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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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I. driven Neutron Sources (CANS), it only now becomes viable for a high-end facility by
employing the latest scienti�c and technological advances. Such a facility avoids the
need for nuclear licensing and signi�cantly reduces the shielding requirements.

– instead of aiming at the highest source strength, HBS maximizes brilliance, the relevant
physical parameter for most neutron beam instruments; ”HBS produces less neutrons, but
uses them more e�ciently”. This approach immediately translates in decreased costs for
installation and operation.

– instead of providing one neutron source / moderator for all instruments, which necessarily
requires compromises, HBS considers the source as an integral part of the instrument
and delivers optimal pulse structure and neutron spectrum to every single instrument;
”HBS delivers individually tailored beam characteristics for each instrument, instead of
one �ts all”. This approach increases the performance of the instruments.

– instead of aiming at a certain size for a facility, the HBS concept is highly �exible and
scalable from large laboratory size for local use at universities and industrial companies
to full-�edged and highly competitive user facility. The conceptual design for the large
laboratory facility has already been published under the name NOVA ERA. Such a neutron
source has the potential to ”bring neutrons to the users instead of users to neutrons”.

• HBS type of sources will provide new capacity and additional capability to research with neu-
trons. Optimizing for brilliance makes the HBS type of sources well suited for research on small
sample volumes, important e.g. in the �elds of life science, nanotechnology or engineering.

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

• The reference design of HBS comprises the following main components (see �gure):

– a high power linear proton accelerator with an end energy of 70 MeV, a proton beam
current of 100 mA and a duty cycle of 4.3%

– a multiplexer which distributes the proton pulses to three target stations which operate
at di�erent frequencies of 24, 96 and 384 Hz, each one optimized for a certain group of
neutron beam instruments

2
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I.– target-moderator-re�ector assemblies that o�er pulsed neutron beams at optimal fre-
quency, pulse duration and neutron energy spectrum to ful�l the needs of each individual
instrument.

– a number of instruments grouped around each target station so that they receive the
optimal pulse structure while individual one dimensional ”�nger” moderators provide
the adapted phase space volume to each individual instrument

• With this reference design, neutron beam instruments at the HBS will be highly competitive
to instruments at existing medium-to high �ux neutron sources thus underpinning the future
�agship facility ESS. Moreover, HBS type facilities are highly �exible, can easily be adapted to
the need of the respective neutron user community, do not need a nuclear license and come
at signi�cantly lower price-tag for installation and operation compared to research reactors or
spallation sources.

This Conceptual Design Report represents the result of work done by the group of JCNS with support
by a number of individual scientists and engineers around Europe and the rest of the world. It covers
a brief review of the science case driving the project, conceptual description of the technical aspects
of the facility, an outline of the operation of the facility, safety and infrastructure and an estimate
on investments, costing and timeline for realization. It does not address organisational matters, nor
governance matters and only in general terms �nancial matters, although it must be emphasised
that these subjects are borne in mind in arriving at the scope of HBS and hence the speci�cation of
the facility. In a next step, work will be engaged upon which will result in a Technical Design Report
(TDR) broken down in dedicated reports on the accelerator, the target and the instrumentation, being
produced together with a series of other documents such as a more detailed costing report. These
documents will demonstrate the sound foundation upon which such a facility could be constructed
and operated.

3
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II.

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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II.

In consequence HBS will provide a new e�cient basis for harvesting and exploiting neutrons. It will
o�er a revolutionary route providing neutrons in a �exible and cost-e�ective manner to satisfy the
demands of science, industry and society.

The �exibility and accessibility of an HBS type neutron source will open up and spread neutron
science to include industry in its broadest sense and will enhance competitiveness in basic and
applied research using neutron facilities. E.g. HBS could o�er specialised target stations and access
for particular areas as the development for new materials for batteries or aerospace industry. It
could host analytical facilities for cultural heritage or specialize in analytical service for environmental
analysis. The new accelerator-based neutron source HBS will complement and further develop the
research landscape of high-end neutron facilities in Europe. In addition, HBS will provide training and
preparation for the most demanding experiments at the �agship European neutron sources ILL and
ESS.

The Conceptual Design Report presents a comprehensive introduction into the current landscape of
neutron sources in Europe and the provision of neutrons (Chapter III). An overview on the science case
using neutrons in various areas highlights the impact of neutrons on research and innovation and de-
scribes brie�y the neutron methods applied (Chapter IV). Detailed outlines describe the components
of the HBS starting with the accelerator system, the proton beam transport, the target stations (Chap-
ter V) and the instrumentation considered (Chapter VI). Furthermore operation and safety aspects of
the HBS facility are addressed (Chapter VII, Chapter VIII) and an outline of the required infrastruc-
ture (Chapter IX), commissioning and decommissioning (Chapter X), investment, costing and timeline
(Chapter XI) is given. Additional information on certain technical aspects and detailed descriptions
are provided in the added Appendices of the Conceptual Design Report.

6
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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 1015 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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III
.

Furthermore, fusion of deuterium with deuterium or tritium in solid targets is used in small portable
neutron generators, however, with low neutron yields. Here neutron yields of 4 · 10−5 neutrons per
400 keV deuteron with a heat release of 10,000 MeV per neutron can be achieved.

Neutrons may also be released by photodisintegration using high-energy gamma rays or Brems-
strahlung radiation.

III.1.1 Reactor based �ssion neutron sources

Europe is hosting a suite of reactor based neutron facilities ranging from small facilities as the TRIGA
II Vienna of the Atominstitut in Vienna, Austria, a number of middle �ux neutron sources as the
Budapest Research Reactor in Budapest, Hungary, and high �ux neutron sources as the FRM II in
Garching, Germany, or the ILL High �ux Reactor in Grenoble, France. These facilities serve a user
community of about 8,000 users with nearly 30,000 instrument beam days each year and are the
main work horses for using neutrons in science and industry. An overview of the neutron facilities
operated in Europe for neutron scattering and analytics is given in Figure III.2 below.

Most of these facilities have been build in the 60s or 70s of the last century, except of the FRM II,
which came into operation in 2004. Despite continuous refurbishments and upgrades most of these
reactor based neutron facilities have already reached or will reach end of their scienti�c lifetime
within the next decade as re�ected in a recent study by the European Strategy Forum on Research
Infrastructures (ESFRI) [2]. This will lead to a severe reduction in the availability of neutrons for science.

Figure III.1: The FRM II research reactor core [3] (Picture:
J. Neuhaus, FRM II / TUM)

Worldwide a number of reactor based
neutron sources are in operation with sim-
ilar performance as the mentioned Euro-
pean facilities. Most prominent are the JINR
center in Dubna, Russia, the NIST facility in
Gaithersburg, USA, and the HFIR reactor in
Oak Ridge, USA. In Canada the NRU reac-
tor in Chalk River had been in operation
since the late 50s. The operation has been
stopped in 2018. Smaller research reac-
tor based neutron sources in North Amer-
ica are the research reactor at McMaster
University in Hamilton, Canada, and the
research reactor at the University of Mis-
souri, USA.

In Australia the ANSTO neutron facility is
operated. Other reactor based neutron
sources are in Japan (JRR-3), Korea (Ha-
naro), China (CARR), India (BARC). Most of
these facilities are also in operation since the 60s or 70s. Only a few projects on new research
reactors are planned world wide such as the PIK reactor in Gatchina, Russia, and the RA-10 reactor
in Buenos Aires, Argentina. These reactor based sources will also be used for the production of
radioisotopes for medical use to balance the investments of several 100 MEUR for construction.

8
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III.1.2 Spallation neutron sources

Since the 70s spallation neutron sources have been developed and put into operation. In Europe
the �rst of these kind of sources was the ISIS source in Didcot, UK, followed by SINQ in Villigen,
Switzerland which came into operation in 1985 and 1996, respectively. Smaller spallation neutron
sources did exist in the US with the IPNS in Argonne operated from 1982 to 2008, LANSCE in Los
Alamos, USA, and KENS in Tsukuba, Japan. In addition China has recently put into operation the
Chinese Spallation Neutron Source in Dongguan with a 1.6 GeV proton beam and a neutron beam
intensity comparable to ISIS.

While the two spallation sources ISIS and SINQ operate with proton accelerators in the 590 to 800
MeV range, o�ering a comparable performance to medium �ux reactors, three powerful megawatt
spallation sources have been built in the last decade or are under construction to boost neutron
intensity towards high �ux reactors. These sources are the SNS in Oak Ridge, USA, J-PARC in Tokai-
mura, Japan and the ESS in Lund Sweden. Most instruments located at the ESS will outperform
instruments at the existing world leading high �ux reactor ILL by an order of magnitude or more,
becoming the world brightest neutron source. These megawatt spallation sources rely on powerful
large proton accelerators. In case of ESS a 2 GeV linear accelerator is used and the allocated budget
for construction of the facility is 1,83 Billion €.

Figure III.2: Neutron sources in Europe [4] as of the beginning of 2019. In the mean-
time, by the end of 2019, three important sources have been permanently shut-down:
the Orphée reactor of LLB in Saclay, France; the BER II reactor of HZB in Berlin, Ger-
many; and the JEEP II reactor of IFE in Kjeller, Norway. The color code refers to
large-scale (red), medium-scale (blue) and small-scale (grey) facilities, respectively.

III.1.3 Accelerator driven neutron sources

Neutron sources based on nuclear reactions using low energy proton beams and light elements are
in operation in USA and Japan since the 90s. The LENS facility in Indiana, USA, was build in 2003

9
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and uses a proton accelerator with 13 MeV proton beam o�ering a neutron yield in the range of low
�ux reactors [5].

Several accelerator driven neutron sources are in operation in Japan as the RANS facility in Tokyo
[6], the HUNS facility in Hokaido [7], the NUANS facility in Nagoya [8] and the KUANS source in Kyoto
[9]. These university based small neutron sources use low energy proton accelerators in the energy
range up to 7 MeV, except at HUNS, where an electron beam with 45 MeV is used. The performance
of these sources for neutron scattering experiments is mostly an order of magnitude below small
reactor based sources but allows quali�ed experiments on structure research (di�raction, small angle
scattering) and imaging.

A compact neutron source using an electron accelerator has been in operation in Bariloche, Ar-
gentina, till recently [10]. Several projects exist in China to establish small and compact accelerator
driven neutron sources.

In Europe no such kind of accelerator driven neutron source for neutron scattering applications does
exist at present, but there are several projects to develop and built such neutron sources. The SONATE
project in Saclay [11], France, promotes the construction of an accelerator based neutron source with
a 20 MeV, 100 mA proton accelerator. At the Legnaro National Laboratory in Italy an accelerator
based neutron source project is under discussion [12] as well as by ESS Bilbao in Spain. In Hungary
a small compact accelerator driven neutron source will be installed by the company Mirrotron for
industrial purposes. The HBS project of Forschungszentrum Jülich is the most ambitious among these
projects worldwide. It aims at a source based on a low energy, high current proton accelerator to
allow a neutron brilliance and �ux competitive to existing medium to high �ux neutron sources [13].

III.2 Neutron landscape

Historically research reactors dominate the current landscape of neutron sources. In 2018 in Europe
out of 15 neutron sources 13 were research reactors (Figure III.3). For these facilities nearly 200
instruments are counted serving up to 4,800 experiments by about 5,800 unique users according
to a recent survey [4]. Thanks to the versatile and broad network of neutron sources Europe has led
the �eld for 40 years in scienti�c studies using neutrons. More as 4,000 publications are produced
every year [14].

Two-thirds of all operational neutron sources in Europe were built in the 1960s & 1970s. Several
have already been shut down and the majority of the remaining ones will close within the next
ten years. In Germany, three research reactors have been shut down in the last two decades: the
FRJ-2 (DIDO) reactor of Forschungszentrum Jülich in 2006, the FRG-1 reactor of Helmholtz-Zentrum
Geesthacht in 2010 and the BER II reactor of Helmholtz-Zentrum Berlin in 2019. The year 2019
highlights the continuous fading away of this older generation of research reactors. Not only was BER
II permanently shut down in December 2019, but two other research reactors, which were important
for research with neutrons in Europe, were permanently taken out of operation: Orphée in Saclay,
France and JEEP II in Kjeller, Norway. This tendency will a�ect the healthy position and scienti�c
leadership of neutron science in Europe, despite the advent of the ESS, as pointed out in an ESFRI
Report by the EU [2]. The report projects “by 2025 Europe will, at best, have only 4 or 5 functioning
neutron sources. Most probably these will come from ILL, FRM II (MLZ), ISIS, SINQ & ESS. . . . By
the beginning of the 2030s a likely scenario – unless mitigating actions are taken - is that Europe
will �nd itself with the ESS and only one or two other neutron sources. Whilst this obviously will
recon�gure the scienti�c dynamics of neutron sources in Europe it will, even more importantly, focus
the responsibility for supporting today’s large scienti�c community and the instrumentation that it
depends upon, on these few facilities. . . . The clear consequence of all conceivable scenarios that we
foresee is that there will be a marked reduction in availability of scienti�c measuring capability using
neutron beams in the coming years, and an undesirable loss of specialist human capital. Europe

10
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Figure III.3: Neutron sources in Europe in 2018 [4]

will lose its undisputed lead in many of the important areas of the sciences served by neutrons. . . .
Therefore Europe’s competitive edge, deriving from this pursuit, not only in science but also in the
associated technological know-how, and in its medium and long-term innovation potential, will be
signi�cantly degraded, unless pro-active policies are implemented by funding bodies, the sources
themselves, and the user community alike. This is the sine qua non for the continued health of this
productive scienti�c discipline. There is a clear choice to be made between protecting and building
upon Europe’s investment or allowing it to wither away through indecision and inaction.”

Based on the described scenario there is high risk that Europe will lose its lead in knowledge-based
materials and agent design, the basis of technological progress and value creation in information
and energy technologies, health and transport. With unprecedented neutron �ux, the European
Spallation Source ESS is expected to play an exceptional and leading role in this scenario. It will
allow for entirely new types of experiments, but will not be able to o�er the capacity a large and
diverse user community needs. Evidently it is crucial to keep a network of national and regional
neutron sources in Europe. This network must provide a co-operating eco-system ranging from low
�ux experiments up to European top-class sources for neutron science. Here, low energy accelerator-
driven neutron sources provide a conclusive solution, as they are salable in price and performance
from smaller facilities for speci�c applications at Universities and in industry to high-end competitive
user facilities. Existing reactor based sources and spallation sources will have to be complemented by
compact accelerator driven neutron sources (CANS) to secure and develop a functional and resilient
network. The largest thread to research with neutrons in Europe is the loss of quali�ed and educated
sta� - scientists, engineers, technicians - due to the loss of opportunities for education following the
closure of neutron facilities. Who will be able to e�ciently use the European �agship ESS, a 2 B€
investment, if young people cannot be trained at smaller facilities with less user pressure? Apart of
providing research capabilities, education and training can be o�ered through small sources, such as
the one described in the Conceptual Design Report NOVA ERA, a compact accelerator based neutron
source along the line of existing university based sources in Japan.

11
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Figure III.4: HBS baseline design

The Jülich High Brilliance Source project HBS aims at a full-�edged medium size facility with highly
competitive instruments designed to maximize beam brilliance [13]. It answers to the increased
demand for experiments on small samples such as systems of biological macromolecules or nano-
magnets. Together with other similar European sources, the HBS can �ll the gap in instrument days
anticipated with the ongoing closure of older neutron sources and open neutrons to new �elds of
science.

III.3 Baseline design

Accelerator-based neutron sources provide a versatile and e�ective opportunity to improve and
spread neutron access in Europe and also a new route for supplying neutrons with leading-edge
research infrastructures directly to science and industry. The HBS project pushes the performance
of such sources to the current technological limits by employing state-of-the-art technologies in
accelerator development, target and moderator design as well as beam extraction, beam optics and
instrumentation. Based on a low energy high current proton accelerator, which produces a pulsed
beam to hit a metal target (tantalum for HBS) to produce a thermal neutron �ux comparable to
existing medium to high �ux reactor sources, a variable suite of neutron instruments can be served
(Figure III.4).

Main components of the HBS are

• a dedicated proton or deuteron accelerator with optimized energy (50 to 100 MeV) and current
(50 to 150 mA) that is multiplexed to feed several target stations which are operated at di�erent
frequencies.

• a target – moderator combination that o�ers a pulsed neutron beam at optimal frequency,
pulse duration and neutron spectrum to ful�l the needs of every single instrument.

• optimized moderators according to the spectral needs of individual instruments. It is a dramatic
change of paradigm in research with neutrons that in fact ”every instrument has its own
dedicated neutron source”.

• a number of instruments at each target station, typically around 6, in order not to dilute the
thermal �ux maximum.

12
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Technical outline and parameters of these components are presented in the corresponding sections.

The high brilliance compact accelerator driven neutron source aims at maximizing the brilliance of
its neutron beams while maintaining their high �ux. The best brilliance for a speci�c experiment is
achieved by the optimized setup, starting from a dedicated target-moderator unit for each individual
neutron instrument. Thus, the number of “useful” neutrons for the experiment in question is maxi-
mized, while minimizing the number of neutrons which have to be stopped in shielding – leading to
corresponding savings in costs of the instruments and of the facility operation. Thus the HBS design
follows the paradigm to ”produce less thus saving costs, but waste less by maximizing brilliance, not
source strength”.

Brilliance

In the normal optimisation process the �ux at the sample position is the last value to be known,
therefore, other key parameters have to be used for the optimisation process. In this regard, Liouville’s
theorem [15] can be used, which states that the phase-space volume is constant along the trajectories
of the system for conservative, loss-free optics. Hence, a very valid optimisation parameter is the
phase-space volume given by the target / moderator / re�ector (TMR) unit.

In scattering experiments a representation of the phase-space volume is the brilliance which is com-
monly used for any radiation source (light sources, synchrotron radiation facilities etc.). It normalises
the number of emitted particles to the area they are emitted from, the wavelength band, the time in-
terval and the solid angle. This de�nition of the brilliance doesn’t take into account the time-of-�ight
possibilities a compact accelerator driven neutron source o�ers and therefore does not represent
the phase-space volume of an experiment at such a source. The repetitiveness of the neutron beam
has to be taken into account. This can be done by normalising to the number of particles hitting
the target as the neutrons are produced by nuclear reactions of light ions inside a suitable target
material. Hence, for such accelerator-driven neutron sources, the dimension of brilliance is chosen
to be

[B] =
1

scm2sr(1%∆λ/λ)(mAs)
. (III.1)

This de�nition of a brilliance allows the optimisation of the TMR-unit for the requirements of the
instruments. A detailed description of this brilliance de�nition is given in the Appendix A.3.

III.3.1 Comparison to existing sources

The HBS aims to be competitive with existing neutron facilities while at the same time being more
�exible, more accessible and particularly cost-e�cient. On the baseline design of HBS with a 100
kW proton beam on a metal target (tantalum) the expected HBS brilliance has been simulated and
compared with that of existing sources: the reactor sources HFR of the ILL in Grenoble, France, and
FRM II of the MLZ in Garching, Germany, the short pulse spallation source ISIS in Didcot, England,
and the long pulse spallation source ESS in Lund, Sweden.

The thermal and the cold neutron brilliance of HBS were simulated based on MCNP simulations at
the transition from the moderator to the re�ector. The resulting spectra were described as a sum of
two (thermal) or three (bispectral) Maxwellian distributions. For the reactor sources, the wavelength
dependence of the brilliance was directly taken from published data [16, 17, 18], while the peak
�uxes of the pulsed sources were determined as outlined in Appendix A.2 [19, 20]. Results of these
simulations are shown in Figure III.5. For thermal neutrons HBS reaches a peak brilliance of 2× 1013

n s−1 cm−2 Å−1 sr−1, identical to the brilliance of the FRM II within errors. For cold neutrons a
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brilliance of 3 × 1012 n s−1 cm−2 Å−1 sr−1 at ≈ 4 Å is reached, which positions clearly HBS into
the high ranks of neutron sources, surpassed only by MW spallation sources.

Figure III.5: Comparison of neutron brilliance of thermal (Le�) and cold (Right) neutron
yield at various neutron sources

One should note that these results rely on existing data bases for the simulation, but are being tested
experimentally at a dedicated set-up at the COSY cooler synchrotron of Forschungszentrum Jülich.
These experimental results will be published separately.
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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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Figure IV.1: Challenges in complex systems: crowded biological systems, quantum
technology, spintronics, battery technology [24, 25, 26, 27]

tum states and special topological properties is the realm of neutrons since the experimental
setup requires complex sample environment for ultra-low temperatures, high magnetic �eld
or high pressure, which can hardly be realized for any other microscopic probe mentioned
above.

• Neutrons have already laid the foundation for the ongoing revolution in information technolo-
gies (IT), which employs the spin of the electron instead of its charge, the so-called �eld of
spintronics. Spintronics avoids Ohm’s losses and thus promises to make the dream of a Green
IT come true. Again, the knowledge of the structure is the �rst step to manipulate functionality,
here the magnetic structure of the materials combined to spintronic devices. While in macro-
molecular structure determination synchroton X-rays dominate the �eld, neutron di�raction
is the unique probe for magnetic structure determination. An estimated 95% of all magnetic
structures have been determined with neutrons. The next step is to understand the spin dy-
namics and the interface e�ects in thin �lm heterostructures making up spintronic devices.
Neutrons are ideal probes also for this second step towards engineering and optimizing com-
plex multi-component spintronic devices.

• Finally, technological devices, e.g. for energy technology, are very complex systems con-
sisting of a combination of many di�erent materials. The energy revolution moving towards
renewable energies requires e�cient energy conversion and energy storage devices, such as
fuel cells and batteries. These devices are based on the movement of light elements, such as
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hydrogen or lithium, which naturally makes neutrons the probe of choice. Neutrons are used
to disentangle the water exchange mechanism and proton di�usion through the membrane in
fuel cells or the Li migration between the electrodes in Li ion batteries. Due to the penetration
ability of neutrons, these studies can be done operando, e.g. in charging and discharging
cycles of batteries, and thus allow one to chose the best materials, optimize the geometry,
and �nd and thus combat the reasons for ageing of the devices.

These examples highlight some of the strengths of neutrons. A broader description of using neutrons
in all areas of science and technology is presented in the following sections of this Chapter.

However, free neutrons are rare and progress in this �eld can only be achieved with the provision of
highly brilliant neutron beams with optimized pulse structure and energy spectrum. Such beams will
be provided by the HBS, which will feature the highest ratio of beam brilliance-to-source strength, a
quality criteria which will re�ect in excellent signal-to-noise ratios. This will allow the investigation of
small samples under optimized background conditions. The HBS is designed to be the ideal facility
to solve grand challenges occurring in complex systems. It will be

• a source to solve the problems of complexity in life science, e.g. crowding in biological cells,

• a discovery machine for novel quantum materials in complex sample environment,

• a facility to optimize complex technological devices for Spintronics and for the energy revolu-
tion under realistic operation conditions.

