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Radioisotope Production

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority of EP application 15157433.2 which was filed on

March 3, 2015 and which is incorporated herein in its entirety by reference.

FIELD
[0002] The present invention relates to radioisotope production apparatus and associated
methods. The present invention also relates to a system comprising a free electron laser and a

radioisotope production apparatus

BACKGROUND

[0003] Radioisotopes are isotopes which are not stable. A radioisotope will decay after a
period of time by emitting a proton and/or neutron. Radioisotopes are used for medical
diagnostics and for medical treatments, and are also used in industrial applications

[0004] The most commonly used medical radioisotope is Tc-99m (Technetium), which is
used in diagnostic applications. Production of Tc-99m uses a high flux nuclear reactor. Highly
enriched uranium, comprising a mixture of U-238 and U-235 is bombarded with neutrons in the
nuclear reactor. This causes some of the U-235 to undergo fission and to separate into Mo-99 +
Sn(x13) + neutrons. The Mo-99 is separated out from the other fission products and shipped to a
radiopharmacy. Mo-99 has a half-life of 66 hours and decays to Tc-99m. The Tc-99m has a
half-life of only 6 hours (which is useful for medical diagnostic techniques). At the
radiopharmacy Tc-99m is separated from the Mo-99 and is then used for medical diagnostic
techniques.

[0005] Mo-99 is widely used around the world to generate Tc-99m for medical diagnostic
techniques. However, there are only a handful of high flux nuclear reactors which can be used to
generate Mo-99. Other radioisotopes are also made using these high flux nuclear reactors. All
of the high flux nuclear reactors are over 40 years old and cannot be expected to continue to
operate indefinitely.

[0006] It may be considered desirable to provide an alternative radioisotope production

apparatus and associated methods and/or associated systems.
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SUMMARY

[0007] According to an aspect of the invention there is provided a system comprising a free
electron laser and a radioisotope production apparatus, wherein the free electron laser comprises
an electron injector, an energy recovery linear accelerator and an undulator, and the radioisotope
production apparatus comprises a further linear accelerator, an electron target support structure
configured to hold an electron target and a photon target support structure configured to hold a
photon target, wherein the further linear accelerator is positioned to receive an electron
beam after it has been accelerated then decelerated by the energy recovery linear accelerator, the
further linear accelerator being configured to accelerate electrons of the electron beam to an
energy of around 14 MeV or more for subsequent delivery to the electron target.

[0008] The system is advantageous because components used for radioisotope production are
also used by the free electron laser (which may be used to generate EUV radiation for use by
lithography apparatuses). This provides a cost saving compared with the cost that would be
incurred if a radioisotope production apparatus and a free electron laser were provided entirely
separately from each other (e.g. at different locations). The radioisotope production may take
place in parallel with operation of the free electron laser (e.g. in parallel with generation of an
EUYV radiation beam). The electron beam may be used to generate EUV radiation and then be
used to produce radioisotopes.

[0009] A kicker may be configured to switch the electron beam between the further linear
accelerator and a beam dump.

[0010] According to a second aspect of the invention there is provided a system comprising a
free electron laser and a radioisotope production apparatus, wherein the free electron laser
comprises a plurality of electron injectors, a linear accelerator and an undulator, and the
radioisotope production apparatus comprises a further linear accelerator, an electron target
support structure configured to hold an electron target and a photon target support structure
configured to hold a photon target, wherein the further linear accelerator is positioned to receive
an electron beam from one of the electron injectors when it is not being used to provide an
electron beam to the linear accelerator, the further linear accelerator being configured to
accelerate electrons of the electron beam to an energy of 14 MeV or more for subsequent

delivery to the electron target and the photon target.
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[0011] The system is also advantageous because components used for radioisotope
production are also used by the free electron laser (which may be used to generate EUV radiation
for use by lithography apparatuses). This provides a cost saving compared with the cost that
would be incurred if a radioisotope production apparatus and a free electron laser were provided
entirely separately from each other (e.g. at different locations). The radioisotope production may
take place in parallel with operation of the free electron laser (e.g. in parallel with generation of
an EUV radiation beam). That is, one linear injector may be used to produce radioisotopes
whilst the other is being used to provide an electron beam for the free electron laser.

[0012] A plurality of radioisotope production apparatuses may be provided.

[0013] A kicker may be located after each electron injector, the kicker being configured to
switch the electron beam generated by that electron injector between the linear accelerator of the
free electron laser and one of the radioisotope production apparatuses.

[0014] The number of electron injectors may be one more than the number of radioisotope

production apparatuses.

[0015] The linear accelerator of the free electron laser may be an energy recovery linear
accelerator.
[0016] The further linear accelerator may be configured to accelerate electrons of the

electron beam to an energy of around 30 MeV or more.

[0017] The system may further comprise an electron target held by the electron target
support structure, the electron target comprising material which will decelerate the electrons and
generate photons, and may further comprise a photon target held by the photon target support
structure, the photon target comprising material which will eject neutrons when the photons are
incident upon it and which will thereby form a radioisotope.

[0018] The photon target may comprise Mo-100.

[0019] According to a third aspect of the invention there is provided a system comprising a
free electron laser and a radioisotope production apparatus, wherein the free electron laser
comprises an electron injector, a linear accelerator and an undulator, and the radioisotope
production apparatus comprises a further linear accelerator, an electron target support structure
configured to hold an electron target and a photon target support structure configured to hold a
photon target, wherein the electron injector is configured to generate an electron beam with a

current of 10 mA or more and the further linear accelerator is configured to accelerate electrons
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of the electron beam to 14 MeV or more for subsequent delivery to the electron target and the
photon target.

[0020] Providing the electron beam with a current of 10 mA or more is advantageous
compared with providing a lower electron beam current because it increases the specific activity
of the radioisotope that can be produced using the electron beam.

[0021] The electron injector may be configured to generate an electron beam with a current
of 30 mA or more. The electron injector may be configured to generate an electron beam with a
current of 100 mA or more.

[0022] The further linear accelerator may be configured to accelerate electrons of the
electron beam to an energy of around 30 MeV or more.

[0023] According to a fourth aspect of the invention there is provided a radioisotope
production apparatus comprising a linear accelerator, an electron target support structure
configured to hold an electron target and a photon target support structure configured to hold a
photon target, wherein an electron beam distribution apparatus is arranged to receive an electron
beam following acceleration by the linear accelerator and before the electron beam is incident
upon the electron target, the electron beam distribution apparatus being configured to control the
surface area of the electron target upon which the electron beam is incident.

[0024] Distributing the electron beam is advantageous because it distributes heat delivered
by the electron beam, thereby reducing localised heating of the electron target.

[0025] The electron beam distribution apparatus may comprise a lens configured to increase
the cross-sectional area of the electron beam.

[0026] The lens may comprise a defocussing quadruple magnet.

[0027] The electron beam distribution apparatus may comprise a beam kicker which is
configured to scan the electron beam over the surface of the electron target.

