine target, the self-shielding effects are generally small [65]. Figures 2.8
f 127|

and 2.9 illustrate the transmutation process of iodine-129 and the cross-sections o
and *?°| from ENDF data [65].

B

TW:S.Z d

(stable) | 133Cg

Fig. 2.8. Transmutation process of the iodine-129.
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Capture cross section (barn)

Neutron incident energy (eV)

Fig. 2.9. ' and *®I cross-sections from ENDF data.
6.3. Selection of iodine-129 targets

The target consists of a support matrix, which is transparent to neutrons and allows the
adjustment of the power density of the fuel, and a chemical compound containing the
element to be transmuted. Irradiation experiments were performed to select the iodine
chemical compound, the compatible matrix material and the appropriate moderator
material [63].

Elemental iodine, I, is not a suitable chemical form of the target for transmutation of
iodine-129 because its low melting point of 386 K and boiling point of 457 K and it is
very corrosive. Some attempts have been made to select suitable chemical forms for
the target through literature study and irradiation tests. They focused on these criteria:
(1) high melting point of the metal component, (2) low thermal neutron capture cross-
section of the metal component, (3) no production of long-lived nuclide, (4) sufficient
iodine content, (5) compatibility with cladding materials, (6) chemical stability in air

for safe handling and storage. Unfortunately, no compound met the criteria [66].

The properties of a selection of the most promising metal iodides are summarized in
Tables 2.8 and 2.9 [65, 66, 67] and figure 2.10 [66, 67].
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Compound Gmetal (D) Natoms 107°/cm’® Melting point (K)
Cels 0.73 1.97 1033
Mgl, 0.064 1.94 1906
Yl; 1.30 1.76 1238
Nal 0.543 1.47 934
Pbl, 0.18 1.59 683
Znl, 1.10 1.80 719

Tab. 2.8. Properties of some metal iodides (at E,=0,0253 eV).

Compound | Melting Natoms Production of long-lived Chemical
point (K) | (lodine) nuclide: half-life stability
10%/cm?®
Nal 933 1.47 No Deliquescent
Mgl, 907 1.84 No Deliquescent
Cal, 1052 1.62 “Ca: 1.03x10° y Deliquescent
(light sensitive)
Cul 868 1.78 Zn: 244.26 d; ®Ni: 100.1y | Stable in the air
Ca(103), 823 1.40 Ca:1.03x10°y Stable in the air
Tab. 2.9. Properties of iodine compounds.
[ "o

104T (K1)

Fig. 2.10. The dissociation pressure log(p(l,)) as a function of temperature (a) and the

vapor pressure as a function of reciprocal temperature (b) of some metal iodides.
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Cerium tri-iodide Cels and yttrium iodide Yl; clearly seem to be the most promising
materials, having a relatively low cross-section for low thermal neutron capture, a
reasonably high melting point, low vapor pressure and high thermodynamic stability.
However, they have the disadvantage of being unstable to moisture and oxygen and
are so far difficult to prepare in a pure form. Lead iodide Pbl, and zinc iodide Znl; are
the lowest stable in terms of dissociation from each other, have the highest vapor
pressure among the compounds considered, but are relatively easy to handle [65, 66,
67]. These compounds have a relatively low melting point, so they will be in the
molten state under the conditions of most power reactors. Magnesium iodide Mgl, and
sodium iodide Nal have intermediate characteristics, and are in most respects less
promising than Cel; and Ylz. Since Nal is less sensitive to moisture than Mgl,, it
seems to be a better candidate [65, 66, 67].

A secondary criterion for target material selection is the compatibility of the target
preparation with the reprocessing technology. Liquid scrubbing as well as solid
adsorbents have been suggested for the removal of iodine from gas streams in
reprocessing facilities. In the case of liquid removal processes, iodine is bound in
metal compounds such as Nal in (caustic scrubber), Hgl, in (Mercuryx) or Ba(lO3), in
(lodox). In the case of a solid adsorbent, only silver Ag (is quite expensive) seems to
be an attractive binding agent. Pbl, and Nal have the advantage of being possible
chemical forms in which the fission product iodine can be isolated in reprocessing
plants by the PUREX process [65, 67].

6.4. Preparation and characterization of lodine-129 target

In all transmutation experiments, the iodine targets should contain the natural isotope
27| pecause it was not possible to prepare samples containing **I in the required
amount (1-2 g). Since the transmutation process of **’I is almost identical. Materials
that contain iodine were purified before use, after which they were stored in a glove
box filled with argon. Pbl, and Nal were purified by heating in an argon stream at 400

K, Celswas purified by sublimation at high temperature [68].
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The materials will be encapsulated in 15-15 Ti stainless steel tubes, which had an outer
diameter of 6.55 mm, an inner diameter of 5.65 mm and a length of 100 mm as shown
in the following figure 2.11 [67].

6.55 mm J : 5.65 mm

100 mm

Fig.2.11. The metal iodide irradiation capsule; The left part represents the sample

material.

The bottom and top are made of 15-15 Ti rod. The bottom of the capsules were air
welded, but due to the highly hygroscopic nature of the materials, the top had to be
welded in an inert atmosphere. Before the start of irradiation, X-ray photographs of the
targets were taken to confirm that the sample materials do not occupy only the bottom

section of the capsule [67].
6.5. Irradiation conditions and transmutation rate of iodine-129

The transmutation of fission products such as iodine has been demonstrated in the
JOYO experimental fast reactor (140 MWt thermal power) at the Oarai Engineering
Center of JNC (Japan Nuclear Cycle Development Institute) in Japan. lodine was
considered as the target long-lived fission product to be transmuted. In the core fuel
region, the total neutron flux is 5x10"® n.cm®?.s®. Many materials have been
considered as neutron moderators in fast reactors, including hydride materials
(zirconium hydride ZrH), B4C, graphite and beryllium (Be). The maximum
transmutation rate of iodine-129 was 7.7 % ZrH g5 (60 %) as the moderator material
[69].

A small fast reactor such as the Fast Flux Test Facility (FFTF) can be an effective
transmutation device to destroy long-lived fission products such as iodine. The FFTF
is a 400 MWt sodium-cooled fast reactor SFR with a well-characterized irradiation
environment and the demonstrated ability to accommodate metal hydride-moderated
assemblies. The target form of iodine chosen was cerium iodide Cel; because of its
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quantity of iodine in a given volume. The calculated transmutation rate of iodine-129

was 14 % per year, using yttrium hydride (YH; ) as the moderator [70].

The BR2 material testing reactor at MOL, Belgium with, in current operation, an
effective thermal neutron flux ranging, in the core, from 2 to 4x10™ n.cm?.s™, in the
reflector position, up to 4x10* n.cm™s™, and an important epithermal contribution
(about 0.4x10™ n.cm™?.s™ in the core position) [71]. The BR2 is a heterogeneous high-
flux thermal reactor designed in 1957 by the Nuclear Development Corporation of
America (NDC). The reactor is cooled and moderated by pressurized light water (12
bars) in a compact core made of highly enriched uranium; the reflector is a beryllium
matrix. The thermal power has been increased to 100 MW. Because of its higher
volume concentration of iodine and its higher melting point, calcium iodide Cal, was
chosen as the reference compound. The percentage of transmutation obtained after 200
days of irradiation (= 1 year) is 9.5 %; 7.5 g transmuted on 78.94 g of charge [71]. In
another experiment, using the iodine Ba(103),, for an irradiation time of 200 d, the rate
will be 10 % for a neutron flux of 2x10™ n.cm®s™. This rate will be 23 % for an

irradiation duration of 500 d for the same neutron flux [72].

