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(57) There is provided an encapsulated pebble, com-
prising: a fuel core; and a cage encapsulating the fuel
core, wherein the cage comprises at least one gas trans-
port channel therethrough. There is also provided a meth-
od of making the encapsulated pebble, a breeding blan-
ket module for a fusion reactor, a fusion reactor and meth-
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Description

FIELD OF THE INVENTION

[0001] The disclosure relates to an encapsulated peb-
ble, a method of making the pebble, a breeding blanket
module, a fusion reactor comprising the pebble and/or
the breeding blanket, and uses thereof.

BACKGROUND OF THE INVENTION

[0002] Fuel pebbles are known in nuclear fusion proc-
esses as well as nuclear fission processes. In fission
processes, pebbles typically comprise impermeable py-
rolytic carbon shells, each containing a high number of
fuel particles such as TRISO particles.
[0003] Pebble beds have also been proposed for fu-
sion reactors, specifically as part of the breeding blanket.
In a fusion reactor, the breeding blanket wraps around
the reactor core where the plasma is generated, and pro-
vides shielding from the neutrons generated in the plas-
ma by absorbing the neutrons, extracts heat for power
generation and breeds tritium, necessary for achieving
the self-sufficiency principle of a fusion reactor.
[0004] Existing blankets can be divided into two cate-
gories: liquid (molten fuel) blankets and solid fuel blan-
kets. Liquid blankets have thermal-hydraulic and material
compatibility problems due to corrosion at high temper-
atures, while solid blankets have problems with, for ex-
ample, tritium extraction.

SUMMARY OF THE INVENTION

[0005] As noted above, there are limitations with ex-
isting blankets for fusion processes. It would thus be val-
uable to have an improvement aimed at addressing these
limitations.
[0006] Therefore, according to a first aspect, there is
provided an encapsulated pebble, comprising:

a fuel core; and
a cage encapsulating the core, wherein the cage
comprises at least one gas transport channel there-
through.

[0007] The cage encapsulating the core provides
structural support and protects the core from impact while
still allowing gas to leave the pebble.
[0008] According to a second aspect, there is provided
a method of forming an encapsulated pebble, compris-
ing:
encapsulating a core within a cage, wherein the cage
comprises at least one gas transport channel there-
through.
[0009] According to a third aspect, there is provided a
breeding blanket module for a fusion reactor, comprising:

a plurality of pebble beds connected in series and/or

in parallel; and
a plurality of encapsulated pebbles within each peb-
ble bed.

[0010] By connecting the plurality of pebble beds in
series and/or in parallel, more efficient cooling and tritium
extraction processes can be achieved.
[0011] According to a fourth aspect, there is provided
a method of operating the breeding blanket module of
the third aspect, comprising:

providing a flow of coolant gas to the breeding blan-
ket module;
allowing the coolant gas to extract heat and tritium
from the breed blanket module providing a warmed
gas enriched with tritium;
removing the warmed gas from the breeding blanket
module; and
extracting the tritium from the warmed gas.

[0012] According to a fifth aspect, there is provided a
fusion reactor comprising at least one encapsulated peb-
ble in accordance with the first aspect, and/or at least
one breeding blanket module according to the third as-
pect.
[0013] Uses of the encapsulated pebble of the first as-
pect and the breeding blanket module of the third aspect
constitute further aspects of the disclosure.
[0014] According to the aspects described above, the
limitations of existing techniques are addressed. In par-
ticular, the functions of cooling, structural support and
containment are separated out into the different compo-
nents of the encapsulated pebble. The breeding blanket
module also has a low mass of structural material. There
is thus provided an improved encapsulated pebble,
breeding blanket and uses thereof.
[0015] These and other aspects will be apparent from
and elucidated with reference to the embodiment(s) de-
scribed hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Exemplary embodiments will now be described,
by way of example only, with reference to the following
drawings, in which:

Fig. 1A depicts an encapsulated pebble according
to an embodiment;
Fig. 1B depicts an encapsulated pebble according
to an embodiment;
Fig. 2 depicts encapsulated pebbles packed togeth-
er in a pebble bed according to an embodiment; and
Fig. 3 depicts a breeding blanket module according
to an embodiment.
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DETAILED DESCRIPTION OF EMBODIMENTS

Encapsulated Pebble

[0017] As noted above, there is provided herein an en-
capsulated pebble comprising a core and a cage encap-
sulating the core. In some embodiments, the encapsu-
lated pebble may be a fuel pebble, suitable for use in a
fission reactor. In some embodiments, the encapsulated
pebble may be a breeder pebble, suitable for use in a
breeding blanket of a fusion reactor. It will be understood
that the terms breeder pebble and fuel pebble may be
used interchangeably herein when components similar
to both systems are being described.
[0018] The cage comprises at least one gas transport
channel therethrough, to allow gas to leave the core and
prevent an excessive build up of pressure within the core.
While the present disclosure is concerned primarily with
encapsulated pebbles for use in breeding blankets of nu-
clear fusion reactors, it is seen that the pebbles may also
find use in fission processes, for example in molten salt
reactors in which gaseous and volatile fission products
such as xenon, krypton and iodine are produced and
must be captured and disposed of. As used herein, the
term "cage" is to be understood as being a three-dimen-
sional structure in which one or more materials, for ex-
ample a core and/or a ceramic shell are contained. The
cage is structurally resilient enough to not deform in use,
thereby protecting its contents from being damaged
through impact with other objects.
[0019] The encapsulated pebble comprises a fuel
core. In some examples, the fuel core may also be re-
ferred to herein as a breeding core. In fusion processes,
the breeding material generates tritium which is the fuel
for the fusion process and so is also referred to herein
as a fuel-generating core or fuel core. In some examples,
the fuel core comprises a breeding material capable of
generating tritium, such as those known in existing fusion
processes. Operating temperatures for breeding blan-
kets for fusion processes are typically above 300 °C and
so the fuel core may comprise a molten salt that is liquid
above about 300 °C. There are many different molten
salts that can be used in breeding blankets. Typically,
the breeding material comprises a lithium salt, for exam-
ple Li2·BeF4 (FLiBe), as tritium production in fusion re-
actors is usually achieved by means of the Li6(n,α)H3

