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I.

I.

EXECUTIVE SUMMARY

• The solution of major grand challenges of humankind is largely based on progress in mate-
rials research of natural and arti�cial matter. Success depends critically on the availability of
powerful methods being able to unravel structure and function of matter at di�erent length
and time scales.

• In this context, neutrons are indispensable microscopic probes. They are used to unravel the
structure and dynamics of matter from the mesoscale to the picoscale and from seconds to
femtoseconds in an ever-increasing number of disciplines and thus make essential contribu-
tions to solutions of the grand scienti�c and technological challenges of the future.

• Europe has the world leading neutron user community. More than 8000 users utilize the
available neutron sources in Europe, requesting twice the available capacity o�ered per year.
Within Europe, Germany has the most productive community in terms of scienti�c output.

• The European success of research with Neutrons is based on a hierarchical network of neutron
facilities: from low �ux sources, which provide the foundation by educating the next generation
of neutron users and o�ering a platform for method development, via medium �ux sources
having a broader instrumentation, which provide in addition capacity and capability, to �ag
ship facilities (ILL and in future ESS) which are essential for the most demanding �ux-hungry
experiments.

• As has been pointed out by an ESFRI working group, this leading position is currently challenged
by the slow dying o� of older research reactors which became critical in the middle of last
century. This problem has been addressed in the national strategy papers of several European
neutron communities and is being tackled at present within the League of advanced European
Neutron Sources (LENS).

• With the goal to reestablish a healthy ecosystem of neutron facilities within Europe and to
further develop the neutron landscape for science and industry in Germany and Europe, the
Jülich Centre for Neutron Science (JCNS) of Forschungszentrum Jülich GmbH has worked on
a novel approach to neutron research facilities: the HBS project for a High Brilliance neutron
Source. The present document summarizes the concept of such a facility in a Conceptional
Design Report (CDR).

• The fresh approach of the HBS project is due to several paradigm changes:

– the basic process for neutron release from atomic nuclei of the HBS is neither �ssion,
nor spallation, but nuclear reactions based on the impact of low energy protons on a
metal target. While this concept has already been realized in small Compact Accelerator
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II.

FOREWORD

Neutrons are an essential tool for science and industry for probing the structure and dynamics of
matter from the mesoscale to the picoscale and from seconds to femtoseconds. In Europe research,
industry and society bene�t from a globally unique environment of various neutron sources with
the �agship facilities ILL in Grenoble, France, and ESS in Lund, Sweden. The latter is currently under
construction and will represent the world’s most powerful neutron facility. The unique capabilities of
neutrons and the European neutron infrastructure have been highlighted in reports by the European
Neutron Scattering Association (ENSA) and the ESFRI Neutron Landscape Group recently. More than
8000 users utilize the available neutron sources in Europe, requesting nearly twice the available
capacity o�ered per year. This high demand for research with neutrons is managed by peer review
processes established to permit access to the facilities resulting in a highly competitive situation which
sometimes hampers access by well-quali�ed applicants.

The main processes to release neutrons from atomic nuclei are: (i) �ssion in nuclear reactors, (ii)
spallation using high-power proton accelerators, and (iii) nuclear reactions induced by low-energy
protons or deuterons. The �rst two techniques are used very successfully in Europe and o�er the
highest neutron source strength with versatile options.

In view of the continuously high demand for neutron experiments by science and industry and the
phasing out of existing reactor-based neutron facilities in Europe in the near future, new solutions and
strategies are required to provide sustainable and e�ective access to neutrons in Europe. New neutron
infrastructures have to provide novel capabilities not o�ered by the present-day facilities based on
the ageing suite of research reactors in Europe. Enhanced performance does not necessarily rely on
increased source strength, which goes hand-in-hand with cost increase, but can include improved
�exibility and accessibility, specialization on particular important societal challenges or optimization
on brilliance for small beams. In particular, cost-e�ective solutions are required to compensate the
potential capacity loss and complement high-�ux sources such as the new ESS spallation neutron
source.