Irradiation tests for the transmutation of technetium and iodine fission products were
carried out in the high flux reactor of Petten (Netherlands). Samples of three different
metal iodides (Cels, Nal and Pbl,) were irradiated in the central C5 position in the core
for eight reactor cycles (192.95 days at full power). The calculated total neutron
fluence rate was approximately 9x10*® n.m? with a thermal component of 1.5x10"
n.m™ for the 8-cycle irradiation period, the total neutron fluence was 1.5x10%® n.m™
and the thermal neutron fluence was 2.5x10%®° n.m? The transmutation rate was

calculated to be about 3 % for the iodine samples [67].

The transmutation of fission products loaded into irradiation tube of the 30 MWth
Korean Multipurpose Research Reactor (KMRR) was estimated using the code
TRIFON; developed at the Russian Institute of Theoretical and Experimental Physics
(ITEP). The transmutation rate of iodine-129 was estimated to be 9,5 % over a burnup
period of six cycles (203 days) in the KMRR core center square, a higher flux of
5.3x10* n.cm?.s™* [73].
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7. Transmutation reactor systems

For the implementation of transmutation, studies have focused on the use of these

reactor systems [36]:

e Existing reactor systems: i.e. the reactors of the current fleet of pressurized
water reactor (PWR) and those to come (sodium-cooled fast reactors SFR),
whose technology has been mastered.

¢ Innovation technology reactors are the fast neutron nuclear reactors developed
within the framework of the international "Generation IV" initiative for energy
production by 2023, citing gas-cooled fast neutron reactors (GFRs) and molten
salt reactors (MSRs).

e Hybrid systems are sub-critical coupled to accelerators, which are still under

study.
8. Scientific feasibility of iodine-129 transmutation

The scientific feasibility of transmutation of long-lived waste has been studied for
many years by the scientific community. Scientific studies are conducted to thoroughly
evaluate the feasibility of recycling these elements in a nuclear reactor and to identify
of thermal neutron energy ranges for transmutation of certain fission products,
technetium and iodine. The transmutation efficiency depends initially on two key
parameters: cross-sections of target and neutron flux level. Studies have focused on the
use of existing reactor systems (PWR, SFR) and innovative technology reactors such
as gas-cooled fast reactors (SFR). Hybrid systems have been studied. The evaluation
of a waste management solution can only be done with a global view of the cycle (fuel
fabrication, reactors operation, cycle plants and reprocessing facilities) with a

complete analysis of the whole nuclear cycle through scenario studies [74].
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Chapter 111

Simulation codes and « The ORIP_XXI collection »

1. Simulation of the parameters of nuclear transmutation

The transmutation rate R is one of the most important parameters for nuclear
transmutation. This parameter expresses the amount of radioelement transmuted
during an irradiation period. The transmutation rate parameter is determined either
experimentally or by evaluation with a suitable calculation code. From the
transmutation parameter, several other parameters can be calculated: transmutation

quantity C, transmutation support ratio TSR, average transmutation acceleration A.

The transmutation processes of radiotoxic elements directly concern their evolution
under irradiation in a nuclear reactor. The Bateman equations are the mathematical
models that describe the abundances and activities in a transmutation chain as a
function of time. The solution of these equations is performed by various methods: the
search for an analytical solution, the matrix exponential method and discrete

numerical methods [75].

The codes of calculation of nuclear transmutation are numerous: MCNP, Trifon,
Citation, D-Chain, Scale, Appolo, Origen2, Darwin, OpenMC [69, 70, 71, 72, 73].

In this work, the evaluation code adopted is the calculation code "ChainSolver 2.34".

2. Theoretical basis of the code

The ChainSolver calculation code is based on the solution of the ordinary differential
equation, or Bateman equation. This equation describes the evolution of the states of
an isotope according to a spontaneous decay or by transmutation induced by neutrons
according to the equation [6]:

dN, () _

T N+ D KGN s (Eg. 3.1)

N;: the nuclear density of the state of the i-th isotope.
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Kii: the transmutation constant from the j™ isotope to the i isotope.

u;: the constant of the i-th state, it is given as follows:

Ai: the decay constant of the i-th state.
oq: the incineration cross-section.

¢g- the neutron flux.

Kq: the self-shielding factor.

g: the neutron energy group.

2.1. Ordinary differential equation DOE

The decay curve of any radionuclide can be solved by equation Eq. 3.3 [76]:

N (L) = N8 7 ettt ettt ettt ettt e e b et r e ens (Eq. 3.3)

Where t is the time in years. A is the decay constant.
N(t) is the size of population of radioactive atoms at a time t.
Ny is the size of population of radioactive atoms at t=0.

The first step is to determine the decay curves. For any nuclide, the growth-decay

equation can be solved by integrating Eq. 3.4 with respect to t.

dN,
dt

I N N T (Eq. 3.4)

The equations include both growth and decay. Looking at the basic equation, A;N;
represents the growth of the daughter and A,N, represents the decay of the daughter
product. For the first daughter product, where there is no growth of the parent; the

integration resolves to Eq. 3.5.
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For the second daughter product, the basic equation is rearranged, as in Eqg. 3.6.

dN,
dt

Including the growth of the daughter product, N, as a function of time and integration

in time, we obtain the equation Eq. 3.7.

gt e g J

N3:W‘”((@—WS—@)+<a—@><@—@>+<a—@)(ﬂz—ﬂa>

This method of solving is complicated for several reasons. Accounting for chain
branching and joining is computationally intense and is handled by using partial decay
constants for growth in the above equations. However, as chains become longer, these

equations become unwieldy and progressively more difficult to solve [6, 76] .

2.2. Solving the ordinary differential equation

The evolution of a system subjected to a neutron flux ® can be calculated by such a
calculation code; using the Bateman equation Eq. 3.8. This relation balances the

disappearances and appearances of N; nuclei i over a time interval 'dt' [77].

The first term corresponds to the disappearance of the nucleus i by nuclear reaction
(capture, fission). The second term represents its formation by interactions undergone
by a nucleus j. The third term is the loss of the considered isotope by natural decay.
The last term corresponds to its creation by the set of nuclei j whose decay channels

lead to the isotope i.

The first term and the second term correspond to the reaction. The third term and the

last one correspond to the decay.

O'N—i(t):-(;;’=‘b~°'¢Ni + 2 0N = AN D A N e, (Eg. 3.8)

dt i=]j i = !
N; : the number of nuclei i.

o™¢ : the absorption reaction rate of the nucleus i.
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o, ¢ the reaction rate of the nucleus j producing i.

A, - the total decay constant of the nucleus i.

A;_; - the decay constant from nucleus j into nucleus i.