[0028] According to a fifth aspect of the invention there is provided a radioisotope
production apparatus comprising a linear accelerator, a beam kicker, a plurality of electron target
support structures configured to hold electron targets and a plurality of associated photon target
support structures configured to hold photon targets, wherein the beam kicker is configured to
receive an electron beam following acceleration by the linear accelerator and is configured to

direct the electron beam to each of the electron target support structures sequentially.
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[0029] Distributing the electron beam to different electron target support structures such that
the electron beam is incident on different electron targets is advantageous because it distributes
heat delivered by the electron beam, thereby reducing localised heating of the electron targets.
[0030] According to a sixth aspect of the invention there is provided a radioisotope
production apparatus comprising a linear accelerator, an electron target support structure
configured to hold an electron target and a photon target support structure configured to hold a
photon target, wherein the radioisotope production apparatus further comprises one or more
coolant fluid conduits configured to transport a coolant fluid past a photon target and/or an
electron target held by the support structures and thereby remove heat from the photon target
and/or the electron target, and wherein the radioisotope production apparatus further comprises a
waste heat recovery system configured to recover some of the heat removed from the photon
target and/or the electron target.

[0031] The waste heat recovery system advantageously allows some of the power used to
generate the radioisotope to be recovered.

[0032] The waste heat recovery system may be configured to generate electricity using the
recovered heat.

[0033] The waste heat recovery system may comprise a closed loop which uses a working
fluid.

[0034] The working fluid of the closed loop may be different from the coolant fluid used to
cool the photon target and/or an electron target, and wherein the system further comprises a heat

exchanger configured to transfer heat from the coolant fluid to the working fluid.

[0035] The closed loop may include an expansion turbine configured to drive an electricity
generator.
[0036] According to a seventh aspect of the invention there is provided a system comprising

the radioisotope production apparatus of any of the fourth to sixth aspects of the invention, and
further comprising a free electron laser.

[0037] The system of any of the aspects of the invention may further comprise a plurality of
lithographic apparatuses.

[0038] According to an eighth aspect of the invention there is provided a method of
radioisotope production comprising injecting an electron beam into an energy recovery linear

accelerator of a free electron laser, accelerating then decelerating the electron beam using the
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energy recovery linear accelerator, using a further linear accelerator to accelerate the electron
beam following deceleration, the electron beam being accelerated to an energy of around 14
MeV or more, and directing the electron beam onto an electron target to generate photons which
are then incident upon a photon target to generate the radioisotope.

[0039] According to a ninth aspect of the invention there is provided a method of
radioisotope production using an injector of a free electron laser when that injector is not being
used to provide electrons to the free electron laser, the method comprising generating an electron
beam using the injector, using a linear accelerator to accelerate the electron beam to an energy of
around 14 MeV or more, and directing the electron beam onto an electron target to generate
photons which are then incident upon a photon target to generate the radioisotope.

[0040] The injector may be one of a plurality of injectors, and one of the other injectors may
simultaneously provide electrons to the free electron laser.

[0041] The electron beam directed to the electron target may have a current of 10 mA or
more.

[0042] According to a tenth aspect of the invention there is provided a method of
radioisotope production comprising injecting an electron beam into linear accelerator,
accelerating the electron beam using the linear accelerator, passing the electron beam through an
electron beam distribution apparatus, and directing the electron beam onto an electron target to
generate photons which are then incident upon a photon target to generate the radioisotope,
wherein the electron beam distribution apparatus controls the surface area of the electron target
upon which the electron beam is incident.

[0043] According to an eleventh aspect of the invention there is provided a method of
radioisotope production comprising injecting an electron beam into linear accelerator,
accelerating the electron beam using the linear accelerator, and using a beam kicker to
sequentially direct the electron beam onto each a plurality of electron targets to generate photons
which are then incident upon associated photon targets to generate the radioisotope.

[0044] According to a twelfth aspect of the invention there is provided a method of
radioisotope production comprising injecting an electron beam into linear accelerator,
accelerating the electron beam using the linear accelerator, and directing the electron beam onto
an electron target to generate photons which are then incident upon a photon target to generate

the radioisotope, wherein the method further comprises transporting a coolant fluid past the



10

15

20

25

30

WO 2016/139008 PCT/EP2016/050885

electron target and/or the photon target to remove heat from the electron target and/or the photon
target, and using a waste heat recovery system to recover some of the heat removed from the
electron target and/or the photon target.

[0045] Features of any given aspect of the invention may be combined with features of other
aspects of the invention.

[0046] Various aspects and features of the invention set out above or below may be
combined with various other aspects and features of the invention as will be readily apparent to

the skilled person.

BRIEF DESCRIPTION OF THE DRAWINGS

[0047] Embodiments of the invention will now be described, by way of example only, with
reference to the accompanying schematic drawings, in which:

- Figure 1 is a schematic illustration of a system comprising a free electron laser and a
radioisotope production apparatuses;

- Figure 2 is a schematic illustration of a radioisotope production apparatus according to an
embodiment of the invention;

- Figure 3 is a schematic illustration of part of a system comprising a free electron laser
and a radioisotope production apparatuses according to an embodiment of the invention;

- Figure 4 is a schematic illustration of an electron target and a photon target of a
radioisotope production apparatus according to an embodiment of the invention;

- Figure 5 is a schematic illustration of a waste heat recovery system which may form part
of a system according to an embodiment of the invention;

- Figure 6 is a schematic illustration of an electron beam distribution apparatus which may
form part of a radioisotope production apparatus according to an embodiment of the invention;

- Figure 7 is a schematic illustration of an alternative electron beam distribution apparatus
which may form part of a radioisotope production apparatus according to an embodiment of the
invention; and

- Figure 8 is a schematic illustration of a further alternative electron beam distribution
apparatus which may form part of a radioisotope production apparatus according to an

embodiment of the invention.
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DETAILED DESCRIPTION

[0048] Figure 1 schematically shows a system which comprises a free electron laser FEL
and radioisotope production apparatus Rl,.. The free electron laser FEL is capable of generating
an EUV radiation beam Bpg. which is sufficiently powerful to supply a plurality of lithographic
apparatus LA -, with EUV radiation beams that may be used to project patterns onto substrates.
[0049] The free electron laser FEL comprises two electron injectors 2la,b, a linear
accelerator 22, an undulator 24 and a beam dump 100. The free electron laser may also comprise
a bunch compressor (not illustrated). The system in Figure 1 can be switched between different
modes of operation in which an electron beam E follows different paths. In the illustrated mode
the electron beam E is depicted by a solid line, with alternative electron beam paths being
depicted by a dashed line.

[0050] Each electron injector 21a,b is arranged to produce a bunched electron beam and
comprises an electron source (for example a photo-cathode which is illuminated by a pulsed laser
beam) and a booster which provides an accelerating electric field. The accelerating electric field
provided by the booster may for example accelerate the electrons of the electron beam to an
energy of around 10 MeV. Radioisotope production apparatus R, comprises components
30a,b, 40a,b downstream of the electron injectors 21a,b, which are described further below. In
the depicted mode of operation the second electron injector 21b provides an electron beam E
which is used by the free electron laser to generate an EUV radiation beam Bypr. The first
electron injector 21a provides an electric beam E; which is used to generate radioisotopes (as
described further below).

