UZUN YARILANMA SURELI RADYOAKTIF MADDELERI / ATIKLARI,

COK DAHA KISA SURELI ATIKLARA DONUSTURME TEKNIGi:
Accelerator-driven system (ADS)

(Eskiden beri bilinen bu teknik ile ilgili ing.aciklamalar/alintilar. Y.Atakan)

Powerful accelerators can produce neutrons by spallation.

This process may be linked to conventional nuclear reactor technology in an accelerator-
driven system (ADS) to transmute long-lived radioisotopes in used nuclear fuel into
shorter-lived fission products.

An accelerator-driven subcritical reactor (ADSR) is a nuclear reactor design formed by
coupling a substantially subcritical nuclear reactor core with a high-energy proton or electron
accelerator. It could use thorium as a fuel, which is more abundant than uranium.

How does an accelerator-driven system work?

The accelerator supplies a beam of high-energy protons down a beam pipe to the spallation
target inside the core, and the neutrons produced enter the fuel and transmute the thorium into
protactinium, which soon decays to U-233 which is fissile.

Each reactor needs its own facility (particle accelerator) to generate the high energy
proton beam, which is very costly. Apart from linear particle accelerators, which are
very expensive, no proton accelerator of sufficient power and energy (> ~12 MW at 1
GeV) has ever been built.

Currently, the Spallation Neutron Source utilizes a 1.44 MW proton beam to produce its
neutrons, with upgrades envisioned to 5 MW.[8] Its 1.1 billion USD cost included research
equipment not needed for a commercial reactor. Economies of scale might come into play if
particle accelerators (which are currently only rarely built to the above mentioned strengths
and then only for research purposes) become a more "mundane" technology. A similar effect
can be observed when comparing the cost of the Manhattan Project up to the construction of
Chicago Pile-1 to the costs of subsequent research or power reactors.

The fuel material needs to be chosen carefully to avoid unwanted nuclear reactions. This
implies a full-scale nuclear reprocessing plant associated with the energy amplifier.
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This paper reflects the scopes of accelerator driven system (ADS) based nuclear energy, as a
reliable source of electric energy generation, comparing to the other existing non-renewable
and renewable sources. There are different limitations in the use of every source of electric
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Sekilden goriildiigii gibi 8500y1l yarilanma siireli Cm245 den ¢ok daha kisa yarilanma

stirel radyoaktif maddeler elde edilebiliyor. Ancak yukarida belirtildigi gibi bu islemler

cok pahali oldugundan radyoaktif atiklarda uygulanmuiyor. \

The Belgian Nuclear Research Centre (SCK*CEN) has started operating the world’s first
accelerator driven system (ADS). The demonstration project, known as Guinevere, couples a

lead-cooled nuclear reactor with a particle accelerator. It could play a key role in deciding the

future of high-level waste disposal.
Credit: CNRS

Insertion of the vertical line of the Genepi-3C accelerator into the core of the Guinevere
reactor.
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o Powerful accelerators can produce neutrons by spallation.

o This process may be linked to conventional nuclear reactor technology in an accelerator-
driven system (ADS) to transmute long-lived radioisotopes in used nuclear fuel into
shorter-lived fission products.

o There is also increasing interest in the application of ADSs to running subcritical nuclear

reactors powered by thorium.

Used fuel from a conventional nuclear power reactor contains a number of radionuclides,
most of which (notably fission products) decay rapidly, so that their collective radioactivity is
reduced to less than 0.1% of the original level 50 years after being removed from the reactor.
However, a significant proportion of the wastes contained in used nuclear fuel is long-lived
actinides (particularly neptunium, americium and curium). In recent years, interest has grown
in the possibility of separating (or partitioning) the long-lived radioactive waste from the used
fuel and transmuting it into shorter-lived radionuclides so that the management and eventual
disposal of this waste is easier and less expensive.

The transmutation of long-lived radioactive waste can be carried out in an accelerator-driven
system (ADS), where neutrons produced by an accelerator are directed at a blanket assembly
containing the waste along with fissionable fuel. Following neutron capture, the heavy
isotopes in the blanket assembly subsequently fission, producing energy in doing so. ADSs
could also be used to generate power from the abundant element thorium.