and Li7(n,n’,α)H3 reactions. FLiBe is known to have a
high tritium breeding rate (TBR) and has a melting point
of 459 °C, though other liquid breeders such as PbLi al-
loys, for example Pb17Li83, or LiF-Lil-LiCI salts are also
suitable. It will be understood that the composition of the
breeding material, for example a LiF-Lil-LiCI mixture can
be tailored to operating requirements.
[0020] In some embodiments, the fuel core further
comprises a redox controlling material, for example me-
tallic beryllium. In embodiments in which the fuel core
comprises a fluoride salt, a redox reaction between gen-
erated tritium and fluoride can result in tritium fluoride.

Tritium fluoride is as corrosive as hydrogen fluoride and
could corrode components of the breeding blanket, in-
cluding the cage if formed of metal. However, inclusion
of a redox controlling material such as metallic beryllium
can prevent generation of tritium fluoride so that diatomic
(molecular) tritium is formed instead. Other redox con-
trollers such as zirconium could also be used.
[0021] The encapsulated pebble comprises a cage en-
capsulating the fuel core. The cage provides sufficient
structural support or rigidity around the fuel core in use
and, when present, the ceramic shell, to prevent contact
among pebbles to prevent dust generation, withstand the
weight of the packed bed and allow deformations due to
mechanical loads without impacting on tritium extraction
or cooling of the pebbles. In some embodiments, the cage
may be spherical or cylindrical. Spherical pebbles are
particularly suited to packing into a pebble bed, such as
a cylindrical fuel bed as described herein.
[0022] The cage comprises at least one gas transport
channel therethrough, to allow permeation of tritium and
helium from the core through the cage. In this way, effi-
ciency of tritium extraction can be improved, while con-
taining the molten salt in situ and preventing buildup of
gas within the pebble. In some embodiments, the cage
comprises a plurality of gas transport channels, thus in-
creasing the efficiency of tritium extraction. The gas
transport channel may be machined channel, for exam-
ple produced by laser drilling of the cage to provide holes
of about 0.5 mm. In other embodiments, the gas transport
channel may be formed by inclusion of pores within the
cage. In other embodiments, the cage comprises a wire-
like structure, for example comprising a mesh of woven
or non-woven fibers. In some examples, the fibers form-
ing the woven or non-woven mesh may be less than 5
mm in diameter, for example less than 3 mm in diameter,
for example about 1 mm in diameter. In some examples
the mesh may be formed from single stranded fibers, or
multi-stranded braided fibers.
[0023] In some embodiments, the cage diameter is
less than 20 mm, for example less than 15 mm, for ex-
ample about 10 mm or less. In some embodiments, the
cage has a thickness of less than 2 mm, for example less
than 1.5 mm, for example about 1 mm or less. In some
embodiments, the internal diameter of the cage may be
larger than the external diameter of the fuel core. In em-
bodiments in which the encapsulated pebble comprises
a ceramic shell surrounding the fuel core, the internal
diameter of the cage may be larger than the external
diameter of the ceramic shell. Thus, a gap may be pro-
vided between the cage and the internal components.
By providing a gap between the fuel core and the cage,
or between the ceramic shell and the cage, extracted
tritium can efficiently permeate from the fuel core and out
of the pebble to the pebble bed.
[0024] The maximum thermal efficiency of the breed-
ing blanket is determined by the maximum operational
temperature of the structural materials. Therefore, the
selection of structural materials such as the cage is driven
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in part by its activation and its performance at high tem-
peratures. Most benefit can be obtained by working in
the creep regime, avoiding excessive cyclic thermal
stress. Undesirable cyclic loads lead to creep-fatigue in-
teractions and progressive deformation. If the material
temperature is reduced too much, then embrittlement ra-
diation effects become dominant. In some embodiments,
the cage comprises a metallic cage, for example formed
from metallic alloy, for example a steel. The metallic alloy
may comprise a reduced activation ferritic martensitic
steel, or an austenitic steel or an oxide dispersed steel.
Steels used in the nuclear industry are well known. In
one embodiment, the cage comprises or is formed from
EUROFER 97, a reduced activation ferritic martensitic
steel. Other suitable materials include the known steels
MHT-9, ODS, F82H and ORNL 9Cr-2WVTa. In other em-
bodiments, the cage comprises a fibrous material, for
example carbon fiber or glass fiber. In some embodi-
ments the fibrous material has a gas transport channel
by virtue of being a porous fibrous material, for example
a woven or non-woven mesh. In some embodiments, the
cage comprises a structural ceramic such as silica, or a
carbon-fiber composite.
[0025] In some embodiments, the encapsulated peb-
ble comprises a ceramic shell. The ceramic shell may be
a layer intermediate the fuel core and the cage. In some
embodiments, the ceramic shell encloses the fuel core.
In some embodiments, the ceramic shell is disposed on
and in direct contact with the fuel core.
[0026] In some embodiments, the encapsulated peb-
ble comprises a ceramic insert disposed within the at
least one gas transport channel. In some embodiments,
the encapsulated pebble comprises a plurality of gas
transport channels, each with a ceramic insert disposed
therein.
[0027] In some embodiments, the ceramic is porous,
for example gas-permeable, thereby allowing transport
of gas (tritium, helium) from the fuel core out of the pebble
to the rest of the breeding blanket. In some embodiments,
the ceramic is gas-permeable, but impermeable to liquid,
thus enabling confinement of a molten salt within the fuel
core.
[0028] In some embodiments, the ceramic is gas-per-
meable, meaning that it has a pore size that will permit
permeation of tritium and/or helium from the core,
through a ceramic shell to a void between the cage and
the ceramic shell, or through a ceramic insert disposed
in a channel in the cage, from where the gas can be
transported through the cage. The pore size required for
allowing gas permeation while preventing leakage of liq-
uid tritium breeding material will depend on the operating
temperature in the breeding blanket, and thus the pres-
sure difference across the porous ceramic. Typically, the
pore size will be less than 1 mm, for example less than
0.5 mm, for example less than 0.25 mm, for example less
than 0.1 mm. Methods of controlling pore size or ceramics
are known in the art, for example by the inclusion of sac-
rificial template materials and controlling sintering time