The reaction rates and o*¢ and o, ¢ are defined by equation Eq. 3.9 where o(E)

joi

and ¢(E) are the cross-section and the neutron flux as a function of the incident

neutron energy.

d
oy [T EVHENE

T

Harry Bateman found a general explicit formula for the quantities by taking the

Laplace transform of these variables. The concentration of the n™ nuclide after a time t

was given by Bateman as follows [77]:

N, () =Nlﬁ—(o)zn:ﬂb.a. B e (Eq. 3.10)

0= ] 20 s (Eq. 3.11)

2.3. Incineration in a nuclear reactor
The temporal evolution of a quantity N of an isotope under neutron irradiation Eq. 3.

12 [80] :

dN(t)

- (A OP)N oottt (Eq. 3.12)

Where ¢ is the flux, o is the cross-section, and A is the decay constant. If decay is the

predominant reaction, then the time evolution of the quantity N is defined by Eq. 3.13.

2N ettt et et e (Eq. 3.13)

This equation leads by integration to Eq. 3.3.
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The time needed to halve the initial quantity Eq. 3.14 is then [81]:

a2 —————— (Eq. 3.14)

Where 7 is the time constant of the isotope.

By extension, if neutron absorption is the predominant reaction, then the time
evolution of the quantity N is defined by Eq. 3.15 [81]:

dN () _

it L ———— (Eq. 3.15)

The solution of this equation is Eq. 3.16 [80].

NCE) = Ng 8™ ovveeeoeeeeeeeeeeeeeseeeees e esseee s eseee e ses e s e ssee s reeseeees (Eq. 3.16)

This equation leads to the concept of effective half-life when transmutation is
considered. The effective half-life is defined by the relation Eq. 3.17 [81].

L (Eq. 3.17)

3. Nuclear databases

The databases contain a large amount of nuclear data, citing the cross-sections of
interaction with a particle stream, decay properties. The data presented in the nuclear
libraries have been evaluated from experimental measurements. The main nuclear

databases evaluated are [78]:

» ENDF/B: Evaluated Nuclear Data File, United States.

» JEFF: Joint Evaluated Fission and Fusion file, Western Europe.

» JENDL.: Japanese Evaluated Nuclear Data Library, Japan.

» CENDL.: Chinese Evaluated Nuclear Data Library, China.

» BROND: Biblioteka Rekomendovannykh Otsenjonnykh Nejtronnykh Dannykh,

Russia.
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These libraries may differ in certain energy ranges, for certain isotopes. Moreover, we
can find a disagreement between identical measurements made with different

techniques.

4. Simulation Codes "ORIP_XXI"

The transmutation efficiency of a radioelement is estimated by calculating
transmutation parameters. The transmutation rate TR, transmutation quantity C,

transmutation support ratio TSR, average transmutation acceleration A are quoted.

The determination of these parameters is done either experimentally or by numerical
evaluation. In the present work, the calculation code used for the evaluation is
ChainSolver 2.34. The cross-section curves presented are obtained from the JANIS

code.

ORIP_XXI, a software suite is developed for the study of transmutation chains of
radioactive and stable isotopes, i.e. networks of nuclides with possible feedbacks. This
suite is developed by E.G. Romanov for the numerical simulation of nuclear
transmutation. It is possible to estimate various quantitative characteristics of a nuclide
transmutation chain, both under irradiation in neutron fluxes and in case of

spontaneous radioactive decays. The main programs of the ORIP_XXI software are :

e The NKE electronic card,
e The ChainFinder nuclear transmutation chain search program,
e The complete simulation program of nuclide production in a nuclear reactor

ChainSolver.

All programs use a common data file, which contains nuclear constants and decay data
for over 2800 nuclides with atomic weights from 1 to 293 (nuclear charge from 1 to
118) and chemical element characteristics. The file also includes fission product yield
data for thermal and fast neutron induced fission of 22 heavy isotopes. ChainSolver
allows users to take into account neutron flux depression and self-shielding factors.
Once the calculations are complete, various features are calculated based on the

estimated isotopic densities: isotopic masses, element masses, isotopic activities,
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isotopic parts, mass Yyields, depression coefficients, self-shielding factors, and

estimated fission energy deposits at all time steps [79].

4.1. The electronic card of nuclides "NKE""

The NKE program is developed to visually represent basic nuclear physics data (half-
life, neutron reaction cross-section, radioactive decay data, fission yield, etc.) and to

search for nuclides meeting certain criteria, Figure 3.2 [79].

The program can perform complex searches, which allows analysis of all available
data in the ORIP_XXI software suite data file. The user interface allows to specify
exactly what information should be displayed on the nuclide card. It is possible to
quickly switch to any nuclide. When double-clicking in a nuclide cell, general
information about the nuclide is displayed. The user can also request detailed

information for any isomeric state.

Decay of 129

HaFlf=
M <

] A i
o potviy 0 [D00BE2B6 =
Fig. 3.1.The main windows of NKE program.
The data displayed includes information on:
v Neutron reactions for chemical elements: properties of

stable/fundamental/meta-stable states of nuclides (half-life, percentages of

decay channels).
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v Information on particles and their alpha-beta-gamma decays, emitted electrons
and positrons, estimation of the ionizing range constant K,.

v" Fission product yields for various fissile nuclei in fast and thermal neutron
spectra; thermal and resonance (capture and fission) cross-sections; cross-
sections of (n, p), (n, o), (n, 2n), (n, n') threshold reactions averaged over a

fission neutron spectrum.

It is possible to combine several filtering conditions by the operators 'AND' or 'OR’,

figure 3.2 [80]. Such nuclides seem to be promising for medical applications [79].
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Fig. 3.2. Selection of nuclide states of interest to the user.
4.2. Chain search program "*ChainFinder*

The main research function of the ChainFinder program is to elaborate the nuclide
chains that can be realized in nuclear reactors, figure 3.3. The program also allows to
discover the reason for the appearance of unexpected isotopes in the irradiated
material. ChainFinder automatically constructs possible transmutation chains, given
start and end states. The chain search process takes into account the decay "sub-

branch™ data available in the data file. Thus, the data used includes all the data in the
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data file, not just the data displayed by NKE. ChainFinder allows the user to choose
whether or not to take into account decay reactions, thermal neutron captures, neutron-

induced fission, and fast neutron threshold reactions [79].

% Chain Finder L L o S
Start state Firish state e
(BES] | |%e-130 |
v Capture [v Decay [~ Fizzion [v Threshold
M ax. depth td & tirme, ik
Find 100 - 3 =
[~ Clear found

100 steps in depth
Chain(z] found

= b
w11 Copy chain state names
~1130m
- %e-130 Load chain from file
&1 Chain Save chain to file |
-1 Copy All state names 1
- ¥e-129g Py
L Xe128
El- Chain
- %128
- He-127g
1127
L1128
[+ Chain
- Chain il

Fig. 3.3. Main window of ChainFinder program.

The context menu allows to transfer the list of chain state names to the windows
clipboard, or to save a chain to a file. A saved chain can be loaded later into the

ChainSolver program to perform nuke production calculations.

4.3. Transmutation simulation program **ChainSolver*'

The ChainSolver program is developed for the numerical simulation of nuclear
transmutation in the final stage before irradiation or before isotope shipment. Self-
shielding by neutron capture resonance, thermal neutron flux depression and

irradiation schedule can be taken into account [6, 26, 36, 79].