Typical problems in science and industry mostly require a maximisation of the brilliance of a neutron
beam. As an example the determination of the exact position of hydrogen atoms in protein structures
needs a high �ux of cold neutrons to illuminate a small protein single crystal of usually less than 1
mm3 with a well collimated beam. The same holds for experiments in which the magnetic structure
of an ordered ensemble of magnetic nanoparticles, a so called mesocrystal, is being studied. In both
cases the samples available are tiny and high brilliance combined with low background is needed
for a successful experiment to deliver highest �ux with low divergence in a small beam diameter.
This is exactly the challenge the HBS project is responding to!

The project will enable

• science with neutrons to become accessible more easily and locally in all areas mentioned,
far beyond the limited access to the world-leading facilities.

• basic and applied research from material to life sciences, physics, engineering or cultural
heritage to be done more �exible and timely following speci�c scienti�c and societal demand.

• the capacity of neutron beamtime to be stabilized and enlarged by the establishment of new
facilities with high-quality neutron instrumentation on a level complementing the high-�ux
reactor and megawatt spallation sources.

• dedicated instruments for certain applications or speci�c scienti�c �elds or industries to be
realized on additional target stations.

• research in many �elds requiring high brilliance neutron beams, e.g. for life science, engineer-
ing materials science, quantum and nanotechnology will receive a boost.

In addition, small neutron facilities at the universities or at industrial research laboratories could be
made available to o�er rapid access to neutron methods with instrumentation on a workhorse level
[28].
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IV.1 Chemistry

The synthesis of new materials is the basis of chemistry and a constant driving force in many ar-
eas in science. High temperature superconductors became available by anorganic oxide chemistry,
metal organic frame works are driven by supramolecular chemistry, new battery materials, hy-
drogen storage systems rely on chemical synthesis of hydrogen containing materials or new lithium
compounds. Improvements in photovoltaic are driven by new anorganic as well as organic materials.
Organic and non-organic light emitting diodes became available by new complex and multilayered
structure. Graphene evolved by sophisticated chemical synthesis. Green chemistry will require many
new materials to be synthesized to minimise waste and renew feedstocks.

Figure IV.2: Hydrogen loading in porous
crystals [29]

For the understanding of chemical reactivity, reaction
kinetics and structure dynamics in energy and func-
tional materials complementary studies using neu-
trons are required. They will help to develop im-
proved structural materials, new lightweight materi-
als, fuel cells and batteries for mobility, energy pro-
duction, conversion, and storage. New or more e�-
cient processes for material production and energy
handling could be developed and improved using
various neutron methods. Intermolecular forces in
liquids and glasses using high pressure, temperature,
or magnetic �elds will be studied to understand and
improve materials and systems.

To probe the structure and dynamics of new mate-
rials neutrons are a versatile tool. Strong bonding in
hard matter can be studied using total neutron scat-
tering and neutron di�raction. Magnetic structures
are probed by magnetic di�raction. Lattice dynam-
ics, phonons and magnons are shown by inelastic
neutron scattering. Weak bonding at surfaces or cat-
alysts, colloids, liquids and solutions, self assembled
aggregates and so� matter interactions in general are studied using small angle neutron scattering,
neutron re�ectometry and di�use scattering.

A unique advantage of neutron scattering is the strong scattering power of light atoms, isotope
contrast and the right energy scale to probe phonons. Main goals in sustainable chemistry can be
approached by neutrons. The structure of novel materials can be determined and atomic vibrations
of molecular crystals are accessible to probe ab initio theories. Measurements with complex sample
environment are feasible due to the high penetration power of neutrons through the devices.

The current focus in chemistry using neutrons is in the areas of hydrogen storage materials using hy-
drides, new lithium and non-lithium containing materials for batteries, new materials in photo voltaics
and renewable energy, development and understanding of white light emitting diode materials and
optoelectronics, new materials for magnetic and spintronic applications, carbon based electronic ma-
terials as graphene and structural polymers to be used i.e. in 3D printing. A few examples on novel
materials and system are the following.

• Ferrimagnetic double perovskites show highest remnant �eld values as shown for Mn2FeReO6

[30]. Exotic magnetoresistance or other spintronic phenomena may be generated from cou-
plings between spin, lattice, and charge degrees of freedom in such high pressure Mn-based
double perovskites. Neutron di�raction is indispensable to reveal atomic and magnetic struc-
ture of this class of materials.
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• Pyrochlores are an exiting class of oxynitride materials which exhibit interesting spin glass and
spin liquid behaviour. Using di�erent cations as Ca, Sr or Ba they can be tuned for applications
as phosphors in white light emitting diodes (WLED) [31]. The same can be achieved by anion
clustering replacing SiN by AlO shi�ing emission wavelength. Structure and dynamics are
examined using polarised neutron powder di�raction and inelastic neutron scattering.

• Of highest interest is the production of hydrogen by photoexcitation driven water-splitting
which can be achieved with visible light using certain transition metal perovskite oxynitrides.
Transition metal oxynitrides are an emerging class of materials with optical, photocatalytic,
dielectric and magneto-resistive properties. A driving force in these properties seems to be
the oxygen/nitrogen anion ordering in these systems. Neutron powder di�raction has been
applied due to the distinct scattering contrast between oxygen and nitrogen to probe the anion
ordering [32].

• The class of transition metal carbodiimides provide a class of materials with potential for
new lithium or sodium battery systems [33]. The complex synthesis needs the control of the
structure in-situ by neutron di�raction.

Quick access to neutron beam time in order to characterize newly synthesised compounds allows a
feed-back of structural information into the synthesis process. Laboratory facilities close to neutron
scattering instruments are o�en essential if sensitive samples have to be prepared just ahead of a
neutron measurement. Such requirements for studies in the �eld of chemistry can be realized at an
HBS type facility due to its intrinsic �exibility.

IV.2 Geoscience

Figure IV.3: Basal pole �gures of chlorite,
dolomite and quartz [34]

Neutron scattering and neutron activation analysis are
important methods for the study of geological materi-
als. This is to a great extent due to the possibility of
localizing hydrogen, an important and common ele-
ment in minerals. Di�raction experiments yield a larger
quantity and more exact information than X-ray scat-
tering when analysing complex low-symmetric crystal
structures of many minerals. Prompt Gamma Neutron
Activation Analysis (PGNAA) provides information on
the composition of the sample including light elements
as well. Applications of PGNAA are diverse and include
the investigation of samples in geology and petrology
to probe e.g. the composition (major, minor and trace
elements) of minerals or sediments, in situ monitoring
of chemical reactions, determination of nuclear data
and much more.

Texture is de�ned as preferred crystallographic orien-
tation in a polycrystalline aggregate. The main mech-
anisms of geological texture formation are crystalliza-
tion, sedimentation, plastic deformation, recrystalliza-
tion and metamorphism. Textures of geomaterials are
�ngerprints of the earth’s history.

Quantitative texture analysis, i.e., the calculation of a
three-dimensional orientation distribution function of crystallites, is based on experimental pole �g-
ures which represent the orientation distributions of certain crystallographic directions and which
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can be obtained from neutron di�raction techniques. Examples illustrate the use of those neutron
methods in the �eld:

• (Fe, Mn)-phosphates play an essential geochemical role in the evolution of pegmatic rocks.
The exact crystal-chemical formula is investigated with neutron di�raction to understand the
formation process [35].

• For the genesis of the formation of bentonite cation exchange and amount of ions have been
investigated using PGNAA to allow better classi�cation of found minerals [36]

• Texture and microstructure of granulites are investigated using neutron di�raction to obtain
plastic deformation relevant to help interpret seismic data [37].

IV.3 Environment

The increasing world population density, together with global urbanisation and industrialisation are
putting a real strain on the planet and the environment. To keep on growing and prospering, or
simply maintain living standards, countries need to minimise this strain and protect their environ-
ment. Neutron scattering is helping scientists to �ght pollution and develop environmentally friendly
processes that generate and release fewer contaminants into the environment. This is also impor-
tant with respect to protect climate and reduce the release of harmful ingredients triggering climate
relevant chemical processes. Prompt and delayed gamma neutron activation analysis can provide
information about rare elements and serve as a way to detect contaminants. Neutron di�raction can
help to identify the structure of particles and modi�cations due to interactions with contaminants.

• A combination of cold neutron prompt gamma-ray activation analysis (CNPGAA) and thermal
neutron (TN) PGAA was used to determine sulfur in fuel oils for the environmental friendly
handling of oil products [38].

• For the optimization of the manufacturing process of multicrystalline silicon (mc-Si) for solar
cells in order to reduce energy consumption and costs PGAA was used to determine the boron
and hydrogen contents [39].

• The detection of heavy elements in sediments was demonstrated using PGAA to control the
concentration of harmful contaminants as cadmium or mercury [40].

• Formation of metastable nitric acid in ice clouds a�ecting the formation of high altitude clouds
in the polar stratosphere was found using neutron di�raction on ice particles.

• Storage of anthropogenic CO2 in geological formations relies on a caprock as the primary
seal preventing buoyant super-critical CO2 escaping. Although natural CO2 reservoirs demon-
strate that CO2 may be stored safely for millions of years, uncertainty remained in predicting
how caprocks will react with CO2-bearing brines. Small angle neutron scattering was used to
determine the porosity and prove the viability of geological carbon storage.
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IV.4 Engineering

Figure IV.4: Micrograph of an aluminum
magnesium SiC metal matrix composite [41]

Complex engineering devices can be studied by neu-
tron imaging techniques thanks to the high penetra-
tion depth of neutrons in matter. Working systems
in real operation conditions can be visualized. Hy-
drogen containing materials as plastics, oils or so�
tissues can be distinguished easily due to the high
contrast of hydrogen material in the neutron image
as demonstrated on the distribution of oil and lu-
bricants in motor engines improving e�ciency and
stability of combustion engines.

• Steel construction in bridges, lightweight alu-
minum components in airplanes or cars, rails
and axes in trucks or rails have to withstand
various kinds of external and internal stress
and strain. To monitor such stress and under-
stand the underlying processes and process
parameters neutron di�raction is applied pro-
viding high spatial resolution and high pene-
tration depth.

• The analysis of microstructures and phase dis-
tribution in composite materials and alloys is important to develop new materials to improve
sustainability, save energy and protect environment. Experiments with neutrons will help to
verify model predictions and improve material simulation e�orts.

• In probing material stability texture, stress and strain measurements by neutron di�raction are
an indispensable and complementary tool in engineering and material science. In particular in-
situ measurements close to operating conditions or applied forces help to improve the materials
and provide important bench mark values for simulation and theory.

• Metal matrix composites (MMCs) are widely used in advanced industries because of their
outstanding properties. However, the poor weldability of MMCs is one of the major factors
that limit the widespread application of MMCs. Friction stir welding (FSW) is considered to
be a promising technique for joining MMCs. Using neutron di�raction, the multiscale residual
stresses in welds were characterized and used to calculate thermal and plastic mis�ts

• Studies for components can be accompanied by experimental tests e.g. by imaging of welding
structures and textures, cracks, pores and domain structures in engineering materials.

• The characterisation of early stage precipitation in Ni-based superalloys is an important issue
as it strongly supports the development of new high temperature alloys. The formation of �ne
precipitates and their initial growth in an alloy system of a tungsten-rich Ni-based superalloy
has been revealed by SANS due to the fact that this method makes it possible to characterize
inhomogeneities of the order of 1-300 nm even in-situ at high temperatures, making it the
perfect match to receive a size and volume fraction of these precipitates

• Intermolecular forces in liquids and glasses using high pressure, temperature or magnetic �elds
will be studied to understand and improve materials and systems. The dynamic behavior of
liquid metals and alloys as present in many metallurgical processes requires the investigation
of di�usion and transport processes down to the atomic level and time scales.
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• In many industrial processes as well as in environmental applications such as water cleaning or
energy conversion using fuel cells, porous materials or membranes are needed with dedicated
performances. Structure and interaction with gases or �uids can be investigated using small
angle neutron scattering, neutron re�ectometry or neutron imaging.

An HBS type of source is well adapted to the requirements of engineering materials science. The
time-of-�ight techniques is highly e�cient in determining textures as one rotation necessary for
monochromatic measurements can be omitted. Spatially resolved stress-strain measurements require
�ne and highly collimated beams, exactly the beam quality which a high brilliant source delivers.

IV.5 Information and quantum technologies

Figure IV.5: Di�erent skyrmion spin textures
[42]

Due to their magnetic moment, neutrons are
very prone to study magnetic phenomena rang-
ing from unconventional superconductors and mag-
netic nanoparticles to magnetic hetero-structures.
The magnetic behaviour and structure of novel ma-
terials for multiferroics or magneto-calorics can be
investigated. Materials for new permanent magnets
and applied magnetics materials, of which a high de-
mand in energy, electronics and automotive indus-
try exists, can be developed and tested having easy
access to neutrons. Current topics addressed with
neutrons here include the following.

• New materials create new phenomena as
found in spintronics materials. One pathway
towards energy-saving ”Green IT” is to employ
antiferromagnets in thin �lm heterostructures,
so-called antiferromagnetic spintronics. Neu-
trons have revealed layer-resolved magneti-
zation reversal in novel all-oxide–based syn-
thetic antiferromagnets. On superconductivity
new intermetallic materials exhibit unexpected
superconductivity as e.g. of FeTe1−xSex. The
search for such new materials is open and can
be guided by ab-initio calculations for materi-
als with IC �uctuations as CrAs which have to
be tested by neutron scattering.

• The appearance of a magnetic excitation spectrum with an hour-glass shape in energy-
momentum space is a characteristic property of high-temperature superconducting cuprates.
Despite numerous studies, the origin of this peculiar excitation spectrum is not well under-
stood. Using three-axis neutron spectroscopy, an isostructural but insulating cobaltate that
also exhibits an hour-glass magnetic spectrum was studied. A fractal microstructure with a
nanoscopic distribution of undoped and hole-doped regions within the cobalt oxygen planes
was observed which unravelled the microscopically split origin of the hour-glass spectra on a
nano scale.

• In the case of magnetic monopoles in magnetic vortices, called skyrmions, information can
be written and erased, which could provide a decisive step toward the realization of novel,
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highly e�cient data storage devices. The magnetic vortex structures were discovered through
neutron scattering experiments on manganese-silicon.

• Highly entangled quantum states are the basis of the quantum technologies of the second
quantum revolution, from quantum sensors, via quantum communication, to quantum com-
puting. Such states are o�en stable only at low temperature, high magnetic �eld of high
pressure. Neutrons with their ability to penetrate the required sample environment and with
their sensitivity to the electronic spin degree of freedom are ideally suited to discover or study
and understand novel quantum states. This has been proven e.g. by the observation of the
Higgs transition in a magnetic Coulomb liquid, the discovery of spiral spin liquids and Weyl
fermions or by portraying entanglement between molecular qubits with four-dimensional in-
elastic neutron scattering.

• Skyrmion lattices – regular crystalline arrangements of skyrmion lines found in chiral magnets
provide an excellent showcase for the investigation of topological stability and phase conver-
sion. Small-angle neutron scattering is used to investigate the topological stability and decay
of skyrmions to prove the essential features of the topological unwinding of skyrmions.

• Multilayers of rare earth such as gadolinium, dysprosium or terbium and ferromagnetic ele-
ments are known to show exchange bias e�ects. In these kinds of multilayer systems, a hard
and a so� magnetic layer are combined and magnetically coupled at the interface. Polarized
neutron re�ectivity is an e�ective tool to probe such challenging ferrimagnetic systems and
can explain the magnetic behaviour of the system.

The HBS is ideally suited for the study of nanomagnetism in the form of magnetic heterostructures or
magnetic nanoparticles. As an example, the study of the magnetic structure of an ordered ensemble
of magnetic nanoparticles, a so called mesocrystal, is a challenge for present-day neutron instru-
ments. The samples available are tiny and high brilliance is needed for a successful experiment to
deliver highest �ux with low divergence in a small beam diameter.

IV.6 Nanotechnology

As tools for nanoscience and nanotechnology, neutron scattering with intense neutron beams helps
to characterize and assist in fabricating nanostructured materials, nanoscale devices, and nanosys-
tems. As subatomic probes of dynamics, neutron scattering centers and specialized instruments allow
literally to visualize nanostructures and nanomaterials - either human-engineered or biological - at
the nanoscale.

An understanding of novel properties at the nanoscale and their relation to function stimulates new
research and development activities across diverse application areas such as catalysis, photovoltaics,
fuel cells, membranes, adsorbents, coatings, displays, ceramics, thermo-electrics, adhesives, sensors,
batteries, pharmaceuticals, and magnetic and semiconducting devices.

Self-assembly driven by thermodynamics and directed self-assembly guided by external �elds
are important mechanisms for forming heterogeneous nanoscale structures. The bene�ts of self-
assembled nanostructured materials are being explored for a broad range of applications, including
drug and gene delivery agents, nanoporous membranes, and miniaturized biosensor arrays. Neu-
trons have an important role in determining the nanoscale structure of self-assembled systems and
measuring the interactions among particles. This is a necessary �rst step towards achieving full
control of the self-assembly process, which would have far-reaching scienti�c and technological
implications.
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• By using neutron re�ectivity experiments the density distribution pro�les of adsorbed diblock
polymers with detail at the molecular level were obtained. When combined with state-of-the-
art techniques for polymerization and selective deuteration, and applied to controlled model
architectures, neutron re�ectivity measurements helps to elucidate the structure of complex
systems at interfaces under con�nement and applied shear stress.

• The interaction between surfaces displaying end-gra�ed hydrophilic polymer brushes plays
important roles in biology and in many wet-technological applications. Neutron re�ectometry
yields distance-dependent structures of nanometric polymer brushes interacting across water
[43].

Again, for studies in the �eld of nanotechnology, highly brilliant beams combined with low back-
ground are required, a true realm of an HBS type of source.

IV.7 Energy technology

Figure IV.6: Using neutron depth pro�ling lo-
cation of lithium in the battery material can
be determined. (Figure: M. Trunk, FRM II /
TUM) [44]

The development of new and improved structural
materials is a continuous challenge necessary to
tackle a broad range of questions and disciplines
ranging from energy production, conversion and
storage, mobility, and climate. New materials are the
driving force in innovation and the creation of wel-
fare and better life. More e�cient and energy saving
processes for material production and handling in an
environmental friendly way are required.

Material sciences bene�t of neutron scattering due
to the access to samples at relevant conditions com-
bined with in-situ and operando studies. This allows
monitoring of processes and the accurate measure-
ment of process parameters which is the basis to
understand the process mechanism. Some topics in
material science are found in the following �elds.

• The analysis of light elements as hydrogen in
materials is of great importance in many areas
as catalysis, high and low temperature mate-
rials, energy storage materials or multilayer
chemistry. Neutron di�raction is a versatile method to locate hydrogen in the structure of such
materials.

• Conventional Li-ion batteries (LIB) inevitably su�er from capacity losses during operation. The
degradation mechanism of all-solid state, thin �lm batteries can be studied using operando
neutron depth pro�ling to elucidate aspects of the long-term degradation mechanisms.

• For the understanding of chemical reactivity, reaction kinetics and structure dynamics in energy
and functional materials complementary studies using neutrons are required. The microstruc-
ture and phase distribution in metall composites and alloys on solidi�cation needs accurate
liquid di�usion data which can be provided by neutron spectroscopy.

• New or more e�cient processes for materials production and energy handling could be devel-
oped and improved. Neutrons help to develop improved structural materials, new light weight
materials, fuel cells and batteries for mobility, energy production, conversion and storage.
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IV.8 Cultural heritage

Being a non-destructive probe, neutrons can penetrate deeply into cultural artefacts or beneath the
surface of paintings to reveal structures at the microscopic scale, chemical composition, or provide
3D images of the inner parts of the artefacts. For heritage science purposes, whole artefacts can be
placed in the neutron beam and analysed at ambient conditions without tedious sample preparation.

Typical tasks in archaeometry are provenance studies to identify the sources and workshops where
material was fabricated and used, to determine the manufacturing processes and conditions, to
identify fakes and imitations, to explore conditions of conservation and restoration, to reveal ancient
technologies and to date artefacts correctly. In all these tasks the non-destructive methods using
neutrons can be applied.

Figure IV.7: Non-destructive analysis of north
door relief of Florence baptistery [45]

Measurements at neutron imaging stations are
made in real time, which can be useful for
testing conservation materials and methods.
Prompt gamma neutron activation analysis (PG-
NAA) can be applied for the nondestructive
chemical analysis of artefacts.

• Restorers employed two di�erent clean-
ing methods on the 15th century head
of the prophet bronze surface, blackened
over the years, at the Baptistery of San
Giovanni in Florence: they cleaned a part
of it, with a laser, another part chemi-
cally using salts and a third portion of
the head remained uncleaned. Neutron
analysis did show nondestructively which
cleaning method was optimal.

• Iron has become one of the most im-
portant materials in the study of prehis-
toric and historic cultures. Therefore, the
preservation of iron artefacts and the pre-
vention of corrosion, in particular, plays a predominant role in the work of archaeological mu-
seums. PGNAA is ideally suited for determining the chlorine content of artefact pieces without
destroying the valuable objects. With sensitivity in the ppm range, PGNAA allows systematic,
non-destructive tests of the e�ciency of leaching procedures in the preservation of artefacts.

• Phase analysis, structure determination and texture and stress analysis were applied to study
medieval high carbon steels to understand medieval processing techniques.

IV.9 So� Matter, biomaterials and health

Nanocomposites, nanoparticles and nano-materials for medical and life science are developed and
used in an increasing number of applications in daily life, engineering, health care and medicine.
Scattering methods to study structure and dynamics of such materials to characterise di�erent for-
mulations and behaviour over time are of general importance. Aspects of safety on health and
environment of such new materials have to be studied, which needs reliable structural information.
Here, neutron scattering methods can provide important and complementary information. As an

25



32 CDR | HBS

IV
.

example, small angle neutron scattering has been applied to study nanoparticles as drug delivery
systems to understand their aggregation and interaction behaviour.

New biopolymers and bio-degradable materials are strongly requested for ecologically friendly and
energy saving materials and products. Structure and interaction need to be investigated to develop
and modify synthesising processes and adapt to environmental requirements. Deuterated molecules
highlight polymer interactions or interaction of drugs and peptides with bio-membranes. Some
examples using neutron scattering in this �elds of research are the following.

• Tight packing leads to coordinated movements of larger groups of atoms within polymer melts.
Neutron spectroscopy makes it possible to detect how long-chain molecules in their liquid melt
move. The results contribute to a better understanding of mass transport in liquids, which
plays a crucial part in many technologically relevant processes, for example in charging and
discharging batteries, electrolysis, and chemical reactions such as catalysis in the liquid phase.