and/or sintering temperature.
[0029] The ceramic may comprise a material selected
for its inertness to a molten salt of the fuel core. The
ceramic may comprise a material selected for its ability
to withstand operating temperatures within a breeding
blanket, where temperatures can easily reach in excess
of 300 °C, and can be in excess of 900 °C. For example,
the ceramic may comprise a material selected from silica,
porous graphite, silicon carbide, zinc carbide, titanium
carbide and mixtures thereof.
[0030] In these embodiments, the ceramic protects the
rest of the breeder blanket from the corrosive nature of
the molten core during operation but also protects the
cage from the internal temperatures of the fuel core dur-
ing operation, as cyclic thermal operations up to these
temperatures can stress the metals and negatively im-
pact on the usable lifetime of the cage through deforma-
tion and fatigue. The porous or gas-permeable nature of
the ceramic also allows permeation of gaseous tritium
and helium from the core to prevent internal pressure
building up, while preventing escape of molten fuel.
When present, the ceramic is protected from physical
erosion or abrasion by the metallic cage.
[0031] In some embodiments, a gas pocket is provided
in the encapsulated pebble. In some embodiments, the
gas pocket is provided within a ceramic shell disposed
within the cage. In some embodiments, the cage is pro-
vided with ceramic inserts and the gas pocket is provided
within the cage. In some examples, the gas pocket com-
prises a coolant gas, which may the same coolant gas
as is used in the breeding blanket, or it may be a different
coolant gas. In some examples, the coolant gas compris-
es nitrogen gas, helium gas, krypton gas, xenon gas.
Providing a volume of coolant gas within the encapsulat-
ed fuel pebble allows for pressure changes within the
fuel core to be accommodated, and provides a location
within the pebble to which helium and molecular tritium
can desorb or degas prior to permeating from the fuel
core.
[0032] Examples of encapsulated pebbles are provid-
ed in Figures 1A and 1B. The examples show particular
embodiments, such as for example the use of a metallic
cage, but it will be understood that these are by way of
example only and other configurations and materials are
possible. Figure 1A shows the structure of an encapsu-
lated pebble 100 comprising a metallic cage 102 as the
outermost shell, a ceramic shell 108 within metallic cage
102 and a fuel core 110 within ceramic shell 108. Metallic
cage 102 is provided with a plurality of holes or gas trans-
port channels 104 that allow flow of gas in both directions.
As described above, gas transport channels 104 permit
flow of helium and tritium generated within fuel core 110
to exit encapsulated fuel pebble 100. Although not de-
picted clearly in Figure 1A (but shown in Figure 2 which
is described below), the internal radius of metallic cage
102 is larger than the external radius of ceramic shell
108, thereby providing clearance between metallic cage
102 and ceramic shell 108. This clearance means that
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coolant gas can enter into the space between metallic
cage 102 and ceramic shell 108 and directly cool ceramic
shell 108, increasing the efficiency of the cooling process.
Within ceramic shell 108, a fuel core 110 is provided.
Fuel core 110 may comprise a lithium salt, such as FLiBe
described above. Neutrons escaping the plasma from
the fusion reactor react with the lithium, breeding the tri-
tium. A pocket of coolant gas 106 is provided within ce-
ramic shell 108, to which molecular tritium and helium
can desorb from fuel core 110 prior to permeating through
porous ceramic shell 108 and exiting encapsulated fuel
pebble 100 via gas transport channels 104. In order to
control the redox reactions within fuel core 110 and min-
imize the amount of corrosive tritium fluoride produced,
seeds of redox material 112 such as metallic beryllium
have also been included in fuel core 110.
[0033] Figure 1B shows the structure of an alternative
encapsulated pebble 100. Pebble 100 of Figure 1B has
the same metallic cage 102 as pebble 100 of Figure 1A,
but has ceramic inserts 114 in place of ceramic shell 108.
Ceramic inserts 114 are inserted into the gas transport
channels (not numbered) of metallic cage 102, thereby
providing a gas-permeable but molten salt-impermeable
path for tritium and helium to exit encapsulated pebble
100. As with the pebble of Figure 1A, gas pocket 106 is
provided, this time within metallic cage 102, initially filled
with coolant gas but to which tritium and helium can de-
sorb during operation. Although not shown, seeds of re-
dox material would also be included within fuel core 110,
to prevent formation of corrosive materials that would
otherwise degrade metallic cage 102.
[0034] Figure 2 shows schematics of a plurality of en-
capsulated pebbles packed together, for example as
when present in a pebble bed of a breeding blanket mod-
ule as described herein. The left hand part of Figure 2
demonstrates one example in which metallic cages 102
(in the absence of any internal components of the encap-
sulated pebble) can be packed together. Each metallic
cage 102 is provided with a plurality of gas transport
channels, in fluid communication with the voids between
the metallic cages 102 and with gas transport channels
of other metallic cages 102. Thus, when present in a peb-
ble bed, the body of metallic cages 102 provide a mesh
network through which coolant gas can flow. The right-
hand part of Figure 2A shows a packed bed of encapsu-
lated pebbles 100 based on the same packing of metallic
cages 102 as shown in the left-hand part of the Figure.
As can be seen, the external dimensions of ceramic
shells 108 are less than the internal dimensions of me-
tallic cages 102, thus providing a flow path for coolant
gas between the two. To complete the encapsulated peb-
ble, ceramic shells 108 are provided with fuel core 110
and gas pocket 106, as described above.

