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Abstract 
SCK CEN is at the forefront of Heavy Liquid Metal 

(HLM) nuclear technology worldwide with the develop-
ment of the MYRRHA accelerator driven system 
(ADS) [1]. An Accelerator Driven System (ADS) is a con-
cept using high power proton accelerators in energy pro-
duction and nuclear waste transmutation. Amongst typical 
beam performance requirements, the operational reliability 
of the accelerator is exceptionally demanding. The ad-
vantages and challenges of different driver options, like cy-
clotrons and linacs, are evaluated and worldwide design 
studies are summarized. The MYRRHA design is based on 
a 600 MeV superconducting proton linac. The first stage 
towards its realization was recently approved to be con-
structed by SCK CEN in Belgium. The 100 MeV linac will 
serve as technology demonstrator for MYRRHA as well as 
driver for two independent target stations, one for radio-
isotope research and production of radio-isotopes for med-
ical purposes, the other one for fusion materials research. 
MYRRHA in its final implementation is envisaged as an 
international large research infrastructure open for scien-
tific and industrial user-communities.  

MOTIVATION FOR ADS 
While alternative, renewable energy sources combined 

with increased efficiencies are being developed, there re-
mains the clear need for complementary large-scale base-
load power stations and a strategy for handling the already 
accumulated nuclear waste. Conventional reactors feature 
the following two main issues: 
 Operation of a critical system: The neutrons emitted dur-

ing the fission of one atom hit other atoms and trigger 
their fission. In order to keep the system running, a mul-
tiplication factor of K = 1 must be used. This factor is 
defined by the fission material and reactor configuration. 
The only control is given by the insertion of additional 
absorbing elements that limit the exponential increase of 
activity. 

 Radiotoxic waste with >10.000 years half life time.  The 
minor actinides (Np, Am, Cm) are the main concern due 
to their high radiotoxicity, heat emission and long half-
life. 

The concept of an ADS [2] is to load the reactor with 
subcritical mass of fissile material (keff  < 1). Left alone, this 
implies that the chain reaction would naturally shut down 
exponentially with time (in the order of 10-5 to 10-6 sec). In 
order to keep the chain reaction going and hence the power 
level constant in the reactor, additional neutrons are pro-
vided from a spallation target inside the reactor that is 
driven by a high-power proton particle accelerator. In case 

of issues, the accelerator is turned off and the chain reac-
tion automatically slows down. This also removes the need 
for highly enriched fission material. 

These kinds of reactor will be loaded with the Plutonium 
and Minor Actinides “waste” resulting from the repro-
cessed spent fuel of the nuclear power plants. With help of 
the subcritical reactor, transmutation can be efficiently 
achieved. In contrast to conventional reactors, an ADS can 
safely transmute a large amount of these minor actinides. 
As shown in Fig. 1, an ADS allows to reduce the time 
needed to store the nuclear waste to a level that is compat-
ible with the lifetime of human-made buildings. 
 

 
Figure 1: While reprocessing of waste and reuse of Pu in 
conventional reactors allows to reduce the burden of nu-
clear waste radiotoxicity by a factor 30, an ADS can reduce 
the life time by a factor 1000. 

REQUIREMENTS ON THE  
ACCELERATOR 

While the exact requirements on the particle accelerator 
will depend on the design details of the reactor, the follow-
ing beam requirements can be stated: 
 Particle type: protons, readily available and accelerated 

for neutron production  
 Energy: >500 MeV to be in the region of usable neutron 

production cross-section. 
 Beam power: multiple MW, achieving a usable neutron 

density. 
 Reliability: MTBF > multiple weeks. Any beam trips 

must be resolved within a few seconds as otherwise this 
would impose severe thermal stress on the reactor mate-
rials and components. Furthermore, any longer beam trip 
requires a time-consuming reactor restart lasting a few 
days. 

 The beam emittances are only important to safely accel-
erate and transport the beam through the accelerator. 
From this list the following additional design choices 

can be derived: 
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 CW operation allows to reduce the space charge and the 
stress on the spallation target. Furthermore, it allows cer-
tain technological choices, in view of reliability, e.g. 
solid-state amplifiers. 

 Need for a fault tolerance scheme: Within a few seconds, 
a failure is detected, a new configuration is deployed and 
a fast recommissioning to full power beam operation is 
performed. 
While some groups study also more exotic configura-

tions like an FFAG, the two main options are cyclotrons or 
superconducting linacs. 

DIFFERENT APPROACHES –  
PAST AND PRESENT 

When the first ideas of an ADS were developed, the only 
available accelerator type that could be envisaged to fulfil 
the requirements were normal conducting cyclotrons. 
Based on the successful operation of the 600 MeV, MW-
class normal-conducting cyclotron at PSI (with a 72 MeV 
injector cyclotron), various concepts were proposed 
e.g. [3]. Since then many ideas have been followed study-
ing e.g. stacked cyclotrons [4] mainly focusing on R&D 
aspects of super conducting cyclotrons making them more 
reliable, more compact or make the need for an injector cy-
clotron obsolete. 