[0051] Electrons in the electron beam E are steered to the linear accelerator 22 by magnets
(not shown). The linear accelerator accelerates the electron beam E. In an example, the linear
accelerator 22 may comprise a plurality of radio frequency cavities which are axially spaced, and
one or more radio frequency power sources which are operable to control the electromagnetic
fields along the common axis as bunches of electrons pass between them so as to accelerate each
bunch of electrons. The cavities may be superconducting radio frequency cavities.
Advantageously, this allows: relatively large electromagnetic fields to be applied at high duty
cycles; larger beam apertures, resulting in fewer losses due to wakefields; and for the fraction of
radio frequency energy that is transmitted to the beam (as opposed to dissipated through the

cavity walls) to be increased. Alternatively, the cavities may be conventionally conducting (i.e.
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not superconducting), and may be formed from, for example, copper. Other types of linear
accelerators may be used such as, for example, laser wake-field accelerators or inverse free
electron laser accelerators.

[0052] Although the linear accelerator 22 is depicted as lying along a single axis in Figure 1,
the linear accelerator may comprise modules which do not lie on a single axis. For example, a
bend may be present between some linear accelerator modules and other linear accelerator
modules.

[0053] Following acceleration by the linear accelerator 22 the electron beam E is steered to
the undulator 24 by magnets (not shown). Optionally, the electron beam E may pass through a
bunch compressor (not shown), disposed between the linear accelerator 22 and the undulator 24.
The bunch compressor may be configured to spatially compress existing bunches of electrons in
the electron beam E.

[0054] The electron beam E then passes through the undulator 24. Generally, the undulator
24 comprises a plurality of modules. Each module comprises a periodic magnet structure, which
is operable to produce a periodic magnetic field and is arranged so as to guide the electron beam
E produced by the electron injector 21a,b and linear accelerator 22 along a periodic path within
that module. The periodic magnetic field produced by each undulator module causes the
electrons to follow an oscillating path about a central axis. As a result, within each undulator
module, the electrons radiate electromagnetic radiation generally in the direction of the central
axis of that undulator module. The radiated electromagnetic radiation forms a beam By, of
EUYV radiation which is passed to lithographic apparatus LA, and is used by those lithographic
apparatus to project patterns onto substrates.

[0055] The path followed by the electrons may be sinusoidal and planar, with the electrons
periodically traversing the central axis. Alternatively, the path may be helical, with the electrons
rotating about the central axis. The type of oscillating path may affect the polarization of
radiation emitted by the free electron laser. For example, a free electron laser which causes the
electrons to propagate along a helical path may emit elliptically polarized radiation, which may
be desirable for exposure of a substrate W by some lithographic apparatus.

[0056] As electrons move through each undulator module, they interact with the electric field
of the radiation, exchanging energy with the radiation. In general the amount of energy

exchanged between the electrons and the radiation will oscillate rapidly unless conditions are
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close to a resonance condition. Under resonance conditions, the interaction between the
electrons and the radiation causes the electrons to bunch together into microbunches, modulated
at the wavelength of radiation within the undulator, and coherent emission of radiation along the

central axis is stimulated. The resonance condition may be given by:

2
/lem — /luZ (1+K_] 5
2y A (D

where /., is the wavelength of the radiation, 4, is the undulator period for the undulator module

that the electrons are propagating through, y is the Lorentz factor of the electrons and K is the
undulator parameter. A is dependent upon the geometry of the undulator 24: for a helical
undulator that produces circularly polarized radiation A=1, for a planar undulator A=2, and for a
helical undulator which produces elliptically polarized radiation (that is neither circularly
polarized nor linearly polarized) 1<A<2. In practice, each bunch of electrons will have a spread
of energies although this spread may be minimized as far as possible (by producing an electron
beam E with low emittance). The undulator parameter K is typically approximately 1 and is
given by:

q/?“ B,
K="t
27mmc (2)

where g and m are, respectively, the electric charge and mass of the electrons, By is the amplitude
of the periodic magnetic field, and c is the speed of light.

[0057] The resonant wavelength 4., is equal to the first harmonic wavelength spontaneously
radiated by electrons moving through each undulator module. The free electron laser FEL may
operate in self-amplified spontaneous emission (SASE) mode. Operation in SASE mode may
require a low energy spread of the electron bunches in the electron beam E before it enters each
undulator module. Alternatively, the free electron laser FEL may comprise a seed radiation
source, which may be amplified by stimulated emission within the undulator 24. The free
electron laser FEL may operate as a recirculating amplifier free electron laser (RAFEL), wherein
a portion of the radiation generated by the free electron laser FEL is used to seed further
generation of radiation.

[0058] The electron beam E which exits the undulator 24 is steered by magnets (not shown)
back into the linear accelerator 22. The electron beam E enters the linear accelerator 22 with a

phase difference of 180 degrees relative to the electron beam produced by the electron injector
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21a,b. The RF fields in the linear accelerator therefore serve to decelerate the electrons which
are output from the undulator 24 and to accelerate electrons output from the electron injector
2la,b. As the electrons decelerate in the linear accelerator 22 some of their energy is transferred
to the RF fields in the linear accelerator 22. Energy from the decelerating electrons is therefore
recovered by the linear accelerator 22 and is used to accelerate the electron beam E output from
the electron injector 21. Such an arrangement is known as an energy recovery linear accelerator
(ERL).

[0059] After deceleration by the linear accelerator 22, the electron beam Ey is absorbed by a
beam dump 100. Radioisotope production apparatus R, which comprises components 30c, 40c,
is described further below. The beam dump 100 may comprise a sufficient quantity of material
to absorb the electron beam Egr. The material may have a threshold energy for induction of
radioactivity. Electrons entering the beam dump 100 with an energy below the threshold energy
may produce only gamma ray showers but will not induce any significant level of radioactivity.
The material may have a high threshold energy for induction of radioactivity by electron impact.
For example, the beam dump 100 may comprise aluminium (Al), which has a threshold energy
of around 17 MeV. The energy of electrons of the electron beam E after leaving the linear
accelerator 22 may be less than 17 MeV (it may for example be around 10 MeV), and thus may
be below the threshold energy of the beam dump 100. This removes, or at least reduces, the
need to remove and dispose of radioactive waste from the beam dump 100.

[0060] In addition to comprising a free electron laser FEL and lithographic apparatus LA/,
the system depicted in Figure 1 further comprises radioisotope production apparatus RI,... Three
radioisotope production apparatus Rl,. are depicted, each of which has the same general
configuration. The first radioisotope production apparatus RI, comprises a linear accelerator 30a
which is configured to accelerate electrons provided by the electron injector 21a. The linear
accelerator 30a may, for example, accelerate electrons to an energy of around 14 MeV or more.
The linear accelerator may accelerate electrons to an energy of around 30 MeV or more (e.g. up
to around 45 MeV). It may be beneficial not to accelerate the electrons to an energy greater than
around 45 MeV because at such energies large quantities of unwanted products other than the
desired radioisotope may be generated. In an embodiment, the linear accelerator 30a may

accelerate electrons to an energy of around 35 MeV.
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[0061] The radioisotope production apparatus RI, further comprises a target 40a which is
configured to receive the electrons and to use the electrons to convert a source material into a
radioisotope. An example of a target 40a-c is depicted schematically in Figure 2 (the target has
the same construction for each of the radioisotope production apparatus Rl,.). In Figure 2 the
electron beam E is incident upon an electron target 42a-c. The electron target 42a-c may, for
example, be formed from tungsten, tantalum or some other material which will decelerate the
electrons and generate photons. The electron target is held by a support structure 43a-c. The
electron target may be formed from the same material as a photon target (e.g. Mo-100). The
mechanism via which the photons are generated is Bremsstrahlung radiation (in English: braking
radiation). The energy of the photons generated in this manner may, for example, be greater than
100 keV, may be greater than 1 MeV, and may be greater than 10 MeV. The photons may be
described as very hard X-rays.