Method of forming an encapsulated pebble

[0035] Also described herein is a method of forming
an encapsulated pebble, comprising: encapsulating a fu-

el core within a cage, wherein the cage comprises at least
one gas transport channel therethrough. The encapsu-
lated pebble may be as described above.
[0036] Various methods of forming the various com-
ponents of an encapsulated pebble are possible, as will
be appreciated by those skilled in the art.
[0037] For example, methods of forming small, hollow,
metallic spheres on sacrificial supports such as polysty-
rene are known (https://www.hollom-
et.com/en/home.html), in which the support is held in a
fluidized bed and a suspension of metal powder with bind-
er (for example water) is sprayed onto the surface of the
support in a spray deposition method. Heat treatment
can burn off the sacrificial support and binder, leaving
the green body of a hollow metal sphere which can then
be sintered under controlled conditions to form the me-
tallic cage with defined porosity. Laser drilling can then
form an opening in the cage through which a fuel can be
inserted, following by welding to seal the opening. The
at least one gas transport channel through the metallic
cage can be formed by laser drilling, for example. Laser
drilling techniques are capable of accurately providing
holes down to 0.5 mm in diameter, for example.
[0038] In an alternative process, metallic hemispheres
may be formed over sacrificial supports as above. After
the sacrificial support and organic binder have been
burned off, and the metallic hemispheres sintered, a fuel
core can be arranged in a first hemisphere, which will
form a first part of the metallic cage, and a second part
of the metallic cage in the form of a second hemisphere
can be joined to the first hemisphere so as to encapsulate
the fuel core. The two hemispheres can be joined by
welding, for example, so as to encapsulate the fuel core.
[0039] Hollow ceramic spheres or hemispheres can al-
so be formed on sacrificial supports as described above
(https://www.hollomet.com/en/home.html). In the em-
bodiment in which a gas pocket is provided within a ce-
ramic shell, a sacrificial support of the same dimensions
as the gas pocket can be used in combination with a
molded fuel core as the template for ceramic deposition,
with the sacrificial support being later burned off. The
ceramic green bodies can then be sintered under con-
trolled conditions to produce the ceramic shell having a
defined porosity. Control of pore size in ceramics is
known in the art: see, for example Isobe et al., Pore size
control of Al2O3 ceramics using two-step sintering, Ce-
ramics International (2012), Vol 38(1), 787-793 which de-
scribes controlling pore size formation to provide average
pore sizes as low as 22 nm, and methods of determining
pore size. In one embodiment, the ceramic shell is formed
around the fuel core by forming two ceramic hemi-
spheres, arranging a fuel core in one of the ceramic hem-
ispheres and joining the two hemispheres together to en-
capsulate the fuel core. The two hemispheres may be
joined by providing a band, for example a metallic band
around the two hemispheres and clamping together the
two hemispheres.
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Breeding blanket module for a fusion reactor

[0040] Also described herein is a breeding blanket
module for a fusion reactor, comprising: a plurality of peb-
ble beds connected in series and/or in parallel; and a
plurality of encapsulated pebbles within each pebble bed.
At least one, but in some examples all, of the plurality of
encapsulated pebbles are pebbles as described herein.
In some examples, the pebble beds may be referred to
as fuel beds as the tritium fuel for the reactor is generated
within the beds.
[0041] The pebble beds may be arranged parallel to
one another in an array of beds. In some examples, each
pebble bed of the plurality of pebble beds is in fluid com-
munication with a gas inlet and a gas outlet via a gas
inlet manifold and a gas outlet manifold respectively. The
gas inlet manifold may be connected to a source of cool-
ant gas, for example a source of nitrogen gas, helium
gas or krypton gas. The flow of coolant gas through the
pebble beds serves two purposes, namely to provide
cooling to the encapsulated pebbles and also to extract
the generated tritium. The gas outlet manifold may be
configured to recycle the tritium into the plasma of a fu-
sion reactor as fuel.
[0042] In some examples, one or both of the gas inlet
manifold and gas outlet manifold is provided with a ple-
num, configured to receive and allow accumulation of
any breeder material that leaks from the encapsulated
fuel pebbles to avoid any impact on the performance of
the breeding unit.
[0043] In some embodiments, each pebble bed is an
elongate bed. Each bed may be cylindrical, which ena-
bles efficient packing of encapsulated pebbles. However,
other configurations are envisaged. In one embodiment,
the pebble bed comprises a honeycomb structure in
which each bed shares at least one wall with an adjacent
bed. Regardless of the geometrical shape of the beds,
each bed may have a first end and a second end, and in
one embodiment the gas inlet manifold is configured to
engage with the first end and the gas outlet manifold is
configured to engage with the second end so that the
plurality of beds are connected in parallel.
[0044] In some embodiments, the gas inlet manifold
and gas outlet manifold are configured to define one or
more flow paths through the plurality of beds. For exam-
ple, each bed of the plurality of beds is provided in one
of at least two groups of beds, which may be defined
based on the flow path defined by the manifold configu-
rations. A first group of the at least two groups may define
a first gas flow path from the gas inlet through at least
one bed of the first group to the gas outlet, and a second
group of the at least two groups defines a second gas
flow path from the gas inlet through at least one bed of
the second group to the gas outlet. The first gas flow path
and second gas flow path may be connected in parallel
from the gas inlet to the gas outlet, although it will be
understood that at any moment of operation, gas flow in
one bed may be flowing counter current to the gas flow