The High Brilliance neutron Source (HBS) project will demonstrate the technical and operational con-
cept for a neutron infrastructure based on a low-energy proton accelerator. HBS is designed as a
very �exible neutron infrastructure with neutron beams optimized for brilliance. It will host a full suite
of highly competitive instruments. Thus HBS will be capable to serve as a national or regional highly
attractive neutron research centre. The HBS source will bene�t of state-of-the-art accelerator tech-
nology, combined with unique target-moderator concepts. HBS will mark a change in paradigm for
research with neutrons where every individual neutron instrument will have its own neutron source
with optimized pulse structure and a moderator adapted to the speci�c requirements of the instru-
ment. Thus it will provide a unique and attractive option for achieving optimum and e�cient brilliance
for all neutron experiments at a lower cost compared to present-day large-scale neutron facilities.
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III.

RATIONALE

III.1 Neutron provision

The use of neutrons to probe and understand matter and assess scienti�c theories was developed
through the second half of the 20th century and neutrons have become an essential analytical tool
in the scientist’s toolbox. Neutrons help to provide spectacular advances in science and technology
promoting the sustainable development of modern societies [1]. To produce beams of free neutrons
the most suitable used processes are

• nuclear �ssion in research reactors,

• spallation using high-energy proton accelerators, and

• nuclear reactions with low-energy proton accelerators.

In a research reactor, neutrons released by �ssion of fuel atoms induce yet more �ssions thus
sustaining a chain reaction and providing a �eld of free neutrons in the moderator. Neutrons leaving
the biological shielding through the provided channels are used for scattering experiments, imaging
and neutron analytics. Each �ssion process produces on average about 1 usable neutron with an
average energy of 2 MeV and a heat release of 180 MeV per neutron. High �ux research reactors
as the FRM II of the Heinz Maier-Leibnitz Zentrum (MLZ) in Garching, Germany, or the HFR of the
Institute Laue-Langevin (ILL) in Grenoble, France, o�er a neutron �ux of around 10

15 s−1 cm−2 in
the thermal moderator. As fuel elements these facilities apply highly enriched uranium.

Spallation neutron sources use (pulsed) proton beams in the GeV range to hit a heavy metal target
(e.g. lead, tungsten, mercury, or uranium), where around 20 to 30 neutrons per proton are evap-
orated with a heat release ranging between 30 and 50 MeV per neutron. The high neutron yield
combined with the relatively small heat release makes spallation an ideal choice for a source op-
timized for high source strength, i.e. the number of produced free neutrons per second. However,
the proton/target interaction zone is elongated to several 10 cm due to the high energy of the pro-
tons which hampers coupling the neutrons e�ciently into a compact moderator. The high radiation
level, extending to particle energies in the several 100 MeV range, requires massive shielding and a
minimum distance of optical elements from the target.

Bombarding of target material such as lithium or beryllium with low or medium energy protons or
deuterons in the range of 2 to 50 MeV produces neutrons by speci�c nuclear knock-out or stripping
reactions. The neutron yield depends on the energy of the incident particles. At lower energies it is
around 10

−2 per proton (or per deuteron) with a heat release of around 1,000 MeV per neutron.
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IV.

SCIENCE CASE

Neutrons are an essential tool in science and industry for probing structure and dynamics of matter
from mesoscale to nanoscale and from seconds to nanoseconds. Especially the fact that neutrons
interact strongly with hydrogen nuclei makes them a unique tool for the investigation of organic
material and so� matter. The high penetration depth of neutrons allows the non-destructive inves-
tigation of large objects as e.g. engineering devices, geological samples or historical artefacts. The
neutron’s spin allows the determination of magnetic structures, magnetic excitations and �uctuations
down to atomic length scales.

The general science case for research with neutrons has been made for many occasions (e.g. when
proposing the MW spallation sources SNS and ESS) and by many organizations (e.g. ENSA [1], KFN
[21] etc.). The Jülich Centre for Neutron Science JCNS organizes an annual international workshop,
the ”Unkel Meeting” [22], highlighting the advancements of low energy accelerator driven neutron
sources. One of these meetings was speci�cally dedicated to the special science case of such novel
neutron facilities and much of the text below is taken from the report from this event [23].