• A currently active �eld of research is focused on the special class of so� colloids, i.e. elastic
and deformable colloidal particles, which display a dual character associated with polymers
and hard spheres. Due to their hybrid nature, so� colloids macroscopically show interesting
structural and dynamic properties resulting from their unique microscopic structure. Small
angle neutron scattering revealed experimental structure factors S(Q) which, in combination
with liquid state theory and simulations, lay the basis for understanding so� colloids.

• Polymer drug carriers based on N-(2-hydroxypropyl)methacrylamide (HPMA) co-polymers
have been developed for the treatment of tumors, with special focus on site-speci�c deliv-
ery and controlled release of anti-cancer agents into tumor tissues or cells. Time-dependent
SANS measurements following sharply changing pH levels has been applied to characterize
the drug release and changes in the particle size and shape of HPMA.

• Hydrogen and hydration water is essential for the function of enzymes, e.g. when during a
reaction process the hydrogen bonds are recon�gured. Neutrons with their ability to see the
relevant hydrogen atoms can reveal reaction pathways and thus provide necessary information
for the design of agents. In this way a new approach to combat helicobacter pylori, thought
to be responsible for gastric cancer, has been found.

• Theranostics are materials which combine diagnostic and therapeutic capabilities. Promising
candidates for theranostics are aggregates containing gadolinium complexes. They have been
proposed as contrast agents for magnetic resonance imaging (MRI) and could also be used as
anti-cancer drugs. The structure and aggregation of the potential drug has been studied using
small angle neutron scattering to clarify if, and how much of the anti-cancer drug doxorubicin
could be loaded via these nanostructures.

IV.10 Radiation safety

Radiation e�ects in electronics is a very important �eld of scienti�c and technological research. Ra-
diation tolerance is strategic for many applications of electronics: Space Applications, High Energy
Physics (HEP), Nuclear Reactors, Nuclear Medicine. Understanding and quantifying the impact of var-
ious types of radiation e�ects on electronic systems enables the construction of reliable instruments
for radiation hostile environments, such as HEP experimental halls, Outer Space.

Radiation damage in electronic semiconductor device occurs when there is a deposition of energy in
the form of atomic displacement and/or ionization. Displacement damage dose (DDD) e�ects in the
semiconductor bulk or total ionization dose (TID) e�ects in the insulators layers and interfaces are
cumulative: the damage, measured as shi�s in device parameters (leakage currents, thresholds...),
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progresses as the device is exposed to increasing amounts of radiation. On the other hand, a Sin-
gle Event E�ect (SEE) occurs when a single ionizing particle generates enough unwanted charge
to cause an instantaneous anomalous device or system behaviour. Hence, the need to test com-
mercial industrial products against neutrons is a growing issue that goes far beyond applications in
extreme environments. It is true for Avionics as well as for commercial electronics used in mundane
applications as our terrestrial environment is by far not radiation free.

• Neutrons produced in high-energy cosmic ray air showers are invasive, ubiquitous, and may
induce SEE. The study of neutron-induced SEE in commercial electronics with appropriate
irradiation facilities is of strategic importance, in particular for digital electronics industries that
�ood the market with memory and logic components. High-pro�le product failures would
bring signi�cant loss of market share and revenue.

Figure IV.8: Cosmic ray air showers in the upper atmo-
sphere by energetic primary cosmic rays [46] (Graphic:
Asimmetrie/INFN)

Radiobiological e�ects are of utmost
important for determining radiation
e�ects on living organisms and for ra-
diation protection, providing the con-
version from absorbed dose (Gy) in
Equivalent dose (Sv). The data from
which these values are determined
[47] are derived either directly by
dedicated measurements with neu-
tron irradiation of biological samples
and from the e�ects of the bombs at
Hiroshima and Nagasaki or indirectly
by an estimation of the Linear Energy
Transfer (LET) of the secondary par-
ticles produced by them in tissue. In
both cases, the uncertainties beyond
10 MeV are too high as to make accu-
rate prediction. The spallation source
at LANSCE/WNR neutron beam line has been used, not only for the irradiation of chips and elec-
tronic circuits, but also for the irradiation of cells and embryo for determining the Relative Biological
E�ectiveness (RBE) of high energy neutrons [48].

The RBE factor for neutrons is strongly energy-dependent. Although there is abundant literature on
the neutron RBE for thermal and fast neutrons up to a few MeV, little is known about the e�ect of very
high energy neutrons, as those that can be produced by cosmic rays. Nevertheless about 80% of
atmospheric neutrons have energy below 100 MeV. SEE cross section has a threshold located around
few MeV with a plateau above this energy: the de�nition of the threshold is of utmost importance
and can be experimentally measured by means of quasi-monochromatic neutron beam at energy
below 100 MeV.

• The response to high-energy neutrons can be a useful source of information about the mech-
anism of DNA mutations [49]. Recently advanced techniques have been developed for the
observation of DNA damage and repair mechanisms [50]. The application of these techniques
to culture cells a�er neutron irradiation would provide important data for assessing the risk of
neutron radiation exposure.

• Another problem of recent interest is the behaviour of bacteria exposed to high energy neu-
trons, a concern when transferring bacteria in/out of earth. Bacteria are very resistant to
radiation, requiring doses of the order of 1000 Gy for direct radiation e�ects, but most of the
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studies have been done with radiation beams of energies up to the MeV scale. Little is known
about their behaviour at higher neutron energies.

In space missions, the issue of radiation e�ects is in particular important not only for electronics and
critical instrumentation. The direct e�ects of radiation in human beings is clearly critical. In general,
radiation e�ects originate from either the killing of large number of cells (deterministic e�ects).
With the current shielding technology, it is di�cult to protect astronauts from the adverse e�ects
of heavy-ion radiation. The problem of shielding against Galactic protons is compounded by the
production of secondary neutrons in the shielding itself. Recently, the strong improvement in magnet
construction triggered the possibility of performing active shielding on spacecra�; the secondary
neutron production remains the most challenging open issue and research on the mitigation of
radiation e�ects on humans in space is crucial.

• In the International Space Station (ISS), there are two basic components of neutron radiation:
the albedo neutrons emanating from the Earth’s atmosphere and the secondary neutrons from
the interaction of high energy GCRs with spacecra� materials. The neutron energy range of
interest for radiation risk assessment is 0.1 to at least 200 MeV. Based on both modelling and
measurements covering a portion of the energy range of interest, it was found that secondary
neutrons contribute a minimum of additional 30 percent and up to 60 percent of the dose
equivalent rates of charged particles [51].

At an HBS type source one could envisage a dedicated target station for studies in this �eld. Such
a dedicated target station has been realized already at CANS, for example at the LENS facility in
Bloomington, Indiana. In Leganaro it has been shown that with the proper choice of target material
combinations, the spectrum of high energy neutrons from cosmic ray air showers can be closely
approximated.
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IV.11 Neutron methods

IV.11.1 Elastic scattering

Elastic neutron scattering provides information about structural properties of condensed matter. The
deviation of the neutron’s direction from the direction of incidence on the sample is higher, the longer
the neutron’s wavelength is and the smaller the correlation length between comparable structures
is. In that sense, neutron scattering is a reciprocal space method and is sensitive to structural (or
magnetic) correlations in the range of the neutron’s wavelength up to some hundred multiples of
the wavelength, if the instrument delivers a su�ciently high angular resolution. Di�erent neutron
scattering instruments are used, optimized to di�erent requests on resolution in wavelength and
scattering angle(s), together with well adapted detector systems to be able to o�er ideal experimental
conditions to address the user’s questions to his speci�c sample.

Figure IV.9: Angle and wavelength dispersive time-of-�ight
powder di�raction measurement [52]

At a pulsed neutron source, the
wavelength is typically measured
by time-of-�ight, i.e. it is de-
termined by the time the neutron
needs to travel the distance be-
tween the source and the detec-
tor. In most cases the length of
the source pulse or the opening
time of the chopper window imme-
diately a�er the source de�nes the
wavelength resolution. At the HBS
source, di�erent target stations with
di�erent pulse lengths are avail-
able. This enables one to choose
a pulse structure optimal for the ex-
periments to be performed at a cer-
tain instrument.

As the pulsed source only oper-
ates for a short fraction of the
time frame, but the detector op-
erates continuously, a large range
of wavelengths can be used in ev-
ery pulse frame to measure elastic
scattering. If the scattered neutrons
are detected with large solid angle
coverage, elastic scattering experi-
ments are typically 10-20 times more e�cient compared to a continuous neutron source, where
usually monochromatic neutron di�raction instruments with lower detector coverage are employed.

As the wavelength of thermal neutrons matches very well the inter-atomic distances, powder di�rac-
tion and single crystal di�raction are methods used to investigate the arrangement of atoms on the
scale of atomic distances. Neutron di�raction is complementary to X-ray di�raction. In contrast to
X-ray di�raction, the neutron’s interaction potential is not increasing monotonously with the atomic
number so that light elements, e.g. lithium, nitrogen, oxygen, and most importantly hydrogen, can
be investigated in an environment of much heavier atoms. Especially hydrogen atoms are basically
invisible for x-rays, so that the structural investigation of organic compounds, hydrides or other
hydrogen containing structures is strongly dependent on the opportunity to use neutrons as a probe.
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The directionality of the interaction between the neutron and a sample can be used to determine
anisotropies in a sample. Texture di�raction is a method using the anisotropy of powder di�raction
from a sample to investigate ordering phenomena in polycrystalline objects. This method is used
as well to get knowledge about the production process of historical artefacts as about what has
happened with geological samples that underwent multiple transformation and transport processes
during the evolution of our earth including plate tectonics and vulcanism. Also e�ects of the pro-
duction process of engineering materials can be investigated by texture analysis, e.g. the ordering
of the crystalline structure in steel grains due to industrial rolling processes. Di�ratometers with a
high resolution in space as well as in lattice constants can be used to determine the distribution of
mechanical stress in mechanically or thermally deformed samples.

Elastic scattering of cold neutrons is used to investigate objects larger than inter-atomic distances due
to the longer wavelengths of cold neutrons compared to thermal neutrons. The workhorse instrument
for so�-matter science is the Small-Angle Neutrons Scattering (SANS) di�ractometer. This instrument
is used to determine structure and formation of every kind of macromolecular matter from synthetic
rubber via water-oil-emulsions to biological matter as protein solutions. SANS di�ractometers are
capable to investigate matter on length scales between 5 Å and 2 µm. The longer wavelength of
cold neutrons is better suited to determine the shape of proteins which is in many cases su�cient to
understand the working principle of enzymes (biological catalysts).

In the case of layered structures, no matter if they are arti�cially prepared magnetic sensor structures
or biological membranes, specular re�ectometry is the method of choice to reveal layer composition,
density, and thickness as well as the interfacial roughness. Additional structural information parallel to
the plane of the layers can be obtained from measuring o�-specular scattering during the re�ectivity
measurement.

Last, but not least, the sensitivity of the neutron’s spin to the magnetic environment is the most e�-
cient tool to determine magnetic order phenomena on atomic length scales. Magnetic superstructures
of e.g. antiferromagnetically ordered compounds are readily observed by powder di�raction. Sin-
gle crystal di�raction, SANS, or re�ectometry reveal further information about the direction of the
magnetization orientation within the sample structure. Together with the used of polarized neutrons
and polarization analysis, detailed information about size, direction, and periodicity of the magnetic
structure inside the sample under investigation is available.

IV.11.2 Inelastic scattering

Inelastic neutron scattering provides unique information about dynamic properties of condensed
matter. Computer modeling of the inelastic neutron scattering cross sections allows one to obtain
parameters of model Hamiltonians, such as inter-atomic forces or exchange constants, which enable
the prediction of the macroscopic response of a material and thus lead to a microscopic under-
standing of the relation between structure and function. Neutron spectroscopy gives direct access
in absolute units to self-, pair-, and spin-correlation functions, which are the fundamental quantities
derived by modern ab-initio theories. Thus, the simplicity of the neutron cross sections and the
fact that they can be measured on an absolute scale allows benchmarking of ab-initio theories and
computer modeling with huge impact in many di�erent scienti�c �elds. In this important aspect, neu-
trons are unrivalled, as no other method can provide such a stringent test of microscopic theories.
It is true that particular problems can nowadays be addressed with modern synchrotron radiation
techniques: steep phonon branches can be determined with high resolution ( ≈ 1 meV) inelastic
x-ray spectroscopy; element speci�c partial phonon density of states can be measured for certain
elements by nuclear resonance scattering; slow dynamics in colloids can be followed by coherent
x-ray correlation spectroscopy; and high energy magnon dispersions by resonant inelastic x-ray
scattering (RIXS). All these x-ray techniques are largely complementary to inelastic neutron scatter-
ing, but none of them gives the same direct and universal access to absolute scattering functions
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as does neutron spectroscopy. To give an example: due to the restricted resolution, RIXS can only
be used to determine relatively high energy magnetic excitations. But due to the resonance process
involved, with its unknown transition matrix elements, RIXS cannot provide a model-free access to the
eigenvectors, which neutrons naturally do. For these quite general arguments, neutron spectroscopy
will remain essential and unrivalled for many decades to come.

Figure IV.10: Magnetic excitations in a layered Manganite

At pulsed sources the neutron time-of-
�ight is typically used to encode the
neutron energy. One distinguishes di-
rect and indirect geometry spectrome-
ters. In direct geometry spectrometers,
the sample is illuminated with neutrons
of well de�ned energy prepared by an
energy �lter during a short period con-
trolled by a neutron chopper. The en-
ergy �lter can be realised as a crystal
monochromator or a series of choppers
and pulsed neutron sources. The �nal
energy a�er interaction with the atoms
in the sample is determined by the
time-of-�ight from the sample to detec-
tor. In indirect geometry spectrometers,
the sample is illuminated continuously
by the white beam from the modera-
tor. The �nal neutron energy is given by
an energy �lter placed between sample
and detector. The arrival time at the de-
tector yields the information about the
initial neutron energy before interaction
with the sample.

On the modern pulsed sources, both types of time-of-�ight spectrometers are operated providing
excellent energy resolution in a wide energy range. Equipped with position sensitive detectors, direct
geometry chopper spectrometers are also used to investigate coherent excitations in condensed
matter - such as phonons or magnons - to cover the scienti�c case that is served by three axis
spectrometers at reactor sources. Recently, new proposals have been presented to achieve good
momentum transfer resolution and coverage also on indirect geometry instruments [53, 54, 55].
Typical sample �uxes vary between 105, 106 neutrons per cm2s for the direct geometry instruments,
and 107 − 109 neutrons per cm2s for the indirect geometry instruments, respectively.

On the other hand there is also a large number of very successful ToF spectrometers on continuous
neutron sources. They bene�t from the fact that the repetition rate can be adjusted to match the
dynamic range of the excitation spectrum under study. For spallation sources with the low repetition
rates ≤ 60 Hz, typically less than 10 % of the time between the pulses contains usable data, if ones
does not make use of techniques such as RRM or Multi Ei mode. In other words, the duty cycle
of the secondary spectrometer is only 10 %. At a continuous source, the duty cycle of the primary
spectrometer amounts typically to a few percent, but as the repetition rate can be freely adjusted to
the requested dynamic range, the duty cycle at the detector approaches 1. Therefore IN4C and IN5
at the ILL still provide a monochromatic �ux as high as the instruments at the MW spallation sources.
The continuous illumination of the monochromator enables also the use of time focusing, which
optimizes the energy resolution in a energy region of interest on the cost of relaxing the resolution
for the remainder of the dynamical range. At spallation sources this trick can not (hardly) be applied,
as the rather large distances and short pulse lengths de�ne typically a very narrow λ resolution.
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Thanks to the low energy nuclear reactions involved in the neutron release, the shielding around
the target at the compact sources can be much lighter as compared to spallation sources. This
allows a very compact design of the instruments, which can also pro�t from the proton pulse length
matched to the neutron moderation time to increase the �exibility of the instruments and reduce the
cost. Furthermore, the HBS features repetition rates matching the requirements in particular of direct
geometry time-of-�ight spectrometers and narrow band indirect spectrometers, which are typically
one order of magnitude larger than the repetition rate of spallation sources.

IV.11.3 Analytics

Neutron based analytical techniques such as Neutron Activation Analysis (NAA), Neutron Depth Pro-
�ling (NDP) and Neutron Imaging (NI) (see Section IV.11.4) are non-destructive key techniques for
the characterization of materials or items of various origins (geological, environmental, biological,
pharmaceutical, cultural, archaeological, palaeontological, cosmological and industrial).

Neutron Activation Analysis is a well established analytical technique at research reactors for the
determination of the elemental composition of solid, liquid or gaseous samples. NAA is based on the
measurement of isotope speci�c gamma radiation induced by the interaction of neutrons with atomic
nuclei. Depending on when the gamma radiation is measured, NAA falls into two types: (a) Prompt
Gamma Neutron Activation Analysis (PGNAA), where the measurement of prompt gamma radiation
emitted from nuclei in an excited state is performed during sample irradiation [56] or (b) Delayed
Gamma Neutron Activation Analysis (DGNAA), where the measurement of delayed gamma radiation
emitted during the radioactive decay of activation products takes place a�er sample irradiation [57].
In both cases, the detection of gamma rays is achieved with high purity germanium detectors (HPGe-
detectors) which are cooled electro-mechanically or with liquid nitrogen and surrounded with an
appropriated passive or active shielding.

PGNAA is performed with guided cold neutron beams from research reactors like, for example,
FRM II (Forschungs-Neutronenquelle Heinz Maier-Leibnitz) or BRR (Budapest Research Reactor).The
equivalent thermal neutron �ux at sample position are 2 109 - 5 1010 cm−2 s−1 at FRM II [58] and 7
107 - 1.2 108 cm−2 s−1 at BRR [59]. The masses of the analyzed samples are typically between 10
mg and 1 g.

Figure IV.11: PGAA and NAA mechanism

PGNAA allows a panoramic anal-
ysis of samples, since all el-
ements, excepted helium, emit
prompt gamma rays. It is partic-
ularly useful for the accurate de-
tection of light elements for which
not many non-destructive analyti-
cal techniques are available. PG-
NAA is an unique method to de-
termine the hydrogen in any kind
of samples with a detection limit at
ppm level or below and at the same
time to provides the elemental con-
tent (for example, pollutants) of the
investigated sample. It is highly

sensitive for certain elements such as boron, cadmium, mercury and rare earth elements which
can be detected at ppb level. Furthermore, PGNAA may be used for in-situ investigation of chemical
processes like catalytic reactions [60]. Large objects may be investigated to some extents by PGNAA
using cold or thermal neutron beam [61].
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However, neutrons of higher energy are of a better choice for the analysis of large and thick items
due to their higher penetration depth. For this reason, a new PGNAA method using �ssion neutrons
delivered by the SR10 beam guide of FRM II with a �ux of 1.0 108 cm−2 s−1 is in development to
perform sensitive and accurate analysis of large and thick items [62]. This method is based on the
measurement of isotope speci�c prompt gamma rays induced by fast neutron inelastic scattering
reactions.

In the case of DGNAA, the sample is exposed �rst to a high thermal neutron �ux in a research reactor
or in an intense neutron beam. For example, FRM II o�ers thermal neutron �uxes between 5 1012

and 1 1014 cm−2 s−1 depending on the irradiation position. At BRR, thermal neutron �uxes are 2
1013 and 5.7 1013 cm−2 s−1. The TRIGA reactor of the Johannes Gutenberg Universität Mainz delivers
thermal neutron �uxes between 7 1011 and 4 1012 cm−2 s−1. The masses of samples are usually
between 1 and 100 mg. A�er irradiation and a given waiting time, the sample is transferred to a
gamma-ray spectrometer for determination of the activity of activation products. The determination
of light elements is di�cult since they cannot be well activated. DGNAA is highly sensitive for the
determination of sodium and manganese also for scandium, cobalt, and gold, as well as for the rare
earth elements. For many elements the detection limits are in the range of ppb. The sensitivity can
be further improved when combined with radiochemical separation.

PGNAA and DGNAA are complementary in the analysis of typical major and trace elements. Both
methods may be apply for the characterisation of large amount of materials (> 100 kg) using
fast neutron pulse sources like neutron generators, where the delayed gamma rays of short-lived
activation products induced by fast neutrons are additionally measured [63].

The HBS pulsed neutron source will allow one to perform time resolved prompt and delayed gamma
neutron activation analysis with the neutron time of �ight technique (TOF-P&DGNAA) to determine the
elemental composition, in particularly of heterogeneous samples. This method will provide sample
depth resolved information by measuring prompt gamma rays induced by neutrons with various
energies (10 eV to 2 meV) having di�erent sample penetration depths and therefore interrogating
di�erent sample volumes. The depth resolution depends on the total macroscopic neutron cross
section of the sample and on the neutron energy resolution. Furthermore, by performing PGNAA
with resonance neutrons (10 eV to 10 keV), the sensitivity for the detection of a speci�c element may
be enhanced or gamma-rays of interfering elements may be suppressed as demonstrated in [64].

Neutron Depth Pro�ling (NDP) is a non-destructive analytical technique to determine the concentration
of some isotopes as a function of the depth in the near-surface region (some micrometres) of a
sample [65]. NDP is based on the detection of prompt energetic charged particles emitted during the
absorption of cold or thermal neutrons by isotopes such as 3He, 6Li or 10B. Sample neutron irradiation
and particle detection take place in a vacuum chamber at a pressure less than 10−2 Pa. The number
and residual energy of the particles that escape the sample surface are determined using surface
barrier detectors, PIN photodiodes or microchannel plates. The recorded charged particle energy
spectrum re�ects the entire depth pro�le bounded by the range of the charged particles. The depth
corresponding to the energy loss for the emitted particle is estimated from the characteristic stopping
power of the material using the SRIM (Stopping and Range of Ions in Matter) [66] so�ware package.
The depth resolution varies from a few nanometres to a few hundred nanometres. Depending on
the isotope the limit of detection ranges between 1011 to 1016 atoms cm−2 for a neutron intensity of
about 109 s−1.

Application �elds of NDP are alloys, ceramics, semiconductors, thin �lms, electronics devices, energy
storage systems and brain research. Most recent, NDP has gained a lot of interest due to its sensitivity
to the isotope 6Li, as Li is a key element of currently widely spread lithium-ion batteries. NDP
provides insight on new developments in the �eld, i.e. rechargeable lithium-ion batteries with solid
electrolytes. Because of the sensitivity to 22Na isotope, NDP could be also applied to studies of
the most promising candidate to replace commercial lithium-ion batteries – all-solid-state sodium-
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ion battery. For example, NDP is carried out at FRM II using the PGNAA cold neutron beam line in
particularly to investigate and optimize the performance of lithium batteries [44].