Accelerator-driven systems

High-current, high-energy accelerators or cyclotrons are able produce neutrons from heavy
elements by spallation?. A number of research facilities exist which explore this phenomenon,
and there are plans for much larger ones. In this process, a beam of high-energy protons
(usually >500 MeV) is directed at a high-atomic number target (e.g. tungsten, tantalum,
depleted uranium, thorium, zirconium, lead, lead-bismuth, mercury) and up to one neutron
can be produced per 25 MeV of the incident proton beam. (These numbers compare with 200-
210 MeV released by the fission of one uranium-235 or plutonium-239 atom®) A 1000 MeV
beam will create 20-30 spallation neutrons per proton.

The spallation neutrons have only a very small probability of causing additional fission events
in the target. However, the target still needs to be cooled due to heating caused by the
accelerator beam.

If the spallation target is surrounded by a blanket assembly of nuclear fuel, such as fissile
isotopes of uranium or plutonium (or thorium-232 which can breed to U-233), there is a
possibility of sustaining a fission reaction. This is an ADS®. In such a system, the neutrons
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produced by spallation would cause fission in the fuel, assisted by further neutrons arising
from that fission. Up to 10% of the neutrons could come from the spallation, though it would
normally be less, with the rest of the neutrons arising from fission events in the blanket
assembly. An ADS can only run when neutrons are supplied to it because it burns material
which does not have a high enough fission-to-capture ratio for neutrons to maintain a fission
chain reaction. An ADS can therefore be turned off simply by stopping the proton beam,
removing the need to insert control rods to absorb neutrons and make the fuel assembly
subcritical. Because they stop when the input current is switched off, ADSs are seen as safer
than normal fission reactors.

For many years there has been interest in utilising thorium-232 as a nuclear fuel since it is
three to five times as abundant in the Earth's crust as uranium. A thorium reactor would work
by having Th-232 capture a neutron to become Th-233 which decays to uranium-233, which
fissions. (The process of converting fertile isotopes such as Th-232 to fissile ones is known as
'breeding'.) The problem is that insufficient neutrons are generated to keep the reaction going,
and so driver fuel is needed — either plutonium or enriched uranium. Just as with uranium, if
all of it and not a mere 0.7% of uranium is to be used as fuel, fast neutron reactors are
required in the system. (A fast neutron spectrum enables maximum fission with minimum
build-up of new actinides due to neutron capture.)

An alternative is provided by the use of ADSs. The concept of using an ADS based on the
thorium-U-233 fuel cycle was first proposed by Professor Carlo Rubbia, but at a national
level, India is the country with most to gain, due to its very large thorium resources. India is
actively researching ADSs as an alternative to its main fission program focused on thorium.

The core of such an ADS is mainly thorium, located near the bottom of a 25 metre high tank.
It is filled with some 8000 tonnes of molten lead or lead-bismuth at high temperature — the
primary coolant, which circulates by convection around the core. Outside the main tank is an
air gap to remove heat if needed. The accelerator supplies a beam of high-energy protons
down a beam pipe to the spallation target inside the core, and the neutrons produced enter the
fuel and transmute the thorium into protactinium, which soon decays to U-233 which is
fissile. The neutrons also cause fission in uranium, plutonium and possibly transuranics
present, releasing energy. A 10 MW proton beam might thus produce 1500 MW of heat (and
thus 600 MWe of electricity, some 30 MWe of which drives the accelerator). With a different,
more subcritical, core a 25 MW proton beam would be required for the same result. Today's
accelerators are capable of only 1 MW beams.

There have been several proposals to develop a prototype reactor of this kind, sometimes
popularly called an energy amplifier. India is already running a very small research reactor —
Kamini — on U-233 fuel bred and extracted from thorium which has been irradiated in another
reactor. When this started in 1996 it was hailed as a first step towards the thorium cycle there,
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utilizing 'near breeder' reactors. The Power Reactor Thoria Reprocessing Facility (PRTRF)
was under construction at the Bhabha Atomic Research Centre (BARC) at Trombay in 2013,
and is designed to cope with high gamma levels from U-232.