Quite general, looking at the modern trends in science, research is moving away from the investiga-
tion of simple model objects or the study of components of larger entities towards the understanding
of entire complex systems, where various degrees of freedom are interacting and competing. The
more elaborate and challenging these problems become, the more complementary probes, such as
neutrons, nuclear magnetic resonance (NMR), electron microscopy, synchrotron radiation etc., are
needed to advance our understanding. Neutrons excel in these types of studies, where information
on multiple length- and time scales is mandatory to obtain a deeper insight.

• In life science, more than 160000 structures of proteins can be found in the protein data
bank, mostly solved by synchrotron x-ray scattering, NMR or more recently cryo-electron
microscopy. Knowledge of the structure is an important �rst step towards understanding func-
tionality. The next step requires an understanding of the dynamics of these macromolecules,
not only in dilute solutions, but also in the extremely crowded environment of real biological
cells. Such knowledge will advance our ability to develop e�cient pharmaceutical agents and
thus to solve important challenges in health. Neutrons with their ability to cover the entire
relevant phase space, to locate hydrogen and follow its movement, to vary the contrast be-
tween di�erent components of such a complex system, are ideally positioned to take up this
challenge to go beyond the study of the structure of single macromolecules.

• Another example concerns quantum technology, based on the unfolding of the second quan-
tum revolution, which exploits our ability to manipulate single quantum objects. Applications
require speci�c quantum materials, e.g. Qubits for future quantum computers have to ful�ll the
”DiVincenzo’s criteria”. The discovery of novel quantum materials with highly entangled quan-
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V.

CONCEPTUAL DESIGN

The HBS neutron source is designed to be a user facility that o�ers a variable suite of neutron in-
struments (see Chapter VI) for all scienti�c applications of neutron scattering, imaging and analysis.
Compared to present-day facilities, excluding the MW spallation sources, it will o�er leading capabil-
ities at all of its instruments. In contrast, the �agship MW spallation sources o�er unique capabilities
for speci�c experiments, but cannot provide the full breadth needed by a very diverse community.

HBS is a pulsed accelerator-based neutron source where the neutrons are produced by a pulsed
proton beam impinging on a metal target. The instruments are grouped around several target stations
operating at di�erent frequencies and pulse length to o�er optimized neutron pulse structures for
the various instrument classes. Dedicated thermal and, where necessary, cold moderators are used
to adjust the neutron spectrum supplied to each instrument.

Figure V.1: General layout of the accelerator-based high brilliance neutron source
facility

Thus, the main components of the HBS facility are:

• a dedicated proton accelerator with optimised energy (up to 70 MeV) and current (100 mA).
The proton current is multiplexed to feed several target stations which are operated at di�erent
frequencies and pulse structures,
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VI.

INSTRUMENTATION

The instruments built at a pulsed CANS are intrinsically operated in time-of-�ight (TOF) mode. They
can be distinguished mainly by the bandwidth they can use and the resolution needed. Bandwidth
and resolution are de�ned by choppers, which in most cases results in a loss of neutron �ux at the
sample position. At HBS, a more e�cient approach is applied matching the repetition rate of the
neutron beam to the instrument length such that the maximal useful phase space volume is �lled at
the instrument. For the HBS reference design three di�erent repetition rates have been selected: low
frequency (24 Hz), medium frequency (96 Hz) and high frequency (384 Hz). Instruments using the
same repetition rate are grouped together and located at the corresponding target station (Figure
VI.1).

The low particle energy of 70 MeV allows a compact target-moderator–re�ector assembly, bringing
a larger fraction of the produced neutrons to thermal or cold energies. The low particle energy
compared to spallation sources also results in expected less background due to the prompt pulse
of fast neutrons, while the TOF mode already guarantees a low background level as in general the
neutron detection takes place while there is no proton beam on target. The moderator geometry
can also be optimized to emit preferentially into a narrow solid angle, thus increasing the brightness
along these directions. The low nuclear energies involved require signi�cantly less bulky shielding,
not only saving cost, but also allowing optical components such as guides or choppers to be located
closer to the moderator so that larger phase space volumes can be extracted.

Figure VI.1: Possible arrangement of instruments at HBS
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VII.