in an adjacent or non-adjacent bed. However, within each
group of beds, each bed is connected in series with at
least one other bed. That is, coolant gas flows out of, for
example, the bottom or first end of one bed and back into
the bottom or second end of the next bed. The number
of groups of beds can be selected based on the total
number of beds and the optimal flow path or flow paths
of coolant gas to provide the required cooling to the en-
capsulated pebbles. In one embodiment, the manifolds
are configured to direct coolant gas on one or more flow
paths that begin with the beds closest to the plasma, to
provide maximum cooling to those beds that need it most,
before continuing to the beds spaced from the front (plas-
ma side) of the breeding blanket module.
[0045] The plurality of fuel beds may be elongate beds,
each having one or more walls to define an internal vol-
ume to receive the encapsulated pebbles. The wall or
walls of the beds may be formed from any material suit-
able for use in a breeding blanket for a fusion reactor, for
example a reduced activation ferritic martensitic steel
such as described above in connection with the cage of
the encapsulated pebble.
[0046] In some embodiments, and to maximise tritium
extraction processes, the plurality of beds are provided
with a tritium permeation barrier coating, for example a
coating of chromia (Cr2O3) or alumina (Al2O3). This en-
sures that tritium flows from the beds through the gas
outlet manifold at which point it can be extracted and sent
to the reactor plasma.
[0047] In some embodiments, the plurality of beds are
spaced from one another with voids provided therebe-
tween. A neutron multiplier material, for example lead
sulfide, can be provided in the voids between adjacent
beds. Neutron multiplier materials in breeding blankets
are known, and can be used to enhance the tritium breed-
ing ratio of the breeding material. It will therefore be un-
derstood that other neutron multiplier materials may be
used, for example Zr5Pb4, pure beryllium or Be12Ti. In
some embodiments, the neutron multiplier material is
provided in the form of a plurality of pebbles in a pebble
bed, or a bed of compressed powder, between the cool-
ant pipes or beds.
[0048] In some embodiments, a neutron reflector panel
is provided in the breeding blanket module. The neutron
reflector panel may be provided at the back of the breed-
ing beds, so that, in use, the beds are disposed between
the reflector panel and a first wall. The use of a reflector
panel may improve the neutron economy of the blanket
and also generate more tritium, meaning that the total
thickness of the blanket module can be reduced. In some
embodiments, the neutron reflector panel comprises or
is formed from a neutron reflector material, for example
tungsten carbide or tungsten boride. In some embodi-
ments, the neutron reflector panel comprises a steel cas-
ing, for example a EUROFER 97 steel casing, which is
filled with a neutron reflector material, for example tung-
sten carbide or tungsten boride. In some embodiments,
the neutron reflector panel is provided with cooling. In
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some embodiments, the neutron reflector panel is pro-
vided with an inlet and an outlet for supply of a coolant,
for example a coolant gas such as those described herein
or a liquid refrigerant.
[0049] In some embodiments, at least two of the en-
capsulated pebbles within the plurality of fuel beds com-
prise fuel cores that are the same compositions. In other
embodiments, at least two of the encapsulated pebbles
comprise cores that are different compositions. For ex-
ample, in one embodiment at least two of the encapsu-
lated pebbles comprise a Li2·BeF4 core, while in another
embodiment at least one of the encapsulated fuel peb-
bles comprises a Li2·BeF4 and at least one of the encap-
sulated fuel pebbles comprises a core different to
Li2·BeF4.
[0050] In some embodiments, the breeding blanket
module is configured to engage with a first wall compo-
nent of a fusion reactor. In some embodiments, the fusion
reactor is a tokamak, for example a spherical tokamak.
In some embodiments, the spherical tokamak may be a
compact spherical tokamak. In some embodiments, the
breeding blanket module is arranged such that, in use,
in a fusion reactor such as a spherical tokamak, the fuel
beds are oriented poloidally. In some embodiments, the
plurality of fuel beds are arranged in an array, with a first
row or bank of fuel beds being arranged adjacent to a
first wall component of the fusion reactor with further rows
or banks of fuel beds being arranged behind the first row
or bank of fuel beds.
[0051] An example of a breeding blanket module is
shown in Figure 3. Breeding blanket module 200 com-
prises a plurality of pebble beds 202 in the form of a
plurality of elongate, cylindrical units. Each pebble bed,
which may also be referred to as a breeding unit, is pro-
vided with a plurality of encapsulated fel pebbles, for ex-
ample such as those described herein. However, it will
be appreciated that other pebbles capable of breeding
tritium in a fusion process could be used. Pebble beds
202 are joined and capped at their ends, by manifolds
204 and 206. Manifolds 204 and 206 and provided with
gas inlet 208 and gas outlet 210 respectively, though it
is noted that the direction of gas flow is arbitrary and
could be reversed meaning that feature 210 could be
used as a gas inlet and feature 208 could be used as a
gas outlet. Reflector panel 212, comprising neutron re-
flecting material, is provided at the back end (in use) of
breeding blanket module 200, and is provided with sep-
arate connectors 214 and 216 for coolant flow. It will be
understood that other components of breeding blanket
module 200, such as supports, and means for attaching
it to other components of the reactor are not shown. In
particular, breeding blanket module 200 may be provided
with an outer casing or wall, to allow back-filling of a bed
of neutron multiplier material between adjacent beds 202,
and between beds 202 and the outer casing or wall.
Breeding blanket module 200 may be configured to join,
interact or engage with a first wall component of the fusion
reactor.