Making these calculation is extremely tedious because at each irradiation time step, the

specific neutron fluxes, the reaction cross-sections and the initial isotopic composition
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must all be taken into account. The calculations allow to choose more precisely the
irradiation mode and to estimate the yield of the products as well as the inevitable
impurities. The main approximation used in transmutation simulations is the
following: changes in the user-specified neutron spectra due to change in the

composition of the irradiation material are assumed to be negligible [6, 26, 36, 80].

The program interface uses a Delphi visual component, which allows to display
several pages on a main form. Each page contains a group of parameters necessary for

the numerical evaluation of nuclear transmutation and derived quantities.

4.3.1.""Chain"" tab

The "Chain" tab in the main ChainSolver window allows the user to create a
transmutation chain and edit it, figure 3.4. Editing means adding states and/or links
changing their numerical characteristics. A link is an arrow corresponding to the
transmutation between two isotopic states, possibly two states of the same nuclide.
Some associated numerical values can be created in several ways. The chain can be
loaded from a file created by ChainSolver. The chain can also be created by starting

with an empty chain and adding nuclide states [6, 26, 36, 79].

78 Chain Solver =T x|
Chain }cEndninns} Tim ] cale }A ssssss }
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L Links (28
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Thermal
Resonanc
Fast
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lina 7 a2

Fig. 3.4. "Chain" tab of ChainSolver program.
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4.3.2. ""Conditions'" tab

The "Conditions" tab is where the irradiation conditions are defined: the initial
composition, the required precision, and the heat flux depression and resonance self-
shielding data, figure 3.5. The initial mass parts of the nuclide states, the element
weights, a sample piece, and the absolute and relative tolerances (atol and rtol
respectively) [6, 26, 36, 79].

The local tolerance for the i"™ nuclide concentration y(i) at each time step is determined
by the formula:

TOL(i) = rtol (i).abs ( y(i) ) +atol (i)

Calculations taking into account resonance self-shielding are extremely tedious and

require many additional parameters.

% Chain Sclver ‘EE
Chain Conditions Iijes | caie | Answers |
Inttial Values [ % | Tolerances Depression
) Wolume, cub.cm =l> cm
State MassPart_|atol [rtol [ Mass, g I~ Consider m [12
L1127 | ]
H128 Te Sel-Shielding
123 Xe Consid
[™ Consider Build Table | Load T able ‘ Save Table |
-130g
H130m Block properties .
T o Vin cub.cm W gkin |0
1329 *+ No " 5q " Hex
F132m
Te-128 <b.em |1 Tk 320 Save Load
Te-128g Res.absorbers
Te-128m
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Xe-129m ) pe )
Xe-130 State Consider N min M max | Puaints
Xe-131g [m]
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[ b |
Total Mass, g $
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Load A Sigma, barn M per cub.cm Load
save v [30000 Save

Fig. 3.5. "Conditions" tab of ChainSolver program.
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4.3.3. "Times" tab

The "Times" page is where the user defines the irradiation program. In the multi-line
editor, paired values are defined: time interval (in days) and corresponding power level
(in MW), figure 3.6. On this page, the following fields are to be filled in: neutron gas
temperature (in degree Kelvin), thermal, resonance and fast neutron fluxes respectively
for the nominal power of the reactor. During the calculations, the neutron flux for the
time interval is defined as the product of the flux value for the nominal power and the
ratio between the current power level and the nominal level. The program allows to
simulate multistage irradiation processes when the irradiated material is placed in
different positions in the reactor at different stages, or even in different reactors and/or

endurance pools with different neutron spectra [6, 26, 36, 79].

4l Chain Salver . T )|
chan | Condtions Times lgalc | Answers
File:
Time Infervals 1 Time Intervals 2 Time Intervals 3
20140
20140
20140
20140
20140
20140
20140
20140
20140
20140
20140
100
[ Tng [500.0 [ Tng [500.0 ¢ Tng [500.0
Fluxes Fluxes Fluxes
T [s2e14 o [ezets o [ezets
Res |13 Res |13 Res |13
Fast | ##14 Fast##14 Fast|##14
Nominal |40 Nominal |40 Nominal |40
230,000 30800,000 230,000 30800,000 230,000 30800,000
o Apply | [ AutoApply X Dal Load Save

Fig. 3.6. "Times" tab of ChainSolver program.
4.3.4. "Calc" tab

The calculation page "Calc", presented in the figure 3.7, gives the interface to the
various methods used to solve the system of ordinary differential equations of
Bateman, which describes the chain of transmutation of the nuclide studied. Four
solver sub-programs are available in this page: VODE, LSODA, RADAU and
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MEBDF, which call upon dynamic libraries loaded "DLL". The solutioners use
methods of calculations of the Jacobian, by selecting the box "JAC" [6, 26, 36, 79].

After the selection of the solver, the calculation starts by pressing the "Calc" button. In

the table, the calculated weights of all isotopes present in the constructed chain for

each time interval are displayed, indicating the corresponding heat fluxes.

48 Chain Solver

-

- e e & | | |

Solver

Chain 1 Conditions | Times. Eﬂ‘ﬂ WAnsﬂarsl

oo CCLLCTCLLC LT
;
W Jac

* LSODA (" VODE (" RADAU (" MEBDF
Time Flux then{l-127 -128 Te-128 |Te-129m|Te-129g |[Xe-128 |Xe-129g |Xe-12¢  Solver
0 42E14 Mu 0 0 0 0 0 0
20 4.2E14 (1582.9 |0.021423 1.1848 | 6.4307E-17.9394E-115.935 |0.041543 0.0115
40 4,2E14 |1566 0.021194 2,359 2,1232E-'1,5911E-131,64 0.16298 0.0313
60 4.2E14 |1549.3 |0.020968 3.5203 | 4.1966E-!2 3851E-(47.083 0.37237 0.0530
80 4.2E14 (1532.8 |0.020745 4.6691 | 6.6526E-!3.1741E-162.267 |0.66794 0.0748
100 4,2E14 |1516,5 0,020523 58053 |9,362E-5 3,9571E-(77,195 |1.0469 |0.0963
120 4.2E14 |1500.3 |0.020304 69292 |0.000122;4.7332E-191.671 1.5057 01174
140 4.2E14 (1484.3 |0.020088 8.0408 |0.00015115.5019E-(106.3 2.041 0.1382
(| 160 4.2E14 (1468.4 |0.019873 9.1403 | 0.000181!6.2629E-1120.48 |2.6495 0.1586
180 4.2E14 |1452.8 |0.018661 10.228 |0.000211!7.016E-6/134.42 3.328 01787
200 4.2E14 (1432.3 |0.019451 11.304 | 0.000241!7.7613E-(148.12 |4.0736 0.1984
220 0 1421.9 0.019244 12.368 |0.000271'8.49B6E-1161.58 |4.8831 0.2178
230 0 1421.9 7.1777E-112.369 |0.000221:2.0092E-1161.6 49985 0.1025

Fig. 3.7. "Calc" tab of ChainSolver program.