IV.11.4 Imaging

Neutron imaging is a technique used for non-destructive investigation or quality control of complex
devices on a scale from 100 µm up to some 10 cm. A divergent neutron beam originating from a
small source point impinges on the sample and the undisturbed, transmitted beam is recorded by a
2D position sensitive detector. The contrasts in the ”photo” recorded show all structures inside the
sample that have attenuated the neutron beam.

Neutron imaging is a real-space technique. It resolves structures on length scales above the pixel
size of the detector system in use which can go down to some µm. The attenuation of the neutrons
can happen either by absorption or by scattering. The absorption contrast is important for elements
like B, Li, or Cd, while scattering is a very important process for H containing materials and for every
crystalline matter especially for wavelengths slightly below a Bragg edge. For this reason, neutron
imaging is technologically relevant to check organic materials embedded in a metallic environment,
e.g. lubricants inside a motor or water induced corrosion inside a steel construction. However,
science cases include a vast range of areas like in particular geology, construction materials, porous
materials, engineering materials, liquid metals, plant sciences, magnetism and cultural heritage.

Figure IV.12: Neutron tomography reconstruction
of the interior of cylinder-type Li-ion battery. Ab-
sorption levels are visualized by assignment to dif-
ferent colours [67, 68].

Depending on the size of the structure under
investigation the energy of the neutron beam
can be chosen to have a penetration depth ap-
propriate to the attenuation power of the entire
sample. Fast neutrons (energy > 100 keV) are
used to image entire machines up to 1 m in size,
while cold neutrons (energy < 1 eV) are used to
image materials and devices with dimensions
of centimeters.

A series of neutron images together with a rota-
tion of the specimen inside the beam gives the
opportunity to reconstruct the 3-dimensional
structure. This method is called neutron tomog-
raphy.

Resolution of the neutron wavelength in the cold
neutron regime around the Bragg edges of the
material under investigation allows one to im-
age regions with di�erent crystalline structures.
This is of interest e.g. in the steel produc-
tion, where the mixture and order of marten-
sitic and austenitic phases determines important
mechanical properties of the material.

Neutron imaging at a high brilliance source has
a few important advantages compared to neu-
tron imaging at a continuous source. On the one hand it is possible to use a beamline that allows
one to extract fast neutrons as well as thermal and cold neutrons. So all contrasts for thick and
thin structures are available with a single exposure. In addition, the time-of-�ight technique allows
one to resolve the Bragg edges for free, without any loss in intensity, just by using a time-resolving
detector system. No additional monochromatization of the beam is necessary. The small source
size and the short length of the beam extraction system are perfectly appropriate for an imaging
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beamline. A large divergence of the beam originating from a small source point can be used to
receive high-resolution images on a large area, only limited by the detector size, but not by any
optical devices needed for the beam transport.

IV.11.5 Irradiation

A number of areas including High Energy Physics (HEP), nuclear medicine and space applications
claim demand on dedicated irradiation facilities for the purpose of

• radiation protection (shielding-benchmark experiments) such as those required for space mis-
sions and the colonization of the Moon and Mars;

• oncology (direct neutron treatments of certain types of tumors; exposure to secondary neu-
trons; Boron Neutron Capture Therapy, etc.)

• manufacturers/users of radiation instrumentation and dosimeters (energy response and cali-
bration);

• high-energy and nuclear physics (cross-section data for basic science, MC code development
and nuclear applications such as accelerator-driven subcritical �ssion reactors, transmutation
of radioactive waste, online quality control and contraband detection).

Atmospheric neutrons in the 1-10 MeV range comprise 41% of the fast atmospheric neutrons (En > 1
MeV). For this reason, specialized neutron irradiation facilities at compact lower energy accelerators
may prove to be of considerable use for digital electronic Industry (semiconductor companies and
IC users) to study the sensitivity of devices to these lower energy neutrons. Instead, hard errors such
as SEL and SEB typically need higher energy neutrons (E > 100 MeV). Nuclear reactors, although
an intense source of neutrons, are of limited interest for SEE studies because the continuous energy
spectrum of reactor neutrons does not extend to high energies. Of greater interest are i) broad-
band, continuous energy spectrum facilities, that use thick targets to produce an energy spectrum as
similar as possible to that of the atmospheric neutrons and ii) narrow band, quasi mono-energetic
(discrete) neutron sources using thin Li or Be targets.

Normally, measurements at continuous (broad band) energy facilities are insensitive to any energy
dependence e�ects in the accessible neutron energy range. To highlight or disentangle particular
aspects of the radiation e�ects, narrow band tests, if available, are used. An acceleration factor F
= 1×109 corresponds to an integral neutron �ux of Φ<1MeV ∼ 2×107 n cm−2s−1 and implies that
one hour of irradiation is equivalent to 3000 years of exposure at �ight altitudes. Such a neutron
�eld can be achieved with few µA of current for some tenth of MeV proton energy.

Proton beams with E > 20 MeV are sometimes used as substitutes for neutron SEU tests. Protons,
to be able to penetrate a nucleus, have to overcome the Coulomb barrier, but altogether the SEE
induced by neutrons and protons with the same kinetic energy are expected to become increasingly
similar in the region of a few tens of MeV, upwards: the total nuclear reaction cross sections beyond
50 MeV are very similar.

Lower energy CANS facilities have the potential to be of great use for irradiation test facilities for
Industry. Non-standard specialized, accessible, and user-friendly facilities, would be very useful for
small/medium electronics industries to check their innovative products for any unexpected sensitivity
to lower energy neutrons, especially in the development and engineering phases that lead up to the
�nal standard and expensive validation (certi�cation) phase at the higher energy facilities.

From the perspective of academia, the �eld of radiation e�ects, in particular neutron (proton) in-
duced SEE, is a multidisciplinary activity as it involves nuclear, solid state, and device physics. In
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addition, when testing physics models and simulations (academic research) it is preferable to check
the predicted rates of simple test structures.

Irradiation facilities based on CANS o�er versatile options to overcome the lost of regional neutron
facilities at a�ordable cost. Because of their versatility, they are a complement to large scale facilities.
CANS can provide continuous beam for irradiation and, having the neutron spectra well characterized.
It can be used for irradiation material tests (being it electronics or shielding materials) and to perform
accurate integral cross section measurements. Integral cross section measurements are strongly
requested by the main international agencies such as IAEA and NEA (www.oecd-nea.org) for nuclear
medicine and reactor physics applications, and from KADoNIS (www.kadonis.org) for fundamental
physics applications.

IV.11.6 Isotope production

Radioisotopes are used worldwide for various purposes in medicine, industry and science [69].
Application �elds of radioisotopes in medicine are nuclear diagnostic imaging (gamma imaging with
99mTc, 131I, 133Xe 67Ga, 81mKr, 111In, 123I and 202Tl, positron emission tomography with 18F 11C,
13N, 15O, 68Ga, 57Co, 133Ba and 137Cs , bone density measurement with 125I, 153Gd and 241Am and
gastric ulcer detection with 14C), radioimmunoassay with 125I, 3H and 57Co, therapeutic techniques
(radiopharmaceutical applications with 131I, 32P, 90Y, 188Re and 169Er and palliative care with 90Y,
177Lu, 131I, 153Sm and 213Bi), radio-therapy with sealed sources (remote-controlled cobalt therapy
with 60Co, brachytherapy with 137Cs, 192Ir, 103Pd, 125I, 106Ru and 198Au) and irradiation of blood for
transfusion with 137Cs and 60Co.

Figure IV.13: Positron emission tomography
(PET) scan of human brain [70] (Picture: Jens
Langner)

Industrial use of radioisotopes covers following
applications: nucleonic systems (physical mea-
surement gauges with 60Co, 137Cs, 241Am, 85Kr,
90Sr/90Y, 147Pm, 14C and 204Tl, on-line analytic
with 241Am, 252Cf and 63Ni, pollution measure-
ment with 14C and 147Pm, home-land security with
252Cf, smoke detectors with 241Am, laboratory or
portable analytic systems with 55Fe, 57Co, 109Cd,
241Am, 137Cs, 252Cf, irradiation and radiation pro-
cessing with 60Co (sterilisation of medical supplies,
of pharmaceuticals or food packages, food irradia-
tion, plastic curing), radioactive tracers (chemical re-
actions e�ciency, mass transfer in industrial plants,
behaviour of pollutants) and non destructive test-
ing (gamma radiography with 192I, 60Co, 75Se and
169Yb, and neutron radiography with 252Cf).

Research and development in the �elds of medicine,
industrial processes, environmental protection and
biotechnology involves a wide range of radioiso-
topes such as 103Pd 125I, 18F, 32P, 90Y, 188Re, 166Ho,
192Ir, 57Co, 119mSn, 125mTe, 151Sm, 22Na, 46Sc, 51Cr,
113In, 147Nd, 182Ta, 192Ir, 198Au, 33P and 35S. Due to
the emergence of new technologies and processes
some radioisotopes may become obsolete and new
ones introduced.

The radioisotopes are produced in dedicated reactors or accelerators, in multi-purpose research
reactors or in nuclear power plants (for 60C and 3H mainly) [71, 72]. Neutron rich isotopes are
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produced in reactors by thermal neutron irradiation and neutron-de�cient isotopes by using proton,
deuteron or alpha accelerators. The production of radioisotopes may be achieved also using a
compact accelerator neutron source with a dedicated target station furnished with sample irradiation
positions [73]. The radioisotopes 166Ho and 188Re were produced with neutron activation yields
suitable for medical imaging and brachiterapy studies by using a 40 MeV cyclotron and a beryllium
target embedded in a lead bu�er/graphite re�ector assembly for neutron production [74]. Accelerator
based neutron sources represent an alternative to reactor in particularly for the production of 99mTc
via its precursor 99Mo. Various accelerator-based methods were already proposed to generate 99Mo
with thermal neutrons 98Mo( n,γ)99Mo) [75], fast neutrons 100Mo(n,2n)99Mo) [76] or by �ssion of
low enriched uranium in a water-based solution (https://shinemed.com/demonstrated-technology).
Nevertheless the production of radioisotopes with a high activity requires high current accelerators.

IV.11.7 Particle physics

Slow neutrons play an important role as a tool and an object of investigation, addressing key ques-
tions of particle physics and cosmology at the low-energy, high-precision frontier, complementary
to the high-energy frontier probed at particle accelerators [77]. The current science program is
mainly pursued at high-�ux neutron sources. It covers a wide range of topics and has the general
goals to improve the knowledge of important parameters of the Standard Model (SM) of particle
physics, and to search for new physics beyond. The latter include searches for new fundamental
forces, dark matter, dark energy and extra dimensions, as well as symmetry violations needed to
explain the matter-antimatter asymmetry of the Universe. To achieve these goals requires accu-
rate measurements of key observables in neutron beta decay, neutron gravity, as well as studies of
electromagnetic properties of the neutron, for which the search for a non-vanishing electric dipole
moment is a prominent example.

Figure IV.14: Pictogram illustrating the P and T-
violation of a nEDM in the presence of an electric
and magnetic �eld [78].

Studies of neutron interactions with the atomic
nucleus complement this research, for instance
in investigations of the purely hadronic weak in-
teractions and in alternative searches for time
reversal invariance violation beyond the SM
mechanism. Ultra-cold neutrons (UCNs) have
become increasingly popular in such investi-
gations. Moving at only a few m/s, they can
be trapped by neutron optical, magnetic and
gravitational potentials. With this property they
are particularly well suited for accurate exper-
iments that exploit long times for UCN storage
and exposure to external �elds. Among several
methods to produce them, down-conversion of
cold neutrons in super�uid helium is pursued at
various accelerator based neutron sources lab-
oratories as a promising route to enhance cur-
rently available UCN production rates and den-
sities [79, 80, 81]. To this end, the conversion
vessel surrounded by suitable pre-moderators
is implemented close to the target, where the

primary cold �ux is typically by three orders of magnitude larger than at an external beam. For the
beam power of the HBS, heat loads on the converter due to radiation are still manageable, so that
operation at temperatures below 0.7 K becomes feasible, where the saturated UCN density reaches
its maximum. It has been shown [81] that at the LENS facility in Indiana, i.e., a source with consider-
ably weaker beam power than planned for the HBS, UCN densities exceeding 1000 UCNs per ccm
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can be achieved, which exceed currently available densities by two orders of magnitude and are
competitive with projected in-beam UCN sources at high-�ux facilities. Obviously, the HBS has the
potential to deliver conditions to pursue an ambitious research program with UCNs. Noteworthy is
also that large bene�t can be expected from development of pre-moderators able to shi� the spec-
trum towards 8.9 Å wavelength, where UCN production in super�uid helium becomes most e�cient
via the single-phonon process. Due to the limited heat load, at the HBS cooling of the pre-moderator
to liquid-helium temperatures is not an issue.

Cold neutron �uxes at a beam facility for fundamental physics at the HBS on the other hand will stay
below performances available at an intense beam of a high-�ux facility. To attain the necessary
counting-statistical sensitivity, high-precision experiments with cold neutrons are therefore also in
future to be performed there. Note that the instrument PF1B at ILL currently provides the only beam
for this application in Europe. The HBS can nonetheless o�er important bene�ts to this �eld of
research. Large experiments are usually prepared by university groups in their home laboratories
and can o�en not been tested and optimized with neutrons prior to a beam time at highest �ux.
The availability of a dedicated beam at the HBS would enable tests of new experimental concepts
and developments of technologies, including neutron guiding, collimation, polarization, detection of
neutrons and decay particles, shielding of backgrounds etc. A neutron beam for this purpose will be
an invaluable asset to reach the ultimate performance of experiments and hence optimize the duty
cycle and the scienti�c output of large neutron facilities.

IV.11.8 Nuclear spectroscopy

The use of high-purity germanium (HPGe) detectors assembled in e�cient arrays and covering a large
solid angle has become a common tool in nuclear spectroscopy since the 1980s [82]. Due to the
high resolution and the possibility to exploit coincidences, it is possible to understand even complex
level schemes, or to obtain high isotopic selectivity. Information on angular correlations [83] and/or
polarization [84] of γ-ray transitions can be obtained, providing the possibility to assign spin and
parities to nuclear states. Using additional fast LaBr3:Ce-scintillators it is possible to measure nuclear
state lifetimes in the range of a few pico- up to microseconds [85]. Mainly two types of neutron-
induced reactions are of interest: (i) Nuclear structure studies using the (n,γ) reaction close to the
valley of stability. High-precision experiments pro�t from clean spectra and high statistical sensitivity
allowing to carry out angular correlation and polarization measurements. (ii) Neutron-induced �ssion
is a very e�cient way to produce neutron-rich nuclei in the mass range of 85 < A < 160 and
represents a complementary approach to other �ssion reactions. Spectroscopy carried out directly
at a neutron beam allows investigation of prompt γ rays, which can be associated to particular
isotopes by multiple coincidences (of γ rays from the isotope and/or the complementary �ssion
product) or by using additional �ssion product spectroscopy. Examples of the high scienti�c impact
and interest in neutron-induced nuclear physics is demonstrated by the recently carried out EXILL
campaign at ILL [86], campaigns at the LICORNE neutron source of the IPN Orsay [87], and the
installation of the FIPPS instrument at ILL [88] In the future, this instrument will be combined with a
gas-�lled magnet for studying �ssion and performing �ssion product spectroscopy [89]. An e�cient
large detector array is also used at the Accurate Neutron-Nucleus Reaction Measurement Instrument
(ANNRI) of J-PARC, looking for angular correlation and time reversal violation studies [90].

The neutron beam necessary for this kind of studies needs to be well collimated to low divergence, at
the order of 15 mm diameter over a meter of �ight length. This is achieved at the ILL by collimating
a thermal or cold beam by a sequence of apertures to a pencil beam with a capture equivalent �ux
of 108 n cm−2 s−1. Nuclear spectroscopy experiments are limited by the total count rate, for which
Germanium detectors still provide good resolution. In most cases, maximum count rates of 5 − 10
kHz per channel are chosen by adapting the target mass to the available neutron �ux, for which
signal pile-ups that degrade the spectroscopic resolution are still on an acceptable level. These signal
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rates can thus also be achieved at signi�cantly weaker neutron beams. The HBS o�ers additional
features interesting for nuclear spectroscopy studies:

• The timing of the pulse structure of the source can be combined with the event-mode data
acquisition of the detectors. This allows distinguishing prompt from delayed events due to
β-activity. This is in particular interesting in �ssion experiments, where a large fraction of the
β-activity is due to the excited �ssion fragments. The pulse structure also helps to suppress
other types of backgrounds and thus to enhance the signal-to-noise ratio.

• A second speci�c feature would be the possibility to tune the neutron spectrum via a dedi-
cated moderator. This would enable to populate nuclear resonances, which o�er additional
spectroscopic information. Certainly, it is of high interest for neutron-induced �ssion studies to
have a neutron beam with variable energy.

IV.11.9 Neutron interferometry

A quite unique application of neutrons is interferometry [91] based on Mach-Zehnder devices made
of single crystals. Typically, three crystal blades of a few mm thickness are needed to achieve
interference of di�racted beams. More complex interferometers, including several interference loops,
exist too. Between splitting and re-combination, two components of the wave functions of each
individual neutron are separated by several centimeters. This system provides a unique test bench
for quantum mechanics test and searches for new physics. Another important application is accurate
measurements of neutron scattering lengths.

Figure IV.15: Newly developed moiré neutron in-
terferometer with three silicon phase gratings (G1,
G2, G3) [92] (Graphic: APS/Alan Stonebraker)

To maintain spatial and time coherence of the
wave function puts stringent conditions on the
location and stability of the crystal blades.
They are currently achieved by cutting all three
blades out of a single crystal ingot. This limits
the size of available interferometers and there-
fore also the sensitivity of most experiments
which is proportional to the area enclosed by
the two beam paths. Also the scope of appli-
cations depends on the size of objects which
can be inserted in a partial beam. Another lim-
itation is due to an interplay of count rate and
systematic dri�s of the interferometer. The size
limitation could be overcome by changing to an
interferometer scheme consisting of indepen-
dent crystals, provided that they are held with

nowadays feasible sub-nanometer/sub-nanoradian precision. This requires a dedicated low-noise
experimental environment which seems compatible with a HBS facility.

At the HBS, a substantial statistical gain could also be achieved by installing the interferometer at an
end-position of a neutron guide equipped with a monochromizing de�ector. This would eliminate
the need for a separate crystal monochromator, since the �rst blade of the interferometer would
ful�ll this function, giving two major bene�ts. It will improve i) the interferometer crystal acceptance
so that a higher di�raction throughput could be achieved and ii) the time stability since a monolithic
setup of di�racting objects ensures best possible conditions with respect to temperature gradients and
angular misalignments. In combination with the time structure of the source, allowing an additional
wave length discrimination by TOF, the scope of application of neutron interferometry is expected
to be enhanced along with an improved signal-to-noise ratio. Other applications of the same setup
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are neutron polarimetry or ultra-small angle scattering (USANS) which extends SANS techniques to
larger structures in the micrometer range.

Again, the �exibility of an HBS type source allows to accommodate a community of scientists working
in particle physics, nuclear spectroscopy or neutron interferometry by o�ering a dedicated source
with moderators optimised to the speci�c requirements of this experimental technique.
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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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• target–moderator-re�ector combinations that o�er pulsed neutron beams at optimal frequency
and pulse duration to ful�l the needs of the instruments,

• optimised moderators according to the spectral needs of every individual instrument, and

• a number of instruments at each target station, initially up to 6, in order not to dilute the
thermal neutron �ux density at the point of beam extraction.

The asset of the HBS design comes from a fundamental change of paradigm by:

• a consequent maximization of brilliance instead of source strength, leading to outstanding
performance while keeping cost of construction and operation low: ”produce less neutrons,
but use them more e�ciently”,

• making the neutron source an integral part of every single instrument. A target station with
optimal pulse structure and a dedicated moderator is chosen for every beamline instead of
compromising pulse structure and moderator to serve all instruments: ”�t the neutron source
to every single instrument, not the instrument to the source in the present-day concept of ”one
has to �t all”” ,

A particular technical novelty of the HBS concept is an equal proton beam power at each target
station. This is achieved by an appropriate proton beam multi-pulse structure within the accelerator
allowing variable duty cycles at each station. This variability permits further upgrades at individual
target stations and instrumentation. While the reference design foresees three target stations, further
target stations, e.g. for exclusive industrial use or speci�c applications such as ultra-high �eld, can
be added later on. The relative simplicity of the target and the compactness of the moderators allow
for later increase of proton current and relative simple exchange of moderators and beam extraction
systems, as their technologies advances.

The technical outlines and parameters of all of these components are described in the corresponding
sections.

V.1 Neutron production

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 maximisation of the neutron yield may be achieved by selecting the target
material to �t the type and energy of the ion under consideration. The results of this optimization
are published in [93].

For that, we analytically calculate �rst the neutron yield 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 proton and deuteron reactions given in the database TENDL2017 [94]. The required
thickness of the element for the full stopping of the ions is calculated with the so�ware SRIM (Stopping
and Range of Ions in Mater) [66]. The method to analytically calculate the neutron yield, the tritium
production and the total induced activity owing the interaction of protons and deuterons with a given
element, is presented in Appendix A.1.

The dependence of the neutron yield on the atomic number Z of the element and the primary ion
energy is shown for protons in Figure V.2. 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
10 and 27 · 1014 s−1 mA−1 for deuterons, respectively. These values are 2 to 3 times higher than
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Figure V.2: Dependence of the neutron yield for protons on the atomic number Z
and the primary ion energy. White lines: Tc and Pm, white dot: Ta at 70 MeV

the neutron yield achieved for the same ion energy range with beryllium, an element commonly
proposed as a target. For high Z-elements, the neutron production yield from deuterons is 10% to
20% higher than the neutron production yield from protons. Additionally, deuterons have a larger
stopping power than protons, which allows thinner targets to be employed and thus reduces the
temperature di�erence inside the material [95]. However, for the HBS reference design, we decided
that the increased neutron yield and the reduced target temperature di�erence do not justify the
operation of a high current deuteron accelerator, which requires a much higher level of complexity
in accelerator design and increased measures of radio protection, in comparison to a high current
proton accelerator.

The choice of the target material within the 70 - 82 Z-range, where neutron yields for di�erent
elements are very similar, will be done based on the requirements of the mechanical properties as
described in Section V.5.1.

V.2 Accelerator

V.2.1 Top level requirements

The High Brilliance Neutron Source belongs to the Compact Accelerator Based Neutron Sources
(CANS) class. The term ”compact” must be seen here in comparison with spallation sources, which
typically require an order of magnitude higher beam energy. The driver accelerator for HBS must
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be able to reliably accelerate a 100 mA proton beam to an energy of 70MeV. The beam is sent
pulse-by-pulse to three di�erent targets by means of a multiplexer in the High Energy Beam Transfer
(HEBT) section. Each individual proton beam behind the multiplexer has a speci�c time structure in
order to optimally serve the di�erent instruments grouped around one target station. The macro
pulse lengths result from experimental requirements and are �xed at 52 µs, 208 µs and 833 µs.