A UK-Swiss proposal for an accelerator-driven thorium reactor (ADTR) has gone to
feasibility study stage, for a 600 MWe lead-cooled fast reactor. This envisages a ten-year self-
sustained thorium fuel cycle, using plutonium as a fission starter. Molten lead is both the
spallation target and the coolant. In contrast to other designs with neutron multiplication
coefficients of 0.95 - 0.98 and requiring more powerful accelerators, this ADTR has a
coefficient of 0.995 and requires only a 3-4 MW accelerator, with fast-acting shutdown rods,
control rods, and precise measurement of neutron flux.

A 2008 Norwegian study summarised the advantages and disadvantages of an ADS fuelled by
thorium, relative to a conventional nuclear power reactor, as follows, and said that such a
system was not likely to operate in the next 30 years:!

Much smaller production of long-

lived actinides More complex (with accelerator)

Minimal probability of runaway Less reliable power production due to accelerator
reaction downtime

Efficient burning of minor actinides |Large production of volatile radioactive isotopes in the
spallation target

Low pressure system The beam tube may break containment barriers

An ADS can be used to destroy heavy isotopes contained in the used fuel from a conventional
nuclear reactor — particularly actinidesd. Here the blanket assembly is actinide fuel and/or
used nuclear fuel. One approach is to start with fresh used fuel from conventional reactors in
the outer blanket region and progressively move it inwards. It is then removed and
reprocessed, with the uranium recycled and most fission products separated as waste. The
actinides are then placed back in the system for further 'incineration’.

ADSs could also be used to destroy longer-lived fission products contained in used nuclear
fuel, such as Tc-99 and 1-129 (213,000 and 16 million years half-lives, respectively). These
isotopes can acquire a neutron to become Tc-100 and I-130 respectively, which are very
short-lived, and beta decay to Ru-100 and Xe-130, which are stable.
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Commercial application of partitioning and transmutation (P&T), which is attractive
particularly for actinides, is still a long way off, since reliable separation is needed to ensure
that stable isotopes are not transmuted into radioactive ones. New reprocessing methods
would be required, including electrometallurgical ones (pyroprocessing). The cost and
technology of the partitioning together with the need to develop the necessary high-intensity
accelerators seems to rule out early use. An NEA study showed that multiple recycling of the
fuel would be necessary to achieve major (e.g. 100-fold) reductions in radiotoxicity, and also
that the full potential of a transmutation system can be exploited only with commitment to it
for 100 years or more2.

The French Atomic Energy Commission is funding research on the application of this process
to nuclear wastes from conventional reactors, as is the US Department of Energy. The
Japanese Omega (Options Making Extra Gain from Actinides) project envisages an
accelerator transmutation plant for nuclear wastes operated in conjunction with ten or so large
conventional reactors. The French concept similarly links a transmutation — energy
amplifying system with about eight large reactors. Other research has been proceeding in
USA, Russia and Europe.

The Chinese Academy of Sciences has the Venus II ADS, which passed field tests early in
2017. The zero-power ADS transmutation system — developed by the China Atomic Energy
Research Institute and the Chinese Academy of Sciences' Institute of Modern Physics — will
be used for research into transforming long-lived radioactive waste into short-lived waste.

Another area of current interest in the use of ADSs is in their potential to dispose of weapons-
grade plutonium, as an alternative to burning it as mixed oxide (MOX) fuel in conventional
reactors. Two alternative strategies are envisaged: the plutonium and minor actinides being
managed separately, with the latter burned in ADSs while plutonium is burned in fast
reactors; and the plutonium and minor actinides being burned together in ADSs, providing
better proliferation resistance but posing some technical challenges. Both can achieve major
reduction in waste radiotoxicity, and the first would add only 10-20% to electricity costs
(compared with the once-through fuel cycle).

What was claimed to be the world’s first ADS experiment was begun in March 2009 at the
Kyoto University Research Reactor Institute (KURRI), utilizing the Kyoto University Critical
Assembly (KUCA). The research project was commissioned by Japan’s Ministry of
Education, Culture, Sports, Science and Technology (MEXT) six years earlier. The
experiment irradiates a high-energy proton beam (100 MeV) from the accelerator on to a
heavy metal target set within the critical assembly, after which the neutrons produced by
spallation are bombarded into a subcritical fuel core.
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The Indian Atomic Energy Commission is proceeding with design studies for a 200 MWe
PHWR accelerator-driven system (ADS) fuelled by natural uranium and thorium{, Uranium
fuel bundles would be changed after about 7 GWd/t burn-up, but thorium bundles would stay
longer, with the U-233 formed adding reactivity. This would be compensated for by
progressively replacing some uranium with thorium, so that ultimately there is a fully-thorium
core with in situ breeding and burning of thorium. This is expected to mean that the reactor
needs only 140 tU through its life and achieves a high burnup of thorium — about 100 GWd/t.
A 30 MW accelerator would be required to run it.