OPERATION

VII.1 Regular operation

The HBS facility will o�er a full user service based on the operation of the accelerator on a ”24 hours
a day, 7 days a week” schedule. However, operations will be interrupted for regular maintenance
periods of the accelerator system and the exchange of neutron targets. In addition regular longer
shut-down periods will occur for the instalment or exchange of larger components necessary for the
technical operation of the facility. It is anticipated that the average availability of the facility for user
experiments will be approximately 200 days per year.

VII.2 Control systems

The HBS control systems consist of components and tools connecting all HBS equipment to present
a homogeneous and ergonomic interface to operators, engineers and physicists enabling the safe
and reliable operation of the HBS.

From a control system point of view, the HBS can be subdivided into the HBS machine (ion source, ac-
celerator, target, moderator and conventional facilities), responsible for neutron production, and the
instruments using these neutrons for research. For the HBS machine, a central control room is being
planned that is permanently manned with operators, whereas instruments are locally controlled by
dedicated measurement scripts and programs. The operation of instruments is typically fully auto-
matic, requiring the presence of instrument users or scientists only for measurement de�nition and
to start the experiment, for the development and testing of dedicated scripts or for sample change.
From the perspective of the control system, the instruments and source are only loosely coupled via
the timing system and the mechanisms to make information about the machine (e.g. proton charge
and energy, omitted pulses, etc.) available to the instruments. Due to the loose coupling and the
di�erent modes of operation, it is planned to have one control system for the machine and individual
control systems for each instrument. Since requirements are di�erent, the control systems of the HBS
machine and the HBS instruments can use di�erent control system technologies and implementation
approaches.

The HBS machine and instrument control systems will be designed as distributed and object-oriented
systems. Despite the di�erent implementation, all will follow the same classical three-tier architecture
as indicated in Figure VII.1.

• At the lowest level, the resource tier facilitates the access to the front-end equipment of the HBS
machine enabling direct equipment control and data collection. Conceptionally, the resource
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I.

VIII.

SAFETY

HBS will be designed and constructed in accordance with regulatory requirements in order to guar-
antee a high level of safety during the operation, maintenance and handling of radioactive materials,
and thus to o�er personnel and users a safe, open and friendly working atmosphere. Aspects cov-
ering radiological (protection against ionizing radiation) as well as non radiological (�re, non ionizing
radiations and �elds, high voltage, cryogenics) safety are given below. Based on knowledge and
experience gained collectively for the safe operation of accelerators and neutron sources around the
world, a general safety concept can be provided for HBS. Nevertheless, the details and realization of
the safety procedures, including risk management, must be discussed with the licensing authorities.

VIII.1 Non-radiological safety

Non-radiological safety deals with the safety from all other conventional hazards and non-ionizing
radiation which may arise from the operation of various subsystems in the HBS facility. The accel-
erator will be equipped with state-of-the-art safety systems. However, high-voltages, high magnetic
�elds and radio frequency (RF) radiations present safety hazards. To minimize these hazards, appro-
priate warning boards with danger signs and visual indications will be placed near such locations.
If necessary, suitable grounded cages with interlocked doors will be installed to isolate devices with
high voltages from the working environment. To avoid exposing people to unacceptable levels of
RF energy, speci�cally engineered control measures will be considered. Cryogenic systems will be
used for the cold neutron sources. Cryogenic liquids present signi�cant hazards due to their intense
cold and substantial gas production. In previous developments, a safety concept was formulated and
approved by the GRS (Gesellscha� für Anlagen- und Reaktorsicherheit) for handling cryogenic hy-
drogen, methane or mesitylene moderator within a nuclear facility operating under German atomic
law (AtG). Since accelerator-based neutron sources refer to the German radiation protection ordi-
nance (StrSchV) safety issues are less pronounced and the approved safety concept can be adapted.
Persons handling cryogenic liquids will be adequately trained and provided with proper personal
equipment. Last but not least, an e�cient �re protection system will be installed in the whole facility.

VIII.2 Radiological safety

The aim of radiation protection is to reliably prevent the deterministic e�ects of radiation and to
reduce the risk of stochastic e�ects to a reasonably achievable level. Therefore, the objectives of
radiation safety at HBS are to ensure that during normal operation, the maintenance and handling
of radioactive components, the radiation dose to personnel, users and population is kept below the
limit values de�ned by the authorities. Furthermore, it must be ensured that any unnecessary radi-
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IX.