Figure V.3: Pulse scheme of the HBS linac showing pulses of the three di�erent
frequencies of 24 Hz (pulse length 833 µs), 96 Hz (pulse length 208 µs) and 384 Hz
(pulse length 52 µs) to be delivered. The spacing in time between the short proton
beam pulses is 2.548 ms (384 Hz). The longer pulses are centered between these
short pulses. The pulses of the RF power supply always begin 100 µs earlier than the
proton pulses.

The minimum power requirement per target is 100 kW average power. The repetition rates were
adapted to the pulse lengths in order to obtain the same average power. With the �xed values of
384 Hz (t1=52 µs), 96 Hz (t2=208 µs) and 24 Hz (t3=833 µs), a maximum average beam power of
140 kW per target and 420 kW total beam power, respectively, is obtained as in (Figure V.3). For all
pulses, the beam peak power is identical to 7 MW.

The beam duty factor is 6% and the RF duty factor is 11% because of the high loaded quality factor
(2000-10000) of the cavities; a 100 µs RF pulse length must be added to the macro pulse length in
order to be able to build up the nominal �elds in the cavities. Table V.1 summarizes the top level
performance requirements and Figure V.4 shows the conceptual layout of the HBS linac.

Required Speci�cations Unit Detail/Comment
Particle type Protons N/A User requirement

Accelerator type RF Linac N/A

Beam current 100 mA Output current

Final energy 70 MeV User requirement

Beam duty factor 6 % User requirement

RF duty factor 11 % Required for cavity �lling

Pulse length 52/208/833 µs User requirement

Repetition rate 384/96/24 Hz User requirement

Average beam power 420 kW

Peak beam power 7 MW

Availability >95 % During scheduled operation

Maintainability Hand-on N/A

Life time >25 Years

Table V.1: Top level performance requirements of the HBS linac.
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Figure V.4: Conceptual layout of the HBS linac. It consists of an ECR-source, LEBT,
RFQ, MEBT and the CH-DTL.

V.2.2 Choice of technology

Worldwide there is an increasing interest in a new generation of high power proton and ion linacs.
The term ”high power” refers to the product of beam energy and beam current which is the beam
power. With a peak beam power of 7 MW and an average power of 420 kW, HBS is clearly a high
power linac (Figure V.5 and V.6).

Figure V.5: Peak beam power of modern hadron linacs.

The typical modern hadron linac consists of three major parts (Figure V.7):

• front end (low energy part, E = 0.1-5 AMeV)

• dri� tube linac (intermediate energy part, E = 3-200 AMeV

• superconducting section (high energy part, E > 100 AMeV)

One of the most important issues of high-power hadron linacs is the choice of technology with
respect to superconducting or room-temperature operation. The advantage of a certain technology
depends on various parameters. These include the RF duty cycle η, the peak beam current I and the
�nal energy [96].

The front-end consists of an ion source, a Low Energy Beam Transport (LEBT) and a radio frequency
quadrupole (RFQ). The vast majority of all RFQ structures have been realized using normal conducting
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Figure V.6: Average beam power of modern hadron linacs.

Figure V.7: Scheme of modern High Power Hadron linacs.

technology because of particles losses in the RF structure which would likely lead to thermal quench
in case of high power superconducting linacs.

The high-energy section starts typically between 100 AMeV and 200 AMeV and mostly uses su-
perconducting elliptical multi-cell cavities and more recently superconducting double-Spoke cavities
(ESS, MYRRHA). Even for lower duty factors, superconducting cavities are a good choice with respect
to the overall required radio-frequency (RF) and plug power.

In the case of the intermediate energy part, which is completely covered by the HBS linac the situation
is not as clear. An important parameter is the transition energy between the room temperature and
the possible superconducting section. In general, the higher the duty factor and the lower the beam
current, the smaller the transition energy will be (Figure V.8 and V.9).

Each project has to decide on the technology best suited for the speci�c application. The main
issues are capital costs, operating costs (power), technical risk, reliability and availability. During the
last few decades, the transition energy between normal conducting and superconducting technology
decreased signi�cantly. The main reasons for this are lower operation costs for high duty factor
machines and in particularly the availability of suitable superconducting RF structures in the low-
and medium-energy range such as quarter-wave resonators, half-wave resonators and CH cavities.
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Figure V.8: Transition energy as function of the duty factor of modern Hadron linacs.
For fully room temperature linacs the transition energy is the �nal energy.

Figure V.9: Transition energy as function of the peak beam current. For fully room
temperature linacs the transition energy is the �nal energy.
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In general, the shunt impedance is higher at low energies. There are some very e�cient low-energy
dri� tube structures such as H-mode cavities available. Above 100 MeV superconducting cavities are
the best choice in most cases even for machines with lower duty cycle because there are no real
e�cient normal conducting structures available. On the other hand, superconducting high energy
cavities can reach high gradients (Ea >10 MV/m) resulting in a much shorter linac.

In general, normal conducting cavities are more favourable at lower energies with high beam current
and low duty cycle. For superconducting cavities the opposite is valid (Figure V.10) [96]. Both technolo-
gies have their advantages and disadvantages. Superconducting technology requires a cryogenic
plant with associated helium distribution. The development of superconducting cavities and cryo-
modules requires a large R&D e�ort with respect to simulations and prototyping. For each cavity
type, speci�c high power couplers have to be developed. In addition, these cavities are very sensitive
to contaminations, pressure variations, multi-pacting and vibrations and under certain circumstances
they need complex fast frequency tuning systems [96].

Because of the high beam current the required RF power is dominated by the beam power even
for room temperature cavities. In case of HBS, superconducting cavities providing 2.5 MeV will need
250 kW RF power plus an appropriate margin. For comparison, an equivalent room temperature
structure requires about 100 kW more RF power. Due to the much simpler technology which avoids a
cryogenic plant, the development of cryo-modules and suitable power couplers, a room temperature
solution is preferred.

Figure V.10: The preference for room temperature or superconducting technology
depends mainly on the energy, beam current and duty factor.

V.2.3 Design philosophy

The realization of high power proton accelerators is usually associated with a large R&D e�ort with
corresponding resources regarding man power, prototyping and testing infrastructure. In the case of
HBS, this development e�ort should be minimized by using technology already been developed. This
lowers the cost and the time frame of the development and minimizes risks regarding construction
cost, technological di�culties and time schedule. The HBS linac should be as e�cient as possible
(length, RF power) and as reliable as possible in its role as a user facility. High availability can be
achieved by implementing a modular design that allows easy access to all components for repair
and maintenance. Furthermore, all components should be operated well below their technical and
physical limitations. Redundancies in critical components can signi�cantly increase reliability and
availability.
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Figure V.11: The shaded area shows the combinations of peak beam current and
energy for compact accelerator based neutron sources (CANS). Depending on the
beam duty factor, di�erent average power levels are obtained (coloured lines for
η=2%, 6% and 10%). The HBS design concept can cover the whole area only by
adapting the front-end and the number of cavities.

Since further accelerator-based neutron sources will be needed in the future, it is advisable to design
HBS in a modular and scalable way. Duty cycle, beam current, pulse lengths and energy can then
be varied over a wide range without fundamentally changing the design (Figure V.11). If necessary,
only the front end can be adapted for smaller beam currents. The dri� tube linac can consist of
exactly the same lattice and is only adapted in length to the required energy.

The RF duty factor of 11% already leads to signi�cant thermal loads in the cavities. For the 17 MeV
injector of the MYRRHA project, cw capable CH-cavities and the corresponding RFQ were devel-
oped [97]. The thermal loads for this project added up to 35 kW/m. The technology for the MYRRHA
linac has been successfully tested and is now also available for future neutron sources. Just like
MYRRHA, the frequency of HBS should be 176.1 MHz. Thus, the RFQ RF structure can be adopted
without any changes [98]. The CH cavities must only be adapted to the beam dynamics of HBS with
regard to cell number and cell length. The basic geometry and the cooling system can be adopted.
Due to the RF duty factor of 11%, higher gradients can be used compared to cw operation to keep the
linac length as short as possible. The exact gradient results from the maximum RF power available
per cavity and the beam dynamics. The subsystems of the cavities such as power couplers and
frequency tuners can also be used.

The CH linac is realized by a quasi-periodic lattice. Up to an energy level of about 20 MeV there
is a magnetic quadrupole doublet between the cavities for transverse focusing. For energies above
this, two identical cavities are combined to form a cavity doublet. The lack of internal lenses makes
fabrication much easier. The quasi-periodicity leads to a smooth course of the phase advance
and thus to low emittance growth. Up to 20 MeV, a conservative beam dynamic with a constant
negative synchronous phase is applied. EQUUS beam dynamics is used for cavity doublets, where
the cell length is constant. The modular design with short CH-cavities can limit the ampli�er power to
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500 kW. This allows the use of Solid State Ampli�ers (SSA). This modern technology o�ers signi�cant
advantages over classic tube ampli�ers. Apart from a signi�cantly smaller foot print, no high voltage
is required. Due to the modular design of these ampli�ers, individual ampli�er modules can fail
without interrupting operation.

V.2.4 Proton source

The proton beam will be extracted from a hydrogen plasma, which will be ignited in the plasma gen-
erator of the proton source. An Electron Cyclotron Resonance (ECR) ion source is the most favorable
type of all source developments, using an RF (Radio Frequency)-driven gas discharge. Due to the
ECR condition, a high power coupling leads to high plasma densities and high electron temperatures.
Therefore this source type is well suited for high intensity beam production, for example in ESS or
IPHI project. The advantages in comparison to other proton source types are:

• High reliability and availability

• Easy handling and maintenance

• High proton fraction, fewer molecule ions such as H2+ or H3+

• High proton beam intensities in DC-mode operation

Figure V.12: Cross sectional view of SILHI-Source (le�) and image of TRIPS-Source
(right), both sources are divided in the extraction system, plasma generator and RF-
matching section.

On the other hand, disadvantages of ECR-proton sources are a higher beam emittance due to high
plasma temperature and beam current �uctuations. These �uctuations are in a range of a few
percent and lead to a space charge driven �uctuation of the focal plan right a�er the particle optics.
The resulting emittance growth and high intrinsic beam emittance of an ECR-source have to be taken
into account.

A pentode extraction system will provide the extraction and post acceleration of the proton beam.
The electric �eld strength between plasma electrode and puller electrode is adjusted to form a
planar plasma sheath. This prevents an additional emittance growth in the extraction system and
resulting beam losses. The latter would lead to secondary particle production and hence a reduced
life time of the extractor. The �eld strength of the post acceleration electrodes can be adjusted for
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Figure V.13: Scheme of a high-voltage terminal with ECR-source connected with the
following LEBT-section.

best longitudinal beam matching into the �rst accelerator stage, the RFQ. It is also equipped with
a screening electrode to provide space charge compensation in the following Low Energy Beam
Transport section (LEBT).

Two di�erent ECR-proton sources o�er a possible solution for HBS. The �rst one is SILHI-Source from
CEA-Saclay [99] and second one is TRIPS-Source from INF-LNS [100]. Both proton sources are able to
deliver a proton beam with an energy of 100 keV and a beam current of 110 mA. It seems that there
is the possibility for both of the ECR-Sources to increase the beam intensity slightly to compensate
the estimated beam losses along the whole accelerator.

The proton source is mounted on a High-Voltage (HV) platform surrounded by a Faraday cage. All
power supplies and the RF-generator are installed on this platform to provide the source operation.
Downstream of the extraction system the source is connected to the following LEBT by the use of an
insulator. Because of the beam intensity and the resulting space charge force, the distance between
extractor and �rst beam optical element, in the case of HBS a solenoid, should be as short as possible
to catch the beam.

V.2.5 Low energy beam transport and chopper

The LEBT is a transport section of the front-end of an accelerator between the proton source and the
�rst accelerator stage e.g. an RFQ. Compared with all other sections of the linear accelerator, it is
the region with the highest proton density and therefore with the highest space charge forces acting
on the beam as a repulsive force. This is the reason why a LEBT should be as short as possible to
prevent a decrease of compactness in the phase space of the beam, expressed by emittance growth.
On the other hand, the LEBT-section is designed for the following purposes:

• Reduction of gas �ow out of the proton source to prevent XUHV vacuum conditions in the RFQ

• Catching the beam a�er the extraction system and matching into the acceptance of the RFQ
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• Creation of a time structure by the use of a chopper

The hydrogen gas needed for the beam production streams out of the proton source and increases
the vacuum pressure in the LEBT. Collisions of the proton beam with residual gas lead to charge
exchange and momentum spread and bears the risk for the following RFQ. For the HBS-LEBT, two
pumping and diagnostic tanks (Figure V.14 and V.15) are foreseen to provide enough pumping power
in addition to a poor vacuum resistance of the beam line. This combination acts like a di�erential
pumping system as it is fully integrated in the LEBT-section.

The LEBT is divided into two sections with an E×B-chopper in between. Beam focusing is planned
to be provided by four solenoids. This lens type allows space charge compensation by secondary
electrons captured in the beam potential [101]. The advantage of space charge compensation is a
reduction of the electric �eld of the proton beam and therefore a reduced risk for emittance growth.
An other important point, especially for ECR-sources, is that current �uctuations can be damped
slightly. The �rst solenoid catches the beam right a�er the extraction system, while the second
matches the beam into the chopper device. A�er the chopper, the third solenoid catches the beam
again and the fourth solenoid focuses the beam into the acceptance of the RFQ.

Figure V.14: Scheme of the low energy beam transport for HBS. It consists of two
sections with an E×B-chopper in between.

To prevent aberrations, the radius of the �rst solenoid is quite large with a radius of 75 mm while all
the other solenoids have a radius of 50 mm. For a chosen aspect ratio of S=0.2, the length of the
�rst solenoid is 400 mm and for the others 250 mm.

For the production of the time structure of the beam (Figure V.3) a chopper is required, because
the repetition rate and the shortest pulse length do not correspond with the plasma rise time in a
pulsed ECR-source. In conventional LEBT-systems the chopper is located at the entrance of the RFQ.
In the case of a beam current of 100 mA and a peak beam power of about 10 kW, the unwanted
beam portion has to be dumped carefully with respect to power deposition and secondary particle
production. Therefore, a chopper system is foreseen for the HBS-accelerator front end. It consists of
an E×B-chopper followed by a septum magnet to ensure the safe de�ection of the unwanted beam
portion into a dedicated beam dump [102].

The E×B chopper is driven by a high-voltage switch providing the electric �eld to ful�ll the Wien
condition with respect to the required pulse lengths and repetition rates. The advantage of an E×B-
chopper is the low power consumption compared to a magnetic chopper and the control of sec-
ondary particles (and therefore the risk of sparking) compared to electric choppers.

At the end of the LEBT, the beam is injected in the following RFQ. High space charge forces act on
the beam due to the small beam spot size demanded by the acceptance of the RFQ. Additionally, the
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Figure V.15: Cross-sectional view of the chopper system consisting of an E×B chop-
per, a static magnetic septum and a beam dump.

proton beam at the entrance of the RFQ is partly de-compensated. A careful investigation of beam
dynamics is necessary to prevent unwanted emittance growth and halo formation which leads to
beam losses in the accelerator. A collimation aperture right before the second solenoid removes a
small fraction of H2+ molecules from the beam and halo particles created by non-linear �elds within
the extractor.

Figure V.16: Beam dynamic simulation from the exit of the proton source extractor
to the entrance of the RFQ show an optimized �lling degree of solenoid aperture.

For proton beam densities larger than 7 · 1011 m−3 the proton ensemble tends towards collective
behaviour. Beam dynamic studies show good results with respect to intrinsic emittance growth, if the
transit time of the proton beam is shorter than the period of plasma oscillations of the proton beam
density. The interface between LEBT and RFQ should be as short as possible to preserve space
charge compensation of the pulsed proton beam against the high voltage of the RFQ electrodes.

V.2.6 Radio frequency quadrupoles

Radio frequency quadrupoles (RFQ) are today the standard structures for focusing, bunching and ac-
celerating a DC beam delivered by an ion source. Regardless of the RF structure used, 4 electrodes
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(rods, vanes) are periodically charged by RF �elds and generate a time-varying electric quadrupole
�eld. As the particles pass through the RFQ, a chain of alternating electric quadrupoles acts as a
strong electric focusing device in both transverse planes. Subsequent dri� tube cavities require a
bunched beam with a small phase and energy width to ensure high transmission and good beam
quality. In addition, the energy must be increased in the RFQ so that the length of the acceleration
cells in the dri� tube cavities becomes su�ciently large at a given frequency. Bunching and accel-
eration are achieved by longitudinal �elds generated by a characteristic mechanical modulation of
the electrodes. The electrode geometry is determined by the modulation m, the minimum aperture
a, and the cell length lc = βλ/2. The course of these parameters essentially determines the beam
dynamics properties of the RFQ.

Since most of the �eld energy is used for transversal focusing, RFQ accelerators are relatively ine�-
cient with respect to the required RF power and length. Therefore, the transition to more e�cient dri�
tube cavities should be made as early as possible. For beam dynamic reasons, the higher the beam
current, the higher the �nal energy. The lighter the particles or the smaller the mass-to-charge ratio,
the higher the frequency usually chosen. For beam currents that are not too high, typical frequencies
are between 300 and 400 MHz. For higher beam currents (100 mA) or high duty cycles, a lower
frequency of about 200 MHz is o�en used to reduce the required electrode voltage.

Parameter MYRRHA HBS Unit
RF Structure 4-Rod 4-Rod NA

Frequency 176.1 176.1 MHz

Particles Protons Protons NA

Beam current 5 100 mA

RF Duty factor 100 11 %

Ein 30 100 keV

Eout 1.5 2-3 MeV

Rp 72 72 kΩm

RF losses 108 <2x300 kW

Speci�c power loss 27 100 kW/m

Thermal load 27 11 kW/m

Beam power 7.5 2x100-150 kW

Total peak power 116 2x350-450 kW

Ampli�er 192 2x450-550 kW

Electrode voltage 44 85 kV

Length 4 <2x3 m

εin,n,rms 0.2 0.4 πmm mrad

Transmission (sim) 99.8 >95 %

Table V.2: Comparison of the MYRRHA RFQ and HBS RFQ parameter

The two most frequently used RF structures are the 4-Vane RFQ and the 4-Rod RFQ. The 4-Vane RFQ
is a cavity that operates in TE211-mode. The advantages are a high shunt impedance and a fairly
homogeneous distribution of the power dissipation. Due to the extreme sensitivity to �eld deviations,
the required tolerances are very narrow over large areas and involve a high risk in manufacturing
with regard to the functionality of the RFQ.

The 4-Rod RFQ is a transmission line resonator, i.e. the frequency does not depend on the tank
dimensions, but only on the geometry of the internal resonance structure. Due to the excellent
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Figure V.17: The MYRRHA RFQ very similar to the HBS RFQ uses the same technology.

Figure V.18: Cooling system of the resonance structure of the HBS-RFQ.

possibility of frequency and �eld tuning, the modular design and the possibilities for maintenance
and repair, clear advantages are seen for this RFQ type and therefore proposed as the RF structure for
HBS. In recent years, the 4-Rod RFQ has been further developed in terms of high current acceleration
at high duty cycle up to cw operation [98]. These developments were driven by various projects
such as MYRRHA, FRANZ or GSI-HLI. Novel cooling methods and technologies have been developed
and experimentally validated to handle high thermal loads up to 100 kW/m. The HBS-RFQ will have
exactly the same RF structure as MYRRHA (Figure V.17 and V.18). Essential di�erences are in the
electrode modulation due to changed beam parameters as well as in the length of the structure.
However, this has no signi�cant in�uence on e�ciency and frequency.

An important aspect is the �nal energy. This should be high enough to enable a good beam trans-
port along the subsequent Medium Energy Beam Transfer (MEBT). For a current of 100 mA, values
between 2 and 3 MeV are a good choice. The exact value must be determined using beam dynam-
ics simulations. For energies well above 2 MeV, the length of the RFQ reaches a value that makes
production and tuning considerably more di�cult. In addition, the required power is then very high.
Therefore it is planned to divide the RFQ into two shorter structures in case a higher �nal energy is
required. In addition, a short MEBT is then used between the individual RFQ accelerators to match
the beam from one RFQ to the other. First simulations showed that an electrode voltage of 85 kV is
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required. With the expected shunt impedance of 72 kΩm, this corresponds to a speci�c RF power of
100 kW/m. The thermal load is 11 kW/m with the RF duty cycle of 11%.

V.2.7 Medium energy beam transport

The beam delivered by the RFQ must be adapted to the acceptance of the following dri� tube linac.
The dri� tube linac requires a convergent beam in both transverse planes, while the RFQ provides
a beam convergent in one plane and divergent in the other. The transverse matching is done by
means of magnetic quadrupoles. In addition, the beam must be longitudinally matched to reduce
the phase width, otherwise nonlinear e�ects in the subsequent dri� tube cavities lead to emittance
growth and possibly uncontrolled particle losses. To minimize the phase width, re-bunchers are
used, which are operated at a synchronous phase of -90◦. For HBS, the MYRRHA MEBT will be used
with small adjustments regarding the beam energy. The MEBT consists of a quadrupole dublet, two
Quarter Wave re-bunchers and a quadrupole triplet (Figure V.19). The MEBT was designed in such
a way that there is su�cient space for di�erent beam diagnostic elements (BPM, ACCT). Behind the
RFQ there are two additional steerer pairs to compensate for a possible transverse o�set of the RFQ
beam.

Figure V.19: Medium Energy Beam Transport (MEBT) between RFQ and CH-DTL.

V.2.8 Dri� tube linac

Various RF structures are available for a normal conducting HBS linac. Basically, the linac should
be as e�cient as possible in terms of power consumption. Furthermore, beam dynamic aspects,
modularity, maintenance, repair, R&D e�ort, availability of suitable ampli�ers and investment costs
also play a role. The classic accelerator is the Alvarez DTL. Due to the signi�cant development
e�ort, low e�ciency, and the necessity of large tube ampli�ers, H-mode structures are proposed.
H-mode accelerators use the Hn11 (TEn11) mode of the empty cylindrical cavity. The term H-mode
is based on the longitudinal magnetic �eld along the structure. Currently, H-mode accelerators up
to n=2 are realized [103]. At n=1 we speak of IH-structures (interdigital H-mode structure) and at
n=2 of CH-structures (crossbar H-mode structure). H-mode structures have a high shunt impedance,
since the current �ows transversally only over half (IH) or quarter (CH) of the tank circumference.
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Since H-mode structures are real cavities, the frequency is essentially determined by the transverse
tank dimensions. CH structures have a slightly lower shunt impedance at the same frequency as IH
structures. At higher duty cycles with corresponding thermal load, CH structures o�er better cooling
possibilities. Due to the CH cavities (176.1 MHz, duty factor 100%) developed for the MYRRHA project,
this solution is also proposed for the HBS linac (Figure V.20).