[0062] In an embodiment, the photon target is Mo-100 which is to be converted into Mo-99
via photon induced neutron emission. This reaction has a threshold energy of 8.29 MeV, and
thus will not occur if photons incident upon the photon target have an energy less than 8.29
MeV. The reaction has a cross-section which peaks at around 14 MeV (the reaction cross-
section is indicative of the chances of the reaction being induced by a photon with a given
energy). In other words, the reaction has a resonance peak at around 14 MeV. Therefore, in an
embodiment photons with an energy of around 14 MeV or more may be used to convert a Mo-
100 photon target into Mo-99.

[0063] The energy of the photons generated by the photon target has an upper limit which is
set by the energy of the electrons in the electron beam. The photons will have a distribution of
energies, but the upper limit of that distribution will not extend beyond the energy of the
electrons in the electron beam. Thus, in an embodiment used to convert a Mo-100 photon target
into Mo-99 the electron beam will have an energy of at least §.29 MeV. In an embodiment the
electron beam may have an energy of around 14 MeV or more.

[0064] As the energy of the electron beam is increased more photons with energies sufficient
to cause the desired reaction will be generated (for the same current of electrons). For example,
as noted above Mo-99 generation has a cross-section which peaks at around 14 MeV. If the
electron beam has an energy of around 28 MeV then each electron may generate two photons

with an energy of around 14 MeV, thereby increasing conversion of the photon target to Mo-99.
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However, as the energy of the electron beam is increased photons with higher energies will
induce other unwanted reactions. For example, photon induced emission of a neutron and a
proton has a threshold energy of 18 MeV. This reaction is not desired because it does not
generate Mo-99 but instead generates an unwanted reaction product.

[0065] In general, the selection of the energy of the electron beam (and hence the maximum
energy of the photons) may be based on a comparison between the yield of wanted products (e.g.
Mo-99) and the yield of unwanted products. In an embodiment, the electron beam may have an
energy of around 14 MeV or more. The electron beam may for example have an energy of
around 30 MeV or more (e.g. up to around 45 MeV). This range of electron beam energies may
provide good productivity of photons with energies around the reaction resonance peak of 14
MeV. The electron beam may for example have an energy of around 35 MeV.

[0066] The photons are emitted from the electron target 42a-c and are incident upon a photon
target 44a-c which is held by a support structure 45a-c. The photons are schematically depicted
by wavy lines y in Figure 2. The photon target 44a-c comprises a plurality of plates which
comprise Mo-100 (Mo-100 is a stable and naturally occurring isotope of Mo). When a photon y
is incident upon an Mo-100 nucleus it causes a photonuclear reaction via which a neutron is
ejected from the nucleus. The Mo-100 atom is thereby converted to an Mo-99 atom.

[0067] The photon target 44a-c receives photons y for a period of time, during which the
proportion of Mo-99 in the photon target increases and the proportion of Mo-100 in the photon
target decreases. The photon target 44a-c is then removed from the radioisotope production
apparatus RI, for processing and transportation to a radiopharmacy. Tc-99, which is the decay
product of Mo-99, is extracted and used in medical diagnostic applications.

[0068] Although the photon target 44a-c shown in Figure 2 comprises three plates, the
photon target may comprise any suitable number of plates. Although the described photon target
comprises Mo-100, the photon target may comprise any suitable material. Similarly, the material
of the photon target may be provided in any suitable shape and/or configuration. Shielding may
be provided around electron target 42a-c and the photon target 44a-c (e.g. lead shielding).

[0069] Although the electron target 42a-c is depicted as a single block of material, it may be
provided as a plurality of plates. The plates may for example have a construction which
corresponds with the photon target plates 44a-c described above. Similarly, the support structure

43a-c may be configured to hold a plurality of electron target plates.
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[0070] The electron target 42a-c and the photon target 44a-c may be provided in conduits
through which coolant liquid is flowed, as described further below.

[0071] Referring again to Figure 1, production of a radioisotope using the first radioisotope
production apparatus R, is performed when the electron beam E; generated by the first electron
injector 21a is not being used by the free electron laser FEL to generate an EUV radiation beam
Brrr. A kicker 31 directs the electron beam E; towards the first radioisotope production
apparatus RI,. The second electron injector 21b is operable to provide an electron beam E to the
free electron laser FEL during this time. A kicker 32 provided after the second electron injector
21b does not direct the electron beam E towards the second radioisotope production apparatus,
but instead allows the electron beam to travel to the linear accelerator 22. The two electron
injectors 21a,b are operating simultaneously, the first electron injector 21a providing an electron
beam which is used to generate radioisotopes and the second electron injector 21b providing an
electron beam which is used by the free electron laser FEL to generate an EUV radiation beam
Brrr.

[0072] The second radioisotope production apparatus Rl has the same configuration as the
first radioisotope production apparatus RI, and thus comprises a linear accelerator 30b and a
target 40b. When the second electron injector 21b is providing an electron beam used by the
radioisotope production apparatus Rl to generate radioisotopes, the first electron injector 21a
provides an electron beam used by the free electron laser FEL to generate an EUV radiation
beam Bppr. The paths travelled by electron beams E are thus opposite to those depicted in
Figure 1. Switching of the electron beam paths is achieved by switching the configurations of
the kickers 31, 32. The first kicker 31 no longer directs the electron beam generated by the first
electron injector 21a to the first radioisotope production apparatus RI, but instead allows the
electron beam to travel to the linear accelerator 22 of the free electron laser. The second kicker
32 directs the electron beam generated by the second electron injector 21b to the second
radioisotope production apparatus Rly.

[0073] The third radioisotope production apparatus Rl is located after the linear accelerator
22. The linear accelerator 22 is an energy recovery linear accelerator, and provides an electron
beam Er from which energy has been recovered. This electron beam Eg has an energy which
substantially corresponds to the energy of the electron beam E provided from an electron injector

21a,b before it is accelerated by the linear accelerator 22. The energy of the electron beam as
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output from the electron injector 21a,b and following energy recovery in the linear accelerator 22
may, for example, be around 10 MeV.

[0074] In common with the previously described radioisotope production apparatus, the third
radioisotope production apparatus RI. comprises a linear accelerator 30c which is configured to
increase the energy of the electrons in the electron beam. The linear accelerator 30c may, for
example, accelerate electrons to an energy of 15 MeV or more. The linear accelerator 30c may
accelerate electrons to an energy of 30 MeV or more (e.g. up to around 45 MeV). In an
embodiment, the linear accelerator 30c may accelerate electrons to an energy of around 35 MeV.
The radioisotope production apparatus further comprises a target 40c. The target 40c
corresponds with that described above in connection with Figure 2, and comprises an electron
target 42a-c and a photon target 44a-c (see Figure 2).