INFRASTRUCTURE

The operation of the HBS neutron source is based on a three-zone concept where each zone requires
speci�c infrastructure. The �rst zone is the accelerator hall containing the linear accelerator with the
ion source, the proton beam-line and the multiplexing unit for the distribution of the pulsed proton at
the di�erent target stations. This zone includes also the high voltage supply and the workshops for
accelerator maintenance. For radioprotection, the accelerator hall as a supervised area is equipped
with neutron and gamma monitoring systems and the appropriate shielding.

The second zone is the three target bunkers containing the target stations with the closed target
cooling circuit, the cryogenic system for the cold moderator (optional) and appropriate devices for
the maintenance of target station components as well as for target change, according to StrlSchV.
The target station may be considered as an unsealed source and therefore the target bunker will
be de�ned as a controlled area requiring a ventilation system and an air monitoring system. The
radioactive components issued from the maintenance of the target station may be stored in an
isotope storage room as a part of the target bunker before being released or transferred to a federal
state collection facility.

Figure IX.1: Floor plan of the HBS core facility
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X.

COMMISSIONING, DECOMMISSIONING

X.1 Commissioning

Following procedures established at accelerator-based large scale facilities, the commissioning of the
facility will be a stepwise e�ort following the timeline of the construction of the di�erent compart-
ments. A�er the construction of the accelerator, the commissioning of the ion source, LEBT, RFQ,
MEBT and DTLs will be established step by step. The accelerator system will start with a low level of
proton beam energy and current, and will then be successively ramped up to the �nal design values
of 100 mA and 70 MeV. By the stepwise installation of the DTLs commissioning of the proton beam
transport system will also follow step by step in line with commissioning of each individual target
station.

By this stepwise procedure the full commissioning of the accelerator up to its �nal energy and the
full proton beam transport system to all three target stations will take about 3.5 years. Each target
stations will be commissioned within three months a�er construction. The instruments will be com-
missioned step by step following the construction of the individual instruments. This may take up to
one year for all instruments at an individual target station. A total commissioning time of 2.5 years
for the full operation of the �rst target station and experimental hall sums up and one additional
year of commissioning for each following target station and experimental hall (Figure X.1).

Figure X.1: Time line commissioning

X.2 Decommissioning

According to the IAEA (International Atomic Energy Agency), decommissioning refers to the adminis-
trative and technical actions taken to remove all or some of the regulatory controls from an authorized
facility [156]. Decommissioning includes administrative operations such as the elaboration of decom-
missioning plans and the application for free-release authorizations as well as technical operations
such as decontamination, the dismantling and the management of non-radioactive and radioactive
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XI.

INVESTMENTS, COSTING & TIMELINE

Here the cost for a full-�edged HBS facility in the reference design with a basic con�guration of three
target stations and 13 instruments is estimated under the following assumptions:

1. The facility is being build in the environment of a research centre, where support is granted
for administrative services, i.e. through the departments for purchasing, human resources,
�nances, occupational safety and radio protection and legal services.

2. During the construction phase support from engineering and building departments and work-
shops is available; here these services are not prized in a full cost calculation.

3. The price for the land, where the facility is being build, is not considered, and it is assumed
that the land is fully developed with access roads, media and necessary electricity supply and
thus ready for building.

4. For the core team, the cost of one full time equivalent is �xed at a �at rate of 100 kEuro per
year.

The actual full cost of the facility depends on the choice of its location and the price of the above
mentioned services and can therefore only be calculated a�er a decision on the site has been
reached. Clearly a realization on a green �eld will be signi�cantly more expensive than a realization
at a larger research centre such as Forschungszentrum Jülich.

Under these assumptions the cost of of an HBS reference facility has been estimated in 2019 prices
as detailed below. The total investment necessary is in the range of EUR 370 million at 2019 prices.
At present contingency of 30% is estimated. A more precise cost estimate will be done with the
forthcoming Technical Design Report TDR. Table XI.1 lists the costs estimated for the main components
of HBS. The cost of the linear accelerator including the ion source, RFQ, LEBT, MEBT, DTLs, multiplexer
and the operating system represents about 30% of the total cost. The estimated costs for the target
station include the cryogenic system for the cold neutron source(s), the water cooling system for the
individual target assembly and the shielding materials. Altogether this will be in the range of EUR
4-5 million for each target station implemented.