Figure V.20: CH-Cavity operated with 100% duty factor.

The technology has been successfully tested and requires a manageable development e�ort. The
frequency tuner, power couplers and the cooling system of the cavities can be taken over (Figure V.21).
Only the RF structures have to be designed according to the �eld distribution and the frequency.
The design of the CH cavities is essentially in�uenced by two factors: the beam dynamics and the
available RF power. As already mentioned, the longitudinal phase advance should be as constant
as possible in order to minimize emittance growth. This gives boundary conditions for the length
of the longitudinal periods and the gradients in the cavities. On the other hand, the length of the
cavities should not exceed 1.5 to 2 m in order to keep production simple and to limit the ampli�er
power to a maximum of 500 kW. Therefore, cavity doublets should be used above a certain energy.
Furthermore, it must be considered that the shunt impedance decreases with 1/β. In the �rst part
of the linac a constant synchronous phase with variable cell length is used. In the second part, the
cell length is kept constant. Together with the use of magnetic quadrupole doublets between the
cavities, an extremely modular structure is achieved (Figure V.22). This provides space for su�cient
diagnostics and ensures good access to all elements for maintenance and repair. Furthermore,
scalability with regard to energy and beam power is achieved. The design allows a wide range of
beam currents from a few mA to 100 mA. Due to the provided cooling, duty factors of practically 0 to
20% are possible. Depending on the number of cavities, energies in the range from 2.5 to 100 MeV
are possible. Thus the entire range for compact accelerator-based neutron sources can be covered
by small adaptations.

In the case of HBS, about 35 CH cavities are required. The exact value must be determined by
simulations. The estimated total length of the HBS linac with the front-end is about 90 m. The
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Figure V.21: Cooling system for the CH-cavities. It has been designed for average
power levels of 50 kW/m

cavities are made of stainless steel. A�er the necessary intermediate measurements to check the
frequency, the �eld distribution and the tuning range of the tuners, the cavities are copper-plated
with a layer of about 50 µm.

Figure V.22: The modular design of the HBS CH-DTL provides good access for main-
tenance and repair.

V.2.9 RF system

The RF system of the HBS linac must reliably provide the RF power for the cavities within certain
parameters. The total power per cavity consists of the ohmic losses, the beam load, line losses
and reserves. The reserves should be at least 30% of the maximum nominal power in order to
have su�cient margin for control and redundancy. The di�erent cavities will have di�erent power
requirements. Therefore, ampli�ers between 200 and 500 kW are required. Possible technologies
for the ampli�ers are classical tube ampli�ers or solid-state ampli�ers.

Solid state ampli�ers o�er some advantages. Several transistors, each delivering about 1 kW RF
power, are combined into a so-called pallet ampli�er. The required total power is �nally obtained
via several combiner stages. In contrast to tube ampli�ers, solid-state ampli�ers can be designed
redundantly. In the event of the failure of one or more pallet ampli�ers, the entire system is still ready
for operation. Solid state ampli�ers do not require high voltage and the foot-print is much smaller.
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Parameter Value Unit
RF structure CH-DTL NA

Frequency 176.1 MHz

No of cavities ≈ 35 NA

RF Duty factor 11 %

Ein 2-3 MeV

Eout 70 MeV

Zeff 30-60 MΩ/m

Speci�c power loss 100 kW/m

Thermal load 11 kW/m

Aperture diameter 30-40 mm

Gradient 1.5-2 MV/m

Voltage 0.5-2.5 MV

Total power per cavity 50-350 kW

Ampli�er power 100-500 kW

Table V.3: Preliminary parameters of the CH-linac

Figure V.23: 200 kW, 176.1 MHz Solid State Ampli�er (SSA) developed for the MYRRHA
project.

Furthermore, the market for these ampli�ers is strongly determined by competition. Extremely reli-
able RF systems can be realized with solid state ampli�ers. It is therefore recommended to use solid
state ampli�ers for HBS. Figure V.23 shows a 192 kW solid state ampli�er for the MYRRHA project. It
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Parameter Value Unit
Frequency 176.1 MHz

RF power 200, 300, 400, 500 kW

RF duty factor 11 %

No of ampli�er 37 NA

Bandwidth@1 dB > ±1 MHz

Input impedance 50 Ω

Output impedance 50 Ω

Input connector type SMA female NA

Nominal input level <+10 dBm

Rise time (10-90%) <2 µs

Pulse length 152, 308, 933 µs

Repetition rate 384, 96, 24 Hz

Pulse over/undershoot < ±0.3 dB

Phase linearity <10 deg

Pulse droop < 0.2 dB

Amplitude stability < ±0.2 dB

Phase stability < ±0.2 deg

Circulator no NA

Harmonics at nominal power <-40 dBc

Overall e�ciency >50 %

IEC 610000-6-2

EMC compliance IEC 610000-6-2 NA

IEC 60204-1

Input connector position front NA

Output connector position top NA

Ampli�er technology Solid state NA

Table V.4: Preliminary parameters of the RF ampli�ers

is operated at 176.1 MHz with cw operation. Table V.4 describes the preliminary parameters of the
ampli�ers.

V.3 Multiplexer

In order to e�ciently operate multiple instruments with di�erent requirements for the neutron pulse
structure at the HBS facility simultaneously, three di�erent pulse sequences have to be multiplexed
into the primary proton beam. For neutron generation at the appropriate target station with a des-
ignated suite of instruments, these pulses then have to be distributed spatially by a proton beam
de�ector system, which will be referred to as the multiplexer. This section presents a multiplexer
system conceptually designed to meet HBS requirements. Here, we pursue an approach which em-
ploys twofold subsequent spatial distribution of the pulses. This section starts with a summary of HBS
requirements on the multiplexer’s design philosophy and speci�cations. A�er this, a general layout
of the multiplexer setup is presented including geometric dimensions and required �eld strengths
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of the corresponding magnets. Then the beam dynamics of this setup will be discussed by means
of tracking simulations in each beam line and �nally the conceptual design of the three di�erent
magnets employed in the multiplexer will be presented.

V.3.1 Requirements

As introduced in Chapter V, the HBS features three target stations, each supplying neutrons to a
di�erent group of instruments. The corresponding proton pulse sequences on each target have to be
set to obtain an optimal balance between relative neutron wavelength uncertainty and bandwidth at
a �xed duty cycle of ≈2%. This results in three di�erent pulse sequences with di�erent frequency
and pulse length as listed in Table V.5.

Frequency [Hz] Time period [ms] Pulse length [µs] Neutrons Instruments
384 2.6 52 Fast High energy

96 10.4 208 Thermal High resolution

24 41.7 833 Cold Long wavelenghts

Table V.5: Primary proton pulse parameters for three di�erent target stations, i.e.
instrument groups, operated at HBS.

Timing

These three pulse sequences are multiplexed into the proton beam by temporally centring the two
lower frequency pulse sequences, i.e. 96Hz and 24Hz between two subsequent 384Hz pulses as
shown in V.24.

Figure V.24: Pulse sequences as multiplexed into the primary proton beam. The
96Hz and 24Hz pulses are centred with respect to one period of the 384Hz pulses
which results in an interval of 1172 µs and 859 µs between two subsequent pulses,
respectively. Parameters are taken from Table V.5.

With a period length of 2604 µs at 384Hz and a corresponding pulse length of 52 µs, the time
di�erence between two subsequent 384Hz pulses is 2552 µs. Thus, centring pulses with 208 µs and
833 µs pulse length in this interval results in 1172 µs and 859 µs time intervals between adjacent pulses
of di�erent frequency, i.e. the time intervals during which the ion beam optical parameters need to
be changed in order to separate the 96Hz and 24Hz pulses from the 384Hz pulse, respectively.
Consequently, the upper threshold for the settling time of a beam de�ection device is 859 µs.
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Beam line

In Chapter V, it was shown that the HBS facility will be operated over two �oors with the multiplexer
situated on the �rst �oor while the accelerator and the target stations will be located on the ground
�oor. Furthermore, the three target stations need to be arranged such that one obtains a su�ciently
large separation between them in order to have enough spatial �exibility for a number of neutron
guides and multiple instruments. This requires beam transport from the accelerator to the multiplexer
and from the multiplexer to the target in the order of 5m - 10m each and therefore calls for beam
focusing elements within the total distance from accelerator to target. In addition, the beam power
needs to be uniformly distributed over the target disk by fast scanning of a small beam spot over the
target disk area. These demands on the beam quality make it bene�cial to integrate beam focusing
devices into the multiplexer layout. The beam transport from accelerator to target is thus the shortest
possible and the number of necessary quadrupole magnets is minimized.

Reliability

As mentioned in Table V.1, the HBS facility will be operated with an availability of>95% during sched-
uled operation and a beam intensity of 100mA which poses certain demands on the multiplexer
design. Due to the high beam intensity, it is preferred to ramp up the beam de�ection device with no
beam in the aperture, thus reducing the radiation induced damage of subsequent components, e.g.
beam tubes or further magnets, and the overall radiation exposure by secondary particles. This is
ensured by an appropriate synchronisation of the beam de�ection to the beam pulsing, i.e. chopping
in the LEBT of the accelerator facility as shown in V.15. A�er the beam is annihilated in the chopper
system, e.g. a�er a 384Hz pulse in V.24, the beam de�ection is settling within less than 859 µs such
that the beam is guided onto a well-de�ned trajectory before the chopper is set o� for 833 µs.

The high demand for availability during the scheduled operation of HBS makes it desirable to re-
duce the duty cycle of highly stressed equipment, as for example the power supplies of the beam
de�ection devices. This, together with the less challenging requirements of unipolar power supplies
(two quadrant chopper) in terms of maintenance makes it advantageous to successively distribute
the three pulses as shown schematically in V.25.

Figure V.25: Successive separation of 96Hz and 24Hz pulse sequences from the
unperturbed 384Hz pulse sequence.

V.3.2 Layout

In order to meet the requirements derived in the previous subsection a multiplexer layout as shown
in Figure V.26 is proposed.
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Figure V.26: Conceptual design of the HBS multiplexer. The design comprises two
kicker magnets (1), two opposite �eld septum magnets (2) and �ve quadrupole mag-
nets (3) for beam focusing in all outgoing beam lines.

In Figure V.26, two fast ferrite kicker magnets successively separate the 96Hz and 24Hz pulse
sequences from the 384Hz pulse sequence. In both steps of beam separation, two septum magnets
de�ect the perturbed and unperturbed beam for further horizontal separation. Additionally, �ve
quadrupole magnets form two quadrupole triplet con�gurations which are powered to perform a
point-to-point imaging of the beam.

To de�ne the positions and strengths of the magnets shown in Figure V.26, one has to estimate
the horizontal (x-direction in Figure V.26) beam size which can be derived from the approximate
transversal emittance of the HBS linac, i.e. εnorm,rms

x(y) = 1mmmrad. Therefore one starts to look
at the longitudinal evolution of the beam envelope in the multiplexer which is dominated by the
quadrupole magnets being set to perform a point-to-point imaging. First of all the distances between
the quadrupole magnets need to be �xed. In order to have enough space between the quadrupole
magnets for kicker and septum magnets, the spacing is iteratively set to be 1.2m. This gives us
the corresponding quadrupole strengths and beam transport matrices for point-to-point imaging.
A�er the minimization of the overall transversal beam size in the multiplexer with �xed transversal
emittance and tuneable TWISS parameters1, one ends up at a RMS beam size of σx ≈ 5mm,
σy ≈ 1mm at the position of the septum magnet.

With the requirement of a horizontal separation2 of the two beams de�ected in opposite directions to
each other at the beginning of the septum magnets of at least 4σx+∆xseptum ≈ 20mm+5mm =
25mm and a su�ciently large horizontal separation of the beam tubes at the position of the second
quadrupole magnets3 of at least one quadrupole magnet’s width and some additional spacing, i.e.
in total ≈ 0.6m, one can deduce a suitable combination of de�ection angles and thus magnetic �eld
strengths and lengths for the kicker and septum magnet.

Figure V.27 shows the Multiplexer as a composition of two 26mT kicker magnets, two 740mT
opposite �eld septum magnets and �ve quadrupole magnets with gradients of ≈ ±3 · 1/m2.

1For the sake of simplicity we assume α = 0, i.e. we map the waist of the beam.
2xseptum denotes the additional separation that is required in order to maintain two opposite magnetic �eld regions.
3Counting along the direction of beam propagation, i.e. from le� to right in Figure V.26
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Figure V.27: Schematic top view of the multiplexer in Fig. V.26 with the quadrupole
magnets (top) as well as the kicker and septum magnets (bottom) highlighted indi-
vidually. QDF, QF, K, OFS denote horizontally defocusing quadrupole magnets, hor-
izontally focusing quadrupole magnets, kicker magnets and opposite �eld septum
magnets, respectively. Note that the distances are not to scale.

V.3.3 Beam dynamics

In Figure V.27 the geometric layout of the multiplexer is presented as it was derived from the horizontal
beam size and additional constraints whereby the beam size itself was deduced from a glimpse
into the beam dynamics introduced primarily by the quadrupole triplet con�guration. However,
strong dipole magnets, as for example the septum magnets, additionally result in beam focusing and
defocusing strengths (i.e. edge focusing/defocusing) which are no longer negligible at such large
magnetic �elds. Therefore a proper beam dynamics simulation in terms of particle tracking was
performed for each of the three individual beam lines in Figure V.27. The corresponding results for
the beamlines which output the 384Hz, 24Hz, 96Hz pulse sequences are displayed in Figure V.28,
V.29 and V.30, respectively.

The �gures show the longitudinal evolution of the total envelope (6σ beam diameter) as well as the
RMS beam size during propagation through the multiplexer. Furthermore, the horizontal and vertical
sub phase spaces are plotted (top and bottom plot on the right side, respectively) at the beginning
(red) as well as at the end (blue) of the multiplexer. The initial phase space distribution takes into
account the emittance as derived in the previous subsection. All three tracking calculations prove
that the composition of quadrupole strengths for the �ve quadrupoles was chosen such that the
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Figure V.28: Le� plot: Envelope (6σx,y and σx,y ) versus longitudinal position in the
384Hz beamline shown in Figure V.26. Right plot: Phase space distribution at the
beginning and at the end of the beamline for the horizontal (top) and vertical plane
(bottom).

Figure V.29: Le� plot: Envelope (6σx,y and σx,y ) versus longitudinal position in the
24Hz beamline shown in Figure V.26. Right plot: Phase space distribution at the
beginning and at the end of the beamline for the horizontal (top) and vertical plane
(bottom).

horizontal beam size is identical at the beginning of the multiplexer compared to at its end. However,
the shape and tilt of the phase space distribution in both transversal subspaces varies throughout
propagation. From an ion optics point of view, i.e. the arrangement of beam manipulating magnets in
Figure V.27, the beam lines that output the 384Hz and 24Hz pulse sequences are identical regarding
the transversal beam size as con�rmed in Figure V.28 and V.29. However, the 96Hz pulse sequence
carrying beam line di�ers by the lack of a second de�ecting septum, i.e. dipole magnet, and thus
requests slightly di�erent quadrupole settings (given in Figure V.27) for point-to-point imaging. This
results in minor di�erences in the beam dynamics as can be seen by direct comparison of Figure
V.28 (or V.29) with V.30.

Note that the presented simulations do not take into account space charge induced defocusing e�ects
on the beam by the self-interaction of the particles as well as by the indirect interaction of the particles
with the conducting chamber wall. The insertion of these e�ects into the tracking calculations is
relying on currently ongoing developments of a non-relativistic space charge tracking module of the
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Figure V.30: Le� plot: Envelope (6σx,y and σx,y ) versus longitudinal position in the
96Hz beamline shown in Figure V.26. Right plot: Phase space distribution at the
beginning and at the end of the beamline for the horizontal (top) and vertical plane
(bottom).

used Bmad library 4. However analytical approximations of the direct self-induced space charge and
the indirect space charge for a 70MeV, 100mA and non-uniform Gaussian distributed proton beam
with an RMS beam size of σ ≈ 3mm in a beam tube with 60 mm inner diameter suggest a relatively
small defocusing strength of roughly KSC,direct ≈ 6× 10−3 /m2 and KSC,indirect ≈ 6× 10−5 /m2,
respectively [104].

V.3.4 Magnet design

The conceptual layout of the multiplexer as derived in the previous subsections calls for a suitable
design of three individual magnets as summarized in Table V.6.

Magnet Magnetic �eld / Gradient Length [m] Duty cycle [%]
Fast kicker 31mT 0.5 2

Septum 740mT 0.75 100

Quadrupole <4T/m 0.3 100

Table V.6: Magnet design parameters

Since the design of the required quadrupole magnets as listed in Table V.6 is covered by standard
options, this subsection focuses on the description of the required fast kicker magnets and opposite
�eld septum magnets.

Kicker magnet

The multiplexer design requires a kicker strength of 31mT. We plan to use a beam tube with inner
diameter of 60mm. The concept of the kicker magnet is based on a window frame design with
bedstead coils as shown in Figure V.31. The dimensions of this design take into account the beam
tube diameter plus additional spacing for mounting the vacuum tube. With a gap height of 90mm
and a maximal �eld strength of 40mT, taking into account a 10mT safety margin, we end up at

4https://www.classe.cornell.edu/bmad/
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NI = 3000A for the ampere turns. With 20 turns in total, we result in I = 150A and an inductivity
of L = 300 µH.

Figure V.31: Conceptual design of fast kicker magnet of window frame design with
ferrite yoke and bedstead coils. Le� �gure shows the front view, the right part the 3D
extrusion.

For the kicker magnet, a high performance power supply will be required to provide short rise times
in order to distribute the pulses. Therefore, one needs to know precisely the speci�cations of such
a power supply governed by the rise time of the current pulse delivered to the magnet. For this
purpose, a simulation of eddy-current induced e�ects in the conducting walls of the beam pipe
which predominantly limit the achievable rise times of the magnetic �eld seen by the beam was
necessary.

Studies on the e�ect of eddy current-induced delays from the stainless steel beam tube during current
ramping are displayed in Figure V.32. From Section V.3.1, we know that the required rise time of the
magnetic �eld seen by the beam must be less than 800 µs. By taking into account a safety margin
of roughly 50 µs, the rise time of the kicker magnet itself must be below 600 µs according to Figure
V.32 in order to properly distribute the pulses to the target stations.

Septum magnet

For the septum magnet, we plan to employ a permanent magnet based system due to the �xed
beam parameters of the HBS facility concerning particle energy (70MeV) and particle species and
thus a �xed magnetic rigidity of 1.23Tm. Lowering the integrated �eld of the septum magnet in
order to operate the HBS at lower proton energies will be made possible by successively shortening
individual permanent magnet based parts of the septum magnet with iron sheets.

The front face of the septum magnet is shown in Figure V.33. In this �gure, the beam is going into
the image plane. The septum magnet will be designed such that it o�ers two di�erent �eld regions
with reversed polarity, thus de�ecting the beam entering into the le� part of the septum further to
the le� and vice versa on the right side. The front face of the septum will be designed such that it
takes up a beam with a beam size of 20mm. The beam spots will be separated by 5mm.

As shown in Figure V.34, the septum design generates a magnetic �ux density of 750mT. The cross
section in Figure V.33 will be extruded to 0.75m whilst also being extended in the horizontal plane
in order to account for the trajectories of the protons in this magnetic �eld.
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Figure V.32: The le� �gure shows a cross-sectional view of the fast kicker magnet as
presented in Figure V.31 including a stainless steel beam tube with an inner diameter
ID of 65mm and a wall thickness d0 of 2mm as well as the position of the proton
beam in the centre of the beam tube. The right �gures show a study of the rise time
of magnetic dipole �eld at the beam position in the le� �gure with respect to external
rise time i.e. rise time of the magnetic dipole �eld outside of the beam tube. The study
shows the e�ect of eddy current-induced delay of rise times from the stainless steel
beam tube in the magnet by presenting the temporal evolution of the magnetic dipole
�eld at the beam position for di�erent external magnetic dipole �eld rise times (top
right) as well as the rise time at the beam position versus external rise time (bottom
right).

V.4 Proton beam transport

The beam transport concept will be prede�ned by dividing the beam transport line of the HBS facility
from the accelerator to the targets into three separate segments as shown in Figure V.35.

The HBS facility is based on a proton linac with a normalized rms emittance of approximately
εnorm,rms
x(y) = 1mmmrad, a momentum uncertainty∆p/p = 1% and TWISS parameters βx(y) = 1m,
αx(y) = 0 at the matching point to the beam transport line. In the following, one refers to three RMS
widths of a gaussian beam pro�le, i.e. 6σx(y), when proton beam size is mentioned which includes
approximately 99.5% of the beam intensity5. The proton beam is transported to the top �oor at
roughly 10m height by the �rst segment which will feature two double-bend achromat units as shown
in Figure V.36, de�ecting into the x-y plane and into the x-z plane successively. The corresponding
beam dynamics of these units, each consisting of two quadrupole doublets at the beginning and the
end in order to control the TWISS parameters, and a vertically focusing quadrupole to compensate
the dispersion and two 45° sector bending magnets, are shown in Figure V.37. Since we bend the

5Note that in Subsection 3.2, one has a more relaxed de�nition of the beam size of 4σx(y) in the multiplexer section due to
the special demands of two neighbouring opposite magnetic �eld regions in the septum magnet
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Figure V.33: The graph shows the 2D geometry of the opposite �eld septum magnet.
The beam is normal to the image plane. The areas comprising grey arrows indicate
the permanent magnets and their orientation of magnetization. All other enclosed
areas which are mounted on the permanent magnets represent the iron yoke, i.e.
carbon steel. The centred area shows unoccupied space for the vacuum chamber
including the two beam spots. The beam size at this position is approximated by 4σx

to be 20mm. The magnetic �eld gradient during which the dipole �eld is inverted
when going from the le� side to the right side of the septum magnet occurs on
5mm horizontal length resulting in 25mm centre-to-centre separation between the
two beam spots. The red line shows the cut-line which was used in Figure V.34.

Figure V.34: This plot shows the magnetic �ux density y-component versus x coor-
dinate. The x-coordinate follows the cutline in Figure V.33.

beam in both horizontal and vertical degrees of freedom over the whole beam transport line, we
aim for dispersion-free optics in the beam transport line to the top �oor and from the top �oor to
the target.
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Figure V.35: Layout of the HBS facility with three target stations. The target stations
are classi�ed according to proton pulse structures as indicated. The beam transport
from the accelerator to the target station can be subdivided into three segments as
shown in the �gure. Segment 1 represents an achromatic system to transport the
beam to the top �oor. Segment 2 comprises the multiplexer unit and segment 3 uses
units from segment 1 in order to bend the beam towards the target station without
dispersion.