[0075] When radioisotope production is not required using the third radioisotope production
apparatus Rl the electron beam Eg is directed to the beam dump 100 instead of being directed
to the third radioisotope production apparatus. In Figure 1 the electron beam is directed to the
beam dump 100 (as indicated by a solid line), and is not directed to the third radioisotope
production apparatus Rl (as indicated by a dashed line). However, the electron beam Egx may be
directed by a kicker 33 towards the third radioisotope production apparatus RI.. In an
embodiment, the third radioisotope production apparatus RI. may be operative to produce radio
isotopes at the same time as the first (or second) radioisotope production apparatus RI,, RI.
[0076] A merger (not shown) may be used to combine the electron beam provided by the
electron injector 21a,b with the recirculating electron beam E. A demerger (not shown) may be
used to separate the electron beam Egr from which energy has been recovered and the electron
beam E which has been accelerated by the linear accelerator 22.

[0077] Although Figure 1 shows radioisotope production apparatus Rl,.. located both before
and after the linear accelerator 22 of the free electron laser FEL, in other embodiments the
radioisotope production apparatus may be provided in only one of those locations (i.e. provided
only before the linear accelerator or provided only after the linear accelerator).

[0078] Although the embodiment illustrated in Figure 1 is an energy recovery linear
accelerator, the radioisotope production apparatus may be provided as part of a system which
comprises a free electron laser FEL with an accelerator which is not an energy recovery linear

accelerator. For example, radioisotope production apparatus may be provided after one or more
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electron injectors of a free electron laser which comprises a linear accelerator that is not an
energy recovery linear accelerator.

[0079] Although only a single linear accelerator 22 is depicted in Figure 1, the free electron
laser FEL may comprise two or more linear accelerators. For example, a linear accelerator may
be provided at the position at which the undulator 24 is depicted in Figure 1. Where this is the
case, the electron beam may pass through the linear accelerators a plurality of times such that the
electron beam 1is accelerated by each linear accelerator two or more times. In such an
arrangement, a beam de-merger may be used to separate the accelerated electron beam such that
it passes through an undulator to generate an EUV radiation beam. A beam merger may then be
used to direct the electron beam from the undulator back into the linear accelerators for
subsequent deceleration.

[0080] Figure 3 schematically depicts an arrangement of electron injectors and radioisotope
production apparatuses according to an embodiment of the invention. In Figure 3 four electron
injectors 121a-d are shown and three radioisotope production apparatus Rlyr are shown. Each
electron injector 121a-d comprises an electron source 122a-d and a booster 123a-d which
provides an accelerating electric field. Each electron source may, for example, comprise a
photo-cathode which is illuminated by a pulsed laser beam generated by a laser (not shown).
The accelerating electric field provided by each booster 123a-d may, for example, accelerate
electrons provided by an electron source 122a-d to an energy of around 10 MeV (or some other
relativistic energy).

[0081] Each radioisotope production apparatus Rlgr comprises a linear accelerator 130a-c.
Each linear accelerator is depicted as three modules, but may comprise any suitable number of
modules (including, for example, a single module). Each linear accelerator 130a-c may
accelerate electrons in the electron beam to an energy of 15 MeV or more. Each linear
accelerator 130a-c may accelerate electrons to energy of 30 MeV or more (e.g. up to around 45
MeV). In an embodiment, each linear accelerator 130a-c may accelerate electrons to an energy
of around 35 MeV.

[0082] Each radioisotope production apparatus Rl,¢ further comprises a target 140a-c. The
targets may correspond with the targets shown in Figure 2. The targets 140a-c receive electrons
which have been accelerated by the linear accelerators 130a-c and convert a source material into

a radioisotope.
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[0083] A linear accelerator 122 which forms part of a free electron laser FEL is also depicted
in Figure 3. The linear accelerator 122 receives an electron beam generated by one of the
electron injectors 121a-d and accelerates it for EUV generation using an undulator (not shown)
in the manner described further above in connection with Figure 1.

[0084] As will be appreciated from Figure 3, since there are four electron injectors 121a-d
and only three radioisotope production apparatus Rlyy all of the radioisotope production
apparatus may be operative to produce radioisotopes at the same time as an EUV radiation beam
is being generated by the free electron laser. Kickers (not depicted) may be used to switch
electron beams between radioisotope production apparatus Rlq.r and the linear accelerator 122 of
the free electron laser. The electron beam paths are arranged such that each radioisotope
production apparatus Rlaqf can receive an electron beam from two different electron injectors
121a-d. For example, a first radioisotope production apparatus Rl4 may receive an electron beam
from a first electron injector 121a or from a second electron injector 121b. Thus, for example,
the first electron injector 121a may be used to provide an electron beam to the linear accelerator
122 whilst the second electron injector 121b is used to provide an electron beam to the first
radioisotope production apparatus Rlg. Alternatively, the first electron injector 121a may be
used to provide an electron beam to the first radioisotope production apparatus Rlg whilst the
second electron injector 121b is used to provide an electron beam to linear accelerator 122.
Various combinations of electron beam paths are possible, as will be understood from
consideration of Figure 3.

[0085] In an embodiment, a system comprising a free electron laser and a radioisotope
production apparatus may be configured to provide an electron beam with a current of 10 mA or
more. The current provided by the system may, for example, be 20 mA or more or may be 30
mA or more. The current may, for example, be up to 100 mA or more. An electron beam with a
high current (e.g. 10 mA or more) is advantageous because it increases the specific activity of the
radioisotope produced by the radioisotope production apparatus.

[0086] As explained further above, Mo-100 may be converted to Mo-99 (a desired
radioisotope) using very hard X-ray photons generated by an electron beam hitting an electron
target. The half life of M0-99 is 66 hours. As a consequence of this half-life there is a limit to
the specific activity of Mo-99 which can be provided when starting with Mo-100, the limit being
determined by the rate at which Mo-99 is generated. If the Mo-99 is generated at a relatively
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low rate, for example using an electron beam current of around 1-3mA, then it may not be
possible to provide a specific activity of more than around 40 Ci/g of Mo-99 in the target. This
is because although the irradiation time may be increased in order to allow generation of more
Mo-99 atoms, a significant proportion of those atoms will decay during the irradiation time. The
threshold of specific activity of Mo-99 used in medical applications in Europe should be 100
Ci/g, and thus Mo-99 with a specific activity of 40 Ci/g or less is not useful.

[0087] When a higher electron beam current is used the rate at which Mo-99 atoms are
generated is increased accordingly (assuming that the volume of Mo0-99 which receives photons
remains the same). Thus, for example, for a given volume of M0-99, an electron beam current of
10 mA will generate Mo-99 at 10 times the rate of generation provided by an electron beam
current of 1mA. The electron beam current used by embodiments of the invention may be
sufficiently high that a specific activity of Mo-99 in excess of 100 Ci/g is achieved. For
example, an embodiment of the invention may provide an electron beam with a beam current of
around 30 mA. Simulations indicate that, for a beam current of around 30 mA, if the electron
beam has an energy of around 35 MeV and the volume of the Mo-100 target is around 5000mm’
then a specific activity of Mo-99 in excess of 100 Ci/g can be obtained. The Mo-100 target may
for example comprise 20 plates with a diameter of around 25mm and a thickness of around
0.5mm. Other numbers of plates, which may have non-circular shapes and may have other
thicknesses, may be used.