4.3.5. "Answers" tab

The "Answers" page, a page of answers, presents the results of the calculations

performed as shown in figure 3.8. The check box "A_Z" allows the alphabetical

classification of the nuclide names. The unit of the activities obtained can be chosen in

the box "Activity Units": (Ci, Bqg). Type of measurements is determined from the
choice "What" [6, 26, 36, 79].

"Nuclei™: number of nuclei of the chain isotopes for each time interval.

"Mass": weights (in grams).

"Activity A": alpha activity.
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"Activity B": beta activity.

"Activity EC": disintegration activity by electronic capture.

"Activity IT": decay activity by isomeric transition.

"Activity Total": total activity.

"Activity per element g": total activity for one gram of the element mass.
"Isotope parts": isotopic partition of the elements of the chain.

"Masse yield": yield of mass per gram of initial elements.

"Depression”: factors of depression.

"SSK": self-shielding factors.

"Fiss. engr": value of the fission energy (in MeV).

The results obtained are saved in an Excel sheet type file, by selecting the "Save slow

results” menu, then pressing the "Excel" button.

g Chain Solver l = | (=
Chain | Conditions | Times | Cale  Answers ]
Time Flux therm|1-127 128 [-20 14300 [H3om  [i431 Mg |Hz2m  [Te128 |5 A7
0 PETR 1600 0 8400 |0 0 0 0 0 0 What
20 42E14  [15829 (0021423 82735 42669 0033278 0017145 |0 0 11848 || € Nuckei
0 42E14  [1566 (0021194 81487 42026 0032777 002081 |0 o 2,350 @ Isotope mass, g
50 42E14 [15493  |0,020968 802509 41392 0032283 0,021068 |0 0 35203 || € Eementmass, g
80 42E14  [15328 0020745 79048  4,0768 0031786 0020817 0 0 4,6691 " Activty A
100 42E14  [15165 (0020523 77857 40153 0031316 0020486 |0 o 54053 || £ ActiyB-
120 42E14  [15003 0020304 76634 39543 (0030844 0020174 0 0 59282 ;ixz:{n
140 42E14 14843 (0020088 75528 28952 0030379 0,019869 |0 0 80408 ||
160 42E14  [14684 (0019873 74389 38365 0029921 0019569 |0 0 81403 | ) e per cement g
| [130 42E14  [14528 (0019861 73267 37786 002947 0019274 | o 10228 (|~ otupes perts (mess)
200 42E14  [14373 (0019451 72163 37217 0029026 0,018984 |0 0 11,304 || ¢ wass yield
| [220 0 14219 (0019244 71075 36656 0026588 0018697 |0 0 12368 || ¢ Depression
230 o 14219 |TATTTEA1ZTA0TS 1972365 |6 1875E-180,0081374 0 o 12368 || € SSK (slow )
b " 55K approx.
|  Fiss.engr.(MeV,on 200)
-“Activity Units-
" Bg o]
4 +

Fig. 3.8. "Answers" tab of ChainSolver program.
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Chapter IV

Transmutation Efficiency of lodine-129

1. Definition of High Flux Reactors ""HFRs"

The present study is based on different types of "High Flux Reactors" HFRs, namely
Petten, BR2, SM3 and JOYO.

1.1. Petten high flux reactor

The Petten HFR (Netherlands) is a tank pool type reactor. It operates at a constant
power of 45 MW using a low-enriched uranium plate type fuel, cooled and moderated
with light water. The core is composed of 33 fuel rods, 6 control rods, 25 reflector rods
and 17 experimental stations [36]. The neutron fluence can reach 10%® m? with a
thermal component up to 10® n.m?, a fast component up to 10° n.m™ [67]. The core

configuration is shown in the following Figure 4.1 [82]:
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Fig. 4.1. The Petten HFR Reactor core configuration.
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1.2. BR2 high flux reactor

The BR2 (Belgian Reactor 2) is a 100 MWth HFR dedicated to materials testing.
Commissioned in 1991, BR2 operates with highly enriched uranium (39.6 % 2*°U)
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with water under pressure as coolant and moderator [83]. The availability of high
thermal neutron fluxes up 10" n.cm™?.s™ offers an important opportunity for routine
production of radioisotopes for medical and industrial applications [84]. The following
Figure 4.2 shows a cross section of BR2 HFR [83].

COP I IA
/‘0 '0'0803\
e 0.0 X\
L‘J.o(
00

(‘, CHANNEL WITH CHANNEL WITH
\__// FUEL ELEMENT CONTROL ROD

( S\ REFLECTOR CHANNEL WITH
\_ _J/ CHANNEL REGULATING ROD

Fig. 4.2. BR2 HFR cross-section.
1.3. SM3 high flux reactor

The SM3 (Dimitrovgrad, Russian Federation) HFR is a water-cooled vessel with a
trap. It uses UO, fuel with high enrichment. The thermal power is up to 100 MW [85].

The neutron flux density is higher than 10 n.cm?s™. A horizontal cross-section of

the core geometry of the SM3 reactor is shown in the following Figure 4.3 [86]:
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Fig. 4.3. Map of the SM3 reactor: (1) central block of transmutation targets, (2)

beryllium bushes, (3) beryllium block of the reflector, (4) central compensating

controller, (5) channels, (6) core sub-channels, (7) compensating controllers, (8)
automatic controllers, and (9) safety rods.

1.4. JOYO fast reactor

The JOYO experimental fast reactor was built as the first step in the development of a
sodium-cooled fast reactor with mixed oxide MOx fuel in Japan. JOYO reactor
reached initial criticality in 1977 with the MK-I breeder core. From 1983 to 2000,
JOYO operated at 100 MW for thirty-five operational cycles with the MK-II
irradiation test core. In 2003, the upgrade of the JOYO reactor to the 140 MW MK-III
core was completed to increase the irradiation test capability of JOYO. The maximum
fast neutron flux can be increased from 3.2x10" n.cm?.s™ to 4.0x10" n.cm®s™ and
therefore the reactor power is increased from 100 to 140 MW. The core design is
shown in Figure 4.4 [87].
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Fig. 4.4. lodine target location in JOYO core.

2. General information on lodine-129 and its transmutation

The accumulation of long-term radioactive waste in the spent fuel of nuclear power
plants around the world represents the greatest challenge to the continuity of electricity
generation from nuclear power plants. The traditional solution to dispose of this
radioactive waste is geological disposal and this requires a very high cost due to

engineering constraints in the construction and maintenance of such repositories [88].