Method of operating the breeding blanket module and 
uses

[0052] Also described herein is a method of operating
a breeding blanket module as described, comprising:
providing a flow of coolant gas to the breeding blanket
module; allowing the coolant gas to extract heat and tri-
tium from the breed blanket module providing a warmed
gas enriched with tritium; removing the warmed gas from
the breeding blanket module; and extracting the tritium
from the warmed gas. The breeding blanket module may-
be present in a fusion reactor and may be heated by the
reactor. The coolant gas may comprise one or more cool-
ant gas selected from nitrogen, helium, and carbon diox-
ide.
[0053] There is also described a fusion reactor com-
prising an encapsulated pebble and/or a breeding blan-
ket module as described herein, along with the use of an
encapsulated pebble as described herein in a fusion re-
actor or a fission reactor, and a use of a breeding blanket
module as described herein in a fusion reactor. The fu-
sion reactor may be a tokamak reactor, for example a
spherical tokamak reactor.
[0054] Modelling studies of the encapsulated pebbles,
and of the breeding blanket module containing the en-
capsulated pebbles, demonstrate the feasibility and
workability of the pebbles and breeding blanket in fusion
reactors.
[0055] The present invention is defined at least in part
by the following numbered paragraphs:

1. An encapsulated pebble, comprising:

a fuel core; and
a cage encapsulating the fuel core, wherein the
cage comprises at least one gas transport chan-
nel therethrough.

2. The encapsulated pebble of paragraph 1, wherein
the cage comprises a plurality of gas transport chan-
nels.

3. The encapsulated pebble of paragraph 1 or par-
agraph 2, further comprising:

a ceramic shell contained with the cage and sur-
rounding the fuel core; and/or
a ceramic insert provided in the at least one gas
transport channel.

4. The encapsulated pebble of paragraph 3, wherein
the ceramic shell and/or the ceramic insert compris-
es a gas-permeable ceramic.

5. The encapsulated pebble of paragraph 4, wherein
the gas-permeable ceramic comprises a gas-perme-
able silica, a gas-permeable graphite or a gas-per-
meable silicon carbide.
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6. The encapsulated pebble of paragraph 4 or par-
agraph 5, wherein the gas-permeable ceramic com-
prises a porous ceramic having a pore radius of less
than 0.25 mm.

7. The encapsulated pebble of any one of the pre-
ceding paragraphs, wherein the internal diameter of
the cage is larger than the external diameter of the
fuel core.

8. The encapsulated pebble of any one of para-
graphs 3 to 7, wherein the internal diameter of the
cage is larger than the external diameter of the ce-
ramic shell.

9. The encapsulated pebble of any one of the pre-
ceding paragraphs, wherein the fuel core comprises
a breeding material, for example a breeding material
capable of generating tritium.

10. The encapsulated pebble of any one of the pre-
ceding paragraphs, wherein the fuel core comprises
a molten salt that is liquid above the operating tem-
perature of a nuclear reactor, about 300 °C.

11. The encapsulated pebble according to any one
of the preceding paragraphs, wherein the fuel core
comprises a lithium salt, for example Li2·BeF4.

12. The encapsulated pebble of any one of the pre-
ceding paragraphs, wherein the fuel core further
comprises a redox controlling material, for example
metallic beryllium.

13. The encapsulated pebble of any one of the pre-
ceding paragraphs, wherein a gas pocket is provided
in the encapsulated fuel pebble.

14. The encapsulated pebble of paragraph 13,
wherein a ceramic shell is contained within the cage
and the gas pocket is provided within the ceramic
shell.

15. The encapsulated pebble of paragraph 13 or par-
agraph 14, wherein a coolant gas is provided in the
gas pocket, for example nitrogen gas, or helium gas.

16. The encapsulated pebble of any one of the pre-
ceding paragraphs, wherein the cage is a metallic
cage, for example a metallic cage comprising a me-
tallic alloy, for example a steel.

17. The encapsulated pebble of paragraph 16,
wherein the metallic alloy comprises a reduced ac-
tivation ferritic martensitic steel.

18. The encapsulated pebble of any one of para-
graphs 1 to 17, wherein the cage is spherical or cy-

lindrical.

19. A method of forming an encapsulated pebble,
comprising:
encapsulating a fuel core within a cage, wherein the
cage comprises at least one gas transport channel
therethrough.

20. The method of paragraph 19, comprising:

arranging a fuel core in a first part of a cage; and
joining a second part of a cage to the first part
so as to encapsulate the fuel core.

21. The method of paragraph 19, comprising:

forming a cage;
forming an opening in the cage;
inserting a fuel through the opening so as to form
a fuel core within the cage; and
sealing the opening so as to encapsulate the
fuel core.

22. The method of any one of paragraphs 19 to 21,
comprising:
forming at least one gas transport channel through
the cage, for example forming a plurality of gas trans-
port channels through the cage.

23. The method of paragraph 22, wherein forming
at least one gas transport channel comprises laser
drilling the cage to form the at least one gas transport
channel.

24. The method of paragraph 22, wherein forming
at least one gas transport channel comprises con-
trolling porosity of the cage during a sintering proc-
ess of forming the cage.

25. The method of any one of paragraphs 19 to 24,
comprising:

forming a ceramic shell around the fuel core; and
encapsulating the formed ceramic shell within
the cage.

26. The method of any one of paragraphs 19 to 25,
wherein the encapsulated pebble is as defined in
any one of paragraphs 1 to 20.

27. A breeding blanket module for a fusion reactor,
comprising:

a plurality of pebble beds connected in series
and/or in parallel; and
a plurality of encapsulated pebbles within each
pebble bed.
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28. The breeding blanket module of paragraph 27,
wherein each pebble bed of the plurality of pebble
beds is in fluid communication with a gas inlet and
a gas outlet via a gas inlet manifold and a gas outlet
manifold respectively.