[0088] As noted further above, an electron injector of an embodiment of the invention may
be a photo-cathode which is illuminated by a pulsed laser beam. The laser may, for example,
comprise a Nd:YAG laser together with associated optical amplifiers. The laser may be
configured to generate picosecond laser pulses. The current of the electron beam may be
adjusted by adjusting the power of the pulsed laser beam. For example, increasing the power of
the pulsed laser beam will increase the number of electrons emitted from the photo-cathode and
thereby increase the electron beam current.

[0089] The electron beam received by a radioisotope production apparatus according to an
embodiment of the invention may, for example, have a diameter of Imm and a divergence of
Imrad. Increasing the current in the electron beam will tend to cause the electrons to spread out
due to space charge effects, and thus may increase the diameter of the electron beam. Increasing

the current of the electron beam may therefore reduce the brightness of the electron beam.
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However, the radioisotope production apparatus does not require an electron beam with, for
example, a diameter of Imm and may utilize an electron beam with a greater diameter. Thus,
increasing the current of the electron beam may not reduce the brightness of the beam to such an
extent that radioisotope production is significantly negatively affected. Indeed, as is explained
further below, providing the electron beam with a diameter greater than Imm may be
advantageous because it spreads the thermal load delivered by the electron beam.

[0090] Figure 4 shows schematically a target 240 of a radioisotope production apparatus
according to an embodiment of the invention. The target 240 comprises a photon target 242 and
an electron target 244. The photon target comprises four plates 251 held by a support structure
(not shown). Although four plates are shown any number of plates may be provided. The plates
251 may for example be disks. The plates may have any suitable shape. The plates 251 may be
formed from tungsten, tantalum or some other material which will decelerate electrons and
generate photons. The plates 251 are located in a conduit 252 which is connected to a source of
coolant fluid (not shown). During operation of the radioisotope production apparatus the
electron beam will deliver a substantial amount of heat to the plates 251. Coolant fluid flowing
through the conduit 252 removes some of this heat from the plates 251 and carries it away. The
coolant fluid may be water or some other suitable liquid, or may be a gas such as helium.

[0091] In an alternative arrangement Lead-Bismuth Eutectic (LBE) may be used as both the
electron target and a coolant liquid. LBE provides an advantage in that it has a higher boiling
point than other coolant liquids (e.g. water). Other suitable liquids may be used as both the
electron target and a coolant liquid.

[0092] The photon target shown in Figure 4 comprises twenty plates 253 formed from a
material which will be converted into a radioisotope when very hard X-rays are incident upon it.
The material may, for example, be Mo-100. Although twenty plates are shown any number of
plates may be provided. The plates 253 may for example be disks. The plates may have any
suitable shape. The plates 253 are held by a support structure which comprises a pair of supports
257. The plates 253 are located in a conduit 254 which is configured to transport coolant liquid.
The conduit 254 extends in a direction which is transverse to the plane of the Figure. Photons
which are incident upon the plates 253 will deliver a substantial amount of heat to the plates.

Some of this heat is transferred to the coolant liquid flowing through the conduit 254, and the
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coolant liquid carries the heat away from the plates 253. The coolant liquid may be water or may
be some other suitable fluid.

[0093] The photon target plates 253 are held by a support structure which comprises a pair of
supports 257 provided with recesses. The plates 253 are inserted into the recesses and are
thereby held in place by the supports 257. The supports 257 are configured such that they do not
prevent flow of cooling liquid through the conduit 254 (the supports mainly extend in the
direction of coolant fluid flow rather than across the direction of coolant fluid flow). Any
suitable support structure may be used to support the photon target plates 253. Although not
illustrated, a support structure is also used to support the electron target plates 251. The support
structure may have a configuration which corresponds with the photon plate support structure, or
may have any other suitable form.

[0094] Figure 5 schematically depicts a Rankine cycle waste heat recovery system which
may form part of a radioisotope production apparatus according to an embodiment of the
invention. The waste heat recovery system comprises a closed loop around which a fluid
circulates (the direction of fluid circulation is indicated by arrows). The closed loop is provided
with a heater 260, an expansion turbine 261, a condenser 262 and a pump 263. The expansion
turbine 261 is connected to an electricity generator 264, and drives the electricity generator when
it rotates.

[0095] The heater 260 receives heat from the electron target 242 and/or the photon target
244. In an embodiment the coolant liquid of the closed loop is heated by flowing through either
or both of the conduits 252, 254 depicted in Figure 4. The resultant heated fluid passes to the
expansion turbine 261 and flows through the expansion turbine thereby causing it to rotate. The
expansion turbine 261 drives the electricity generator 264 to rotate, thereby generating
electricity. Since the heated fluid performs work by driving the expansion turbine 261 and
electricity generator 264, energy is thereby removed from the fluid. The fluid is then condensed
by the condenser 262. The resulting liquid is pumped by the pump 263 into the heater 260. The
waste heat recovery cycle is then repeated.

[0096] In the above described embodiment the liquid which cools the electron target and
photon target is the working fluid of the waste heat recovery system. In any alternative
arrangement the liquid which is used to cool the electron target and the photon target may be

kept separate from working fluid of the waste heat recovery system. Where this is the case a
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heat exchanger may be used to transfer heat from the liquid used to cool the electron target and
the working fluid of the waste heat recovery system. An advantage of having two separated
fluids is that this avoids the possibility of material from the electron target or photon target
entering the expansion turbine 261 or other parts of the waste heat recovery system. A further
advantage is that a fluid may be used in the waste heat recovery system which has different
properties from the fluid used to cool the electron target and photon target. For example, the
waste heat recovery system may use an organic working fluid such as HFCs (e.g. R134a or
R245fa), which might not be suitable as cooling liquids for the electron target 242 or photon
target 244.

[0097] Although the waste heat recovery system shown in Figure 5 is a Rankine cycle
system, any suitable waste heat recovery system may be used. For example, a Stirling engine or
a Brayton cycle system may be used.

[0098] In an embodiment the electron beam E incident upon the electron target comprises
electrons with an energy of around 35 MeV and the electron beam current is between 30 and 100
mA. Thus, a power of between around 1 MW and around 3.5 MW may be delivered to the
electron target and photon target. A significant proportion of this power may be converted into
electricity using an embodiment of the invention. The electricity may be used as a component of
the power which is used to generate and accelerate the electron beam.

[0099] As noted above, the electron beam may deliver a substantial amount of power to the
electron target (e.g. up to around 3.5 MW). The electron beam may, for example, have a
diameter of around 1 mm. In order to avoid possible damage to the electron target, the
radioisotope production apparatus may comprise an electron beam distribution apparatus
configured to control the surface area of the electron target upon which the electron beam is
incident.

[00100] An embodiment of an electron beam distribution apparatus is depicted schematically
in Figure 6. In this embodiment a lens 300 is used to defocus the electron beam E and thereby
increase its diameter. The diameter of the electron beam E may, for example, be increased by a
factor of 10 or more. The diameter of the electron beam may, for example, be increased to a few
centimeters (e.g. up to around 10 cm). The diameter of the electron beam may be increased to a

size which generally corresponds with the size of the electron target plates. Increasing the
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diameter of the electron beam E is advantageous because it increases the area of the electron
target plates to which the thermal load is applied.

[00101] In Figure 6 a second lens 301 is used to collimate the electron beam E following the
defocusing caused by the first lens 300. Collimation of the electron beam E is useful because a
diverging electron beam would increase the divergence of photons generated by the electron
target. This would in turn require larger photon targets in order to collect the photons, which
would reduce the specific activity of Mo-99 (or other radioisotope) generated at the photon
targets.