Spent nuclear fuel consists of actinides and fission products. Fission products cannot
fission because they are tightly bound, but they can transmute into other low
radioactive nuclides through other nuclear interactions [89]. The seven long-lived
fission products are considered the most hazardous waste. Nuclear incineration of
LLFPs and minor actinides has been studied as an alternative means of reactor waste
disposal [90]. Transmutation of LLFPs to shorter-lived or stable nuclides is an

effective method of disposal [91].
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2.1. Characteristics of lodine-129

lodine-129 is one of the most important LLFPs found in spent nuclear fuel. It
contributes significantly to long-term radiological effects [67]. The most important
characteristics of any radioactive element are half-life (Ty,) and mobility in the
environment rather than quantity. Because of its relatively long half-life of 1.57x10’
years combined with high mobility in the environment and uptake by human bodies,
iodine-129 is highly suitable considered for the fission product transmutation option.
lodine-129 is produced by nuclear reactors with a cumulative yield of 0.75 % and 1.40
%, for the thermal neutron fission of uranium-235 and plutonium-239 respectively
[66]. The production of iodine-129 is 1.6 to 4.6 kg/GWe.y, for a 33 GWt.d burnup
spent fuel after 3 years of cooling [92]. It's radiotoxicity is about 0.2696 Sv/g in a
PWR. For the half-life of iodine-129 is about 63 y in fast neutron and 70 y in thermal
neutron. These calculations have been calculated under thermal flux of 1x10" n.cm’
2 s and fast flux of 1x10™ n.cm®.s™ [62]. Thermal power of iodine-129 is 1.3x10™**
W/Bq, its ingestion dose is 7.4x10® Sv/Bq and its fraction in an irradiated fuel is 170
g/t [93].

2.2. Principle and scheme of the experimental transmutation of iodine-129

Nuclear transmutation can be induced by any particle capable of penetrating nuclei and
interacting with nucleons. Transmutation by neutron occurs in nuclear reactors with a
flux range 10™-10" n.cm™s™. For iodine-129, the neutron capture cross section is
0.35 b for fast neutrons and 3.12 b for thermal neutrons, making it transmutable in
nuclear reactors [81]. Transmutation of iodine-129 can be accomplished by a single
neutron capture, followed by a fast f~ decay to stable isotope xenon-130. Additional
neutron capture are possible and can yield other stable isotopes Xe-131 and Xe-132
[66]. The techniques are based on either the (n, y) or the (y, n) capture reaction. The
nuclides produced are all short-lived. However, the efficiency of transmutation
methods further depends on the level of (1) particle flux and (2) the effective cross

sections involved [62].

PLn 51 5 Xe+
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For the transmutation scheme of iodine-129 and iodine-127 and the formation of
xenon-130 and xenon-128 under neutron irradiation are presented respectively in

Figure 4.5 and Figure 4.6.

Iodine-129
Stable
Neutron
Capture
66% 33%
Iodine-130m 84% Isomeric Iodine-130g
9.0 m ® 12.36h
Xenon-130
Stable b
16% B~ 100% B~

Fig. 4.5. Transmutation scheme of 1-129.
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Fig. 4.6. Transmutation scheme of 1-127.
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For the first scheme (Fig 4.5), the ground state of iodine 1-130g (half-life of 12.36 h)
decays to the stable isotope Xe-130. For the second scheme (Fig 4.6), 94 % of the I-
128 nuclides decay to the xenon xe-128. The transmutation schemes **’I and **I are
quite similar, but some differences can be identified, the resonance integral of **l is
five times larger than that of *?1, in contrast to the thermal cross-section, which is five
times smaller. The effective cross-sections of *?’I and *®I as a function of neutron
energy are shown in Figure 4.7 [94]. It can be seen that °| has a weak thermal cross-

section and higher resonance absorption peaks in the epithermal and fast energy range.

— 127

—— 129l

[}

o
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Fig. 4.7. Cross-sections (n, y) for [-127 and 1-129 from ENDF data.

2.3. Isotopic composition of iodine in spent fuel

Within the framework of the OMEGA (Options, Making Extra Gains from Actinides)
program in Japan [95], the Japan Atomic Energy Research Institute (JAERI) has
initiated a literature review and experimental studies concerning the transmutation of
iodine-129 [70]. The isotopic composition of iodine in the LWR spent fuel is 16 % for
127) and 84 % for '#°| [94]. For the PWR spectrum, the isotopic composition of **’I and

129] are 22.98 % and 77.02 % respectively [62]. Transmutation of **°I to ***Xe presents
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some challenges; it is theoretically possible, but at a low rate, in addition to irradiation
targets with sufficient masses (1-2 g) [67]. In the case of iodine transmutation
experiments, metal iodide compounds were irradiated in the Petten high flux reactor
[67].

2.4. Studies in the literature on the transmutation of iodine-129

Some of the performed **I transmutation experiments have been described in the
literature. In the Fast Flux Test Facility (FFTF), a milligram-sized physical sample of
2] was irradiated [70]. One could also mention the experimental feasibility of the
transmutation target (EFTTRA-T1) performed by Konings [67], where metal iodides
were irradiated in the Petten HFR as target materials [94]. Code calculations on iodine
transmutation in the BR2 HFR and the JOYO experimental fast reactor [69] were
performed to optimize the best conditions (neutron flux, moderating materials and
reflecting materials) in order to achieve a high transmutation rate. The properties of
iodine compounds were compared in order to select the best target materials for *|
transmutation. According to the reactor heating experiments, the candidate target
materials composed with suitable chemical forms were Nal, Mgl,, Cal,, Cul et

Ca(10s), [66]

In the BR2 high-flux reactor, Na, Ca and Ba iodides were considered and Cal, was
chosen as the reference compound [71]. About 400 g of iodine can be transmuted per
year [96]. For the iodine separated from the dissolver off-gas in the reference fuel
cycle, it can be transformed into a stable Ba(lO3), matrix that can be used as an
irradiation matrix to destroy the iodine [97]. Code-based lodine transmutation studies
have been performed with the MCNP/MCNPX [98], ORIGEN [99], CITATION [100],
MVP [101] and TRIFON [102].

2.5. Transmutation chain created by the ORIP_XXI collection

For irradiation conditions, the transmutation scheme for ?°l and **I can be greatly
simplified, because for nuclides with competing transition channels, due to the low
neutron capture cross-sections, p decay occurs with overwhelming probability. The

radiative capture cross sections of thermal neutrons by **°I and *?’I are 27 and 6,2
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barns, respectively; their resonance systems range from 50 eV to 4 keV and yield
integrals of 36 and 147 barns. The burning rate of these isotopes is the same with the

hardness of the spectrum [103].
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Fig. 4.8. Transmutation scheme for both **°I and *’I in the literature.

The ChainSolver 2.34 code is widely used to perform simulations of transmutation of
samples during irradiation in nuclear reactors. This code calculates a temporal
evolution of the nuclide density by including nuclear reaction, decay and
accumulation. These calculations are extremely tedious because at each step of an
irradiation duration, it is necessary to take into account the effective cross-sections of
fast, epithermal and thermal flux of the reactions and the time of an irradiation. This
code uses information from the complex data file of the ORIP_XXI program and is
based on the solution of the Bateman equation [79]. The iodine transmutation chain

created by the ChainSolver 2.34 code is shown in Figure 4.9.
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Fig. 4.9. Transmutation Chain of both **°I and **'l , created with ChainSolver code.

3. Efficiency of transmutation
3.1. Parameters influencing transmutation

The transmutation rate of LLFPs by neutron capture which corresponds to the ratio of
its transmutation mass to the initial mass can be defined by the following formula
[104] :

Transmutation Rate = 1 — expii—0,,,. @. t).ccceviiiiiiiiiicins (Eq. 4.1)

Where "o,," is the LLFP neutron capture cross-section in cm?, "®" is the average
neutron flux inside the iodide pin in 'n.cm?s™ and 't is the irradiation time in 's". If we
increase any of the three o,,, ®, t; the transmutation rate will increase. The

transmutation rate as a function of time is an increasing exponential function.