Figure V.36: Double-bend achromat systems as used in the �rst and third segment
according to Figure V.35. This system will be used in three di�erent orientations: one
for bending up into the vertical plane and another one for bending back into the
horizontal plane in segment 1. Another one is used for bending down into the vertical
plane and towards the target station in segment 3.

This works for the �rst segment according to Figure V.37 in combination with a point-to-point imaging
of the beam size. Note that in general it was important to keep the betatron amplitude βx(y) smaller
than 40m in order to utilize an inner beam tube diameter of 60mm.

A�er beam transport to the top �oor, segment 2 takes over which comprises the multiplexer device.
Hence, this segment separates into three beam lines during propagation. As shown in Figure V.27,
this segment comprises a quadrupole triplet. The matching point of this segment is 3m distant from
the last quadrupole of the �rst segment and 1.6m prior to the �rst quadrupole of the multiplexer
segment.

70



77CDR | HBS

V.

Figure V.37: Beam dynamics of double-bend achromat systems as used in the �rst
and third segment according to Figure V.35.

Finally, a�er segment 2, the 24Hz and 96Hz beamlines introduced by the multiplexer, as shown in
Figure V.26, will obtain an angular separation of roughly 80° from each other. The 384Hz beamline
is straight with roughly 2m horizontal o�set. The spacing between the target stations is controlled by
the length of the beamline from segment 2 to segment 3 (a�er each meter, one gains approximately
1.4m additional horizontal separation between the 24Hz and 96Hz beamline), which can be realized
by further quadrupole triplet con�gurations as used already in the Multiplexer. Each of these systems
extends the beam transport to the target by 5.5m.

At last, segment 3 reuses the double-bend achromat con�guration utilized in segment 1 in all of
its three beamlines to bend the beam vertically into the x-y plane in order to irradiate the targets
from the top. By using quadrupole triplet con�gurations in the beamline prior to segment three, one
obtains a beam spot on the target with a diameter of 10mm (as extracted from the linac) which
can then be scanned by a kicker system within one pulse of minimum 52 µs over a target area
of 100 cm2. The sector dipoles operate below 0.9T on 1m e�ective length. All dipoles can be
connected in series.

V.4.1 Proton beam dump

The beam dump is positioned behind the �rst dipole magnet of segment 1 on the accelerator level
as displayed in Figure V.35. The design of the beam dump is adapted to a possible energy, and
thus power, upgrade of the accelerator to 100MeV and an increased duty cycle resulting in 7.5mA
average current. With a 16% safety margin, the design goal of the beam dump is to withstand
1MW average beam power. The expected operating time of the beam dump as a safety device is
very low, i.e. it will be used in case of emergency to dump the beam prior to RF shutdown of the
accelerator. However, the beam dump is also required for beam adjustment and maintenance. In this
case, continuous operation of the beam dump of up to 2 weeks per year needs to be guaranteed.
During this scenario the ion optics will be adjusted such that the beam is defocused before impinging
on the beam dump, thus lowering the power density.

71



78 CDR | HBS

V.

Figure V.38: Beam dump design for 1MW beam power. The total length of the
system will be about 10m. The height will be about 0.3m. Two symmetrical elements
will be inclined by about 0.5° in order to gradually distribute the beam power over
10m.

The beam dump will be made up of several small units. Each unit consists of 30 graphite tiles, each
1 cm thick and 5 cm by 5 cm wide. These graphite plates are bonded onto a 5 cm thick, 30 cm
by 30 cm wide copper layer. The protons are stopped in the graphite which has a high resistance
to blistering and which shows only minor activity. The copper serves as heat conductor, and a
cooling structure for water is applied to the underside. As shown in Figure V.38, bricks of graphite,
copper and a cooling structure will be stacked next to each other such that the total beam power is
distributed over 10m within the beam dump. Two stacks are then inclined so that the beam power
is gradually deposited in the beam dump.

V.5 Target

The basic function of the target is to produce neutrons by way of a nuclear reaction. Thereby
100 kW beam power is deposited inside the target and converted to heat which needs to be removed
e�ciently. During the operation, the target is subject to strong loads which could endanger the target
integrity. Previous investigations show that there are two main risks concerning the target integrity,
i) the hydrogen embrittlement and ii) the mechanical stress due to temperature gradients.

Hydrogen embrittlement is caused by proton accumulation and the creation of hydrogen bubbles
due to the high current proton beam. The protons lose energy as they pass through the target
material and are stopped inside the target which might lead to a target failure. A careful material
selection is thus made in order to maximize the neutron outcome and reduce the risk of hydrogen
embrittlement. The basic design of the target is chosen to reduce the risk of hydrogen embrittlement,
to remove heat e�ciently and handle mechanical stress.
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V.5.1 Material selection

In a compact accelerator-driven neutron source, 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
as described in Chapter V.1. Additionally to the considerations regarding the neutron yield, the
chosen target material should exhibit, besides a high melting point, a suitable combination of thermo-
mechanical properties such as high thermal conductivity, low thermal expansion coe�cient to reduce
thermal and particularly fatigue stress, good elasticity and ductility and high yield strength to act
as a solid target. These properties are very important since the target has to withstand a range
of temperature di�erences and stress. Furthermore, high hydrogen solubility i.e. a high blistering
threshold, low chemical reactivity and low radiation damageability are required for physico-chemical
stability. From materials studies in the �eld of target development for spallation sources [105, 106]
we identify within the material range of 70 < Z < 82, tantalum and tungsten as the most promising
materials for the design of a high performance HBS-target. Neutron yields calculated from the
irradiation of the two materials with 70 Mev protons or deuterons are summarized in Table V.7.
Relevant properties of tantalum and tungsten for target development are given in Table V.8.

Tungsten is a high density (19.293 g cm−3 at 20 oC [107]) material with a high melting point (3414 oC
[107]) and has excellent corrosion resistance. It has a high thermal conductivity (174 W m−1 K−1 at
20 oC) and a low thermal expansion coe�cient (4.50 · 10−6 m m−1 K−1 at 20 oC) [107]. When so�,
its elastic modulus is 415 GPa and its yield strength 550 MPa at 20oC [107]. These properties make
tungsten attractive for a solid target. However, the manufacturability of tungsten is limited due to
its hardness and brittleness at room temperature. Under proton or fast neutron irradiation tungsten
becomes much harder and more brittle and losses in ductility [108, 109, 110]. Irradiated tungsten
fails at stresses far below the yield stress of unirradiated material [108, 109]. Additionally, due to
its extremely low hydrogen solubility (1.3 · 10−19 H/W at 100 oC and 1 atm [111]), tungsten shows
pronounced blistering behaviour [112]; its blistering threshold (proton �uence), 2-4 · 1022m−2 [113],
being low, though radiation damage could suppress to some extent the formation of blisters [114].
Furthermore, tungsten is subject to serious corrosion when in contact with water under irradiation
[108, 115].

Tantalum is a hard and ductile high density (16.656 g cm−3 at 20 oC [107]) material with a very
good workability. It has high corrosion resistance and is inert to practically all organic and inorganic
substances. The melting point of tantalum is high (2996 oC [107]). Its thermal conductivity (57.55 W
m−1 K−1 at 20 oC [107]) is three times lower than that of tungsten. The thermal expansion coe�cient
of tantalum (6.5 · 10−6 m m−1 K−1 at 20 oC [107]) is somewhat higher than that of tungsten. When
so� and recrystallized, its elastic modulus is 179 GPa and its yield strength is 310 - 380 MPa at
20oC [107]. In the presence of protons or fast neutron irradiation, tantalum shows hardening with
reduced ductility [108, 109, 116]. Pure tantalum exhibits excellent ductility even a�er irradiation [116].
Furthermore, tantalum has a very high hydrogen solubility (0.76 H/W at 100 oC and 1 atm [117])
and its blistering threshold (> 230 · 1022 m−2 [113]) is higher than that of tungsten. Moreover, no
corrosion occurs when in contact with water under irradiation [108].

Protons Deuterons
Element Thickness Neutron yield Thickness Neutron yield

[mm] 1014s−1mA−1 [mm] 1014s−1mA−1

Ta 5.07 9.0 3.14 10.2

W 4.38 9.8 2.72 10.3

Table V.7: Neutron yield analytically calculated for the irradiation of tantalum and
tungsten with protons and deuterons with energy of 70 MeV. The thickness of the
material is set to fully stop the ions.
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Melting Thermal Yield Blistering
point conductivity strength threshold

Element ◦C Wm−1K−1 MPa 1022m−2

Ta (so�, recrystallized) 2996 57.55 310 - 380 ≥ 230 [113]

W (so�) 3414 174 550 2 - 4 [113]

Table V.8: Relevant properties of tantalum and tungsten for target development. The
blistering threshold describes the proton �uence.

Hence, tantalum exhibits clearly better characteristics under irradiation than tungsten to withstand a
high intensity proton beam. In particular, its capacity to store large amounts of hydrogen to suppress
blistering should be a bene�t for the target lifetime. Despite the lower thermal conductivity and
yield strength, tantalum (so�, recrystallized) is the material of choice for the design of a target with
adapted cooling to reduce induced thermal and mechanical stress.

V.5.2 Neutron spectrum

The neutronic properties (total neutron yield, neutron energy spectrum and angular distribution) of
a 5.07 mm thick tantalum target irradiated with 70 MeV protons were studied by numerical simula-
tion using the MCNP toolkit and the cross sections for proton reactions recorded in the TENDL 2017
database. These properties are important for the design and optimization of the moderator/re�ector
assembly as well as for safety aspects related to radiation protection. The total neutron yield esti-
mated with MCNP is, 9.1 · 1014 s−1mA−1, a value which agrees well with the analytically calculated
one (see Table V.7). The angular distribution and the neutron energy spectrum for the primary neu-
trons created by the Ta(p, xn) reaction for 70 MeV protons is presented in Figure V.39. The simulation
indicates that the neutrons are slightly forward directed with 55% of the neutrons emitted in mod-
erator direction and 45% backwards in accelerator direction. The peak energy of the neutrons is
0.45 MeV and the neutron spectrum goes up to 70 MeV.

Figure V.39: Angular distribution (le�) and neutron energy spectrum (right) for the
primary created neutrons by the Ta(p, xn) reaction for 70 MeV protons. The angular
distribution is integrated over the whole energy range and the energy spectrum is
integrated over 4 π.

V.5.3 Basic target design

The design of the target must ensure safe and reliable operation at 100 kW. Two target designs are
proposed to achieve this goal (see Fig. V.40): an internally-cooled target design and a externally-
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cooled target design. The internally-cooled design follows the concept of high brilliance in a con-
sistent manner. For this purpose a target is required which is as compact as possible, considering
the thermal load generated by the proton beam. The externally-cooled reduces the mechanical
stress inside the target by decoupling the heat sink and the target via a liquid, thermally conductive
layer. Each target design follows its own philosophy, however both are based on the same guiding
principles regarding stability.

As mentioned before, the main risks concerning target integrity are hydrogen embrittlement and
mechanical stresses. In addition to the presented material selection, the risk of hydrogen embrittle-
ment is further reduced by the adjustment of the target thickness to proton energy in order to avoid
hydrogen implantation at the Bragg peak 6. Instead, the protons are stopped inside a dedicated
layer at the distance of the Bragg peak behind the target. By the combination of the two measures,
the adjustment of the target thickness and the use of tantalum, no critical hydrogen accumulation is
expected.

Most of the mechanical stress is caused by thermal loads. The small dimension of the target in
combination with the high power induced by the proton beam generates strong temperature gradi-
ents within the target and thus appropriate cooling designs, mountings and material selections are
required. Within the few last years, previous developments for CANS have tried to manage these
thermal-induced stresses by using a rotating target or liquid targets or a combination of di�erent
materials. HBS has developed a stationary solid target in order to decrease the complexity and en-
hance the target’s reliability. The basic target consists of a mounting system and a tantalum device
which is either internally or externally cooled by water.

Heat transfer Achievable
coe�cient power density

Method Coolant W m−2 K−1 kW cm−2

External Water 4,000 - 16,000 [118] 0.13
forced cooling Liquid metals 0.26

External Water 4,000 - 4,700 [119] 0.2 - 0.4
heat sink Liquid metals 0.4 - 0.8

Microchannels Water (1-phase) 10,000 [120] 0.2 - 3.0 [121]
Water (2-phase) 100,000 [120] 3 - 380 [122]
Liquid metal 1 - 3.5 [12]

Table V.9: Cooling capabilities of various cooling concepts

It has been recognized that heat dissipation and mechanical stability are the two main limitation
factors during the development of a high density power target. Although heat dissipation capacity
strongly depends on the exact conditions of the respective situation including factors such as pressure,
velocity and the geometry, the order of magnitude of cooling power for di�erent cooling methods
can be found in the literature. A brief summary is shown in Table V.9. It can therefore be concluded
that conventional water cooling with or without a heat sink is not su�cient to reach the desired heat
removal capacity in the order of 1 kW/cm2. The use of liquid metals (e.g. gallium, galliastan) could
enhance the heat removals capacity compared to water coolants, but this still does not achieve
the desired value. By contrast, the use of micro channels indicates that su�cient cooling power
can be achieved. Micro channels minimize the viscous boundary layer which is the main cause for
thermal resistance at the interface between the coolant and the walls. Several published experiments
achieved heat �uxes which are signi�cantly above the desired 1 kW/cm2.

6The energy loss per penetration depth is a function of the proton energy. This means that for a mono-energetic proton beam
the protons are stopped inside a small interval at the position of the so called Bragg peak
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Figure V.40: Comparison of internally-cooled (le�) and externally-cooled (right) tar-
get: 1: target material, 2: beam stop, 3: cooling channels, 4: heat sink, 5: structural
material

Figure V.41: Basic structure of the internally cooled target

Internally cooled target

The guiding principle of the internally cooled target is for it to be as compact as possible on the one
hand and extremely reliable on the other. Brilliance is a property of the neutron beam which, among
others, depends strongly on the target-moderator assembly dimension. Thus reducing the target size
leads to an increase of the brilliance of the neutron beams. Miniaturization is limited by the thermal
stresses and heat removal capacity. Thermal stresses arise as a result of temperature gradients
inside a component or inside an assembly, whereas the heat removal capacity is correlated to the
size of the cooled area.

The basic structure of the internally cooled target is shown in Figure V.41. The �gure shows a coolant
feed water line, the �ow laminator and one half of the irradiated target section. Each component of
the target consist of tantalum and the single components are welded together into a solid unit. The
irradiated centre of the target consists of a rectangular plate with a length of approximately 12 cm,
penetrated by micro channels. Both open sides of this plate are connected to one feed water line
and one discharge pipe, respectively. The �ow laminators are interconnected between the supply
lines and the tantalum plate in order to reduce the force acting on the micro channel openings which
are caused by the momentum of the water. The thickness of the irradiated tantalum plate is adjusted
to the lower stopping power of water compared to tantalum and thus the thickness is increased from
5 mm to 6.34 mm. A�er passing this plate, the protons are halted by a dedicated beam stop layer
made of water. This water layer is covered by a thin tantalum wall. A comprehensive view of the
target is presented in Figure V.42.

The inner micro channel cooling has two main advantages compared to a conventional one-sided
cooling. On the one hand, the boundary surface between the water coolant and the target material is
increased signi�cantly, or rather by a factor of 8.5 for the present geometry. The heat transfer at this
surface is the dominant heat transfer resistance and thus the increase in surface area also enhances
the heat �ux. On the other hand, heat is removed inside the target and thus the temperature gradients
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Figure V.42: Basic functionality of the internally-cooled target

Figure V.43: Le�: Equivalent stress inside the target caused by temperature induced
stress (time averaged beam power) and coolant pressure. Right: Time dependent
maximum of temperature and stress inside internally cooled target caused by 100
mA pulsed proton beam at 24 Hz at 8 m/s coolant �ow

within the target are smaller compared to conventional one-side cooling due to the reduced thickness
of the tantalum that requires cooling.

Beside the heat dissipation capacity, the mechanical stresses are the second limiting factor in terms of
achievable power density. Temperature gradients inside the target cause stress as well as pressure
gradients and forces created by the mounting or impinging coolant. Thus, the reduction of the
temperature gradients reduces the stress inside the target which is achieved by the internally-cooled
target geometry.

The actual cooling capacity of a micro channel system depends on the �ow velocity and the channel
geometry. In general, a higher �ow velocity or smaller micro channel width increases the heat
transfer capacity and thus reduces mechanical stresses. However, both parameters have an impact on
the pressure loss inside the channels, which contributes to mechanical stress, making an optimization
process necessary. Figure V.43 shows simulation results of the maximum equivalent stress inside
the target caused by temperature-induced stress and the coolant pressure over the average �ow
velocity inside the target. The simulations were performed with ANSYS CFD and ANSYS FEM and
based on micro channels with a width of 0.35 mm. Preliminary studies have shown that this width is
a good compromise between pressure loss, heat removal capacity and the available manufacturing
technology. The graph at Figure V.43 indicates that the lowest stress values can be expected at �ow
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Figure V.44: Le�: Temperature distribution (le�) and stress distribution (right) in a
section of the internally cooled target directly a�er one proton pulse irradiation of a
24 Hz cycle.

velocities between 8 m/s and 9 m/s. Lower velocities reduce the pressure-induced stress but increase
temperature-induced stress. For higher velocities the pressure loss becomes dominant in relation to
the temperature-induced stress and hence the total stress rises. In the later investigations, a �ow
velocity of 8 m/s was chosen, which causes a pressure drop of 1.8 ·105 Pa within the channel length
of 10 cm and results in a strong heat transfer coe�cient inside the micro channels of 4.3·104 W/m2/K.

The highest loads on the target occur during the lowest proton beam repetition rate due to the longest
irradiation time within one pulse. The time-averaged thermal load and the thermal peak load are
constant at all repetition rates. For this reason, a transient thermal and structural FEM simulation
was performed for the 24 Hz thermal load case. The result of the time-dependent behaviour of
temperature and stress are shown in Figure V.43. The �rst 8 seconds of the simulation are performed
with a constant heat load in order to save computation time. A�er 8 seconds, a pulsed heat load
simulates the pulsed proton beam. The average temperature of the target is in the range of 100 ◦C.
The highest temperature inside the internally-cooled target does not exceed 124 ◦C at the chosen
design. The maximum stress is below 120 MPa, which is well below the yield strength of the tantalum
material of 310 MPa. However an optimization of the arrangement of the micro channels will further
decrease the tension.

The temperature distribution at a section through the target at the end of one proton pulse is shown
in Figure V.44. The non irradiated side of the target as well as the beam stop cover plate both show
almost no sign of being heated. Within the irradiated section, the temperature distribution is quite
homogeneous due to the arrangement of the coolant channels. The stress distribution at a section
through the target at the end of one proton pulse is shown in Figure V.44 at the le� side. Since the
stress inside the target is caused by temperature gradients and water pressure, there is no uniform
stress curve within the target, however there are two regions with stress peaks. The �rst region
ins which stress peaks occur is the boundary of the tantalum beam stop cover. The stress peaks
occur at this position because the beam stop cover act like a lever arm. The second region in which
stress peaks occur are the ends of the micro channel �ns, which have some kind of a notch e�ect.
A reduction of the local stress peaks through geometric optimization is currently being performed
although all local stress peaks are already below the acceptable stress limits ind of notch e�ect due
to the internal water pressure.

Externally cooled target

In contrast to the internally cooled target presented in Section 5.3 which was optimised for the highest
brilliance with a compact design utilising innovative cooling techniques, the externally cooled target
is optimised for a good �lling of many neutron guides. The dimensions are therefore relaxed in
order to allow a larger space for the neutron guide placement in the target-moderator assembly.
The requirements for the heat density removal capacity are thus not as strict as for the internally
cooled target and rather conventional cooling techniques can be utilised.
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Figure V.45: Basic structure of the externally cooled target with the tantalum target
disc lying on a gallium interface layer embedded in a tantalum tube

The basic design as presented in Figure V.45 consists of a 168 mm diameter and 5 mm thick tantalum
disc “�oating” on a 1.2 mm thick liquid gallium layer placed inside a 180 mm diameter and 1 mm
thick tantalum tub acting as a heat sink. These compounds are mounted by a structure material like
cobalt free stainless steel also acting as a vacuum barrier. The tantalum disc acts as the neutron
production material, the liquid gallium interlayer servers as a thermal interface material as well as
a proton beam stop between the tantalum disc and heat sink.

The advantage of a liquid metal interlayer is the possibility to keep thermal contact between target
and heat sink, which allows slight deformation of the target and the heat sink. The risk of thermal
delamination especially under thermal cycling is thereby avoided as well as the generation of tension
peaks at the interface, like it could occur with rigid bonding. The gallium also acts as a beam dump,
preventing the target material, as well as the heat sink, to be embrittled by entrapment of hydrogen
isotopes too quickly. This can be realised by choosing a slightly thinner target disc than the range
of the ions in the material, i.e. by positioning the Bragg peak inside the Ga layer.

The material for the tub needs to withstand the aggressive gallium layer and it needs to act as a
structure material. Liquid metals attack solid metals by a mechanism called liquid metal corrosion
or liquid metal embrittlement. Refractory metals such as tantalum, tungsten, molybdenum show
little or almost no reaction to liquid metals [123]. Tantalum was therefore chosen for this target
concept, besides the properties described in Chapter V.5.1 . Other materials might show improved
thermo-mechanical properties like the molybdenum alloy TZM (Mo99/Ti0.5/Zr0.1) and thus further
improvement of the concept might be possible within the TDR. The thermal conductivity is 126 W
m−1 K−1 [124] and the constituents Mo and Ti are resistant to gallium [125, 126].

An array of cooling channels of 1 mm with and 5 mm height are machined in the tantalum block
with a spacing of 0.5 mm to each other. The e�ective cross section area of the total of 206 micro
channels is 515 mm2. The cooling �uid is fed trough two feed-water pipes with a inner diameter of
25 mm each and its velocity is reduced in the D-shaped cavity volume. From there it �ows trough the
array of channels and is a�erwards collected in a second D-shaped cavity. With a cooling medium
velocity of 6 m/s causing a pressure drop of 10.000 Pa across the channels, the performed ANSYS
CFD simulations show a heat transfer coe�cient of 3.5× 104 Wm−2 K−1 which was a�erwards used
for the ANSYS FEM simulations.