[00102] The lenses 300, 301 may, for example, be formed from magnets. The lenses may, for
example, be quadrupole lenses.

[00103]  Figure 7 shows another embodiment of an electron beam distribution apparatus. This
embodiment comprises a kicker 305 which is configured to move the electron beam E across the
surface of the electron beam target (not shown). The kicker may, for example, be configured to
move the electron beam over the surface of the electron beam target in a scanning motion. This
may be achieved by applying a continuously varying voltage to plates of the kicker.

[00104]  Figure 8 depicts another embodiment of an electron beam distribution apparatus. In
this embodiment a kicker 306 moves the electron beam E such that it is directed towards one of
three targets 340a-c. Each target comprises an electron target and a photon target (e.g. as
described further above). The kicker 306 is configured to periodically switch the direction of the
electron beam E between the three targets 340a-c. This may be achieved by periodically
switching between three different voltages applied to the kicker 306. Switching the electron
beam E between three different targets 340a-c is advantageous because it distributes the thermal
load of the electron beam between those three targets.

[00105] The embodiment depicted in Figure 6 may be used in combination with the
embodiments depicted in Figures 7 and 8. That is, the cross-sectional area of the electron beam
E may be increased before distribution using a kicker.

[00106] Although embodiments of the invention have been described in connection with
generation of the radioisotope Mo-99, embodiments of the invention may be used to generate
other radioisotopes. In general, embodiments of the invention may be used to generate any

radioisotope which may be formed via direction of very hard X-rays onto a source material.
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[00107]  An advantage of the invention is that it provides production of radioisotopes without
requiring the use of a high flux nuclear reactor. A further advantage is that it does not require the
use of highly enriched uranium (a dangerous material which is subject to non-proliferation rules).
[00108] Providing the radioisotope production apparatus as part of a system which also
comprises a free electron laser is advantageous because it utilizes apparatus already required by
the free electron laser. That is, the radioisotope production uses apparatus which is, in part,
already provided. Similarly, the radioisotope production apparatus may be located in an
underground space (which may be referred to as a bunker) which includes shielding that contains
radiation and prevents it from spreading to the environment. The underground space and at least
some of the shielding may already be provided as part of the free electron laser, and thus the
expense of providing an entirely separate underground space and associated shielding for the
radioisotope production apparatus is avoided.

[00109] In an embodiment, a system may comprise a free electron laser and a radioisotope
production apparatus which are capable of operating independently of each other. For example,
the free electron laser may be capable of operating without the radioisotope production apparatus
operating, and the radioisotope production apparatus may be capable of operating without the
free electron laser operating. The free electron laser and radioisotope production apparatus may
be provided in a common bunker.

[00110] Whilst embodiments of a radiation source SO have been described and depicted as
comprising a free electron laser FEL, it should be appreciated that a radiation source may
comprise any number of free electron lasers FEL. For example, a radiation source may comprise
more than one free electron laser FEL. For example, two free electron lasers may be arranged to
provide EUV radiation to a plurality of lithographic apparatus. This is to allow for some
redundancy. This may allow one free electron laser to be used when the other free electron laser
is being repaired or undergoing maintenance.

[00111]  Although embodiments of the invention have been described as using Mo-100 to
generate Mo-99 radioisotope which decays to Tc-99, other medically useful radioisotopes may
be generated using embodiments of the invention. For example, embodiments of the invention
may be used to generate Ge-68, which decays to Ga-68. Embodiments of the invention may be
used to generate W-188, which decays to Re-188. Embodiments of the invention may be used to

generate Ac-225, which decays to Bi-213.
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[00112]  Although the described embodiment of a lithographic system LS comprises eight
lithographic apparatuses LA;-LA,, a lithographic system LS may comprise any number of
lithographic apparatus. The number of lithographic apparatus which form a lithographic system
LS may, for example, depend on the amount of radiation which is output from a radiation source
SO and on the amount of radiation which is lost in a beam delivery system BDS. The number of
lithographic apparatus which form a lithographic system LS may additionally or alternatively
depend on the layout of a lithographic system LS and/or the layout of a plurality of lithographic
systems LS.

[00113] Embodiments of a lithographic system LS may also include one or more mask
inspection apparatus MIA and/or one or more Aerial Inspection Measurement Systems (AIMS).
In some embodiments, the lithographic system LS may comprise a plurality of mask inspection
apparatuses to allow for some redundancy. This may allow one mask inspection apparatus to be
used when another mask inspection apparatus is being repaired or undergoing maintenance.
Thus, one mask inspection apparatus is always available for use. A mask inspection apparatus
may use a lower power radiation beam than a lithographic apparatus. Further, it will be
appreciated that radiation generated using a free electron laser FEL of the type described herein
may be used for applications other than lithography or lithography related applications.

[00114] It will be further appreciated that a free electron laser comprising an undulator as
described above may be used as a radiation source for a number of uses, including, but not
limited to, lithography.

[00115] The term “relativistic electrons” should be interpreted to mean electrons which have
relativistic energies. An electron may be considered to have a relativistic energy when its kinetic
energy is comparable to or greater than its rest mass energy (511 keV in natural units). In
practice a particle accelerator which forms part of a free electron laser may accelerate electrons
to energies which are much greater than its rest mass energy. For example a particle accelerator
may accelerate electrons to energies of >10 MeV, >100 MeV, >1GeV or more.

[00116] Embodiments of the invention have been described in the context of a free electron
laser FEL which outputs an EUV radiation beam. However a free electron laser FEL may be
configured to output radiation having any wavelength. Some embodiments of the invention may
therefore comprise a free electron which outputs a radiation beam which is not an EUV radiation

beam.
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[00117]  The term “EUYV radiation” may be considered to encompass electromagnetic radiation
having a wavelength within the range of 4-20 nm, for example within the range of 13-14 nm.
EUYV radiation may have a wavelength of less than 10 nm, for example within the range of 4-10
nm such as 6.7 nm or 6.8 nm.

[00118]  The lithographic apparatuses LA, to LA, may be used in the manufacture of ICs.
Alternatively, the lithographic apparatuses LA, to LA, described herein may have other
applications. Possible other applications include the manufacture of integrated optical systems,
guidance and detection patterns for magnetic domain memories, flat-panel displays, liquid-
crystal displays (LCDs), thin-film magnetic heads, etc.

[00119] Different embodiments may be combined with each other. Features of embodiments
may be combined with features of other embodiments.

[00120] While specific embodiments of the invention have been described above, it will be
appreciated that the invention may be practiced otherwise than as described. The descriptions
above are intended to be illustrative, not limiting. Thus it will be apparent to one skilled in the
art that modifications may be made to the invention as described without departing from the

scope of the claims set out below.
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CLAIMS:
1. A system comprising a free electron laser and a radioisotope production apparatus,
wherein:

the free electron laser comprises an electron injector, an energy recovery linear
accelerator and an undulator; and

the radioisotope production apparatus comprises a further linear accelerator, an electron
target support structure configured to hold an electron target and a photon target support
structure configured to hold a photon target; wherein

the further linear accelerator is positioned to receive an electron beam after it has been
accelerated then decelerated by the energy recovery linear accelerator, the further linear
accelerator being configured to accelerate electrons of the electron beam to an energy of around

14 MeV or more for subsequent delivery to the electron target.

2. The system of claim 1, wherein a kicker is configured to switch the electron beam

between the further linear accelerator and a beam dump.