The Belgian Nuclear Research Centre (SCK.CEN) is planning to begin construction on the
MYRRHA (Multipurpose Hybrid Research Reactor for High-tech Applications) research
reactor at Mol in 2015. Initially it will be a 57 MWt ADS, consisting of a proton accelerator
delivering a 600 MeV, 2.5 mA (or 350 MeV, 5 mA) proton beam to a liquid lead-bismuth
(Pb-Bi) spallation target that in turn couples to a Pb-Bi cooled, subcritical fast nuclear core
(see Research and development section in the information page on Nuclear Power in

Belgium).

In mid-2014 the Swedish nuclear regulator SSM issued a conditional licence for construction
of the European Spallation Source (ESS) facility in Lund. The research facility will feature

the world's most powerful neutron source. The ESS will be used for material research and life
sciences. It is designed around a linear accelerator which produces intense pulses of neutrons
from a heavy metal target. They are led through beamlines to experimental stations, as in a
research reactor set-up. The ESS was designed to reach 5 MW, but cost constraints will see
the facility commissioned initally at 2 MW. In the project plan laid out in 2014, completion
was scheduled by 2019, with the facility set to be fully operational by 2025. Funding for the
project involves 13 European countries through a combination of cash and in-kind
contributions. Sweden and Denmark are the host nations. Construction costs of the ESS
facility are estimated at about €1.8 billion ($2.4 billion), with annual operating costs of some
€140 million ($188 million).

In March 2016 a strategic cooperation agreement to develop accelerator-driven advanced
nuclear energy systems was signed between China General Nuclear (CGN) and the Chinese
Academy of Sciences (CAS). The CAS has a major R&D program on thorium molten salt
reactors, including a 2 MWe accelerator-driven sub-critical liquid fuel prototype designed to
demonstrate the thorium cycle as well as its Venus II ADS for transforming long-lived
radioactive waste into short-lived waste.

The Guinevere project was initiated in collaboration with the French Centre National de la
Recherche Scientifique (CNRS), the Commissariat a I’Energie Atomique et aux Energies

Alternatives (CEA), a dozen other European laboratories and the European Commission.


https://world-nuclear.org/information-library/current-and-future-generation/accelerator-driven-nuclear-energy#Notes
https://world-nuclear.org/information-library/country-profiles/countries-a-f/belgium
https://world-nuclear.org/information-library/country-profiles/countries-a-f/belgium
https://europeanspallationsource.se/

The inauguration of Guinevere took place in March 2010 at SCK*CEN in Mol. During the
first year the accelerator, as well as the ventilation and monitoring of the installation, were
tested exhaustively. In February 2011, the reactor was started in the classic critical mode and

was subjected to a long series of tests.

On 11 January 2012, SCK+CEN announced that the accelerator and the reactor had been
successfully connected, making the system subcritical. This means that the reactor can be

immediately stopped by turning off the particle accelerator.

Unlike conventional reactors systems, accelerator driven systems like Guinevere, produce fast
neutrons that can be used for the transmutation of high-level radioactive waste. Transmutation
is the fission of long-lived radioactive waste into products that are much less radiotoxic. This

research complements the decision in favour of the geological disposal of this type of waste.

Guinevere has been designed to support the Myrrha project, is a test installation with a limited
power. It is very important for the fine-tuning of the operation and control of future subcritical

reactors, such as Myrrha, which is scheduled to become operational in 2023.

Accelerator-driven systems for nuclear energy
25 October 2011

Andrew Hutton.
Image credit: G Adams/Jefferson Lab.

Some years after Ernest Rutherford invented nuclear physics, he expressed a wish for “a
copious supply of atoms and electrons which have an individual energy far transcending that
of the a and B particles” available from natural sources so as to “open up an extraordinarily
interesting field of investigation”. He was calling for the invention of the particle accelerator,
but probably had no idea that by 2011 — the centenary of his famous publication on the
nuclear atom — some 30,000 of them would operate worldwide, mostly for applications
outside discovery science. And given that he famously dismissed as “moonshine” all talk
about someday extracting useful energy from atoms, he surely did not foresee what might
conceivably become one of the most important practical applications of accelerators:
accelerator-driven systems, or ADS, for transmuting nuclear waste and generating electricity.