Since the advent of superconducting RF-technology, the 
option of linacs was also studied. The first example is the 
MYRRHA project that has been studied since 1999 [5, 6] 
and is explained in more detail in the following section. 
This approach was then also chosen by the Chinese ADS-
project C-ADS [7] which was launched in 2011 and oper-
ates a test-injector since 2014. The target of the current ex-
tension phase is 500 MeV at 5 mA, with the final configu-
ration aiming for 1 GeV at 15 mA. The reliability target is 
to have less than 25.000 beam trips/year with 1 s < t < 10 s. 
The second example, the MYRRHA project is detailed in 
the following chapters. 

MYRRHA AND ITS FIRST  
IMPLEMENTATION PHASE (MINERVA) 

Overview 
The concept of an ADS has been studied at SCK CEN in 

Mol (Belgium) since a long time [5] which lead to the in-
ception of the MYRRHA project in 1998 [8]. MYRRHA 
(Multi-purpose hYbrid Research Reactor for High-tech 
Applications) aims to demonstrate the ADS concept at pre-
industrial scale, demonstrate transmutation and being a 
multipurpose and flexible irradiation facility. The project 
follows a staged implementation plan: 
 Phase 1, also referred to as MINERVA: SC linac to 

100 MeV, 4 mA CW 
 Phase 2: extending linac to 600 MeV 
 Phase 3: sub-critical reactor connected to the linac 

The funding for the initial 100 MeV stage was approved 
by the Belgian government in 2018 and implementation 
has started at SCK CEN, the Belgium nuclear research cen-

ter, which currently operates three nuclear reactors for re-
search, education and industry, e.g. production of radio-
pharmaceuticals.  

The MINERVA ground breaking is planned for summer 
2022, and first accelerator operation in 2026. The project 
is setup to only have a relatively small core team at 
SCK CEN leveraging many international collaborations 
and aims to outsource significant parts to our industrial 
partners.  

The 2nd and 3rd phases of MYRRHA are envisaged to be 
implemented until 2035, within an international consor-
tium. 

Accelerator Configuration 
While in the final configuration the accelerator will fea-

ture two injectors and accelerate a 4 mA CW beam to 
600 MeV, the first implementation stage, will be limited to 
100 MeV with a single injector (see Fig. 2).  

The injector consists of an ECR ion source, a LEBT with 
space charge compensation and two solenoids, a 4-rod 
RFQ (IAP Frankfurt) [9] and a normal conducting 
176.1 MHz CH-cavity section including several rebunch-
ing cavities accelerating to 17 MeV (Fig. 3).  

After the injector switchyard, the protons will be accel-
erated in superconducting single 352.2 MHz spoke cavities 
to 100 MeV. The design of the Single Spoke cavity has 
been developed by IPNO and first prototypes have been 
successfully tested [9]. There are 30 cryo-modules each 
housing 2 cavities. Each cavity is powered by a dedicated 
solid-state amplifier. 

In the later extension stage, it is envisaged to switch at 
100 MeV to switch to medium beta cavities, where it is not 
yet finally decided which type, spoke at 352.2 MHz or el-
liptical at 704.4 MHz, they are going to be. At around 
200 MeV it is then foreseen to switch to 704.4 MHz ellip-
tical cavities with a matched beta of 0.7. 

As the RF-cavities in the injector must be individually 
matched to the beam energy, no serial redundancy is possi-
ble and thus two injectors are envisaged for MYRRHA. On 
the other hand, serial redundancy with approx. 30% over-
head is applied in the single spoke section. Local compen-
sation schemes have already been established, where the 
loss of one RF-cavity is compensated by the next neigh-
bours. In the future, a global compensation scheme will be 
studied to distribute the compensation over the whole ma-
chine. While this will increase the requirements on the con-
trol system to reconfigure many elements, it will allow to 
use the cavities more effectively. More detailed studies e.g. 
on the orbit correction as part of the fast recommissioning 
are under investigation. 

Operational Injector Test Stand 
Since March 2019 an injector test stand is available and 

accelerating protons (Fig. 4). It is used to test critical com-
ponents like the RFQ or the CH cavities along with the 
solid-state amplifiers as well as e.g. the space charge com-
pensation in the LEBT.  
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Figure 2: The final MYRRHA accelerator layout. In the 
first implementation phase, called MINERVA, only a sin-
gle injector and up to 100 MeV (the single spoke section) 
will be constructed. 

 
 

Figure 3: Sketch of the injector test stand as foreseen to be 
installed. The elements up (including) the RFQ are already 
available. 

 

Figure 4: Photo of the injector test stand just before the 
connection of the RFQ to the LEBT. 

Proton Target Facility 
While MINERVA will at the start be used to develop and 

prove to meet the stringent reliability requirements, it will 
in parallel be able to deliver beam to a Proton Target Facil-
ity (PTF). It is envisaged to be able to kick up to 0.5 ms 
beam pulses with up 250 Hz to the PTF facility, allowing 
up to 0.2 mA on fissile material targets or up to 0.5 mA on 
non-fissile material targets [10]. 

The generated high-purity Radioactive Ion Beams (RIB) 
will be used for physics experiments and as well as radioi-
sotopes collection for medical research and use purpose 
[10]. 

The layout of this Isotope Separation OnLine (ISOL) 
system is strongly inspired by the proton target irradiation 
facility ARIEL at TRIUMF. The chosen modular facility 
providing required shielding whilst allowing ISOL compo-
nents maintenance and target replacement. The envisaged 
conceptual target configuration is shown in Fig. 5. 
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Figure 5: Envisaged ISOL target concept where up to 
0.5 mA beam current is available in parallel to the other 
user stations. 
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