3. A system comprising a free electron laser and a radioisotope production apparatus,
wherein:

the free electron laser comprises a plurality of electron injectors, a linear accelerator and
an undulator; and

the radioisotope production apparatus comprises a further linear accelerator, an electron
target support structure configured to hold an electron target and a photon target support
structure configured to hold a photon target; wherein

the further linear accelerator is positioned to receive an electron beam from one of the
electron injectors when it is not being used to provide an electron beam to the linear accelerator,
the further linear accelerator being configured to accelerate electrons of the electron beam to an

energy of 14 MeV or more for subsequent delivery to the electron target and the photon target.

4. The system of claim 3, wherein a plurality of radioisotope production apparatuses are

provided.
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5. The system of claim 4, wherein a kicker is located after each electron injector, the kicker
being configured to switch the electron beam generated by that electron injector between the

linear accelerator of the free electron laser and one of the radioisotope production apparatuses.

6. The system of claim 4 or 5, wherein the number of electron injectors is one more than the

number of radioisotope production apparatuses.

7. The system of any of claims 3 to 6, wherein the linear accelerator of the free electron

laser is an energy recovery linear accelerator.

8. The system of any preceding claim, wherein the further linear accelerator is configured to

accelerate electrons of the electron beam to an energy of around 30 MeV or more.

9. The system of any preceding claim, further comprising an electron target held by the
electron target support structure, the electron target comprising material which will decelerate
the electrons and generate photons, and further comprising a photon target held by the photon
target support structure, the photon target comprising material which will eject neutrons when

the photons are incident upon it and which will thereby form a radioisotope.

10. The system of claim 9, wherein the photon target comprises Mo-100.

11. A system comprising a free electron laser and a radioisotope production apparatus,
wherein:

the free electron laser comprises an electron injector, a linear accelerator and an
undulator; and

the radioisotope production apparatus comprises a further linear accelerator, an electron
target support structure configured to hold an electron target and a photon target support

structure configured to hold a photon target; wherein
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the electron injector is configured to generate an electron beam with a current of 10 mA
or more and the further linear accelerator is configured to accelerate electrons of the electron

beam to 14 MeV or more for subsequent delivery to the electron target and the photon target.

12. The system of claim 11, wherein the electron injector is configured to generate an

electron beam with a current of 30 mA or more.

13. The system of claim 10 or claim 11, wherein the further linear accelerator is configured

to accelerate electrons of the electron beam to an energy of around 30 MeV or more.

14. A radioisotope production apparatus comprising a linear accelerator, an electron target
support structure configured to hold an electron target and a photon target support structure
configured to hold a photon target; wherein

an electron beam distribution apparatus is arranged to receive an electron beam following
acceleration by the linear accelerator and before the electron beam is incident upon the electron
target, the electron beam distribution apparatus being configured to control the surface area of

the electron target upon which the electron beam is incident.

15. The electron beam distribution apparatus of claim 14, wherein the electron beam
distribution apparatus comprises a lens configured to increase the cross-sectional area of the

electron beam.

16. The electron beam distribution apparatus of claim 15, wherein the lens comprises a

defocussing quadruple magnet.

17. The electron beam distribution apparatus of any of claims 14 to 16, wherein the electron
beam distribution apparatus comprises a beam kicker which is configured to scan the electron

beam over the surface of the electron target.
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18. A radioisotope production apparatus comprising a linear accelerator, a beam kicker, a
plurality of electron target support structures configured to hold electron targets and a plurality of
associated photon target support structures configured to hold photon targets; wherein

the beam kicker is configured to receive an electron beam following acceleration by the
linear accelerator and is configured to direct the electron beam to each of the electron target

support structures sequentially.

19. A radioisotope production apparatus comprising a linear accelerator, an electron target
support structure configured to hold an electron target and a photon target support structure
configured to hold a photon target; wherein

the radioisotope production apparatus further comprises one or more coolant fluid
conduits configured to transport a coolant fluid past a photon target and/or an electron target held
by the support structures and thereby remove heat from the photon target and/or the electron
target, and wherein the radioisotope production apparatus further comprises a waste heat
recovery system configured to recover some of the heat removed from the photon target and/or

the electron target.

20. The system of claim 19, wherein the waste heat recovery system is configured to generate

electricity using the recovered heat.

21. The system of claim 19 or claim 20, wherein the waste heat recovery system comprises a

closed loop which uses a working fluid.

22. The system of claim 21, wherein the working fluid of the closed loop is different from the
coolant fluid used to cool the photon target and/or an electron target, and wherein the system
further comprises a heat exchanger configured to transfer heat from the coolant fluid to the

working fluid.

23. The system of claim 21 or claim 22, wherein the closed loop includes an expansion

turbine configured to drive an electricity generator.
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24. A system comprising the radioisotope production apparatus of any of claims 14 to 24 and
further comprising a free electron laser.
25. The system of any preceding claim, wherein the system further comprises a plurality of
lithographic apparatuses.
26. A method of radioisotope production comprising:

injecting an electron beam into an energy recovery linear accelerator of a free electron
laser;
accelerating then decelerating the electron beam using the energy recovery linear
accelerator;
using a further linear accelerator to accelerate the electron beam following deceleration,
the electron beam being accelerated to an energy of around 14 MeV or more; and
directing the electron beam onto an electron target to generate photons which are then

incident upon a photon target to generate the radioisotope.

27. A method of radioisotope production using an injector of a free electron laser when that
injector is not being used to provide electrons to the free electron laser, the method comprising:

generating an electron beam using the injector;

using a linear accelerator to accelerate the electron beam to an energy of around 14 MeV
or more; and

directing the electron beam onto an electron target to generate photons which are then

incident upon a photon target to generate the radioisotope.

28. The method of claim 27, wherein the injector is one of a plurality of injectors and

wherein one of the other injectors simultaneously provides electrons to the free electron laser.

29. The method of claim 27 or claim 28, wherein the electron beam directed to the electron

target has a current of 10 mA or more.

30. A method of radioisotope production comprising:
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injecting an electron beam into linear accelerator;

accelerating the electron beam using the linear accelerator;

passing the electron beam through an electron beam distribution apparatus; and

directing the electron beam onto an electron target to generate photons which are then
incident upon a photon target to generate the radioisotope; wherein

the electron beam distribution apparatus controls the surface area of the electron target

upon which the electron beam is incident.

31. A method of radioisotope production comprising:

injecting an electron beam into linear accelerator;

accelerating the electron beam using the linear accelerator; and

using a beam kicker to sequentially direct the electron beam onto each a plurality of
electron targets to generate photons which are then incident upon associated photon targets to

generate the radioisotope.

32. A method of radioisotope production comprising:

injecting an electron beam into linear accelerator;

accelerating the electron beam using the linear accelerator; and

directing the electron beam onto an electron target to generate photons which are then
incident upon a photon target to generate the radioisotope; wherein

the method further comprises transporting a coolant fluid past the electron target and/or
the photon target to remove heat from the electron target and/or the photon target, and using a
waste heat recovery system to recover some of the heat removed from the electron target and/or

the photon target.
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