29. The breeding blanket module of paragraph 27 or
paragraph 28, wherein each pebble bed is an elon-
gate bed having a first end and a second end, and
wherein the gas inlet manifold is configured to en-
gage with the first end and the gas outlet manifold
is configured to engage with the second end.

30. The breeding blanket module of any one of par-
agraphs 27 to 29, wherein each pebble bed of the
plurality of pebble beds is provided in one of at least
two groups of pebble beds.

31. The breeding blanket module of paragraph 30,
wherein a first group of the at least two groups de-
fines a first gas flow path from the gas inlet through
at least one pebble bed of the first group to the gas
outlet, and a second group of the at least two groups
defines a second gas flow path from the gas inlet
through at least one pebble bed of the second group
to the gas outlet.

32. The breeding blanket module of paragraph 31,
wherein the first gas flow path and second gas flow
path are connected in parallel from the gas inlet to
the gas outlet.

33. The breeding blanket module of any one of par-
agraphs 30 to 32, wherein each pebble bed in each
group of pebble beds is connected in series with at
least one other pebble bed in the same group of peb-
ble beds.

34. The breeding blanket module of any one of par-
agraphs 27 to 33, wherein a neutron multiplier ma-
terial, for example lead sulfide, is provided in the
voids between adjacent pebble beds.

35. The breeding blanket module of any one of par-
agraphs 27 to 34, further comprising a neutron re-
flector panel comprising a neutron reflector material,
for example tungsten carbide.

36. The breeding blanket module of any one of par-
agraphs 27 to 35, wherein the breeding blanket mod-
ule is configured to engage with a first wall compo-
nent of a fusion reactor.

37. The breeding blanket module of any one of par-
agraphs 27 to 36, wherein the plurality of pebble beds
form a honeycomb structure.

38. The breeding blanket module of paragraph 37,

wherein each pebble bed of the plurality of pebble
beds shares at least one wall with an adjacent pebble
bed.

39. The breeding blanket module of any one of par-
agraphs 27 to 38, wherein the module is arranged
such that, in use, in a fusion reactor, the pebble beds
are oriented poloidally.

40. The breeding blanket module of any one of par-
agraphs 27 to 39, wherein at least one encapsulated
pebble of the plurality of encapsulated pebbles is as
defined in any one of paragraphs 1 to 20.

41. The breeding blanket module of paragraph 40,
wherein at least two of the encapsulated pebbles
comprise fuel cores that are the same compositions,
or wherein at least two of the encapsulated pebbles
comprise fuel cores that are different compositions.

42. The breeding blanket module of paragraph 41,
wherein at least two of the encapsulated pebbles
comprise a Li2·BeF4 core, or wherein at least one of
the encapsulated fuel pebbles comprises a Li2·BeF4
and at least one of the encapsulated fuel pebbles
comprises a core different to Li2·BeF4.

43. The breeding blanket module of any one of par-
agraphs 27 to 41, wherein the plurality of pebble beds
comprise reduced activation ferritic martensitic steel
walls.

44. The breeding blanket module of any one of par-
agraphs 27 to 41, wherein the plurality of pebble beds
are provided with a tritium permeation barrier coat-
ing, for example a coating of chromia (Cr2O3) or alu-
mina (Al2O3).

45. A method of operating the breeding blanket mod-
ule of any one of paragraphs 27 to 44, comprising:

providing a flow of coolant gas to the breeding
blanket module;
allowing the coolant gas to extract heat and tri-
tium from the breed blanket module providing a
warmed gas enriched with tritium;
removing the warmed gas from the breeding
blanket module; and
extracting the tritium from the warmed gas.

46. The method of paragraph 45, wherein the breed-
ing blanket is present in a fusion reactor and is heat-
ed by the tritium breeding reaction in the encapsu-
lated pebble and/or by the plasma in the reactor core.

47. The method of paragraph 45 or paragraph 46,
wherein the coolant gas comprises one or more cool-
ant gas selected from nitrogen, helium, and carbon
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dioxide.

48. A fusion reactor comprising an encapsulated
pebble according to any one of paragraphs 1 to 20
and/or a breeding blanket module according to any
one of paragraphs 27 to 44.

49. Use of an encapsulated pebble according to any
one of paragraphs 1 to 20 in a fusion reactor or a
fission reactor.

50. Use of a breeding blanket module according to
any one of paragraphs 27 to 44 in a fusion reactor.

[0056] Variations to the disclosed embodiments can
be understood and effected by those skilled in the art in
practicing the principles and techniques described here-
in, from a study of the drawings, the disclosure and the
appended claims. In the claims, the word "comprising"
does not exclude other elements or steps, and the indef-
inite article "a" or "an" does not exclude a plurality. The
mere fact that certain measures are recited in mutually
different dependent claims does not indicate that a com-
bination of these measures cannot be used to advantage.
Any reference signs in the claims should not be construed
as limiting the scope.

Claims

1. An encapsulated pebble, comprising:

a fuel core; and
a cage encapsulating the fuel core, wherein the
cage comprises at least one gas transport chan-
nel therethrough.

2. The encapsulated pebble of claim 1, further compris-
ing:

a ceramic shell contained with the cage and sur-
rounding the fuel core; and/or
a ceramic insert provided in the at least one gas
transport channel,
optionally:

wherein the ceramic shell and/or the ceram-
ic insert comprises a gas-permeable ceram-
ic, for example wherein the gas-permeable
ceramic comprises a gas-permeable silica,
a gas-permeable graphite or a gas-perme-
able silicon carbide; and/or
the gas-permeable ceramic comprises a
porous ceramic having a pore radius of less
than 0.25 mm.