3.2. Calculated parameters of transmutation

Several calculated parameters have been cited in several previously published papers,
we cite the transmutation rate TR or R in % [105], transmutation amount C in
kg/GWt.y which is the same as g/MWt.y [98], transmutation support ratio TSR in y™
[106], average transmutation acceleration A in atoms.s’ [107], and effective
transmutation half-life in years [62, 108].
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These parameters are defined as follows:

R(t) = 100 x m‘;n;o"” ............................................................................. (Eq. 4.2)
__ Mmo—m¢

C) = Gpet st (Eq. 4.3)

TSR(t) = ::)Ox;t"” .................................................................................. (Eq. 4.4)

A() = 5,40 X 1010 X TEE e (Eq. 4.5)
tirr xXin2

TH, = ﬁ ....................................................................................... (Eq. 4.6)
TN(T)

T, = 3.171 X 10—8;% ..................................................................... (Eq. 4.7)

Where my is the amount of iodine-129 loaded into the core in g, my is the amount of
iodine-129 discharged from the core in g, P is the thermal power of the core in MWt
and t;, is the duration of the operating cycle (years), o is the effective neutron capture

cross-section in barns, ¢ is the neutron flux in n.cms™. The unit of Ty (tr) is 'years'.

3.3. Evaluation of iodine-129 transmutation

The neutron flux and thermal power data used in these calculations for the Petten,
BR2, SM3 and JOYO high flux reactors are summarized in the following table. The

irradiation time t;,; was taken equal to 300 effective days at full power (EFPD).

Thermal power Neutron flux (n.cm™.s™)
Reactor HFR (MWe) Fast Epithermal Thermal
Petten (Netherlands) 45 1.36x10™ 1.0x10™ 3.75%x10™
BR2 (Belgium) 100 4.20x10" 4.00x10" 6.00x10"
SM3 (Russia) Up 100 8.80x10™ 5.10x10™ 5.40x10™
JOYO’ (Japan) 140 9.95x10" 4.84x10" 6.34x10"

“Moderating material considered is beryllium (90 %).

Tab. 4.1. Neutron fluxes and thermal power data of the core.
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With these values of neutron flux, thermal power, and irradiation time, the iodine-129
transmutation rate R, transmutation amount C, transmutation support ration TSR,
average transmutation acceleration A and transmutation half-life Ty,,(tr) are calculated
with the ChainSolver 2.34 code.

The total mass of iodine of 12 g (***I presents 10.08 g which is 84 %) is considered in
the four reactors studied for the present work; Petten, BR2, SM3 and JOYO with the
corresponding data of fluxes, core thermal power and irradiation time to perform the
calculations of (R, C, TSR and A). The total mass produced of xenon my, and the
mass of remaining iodine m, as a function of time are calculated with the ChainSolver
2.34 code. The resulting mass is used to calculate R, C, TSR and A. In the present
work, we are interested in the calculations of iodine-129 because iodine-127 is a stable

nuclide.

The results of 1-129 transmutation rate R, transmutation amount C, amount of Xe-130
produced masse mye, amount of 1-129 remaining mass m,, transmutation support ratio
TSR and average transmutation acceleration A over time are shown in Figure 4.10,
Figure 4.11, Figure 4.12, Figure 4.13 and Figure 4.14 for the four reactors considered
in this study.

At the end of the 300 EFPD, the final values reached for parameters already calculated
(mye, M, R, C, TSR and A) are presented in Table 4.2, Table 4.3 and Table 4.4.

HFR Reactor Xe-130 mass(g) 1-129 mass () R (%)
Petten 0.78 9.27 08.05
BR2 2.26 7.50 25.58
SM3 4.58 3.65 63.77
JOYO 3.69 6.16 38.88

Tab. 4.2. Xe-130 produced mass, 1-129 remaining mass, 1-129 transmutation rate.
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HFR Reactor C (kg/GWt.y)) TSR (y1) A (atoms/s)
Petten 01.8x107 0.080 1.46x10™
BR2 02.6x10™ 0.256 4.64x10™
SM3 06.4x107 0.638 1.16x10"
JOYO 02.8x10° 0.389 7.06x10™

Tab. 4.3. Transmutation amount, transmutation support ratio, average transmutation

acceleration.

3.3.1. Evaluation of transmutation rate R

From the code calculations and using equation 4.2, the transmutation rate R can be

calculated.

The obtained transmutation rates in Petten, BR2, SM3 HFRs and Joyo fast reactor for
300 EFPD are 08.05 %, 25.58%, 63.77 % and 38.88 % respectively.

Higher transmutation rate R is registered in SM3 reactor (Figure 4.10), with a value
eight times higher than that in Petten reactor, and two and a half times higher than that
in BR2 reactor. Table 4.2 presents the produced mass of Xe-130, remaining mass of I-
129, transmutation rate after 300 EFPD.

The transmutation rate R does not reflect xenon-130 mass compared to the initial
loaded mass of iodine-129, because additional isotopes of iodine (1-127, 1-128, 1-130g,
[-130m, 1-131, 1-132g, 1-132m), xenon (Xe-128, Xe-129g, Xe-129m, Xe-131g, Xe-
131m, Xe-132g) and tellurium (Te-128, Te-129m, Te-129q); 'g' means ground state

and 'm' means metastable. These isotopes are shown in Figure 4.9.
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Fig. 4.10. Temporal lodine-129 Transmutation Rate in HFR.

3.3.2. Evaluation of ***Xe mass produced and **I mass remaining

The mass of Xe-130 produced during irradiation (4.58 g) is higher in SM3 reactor than
in JOYO (3.69 g), BR2 (2.26 g) and Petten (0.78 g) (Figure 4.11). This means that the
irradiation time (300 EFPD) required to obtain 0.78 g of Xe-130 in Petten are
equivalent to 87 EFPD in BR2 and to 26 EFPD in SM3 reactor, respectively. In the
same way, 300 EFPD in BR2 reactor are equivalent to 85 EFPD in SM3 reactor, which

almost the third irradiation time.

For the remaining 1-129 mass after 300 EFPD for each reactor. Highlights the lowest
remaining mass in SM3 (3.65 g) compared to Petten (9.27 g), BR2 (7.5 g), and JOYO
(6.16 g) [Fig 4. 12].

This means that SM3 reactor achieves the highest xe-130 production, lowest remaining
I-129 mass, and demonstrates the most efficient transmutation process based on the
analyzed metrics.
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3.3.3. Evaluation of transmutation amount C

From the code calculations and using equation 4.3, the transmutation amount C can be

calculated.

At the end of the 300 EFPD, transmutation amounts in Petten, BR2, SM3 and JOYO
are 1.8x10? kg/GWt.y, 2.6x107 kg/GWt.y, 6.4x107 kg/GWty, 2.8x102 kg/GWt.y
respectively. The SM3 presents the highest value (Table 4.3 and Figure 4.13).