How would an accelerator replace a nuclear reactor? Today’s reactors include a core in which
the composition and configuration of the nuclear fuel are such that there are enough neutrons
to maintain a fission chain reaction. An ADS system involves a fuel configuration where the
neutrons necessary to establish a sustainable fission chain reaction are produced by spallation
of a target by an accelerator. Because the neutrons that maintain the chain reaction are
produced by the accelerator — and are thus external to the core of the ADS reactor —an ADS
reactor has a lot of flexibility in the elements and isotopes that can be fissioned in its core.
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Among the fission products of uranium-235 are the minor actinides (mainly americium and
californium), which are radioactive with extremely long half-lives. Their presence in nuclear
waste drives the storage requirements for spent fuel: 100,000 years to return the radioactivity
to its initial levels. These isotopes could be fissioned (burnt) in a conventional reactor, but
given the characteristics of their delayed neutrons there is a maximum concentration of these
materials that can be consumed in existing reactors. With ADS, however, the minor actinides
can be a much larger fraction of the fuel because an ADS core is subcritical and the fission
neutrons are produced by the accelerator externally to the core. Thus, core kinetics and
stability do not come into play as much as they would in a conventional reactor. So, ADS can
burn up a much greater quantity of the minor actinides than a typical commercial reactor, and
can return the radiation to its initial level in “only” 300 years.

Nobel laureate Carlo Rubbia and others have been advocating ADS for two decades — and
for good reason. By efficiently burning the minor actinides, ADS could conceivably transform
the landscape of the waste-disposal and storage problem. And to paraphrase a US white paper
from September 2010, additional advantages are flexibility of fuel composition and
potentially enhanced safety. With ADS, nonfissile fuels such as thorium can be used without
incorporating uranium or plutonium into fresh fuel. An ADS can be shut down simply by
switching off the accelerator. With a large enough margin to criticality, reactivity-induced
transients cannot cause a supercritical accident and power control via beam-current control
allows fuel burn-up compensation. However, as we have learnt from Fukushima, it remains
necessary to address the problem of long-term removal of the residual decay heat left in the
fuel once the fission reaction has been shut down.

The overall potential of ADS has been understood for two decades, but technological
evolution during that time has improved the outlook for actual implementation. As early as
2002, a European study concluded that “beam powers of up to 10 MW for cyclotrons and
100 MW for linacs now appear to be feasible”.

It is important to highlight the ADS prospects for power production using thorium-based fuel.
Even though thorium has no current market value, it is known to be plentiful. Thorium can
absorb a neutron to become ***U, which is fissile. Its potential benefits for nuclear energy are
proliferation resistance, minimized production of radiotoxic transuranics, avoidance of the
need to incorporate fissile material in the fuel and the potential to operate nearly indefinitely
in a closed fuel cycle.

Interest has been growing worldwide. Thorium particularly interests India, Norway and
China, all with programmes investigating the >**U-thorium fuel cycle. India, which has little
uranium but much thorium, sees ADS as part of its energy future. China is rapidly building
reactors, but not having identified a stable geological waste repository is investigating ADS
for transmutation of minor actinides. Perhaps most notably, Belgium is planning MYRRHA,
an 85 MW ADS prototype to be built at the Belgian Nuclear Research Centre, SCK.CEN. The
projected total capital cost is €950 million, with a construction start set for 2015.

Some 200 of us are gathering on 11-14 December in Mumbai for the 2nd International
Workshop on Accelerator-Driven Sub-Critical Systems & Thorium Utilization. The first
conference was held last year at Virginia Tech, in Blacksburg, Virginia. Considerable effort
has been spent to get a world-class International Advisory Committee that includes Rubbia as
well as Srikumar Banerjee, chair, Atomic Energy Commission, India, and Hamid Ait
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Abderrahim, director, MYRRHA. For more about the conference,
see www.ivsnet.org/ADS/ADS2011.Andrew Hutton, associate director, Jefferson Lab.
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