To equip the target stations with a reasonable number of instruments (4-5 at each station), an es-
timated average cost of about EUR 7 million per instrument is calculated. The total cost for instru-
mentation depends on the choice of instrument types to be installed to cover the scienti�c needs of
the facility. In addition, the performance of many instruments can be improved by the installation
of detector systems covering a larger angular range. Dedicated sample environment, laboratory
equipment etc. are added as ”Ancillary” costs to the facility.
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XII.

COOPERATION AND DELINEATION

Following the recommendations in the ”Strategy Paper on Neutron Research in Germany: 2020-2045”
[157], a network of national and regional neutron sources is very important in order to provide a
co-operating eco-system o�ering both low �ux experiments right up to European top-class sources
for neutron science. Within this eco-system, compact accelerator-driven neutron sources have the
potential to add value to the network of neutron facilities and provide a basis for the e�cient use of
the existing and future top tier sources such as ILL, MLZ and ESS.

Figure XII.1: European ecosystem of neutron sources.

The HBS project aims to provide a full-�edged, medium size facility designed to maximize beam
brilliance. Together with other similar European sources, the HBS serves to secure a functional and
resilient network of neutron sources in Europe and to �ll the anticipated gap in instrument days due
to the ongoing closure of older neutron sources [2]. It is a response to the increased demand for
experiments on small samples, such as systems of biological macromolecules or nanomagnets.

Required by the various technological challenges for the development and operation of this novel kind
of compact accelerator-based neutron source, the project is embedded in an international network
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A.

APPENDICES

A.1 Production of secondary products

In a Compact Accelerator-driven Neutron Source (CANS), the production of neutrons is based on the
interaction of light ions such as protons or deuterons with the atomic nuclei of a dedicated target
material. However, a maximization of the neutron yield as well as a reduction of the production of
by-products like tritium may be achieved by selecting the target material with regards to the type and
energy of the ion considered and other required physical properties to ensure mechanical, thermal
and chemical stability of the target.

The production of secondary particles like neutrons, tritium and other activation products for a
particle beam hitting a target material depends on the involved cross sections, the particle energy
and the range of the particles inside the target material. This can be well analyzed using Monte Carlo
codes like MCNP6 or Geant4 but this would be very time consuming task for all target materials,
particles and involved energies. Therefore, an analytic approach [93] for the calculation of secondary
production is a valid approach to get a �rst estimation.

The general formula for the calculation of the secondary particle yield for a given primary particle
energy E and an energy loss of ∆E is given by

p(E,∆E) =
NA

M
ρδ(E,∆E) · σ(E,∆E), (A.1)

where NA is the Avogadro constant, ρ is the density of the target material, M is the molar mass
of the target material, δ is the range of the primary particles with an energy of E and an energy
loss of ∆E and σ is the involved cross section for the production of the secondary particles. The
thickness of the target material for a given particle energy and an energy loss can be calculated by
using the SRIM toolkit [66].

The neutron yield, the tritium activity and the total induced activity were calculated by mean of
Formula A.1 for each element of the periodic table from lithium to lead and for primary ion energies
ranging from 1 to 100 MeV by using the corresponding cross sections for protons and deuterons
reactions given in the database TENDL2017 [94]. The dependence of the neutron yield on the atomic
number Z of the element and the primary ion energy is shown for protons and deuterons in Figure A.1.
It shows that at low energies ≤ 30 MeV, low Z-materials, like beryllium or lithium, produce the most
neutrons and are therefore used in most low energy accelerator neutron sources. At higher energies
≥ 30 MeV, high Z-materials start to produce more neutrons and should be therefore preferred for a
large scale facility. Moreover, it indicates that a competitive high neutron yield may be achieved for
primary ion energies greater than 70 MeV up to 100 MeV and high-Z elements (70 ≤ Z ≤ 82). Within
this range the neutron yield varies between 9 and 22·1014 s−1 mA−1 for protons and between 10 and
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