At the end of the 300 EFPD, the transmutation amount value in SM3 reactor is two
and a half times greater than that of BR2 (HFR), and three and a half times greater
than that of Petten (HFR). The final transmutation amount value after 300 EFPD in
each reactor is presented in Table 4.3.
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3.3.4. Evaluation of transmutation support ratio TSR

From the code calculations and using equation 4.4, the transmutation support ratio

TSR can be calculated.
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At the end of the 300 EFPD, the transmutation support ratio in Petten, BR2, SM3 and
JOYO are 0.08 y*, 0.256 y*, 0.638 y™, 0.389 y™* respectively. The SM3 presents the
highest value (Table 4.3 and Figure 4.14).

The SM3 reactor demonstrates a clear superiority in TSR compared to its peers. The
SM3 reactor stands out with a TSR significantly higher than other reactors studied,

suggesting an exceptional transmutation support capability.
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Fig. 4.14. lodine-129 transmutation support ratio in HFRs as a function of EFPD.

3.3.5. Evaluation of average transmutation acceleration A

From the code calculations and using equation 4.5, the average transmutation

acceleration A can be calculated.

At the end of the 300 EFPD, the average transmutation acceleration in Petten, BR2,
SM3 and JOYO are 1.46x10" transmuted atoms/s, 4.64x10™ transmuted atoms/s,
1.16x10™ transmuted atoms/s, 7.06x10™ transmuted atoms/s, respectively. (Table 4.3
and Figure 4.15). This indicates that SM3 reactor demonstrated the highest capacity to
accelerate the transmutation process compared to the other reactors. The results clearly
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indicate that the SM3 reactor presents a notably superior performance, with an

acceleration almost 3 times higher than that of the BR2 reactor, the second best

performer.
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3.3.6. Evaluation of transmutation half-life Ty, (tr)

After calculating the final masses at the end of irradiation using ChainSolver 2.34

code, as already quoted in the table 4.2, using the neutron fluxes and irradiation time

values already indicated in table 4.1 and using equation 4.6; the transmutation half-life
can be calculated in the four reactors; Petten, BR2, SM3 and JOYO (Table 4.4).

Petten

BR2

SM3

JOYO

Ta(tr) [years]

8.685

2.376

0.685

1.418

Tab. 4.4. Transmutation half-life in the four reactors under study.
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As the SM3 is the best reactor for its lower transmutation half-life and its high thermal
neutron flux; if the neutron flux range between 10 n.cm?.s™ to 10' n.cm?s™, the

transmutation half-life Ty, (tr) can be evaluated using equation 4.7 (Fig 4.16).

2,00E+015  4,00E+015  6,00E+015  8,00E+015  1,00E+016

7 L_! I T I T I T I T 7
~ 6 -6
o
M
S
\_/5_ —5
2
4
Yy
T 4 14
T
0]
=
5 34 43
£
LU
R 2- 42
i\

Q
=
S 1- 41
o

T T r T r T T T r
2,00E+015  4,00E+015 6,00E+015  8,00E+015  1,00E+016

Neutron Flux (n/cm2.5'1)

Fig. 4.16. Effective half-lives and neutron flux for lodine-129.

The higher neutron flux values, the greater transmutation half-lives. If the of neutron
flux is of order 10" n.cm™.s™, the transmutation half-life will be of 0.7 year. The 10-

fold increase in neutron flux, introduces a 10-fold change in transmutation half-life.
4. Conclusion

Based on the evaluation of iodine-129 transmutation rate R, we conclude that the SM3
reactor offers a better rate due to its high epithermal and fast flux than BR2 or Petten
reactors. To accelerate the transmutation of iodine according to irradiation time in
HFRs, the thermal and epithermal neutron fluxes must be as high as possible, this

based on the neutron cross-section of lodine-129 in the epithermal and fast region.
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Conclusion

Transmutation rates (R), transmutation amounts (C), transmutation support ratio (TSR)
and average transmutation acceleration (A) of iodine-129, with the corresponding
xenon-130 produced masses and iodine-129 remaining masses, and transmutation half-
life in the four reactors : Petten, BR2, JOYO and SM3 were numerically evaluated
using the ChainSolver 2.34 code. lodine-129 targets were irradiated for 300 days at

full reactor power.

The transmutation rates in Petten, BR2, JOYO, and SM3 reactors were 08.05%,
25.58%, 33.88 and 63.77%, respectively. The transmutation amounts in Petten, BR2,
JOYO, and SM3 reactors were 01.8x10? g/MWty, 02.6x10% g/MWty, 02.8x107
g/MWty and 06.4x107% g/MWHt.y, respectively. The transmutation support ratios in
Petten, BR2, JOYO, and SM3 reactors were 0.080 y*, 0.256 y*, 0.389 y™* and 0.638
y!, respectively. The average transmutation acceleration in Petten, BR2, JOYO, and
SM3 reactors were 1.46x10™ (atoms/s), 4.64x10™ (atoms/s), 7.06x10" (atoms/s) and
1.16x10"™ (atoms/s), respectively.

The SM3 reactor seems to be the best HFR that offers the highest value of lodine-129
transmutation rate, transmutation amount, transmutation support ratio and average
transmutation acceleration during the irradiation time, because of its higher thermal
and epithermal neutron fluxes. To enhance the transmutation rate of iodine through

irradiation in HFRs, thermal and epithermal neutrons must be highest as possible.

Based on this evaluation, we propose a new transmutation process based on multi-
recycle transmutation process of iodine-129 in epithermal and fast spectrum. Further
studies should examine the impact of possible moderator compositions and fuel
configurations to optimize the neutron flux quality for more efficient transmutation

purposes.
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Abstract - Résumé - peila

Abstract

Nuclear wastes are a major obstacle to the use of the nuclear power with safety. A lot of
scientific efforts are devoted to find definitive solutions to this problem. One of the ways
envisaged is Separation followed by Transmutation, whose principle is based on the
transformation of the long-lived radioactive element by a nuclear reaction to another less

radioactively element or stable.

The objective of this work is to study the destruction of fission products in four high flux
nuclear reactors. It takes as an example of application lodine-129. Its transmutation efficiency
is obtained from the calculation code ChainSolver 2.34. The results are then compared to

choose the best reactor to destroy iodine.
Keywords: Nuclear waste; Fission product; Transmutation; lodine-129; ChainSolver.

Résumé

Les déchets nucléaires constituent un obstacle majeur a l'utilisation de 1"énergie nucléaire en
toute sécurité. De nombreux efforts scientifiques sont consacrés a la recherche de solutions
définitives a ce probléme. L'une des vois envisagées est la Séparation suivie de la
Transmutation, dont le principe repose sur la transformation de I'élément radioactif a vie

longue par une réaction nucléaire en un autre élément moins radioactif ou stable.

L'objectif de ce travail est d'étudier la destruction des produis de fission dans quatre réacteurs
nucléaires a haut flux. On prend comme exemple d'application I'iode-129. Son efficacité de
transmutation est obtenue a partir du code calcul ChainSolver 2.34. Les résultats sont ensuite

comparés afin de choisir le meilleur réacteur pour détruire l'iode.
Mots-clés: Déchet nucleaire; Produit de fission; Transmutation; lode-129; ChainSolver.
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