3. The encapsulated pebble of any one of the preceding
claims, wherein the internal diameter of the cage is

larger than the external diameter of the fuel core
and/or the internal diameter of the cage is larger than
the external diameter of a ceramic shell contained
within the cage.

4. The encapsulated pebble of any one of the preceding
claims, wherein the fuel core comprises a breeding
material capable of generating tritium,
optionally:

wherein the fuel core comprises a molten salt
that is liquid above about 300 °C; and/or
wherein the fuel core comprises a lithium salt,
for example Li2·BeF4; and/or
wherein the fuel core further comprises a redox
controlling material, for example metallic beryl-
lium.

5. The encapsulated pebble of any one of the preceding
claims, wherein a gas pocket is provided in the en-
capsulated pebble; optionally:

wherein a ceramic shell is contained within the
cage and the gas pocket is provided within the
ceramic shell; and/or.
wherein a coolant gas is provided in the gas
pocket, for example nitrogen gas, or helium gas

6. The encapsulated pebble of any one of the preceding
claims, wherein the cage comprises a metallic alloy,
for example a steel; optionally wherein the metallic
alloy comprises a reduced activation ferritic marten-
sitic steel.

7. A method of forming an encapsulated pebble, com-
prising:
encapsulating a fuel core within a cage, wherein the
cage comprises at least one gas transport channel
therethrough.

8. The method of claim 7, comprising:

(i) arranging a fuel core in a first part of a cage;
and
joining a second part of a cage to the first part
so as to encapsulate the fuel core;
or
(ii) forming a cage;
forming an opening in the cage;
inserting a fuel through the opening so as to form
a fuel core within the cage; and
sealing the opening so as to encapsulate the
fuel core;
and/or
forming at least one gas transport channel
through the cage, for example forming a plurality
of gas transport channels through the cage, for
example wherein forming at least one gas trans-
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port channel comprises laser drilling the cage to
form the at least one gas transport channel or
controlling porosity of the cage during a sintering
process of forming the cage.

9. The method of claim 8, comprising:

forming a ceramic shell around the fuel core; and
encapsulating the formed ceramic shell within
the cage.

10. A breeding blanket module for a fusion reactor, com-
prising:

a plurality of pebble beds connected in series
and/or in parallel; and
a plurality of encapsulated pebbles within each
pebble bed.

11. The breeding blanket module of claim 10, wherein
each pebble bed of the plurality of pebble beds is in
fluid communication with a gas inlet and a gas outlet
via a gas inlet manifold and a gas outlet manifold
respectively and/or wherein each pebble bed is an
elongate pebble bed having a first end and a second
end, and wherein the gas inlet manifold is configured
to engage with the first end and the gas outlet man-
ifold is configured to engage with the second end.

12. The breeding blanket module of any one of claims
10 or 11, wherein each pebble bed of the plurality of
pebble beds is provided in one of at least two groups
of pebble beds:

wherein a first group of the at least two groups
defines a first gas flow path from the gas inlet
through at least one pebble bed of the first group
to the gas outlet, and a second group of the at
least two groups defines a second gas flow path
from the gas inlet through at least one fuel bed
of the second group to the gas outlet, optionally
wherein the first gas flow path and second gas
flow path are connected in parallel from the gas
inlet to the gas outlet
and/or
wherein each pebble bed in each group of peb-
ble beds is connected in series with at least one
other pebble bed in the same group of pebble
beds.

13. The breeding blanket module of any one of claims
10 to 12, wherein:

a neutron multiplier material, for example lead
sulfide, is provided in the voids between adja-
cent pebble beds; and/or
the breeding blanket module comprises a neu-
tron reflector panel comprising a neutron reflec-

tor material, for example tungsten carbide;
and/or
the breeding blanket module is configured to en-
gage with a first wall component of a fusion re-
actor; and/or
the breeding blanket module is arranged such
that, in use, in a fusion reactor, the pebble beds
are oriented poloidally; and/or
at least one encapsulated pebble of the plurality
of encapsulated pebbles is as defined in any one
of claims 1 to 9, for example wherein at least
two of the encapsulated pebbles comprise fuel
cores that are the same compositions, or where-
in at least two of the encapsulated pebbles com-
prise fuel cores that are different compositions,
for example wherein at least two of the encap-
sulated pebbles comprise a Li2·BeF4 fuel core,
or wherein at least one of the encapsulated peb-
bles comprises a Li2·BeF4 and at least one of
the encapsulated pebbles comprises a fuel core
different to Li2·BeF4; and/or
the plurality of fuel beds form a honeycomb
structure, for example wherein each pebble bed
of the plurality of pebble beds shares at least
one wall with an adjacent pebble bed; and/or
the plurality of pebble beds comprise reduced
activation ferritic martensitic steel walls, option-
ally wherein the plurality of pebble beds are pro-
vided with a tritium permeation barrier coating,
for example a coating of chromia (Cr2O3) or alu-
mina (Al2O3).

14. A method of operating the breeding blanket module
of any one of claims 11 to 13, comprising:

providing a flow of coolant gas to the breeding
blanket module;
allowing the coolant gas to extract heat and tri-
tium from the breeding blanket module providing
a warmed gas enriched with tritium;
removing the warmed gas from the breeding
blanket module; and
extracting the tritium from the warmed gas;
optionally wherein the breeding blanket is
present in a fusion reactor and is heated by the
tritium breeding reaction in the encapsulated
pebble and/or by the plasma in the reactor core,
and/or wherein the coolant gas comprises one
or more coolant gas selected from nitrogen, he-
lium, and carbon dioxide.

15. A fusion reactor comprising an encapsulated pebble
according to any one of claims 1 to 6 and/or a breed-
ing blanket module according to any one of claims
12 to 14.
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