In Figure V.46 the temperatures inside the target simulated with ANSYS FEM are presented for an
average power deposition of 100 kW with a homogeneous power density pro�le throughout the
target thickness. On the le� hand side, the temperatures inside the target are presented for the static
case. The temperature rises throughout target layer from around 200 ◦C at the gallium interlayer
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Figure V.46: Le�: Temperature in the target disc for a steady state operation. Right:
Temperature in the target in pulsed mode with 24 Hz a�er reaching steady state

Figure V.47: Le�: Stress in the target disc (top) and the tantalum tub (bottom) for
the steady state at an average power of 100 kW. Right: Stress in the target in pulsed
mode with 24 Hz proton beam frequency.

up to 520 ◦C at the target surface as the heat is just removed from one side. This temperature
rise is depending on the thickness of the target and therefore on the proton energy [95] and might
be reduced with a lower proton energy. On the right-hand side, the time dependent maximum
temperature inside the target for a 24 Hz proton beam is presented, which would result in the highest
temperature di�erence of around 15 ◦C. For the higher frequencies, the temperature di�erence would
be smaller as the proton pulse width scales with the frequency.

As the temperature in the gallium interlayer rises up to 200 ◦C and inside the tantalum target up to
520 ◦C, an evaporation of the materials might be happening. But with a vapor pressure (presented in
Figure V.48) at these temperatures of approximately 10−19 Pa and 10−39 Pa for gallium and tantalum
[127], respectively, an evaporation of the individual materials can be neglected.

As the gallium liquid interlayer decouples the target and the tub mechanically, each was simulated
with ANSYS FEM for the mechanical stress separately and is presented in Figure V.47. On the le�
hand side, the mechanical and temperature induced stress for the static case is presented. Inside
the target disc, the stress is below 100 MPa but rises up to 170 MPa at the corners. The stress inside
the tub is larger and rises up to 250 MPa at the centre of the tub but well below the yield strength
of tantalum. A further optimisation or a di�erent material might further reduce the stress. On the
right hand side, the stress inside the target disc for a 24 Hz proton beam is shown. The di�erence is
around 4 MPa which is a region where no fatigue problems are expected.

Due to the conventional design of the heat sink, the pressure drop is not very large and the size
of the target structure can be scaled quite well. Additionally, the tantalum disc does not act as a
structure material and thus the thickness can be reduced as by the proton energy required. This
concept can therefore be scaled down to lower proton energies.
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Figure V.48: The graph shows the vapor pressure for gallium on the le�-hand side
and for tantalum on the right-hand side [127]. The red line indicates the highest
temperature present in the target assembly for the di�erent materials.

V.6 Moderator-re�ector assembly

The primary neutrons emitted from the nuclear reaction of the protons with the target are typically
released with some MeV kinetic energy (see Chapter V.5.2). This corresponds to equivalent temper-
atures well above 1010 K. The spectrum demanded by the instruments covers the range between
1 meV (e.g. for a SANS di�ractometer, a re�ectometer, or a backscattering spectrometer) up to around
keV (e.g. for neutron imaging or PGNAA analysis), corresponding to temperatures between 15 K and
107 K. Moderator materials are used to reduce the energy of the neutrons towards the temperature
of the moderator material via collisions with the atomic nuclei of the moderator material and thus
enable the adjustment of the neutron energy to the experimental needs.

For a high brilliance neutron source, it is mandatory that the neutron cloud originating from the
very compact target volume is enlarged as little as possible to achieve a high density of thermalized
neutrons that can e�ciently be extracted and directed towards the instruments. This is achieved
by an onion-shell assembly with a high-density hydrogen-based thermal moderator surrounded by
re�ector material that sends back the neutrons escaping from the moderator region with a high prob-
ability. The target is inserted into the thermal moderator, so that the primary neutrons are emitted
preferentially towards the centre of the thermal moderator. Additional one-dimensional cryogenic
moderators are inserted in the extraction channels to supply neutron spectra below room temperature
to the individual instruments as needed. The complete HBS target and thermal moderator ensemble
is surrounded by a suitable re�ector system inside a radiation-shielding cage (see Figure V.49).

The velocity of a neutron is proportional to the square root of its energy and inversely proportional
to its wavelength. The classi�cation of the neutron spectra within this CDR is shown in Table V.10
and follows the proposal according to [128]. The energy spectra demanded by the instruments vary
over several orders of magnitude and include cold, thermal, and fast neutron spectra. The energy
is transferred via inelastic collisions from the neutrons to the molecules of the moderator. Typically,
the lighter the nuclei of the scattering material are, the higher is the amount of energy transferred
in every collision. For that reason, materials with a high portion of hydrogen, beryllium, or carbon
are preferable for neutron moderation.

Di�erent types of moderators are necessary to provide these spectra. The thermal moderator sur-
rounds the entire target including the end of the proton beamline, so that almost all high-energy neu-
trons emitted from the target can be used. Thermal beams can be extracted from the �ux maximum
inside the thermal moderator through extraction channels. Additionally, suitable cold moderators can
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Figure V.49: A peek into the Target-Moderator-Re�ector (TMR) unit

Wavelength Energy range
Fast neutrons E > 10 keV

Resonance neutrons 2 eV < E < 10 keV

Epithermal neutrons 500 meV < E < 2 eV

Thermal neutrons 0.4 Å - 3 Å 10 meV < E < 500 meV

Cold neutrons 3 Å – 9 Å 1 meV < E < 10 meV

Very cold neutrons > 9 Å E < 1 meV

Table V.10: Wavelength and energy ranges of moderated neutrons. In addition, the
term ”Hot neutrons” can be applied for the wavelength range 0.1 Å – 0.8 Å.

be placed into individual extraction channels inside the thermal moderator. The re�ector surrounds
the entire thermal moderator and is penetrated by the extraction channels. The moderators are
intrinsic parts of the instruments. The thermal moderator is shared between all instruments built at a
single target station, while secondary one-dimensional moderators, e.g. cold sources, are individual
for a single instrument. The exchange of the one-dimensional moderators can be performed at short
notice during a source shutdown; the thermal moderator can be exchanged whenever the target is
changed.

Within this CDR, we present the design of a high-density polyethylene thermal moderator and one-
dimensional cold moderators based on liquid para H2 or solid CH4 together with simulation results
of the neutron spectra emitted. Transient resonance or epithermal neutrons are available during the
incomplete moderation process in the thermal or cold moderators. Many ideas for other secondary
moderators are available. Some of them exceed the potential of the simulations presently available
because of a lack of nuclear databases. Experimental work is ongoing to characterize the neutron
spectra emitted from some of the most promising candidates. Other ideas, e.g. hot sources or ultra-
cold neutron moderators, need to be designed and evaluated in the context of a speci�c instrument,
which is beyond the scope of this CDR.

V.6.1 Thermal moderator

According to the current concept, the thermal moderator in every target station will be made of
polyethylene with a diameter of about 20 cm. The thermal moderator encloses the end of the
proton beam line including the target and is surrounded by the neutron re�ector.
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inside the thermal moderator and re�ector. Proton beamline enters on the le�, the
le� face of the target is at the origin of the coordinate system.

Figure V.50 shows the time-averaged thermal neutron �ux inside the moderator-re�ector assembly.
The thermal �ux maximum is located about 3 cm downstream the target, well surrounded by thermal
moderator material. An intense, directed thermal neutron beam can be extracted from the thermal
�ux maximum by the use of an extraction channel (see Figure V.55 without cryogenic insert) [129].

It is clearly visible that the thermal moderator according to this concept is too big to be illuminated
homogenously and too dense to place a reasonable number of extraction channels into the �ux
maximum. We currently follow several ideas to optimize the distribution and extraction of thermal
neutrons, but the results are not yet available for the presentation in this document and will be
published independently.

The extraction channel is placed into the maximum of thermal �ux and allows one to extract a
neutron beam directed to the instrument, while the neutrons outside the divergence range towards
the instrument re-enter the moderator volume to keep the density of the thermal neutron cloud. For
this reason, the �ux depression due to the extraction is negligible.

Figure V.51 shows the peak brilliance of a neutron beam extracted from the thermal moderator. As
expected for a 1-dimensional extraction system, the highest brilliance is achieved for the smallest
diameter of the channel. In the case of larger extraction channels it is observed that they need to be
placed at a higher distance from the thermal maximum, because otherwise the amount of thermal
moderator material between target and extraction channel is not su�cient due to the void inside the
extraction channel. In contrast, if the extraction of epithermal or resonance neutrons is requested, it
is of advantage to place the extraction channel closer to the target to bene�t from a more incomplete
moderation process.

Figure V.52 (le�) shows the neutron emission inside a divergence cone with 5o opening with respect to
the extraction channel axis. This diagram has been produced by convolution of a neutron emission
simulation with the �nite proton pulse length. This explains the artefacts at t > 1000µs showing
statistical noise with the length of the proton pulse. Figure V.52 (right) shows the spectrum of the
neutrons emitted from a thermal extraction channel. The spectrum peaks at 60 meV, equivalent to
a wavelength of about 1.2 Å.
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Figure V.51: Neutron brilliance for di�erent extraction channel positions and radii.
The position is measured relative to the position of the thermal �ux maximum without
extraction channel.

Figure V.52: Le�: Energy and time dependence of the neutron brilliance at the
thermal extraction channel for a proton pulse length of 208 µs. Right: Spectrum of
neutrons emitted through the thermal extraction channel.

In the energy regime above 300meV transient neutrons are observed during the moderation process.
As the moderation process in polyethylene is fast [130], the delay of the emission of these neutrons
from their generation in the MeV enery range is not resolved. Figure V.53 (right) shows that these
epithermal and resonance neutrons are emitted with a useful brilliance and the time structure of
the epithermal neutron pulse is equal to the time structure of the proton pulse within an accuracy
of 10 µs. The intensity of epithermal and resonance neutrons can be increased by reducing the
distance between the target and the respective extraction channel to accomplish a more incomplete
moderation of the extracted neutrons.

In the energy regime below 300 meV one observes a storage of the neutrons in thermal equilibrium
within the polyethylene moderator block. During the proton pulse the moderator volume is �lled
with freshly moderated neutrons. The thermal neutron storage is drained by neutron extraction or
di�usion out of the moderator volume as well as by absorption of thermal neutrons by the moderator
material itself, mainly by the hydrogen nuclei in the polyethylene. The analysis shows that in our
geometry absorption is the dominating neutron-loss process in the thermal moderator. Figure V.53
(le�) shows the pulse shape of the thermal neutron pulse emitted from the thermal extraction channel.
The increasing and the decreasing slope of the pulse can be described by the same exponential
function with a time scale of 150 µs, as can be seen in the orange curves �tted to �gure V.53 (le�).
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In contrast to that, the shape of the epithermal neutron pulse shown in �gure V.53 (right) follows the
shape of the proton pulse.

Figure V.53: Le�: Thermal neutron pulse, obtained from energy spectrum integrated
between 10 and 500 meV. Right: Epithermal neutron pulse, obtained from energy
spectrum integrated between 500 meV and 2 eV. The length of the proton pulse is
208 µs in both cases.

Figure V.54: Le�: Thermal neutron brilliance of a single pulse for di�erent proton
pulse lengths. Right: Thermal neutron brilliance for di�erent proton pulse lengths
multiplied with the respective proton pulse frequencies.

Depending on the length of the proton pulse, di�erent neutron pulse shapes can be produced, as
can be seen in �gure V.54 (le�), all with the same decay function. As the duty cycle is the same at
all target stations, there is a �xed anti-proportional relationship between pulse length and repetition
rate, i.e. shorter pulses are emitted more o�en. In the case of the neutron instrument, it means that
the signal arising from a short neutron pulse is measured at a higher frequency, and therefore can
be added up stroboscopically in an e�cient way.

This fact is shown in �gure V.54 (right), where the pulse shape is multiplied by the respective pulse
frequency, indicating the useful neutron intensity from the respective pulses. All curves in this plot
have exactely the same integral, because the time-averaged number of primary neutrons emitted
from the target and all processes in the moderator and in the extraction system are exactly identical,
as we did not yet take into account a variation of the thermal moderator / re�ector system between
the individual target stations within this report. The shape and the peak height di�er strongly. The
longest pulses are closest to a rectangular shape, while the shorter pulses have a higher peak
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saturating below about 100 µs. The most symmetrical pulse shape is produced with a proton pulse
length matching the decay time, i.e. about 150 µs.

V.6.2 Cold moderator

Cold moderators decrease the neutron energy spectrum below the thermal spectrum by moderat-
ing the neutrons in a suitable moderator material at cryogenic temperatures. Present day neutron
sources typically operate one single cold moderator which is designed to provide one speci�c neu-
tron spectrum but feeds several instruments that may have di�erent spectral requests. The HBS
changes that “one-size-�ts-all” standard and instead supplies every instrument with cold neutrons
from their own adapted cold neutron source. In this sense, the cold moderator is no longer part of
the neutron source, but an intrinsic part of the instrument and can be optimized individually during
the process of the design of every instrument.

Figure V.55: Extraction channel with 1-dimensional cold neutron source insert

In addition, the usage of individual moderators for every instrument allows the optimization of the
extraction of the cold neutrons in the direction of the instrument. A compact one-dimensional cold
moderator can be placed inside the thermal moderator at a position where it is fed with thermal
neutrons in an optimized way from all sides while the cold neutrons are extracted only in one direction
(one-dimensional) through an extraction channel towards the instrument. As sketched in Figure V.55,
the dimensions and positioning of the cold moderator have been optimized in a parameter variation
study.

For a compact, one-dimensional cold source, a moderator material is needed that interacts strongly
with thermal neutrons to provide a high density of cold neutrons within a small volume. Only for
materials containing a high density of light hydrogen can this be achieved. Suitable materials are
e.g. liquid hydrogen H2, solid methane CH4 or solid mesitylene C9H12. In the case of deuterated
cryogenic materials, the moderation cross section is typically too low, so that the cold neutron beam
would be too dilute.

Particularly well suited for a one-dimensional cold moderator is para-hydrogen [131]. The lower
curve in Figure V.56 shows the scattering cross section for pure para-hydrogen as a function of the
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neutron energy. For neutron energies below 20 meV (i.e. wavelengths above 2 Å), the scattering
cross section is more than one order of magnitude lower than for thermal neutrons. This results
in a mean free path for thermal neutrons of about 1 cm compared to a mean free path for cold
neutrons of some 10 cm. A drawback of the reduced scattering cross section at low neutron energies
is the reduced probability of the multiple scattering of cold neutrons, so that the neutron temperature
typically remains well above the thermal equilibrium corresponding to the temperature of the cold
moderator.

Figure V.56: Neutron scattering cross section for pure para-hydrogen (100%), high-
temperature equilibrium hydrogen (25% para, 75% ortho), and a mixture of 96%
para- and 4% ortho-hydrogen at 20 K. The cross sections have been calculated on
the basis of the ENDF-VII database following Ref. [131].

Based on these speci�c properties, a one-dimensional cold �nger moderator has been developed.
The name refers to a design which consists of a long vacuum tube with a small cryogenic moderator
vessel (e.g. cylindrical with 10 cm in length and 2 cm in diameter) at one end and with vacuum
space surrounding it, which is necessary for thermal isolation. This design enables the installation
of the cold moderator inside the thermal moderator through a single extraction channel without the
need for dismantling the shielding or re�ector. Full �exibility towards future developments in the �eld
of cold moderators is achieved with this approach. By positioning the cryogenic moderator inside
the thermal �ux maximum, it is fed optimally with thermal neutrons through the entire side surface
without depletion in the centre. The cold neutrons can be emitted freely towards the instrument
through the extraction channel with a view onto the entire volume of the cylinder, as the length of
the cylinder does not exceed the mean free path for cold neutrons.

Figure V.57 shows the neutron spectra of two di�erent cold �nger moderators emitted from an extrac-
tion channel containing parahydrogen . In the two cases described here, a cylindrical para-hydrogen
moderator 10 cm in length with a radius of 1 cm or 2 cm, respectively, has been simulated by MCNP.
The vacuum space around the cryogenic moderator is 1.2 cm to all sides, where the view onto the
thermal moderator surface is free. In the case of the thicker cylinder, one observes a cold spectrum
peaked at 10 meV neutron energy, or 3 Å wavelength, together with a reduced thermal spectrum as
described in Chapter V.6.1. In the case of the narrow cylinder, the brillance of the cold neutrons is
higher, but the brilliance of thermal neutrons is comparable to the brilliance of cold neutrons. This
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setup is well suited to instruments preferring a bi-spectral neutron beam. Whether or not focusing
neutron optics can e�ciently extract the cold neutrons from the centre of the extraction channel is
currently under investigation.

Figure V.57: MCNP simulations of the neutron spectrum emitted from an extraction
channel with a para-hydrogen cold source. Le�: length 10 cm, radius 1 cm. Right:
length 10 cm, radius 2 cm.

Figure V.58: Le�: Energy and time dependence of the neutron brilliance at a cold
extraction channel (para H2, length 10 cm, radius 1 cm) in forward direction for a
proton pulse length of 208 µs. Right: Time structure of the neutron pulses at a 96
Hz (blue) and a 24 Hz target station (orange), respectively. The brilliance is averaged
over the energy range E = 1 – 100 meV and multiplied with the repetition rate of the
beam.

Figure V.58 (le�) shows the time structure of the neutron beams extracted from a one-dimensional
para-hydrogen cold �nger moderator. The cold neutrons follow the same time dependence as the
thermal neutrons, i.e. the time structure is dominated by the feeding of the cold moderator with
thermal neutrons. The time the neutrons stay inside the cold source can be neglected since for
para-hydrogen multiple scattering events are improbable. As the intrinsic time scale of the cold
neutron source is convoluted by the length of the proton pulse delivering fast neutrons, either a
mainly symmetrical peak shape can be produced at the 96 Hz target station, or a more rectangular
peak shape at the 24 Hz target station, as can be seen in Figure V.58 (right). The area of the curves,
i.e. the total number of neutrons delivered, is identical.

Preliminary studies indicate that a compact para-hydrogen moderator doped with ortho-hydrogen
can combine the advantages of both hydrogen states: an improved thermalization even with de-
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creasing neutron energies due to the orthohydrogen content but still with a low self-absorption at
cold energies due to the parahydrogen as the main contribution. The curve in the middle of Fig-
ure V.56 show the cross section for a para-hydrogen moderator doped with 4% of orthohydrogen.
As the simulation of the neutronic properties of an ortho/para-hydrogen mixture moderator su�ers
from di�culties in the databases, a prototype with a dedicated mixing cryostat was developed for
the experimental validation, which can create variable liquid ortho-parahydrogen mixtures at 20 K.

The prototype design of the cold �nger moderator is shown in Figure V.59. All supply lines (e.g.
cryogenic supply) and wires (e.g. measurement and control) are located inside the vacuum tube but
outside of the cold neutron �ight path at the centre of the tube. In this way, the cold moderator can
be placed and operated inside the thermal moderator while the coolant, vacuum and moderator
supply are located outside the neutron shielding. As a design option, the use of a secondary vacuum
tube is possible which would cover the feed lines and wires and would be placed in parallel to the
�rst vacuum tube.

Figure V.59: Pilot installation of the ortho-parahydrogen mixture cold moderator

Figure V.60: Mixing cryostat for the supply of variable ortho/para-hydrogen mix-
tures. More details can be found in [132]

The prototype design of the mixing cryostat (upper large vacuum cylinder) and the cold �nger (lower
small vacuum cylinder) which contains the moderator vessel with a volume of approximately 200 ml
liquid hydrogen is shown in Figure V.60. The mixing cryostat has two hydrogen feed lines at ambient
temperature. Both lines are cooled within a helium countercurrent heat exchanger towards 17 K. The
helium coolant is designed as an open circuit, fed from a helium Dewar and recycled into a helium
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recovery line in the case of the prototype. During that process, one hydrogen line passes a catalyst
which transforms the natural hydrogen ratio into almost pure para hydrogen. Behind the exchanger,
both hydrogen streams are combined and guided to the moderator vessel inside the cold �nger.
By adjusting both hydrogen mass �ow rates separately, the ortho-para ratio inside the moderator
vessel is set. The spatial separation of the moderator vessel and the cryogenic supply enables the
quick installation of the moderator inside an appropriate neutron extraction channel.

The basic concept of the ortho/para-hydrogen moderator prototype with a mixing cryostat can be
adapted to di�erent moderator materials and moderator geometries. The small moderator vessel
is placed inside the thermal moderator at the end of a neutron extraction channel. The vessel is
spatially separated from the cryogenic support but both are thermally connected (e.g. via a cooling
circuit, heat bridge or heat pipe). As each supply line of the moderator vessel is guided parallel to
the neutron extraction path but outside the �ight path itself the moderator supply installations can be
stored outside the shielding, but the moderator can be installed or removed easily without the need
for dismantling the shielding or re�ector. Cooling capacity can be provided by an open circuit or a
cold head depending on the cooling capacity required.

In the case of the actual HBS setup, the hydrogen cold moderator will be realized as a cryogenic
closed-cycle system. This means that hydrogen is continuously circulated through the cold moderator
vessel in subcooled liquid state, so that it can simultaneously act as a cold moderator and “self”-
coolant. A�er leaving the moderator vessel, the hydrogen is transported towards a cryostat outside
the shielding, in which it is again subcooled by passing the cold head of a single-stage cryocooler.
Its cooling capacity is approximately 25 W at 17 K, which is su�cient for a heat load of 20 W onto the
cryogenic system, which was estimated to be the upper limit from the gamma and neutron induced
head load as well as the thermal radiation and conduction from the structural components of the
system. Additionally, the cooling system is expandable by installing another cryocooler in series in
case a higher cooling capacity is needed.

For solid cryogenic moderators cooling can either be realized by using a circulating cold He-�ow
with a similar operating principle as the one mentioned above or by using a thermal bridge between
a cryocooler and the cold moderator vessel. This choice depends strongly on the lowest desired
operating temperature of the cold moderator.

V.7 Re�ector

The re�ector surrounds the entire thermal moderator and sends back some of the neutrons that
leave the thermal moderator thus increasing the neutron �ux in the moderator. This increases the
e�ciency of the neutron extraction at the cost of an increase of the decay time of the population of
the thermal moderator, i.e. at the cost of an increased pulse length.

A neutron re�ector is made of a material that does not absorb neutrons, but has a high scattering
cross section. Typical candidates are Be or Pb. Be as a light element is also an e�cient moderator
material, i.e. fast neutrons reaching a Be re�ector will be moderated before being returned into
the thermal moderator. Pb as a heavy element is not a thermal moderator, but has relevant (n,2n)
cross section for fast neutrons. This process reduces the energy of fast neutrons so that the neutrons
re�ected can be processed more e�ciently by the thermal moderator.

The in�uence of various re�ector materials on the intensity and pulse structure of the neutron emis-
sion from a thermal extraction channel was simulated for (i) a beryllium re�ector, (ii) a lead re�ector,
and (iii) an absorber of borated polyethylene. The latter acts as an absorber instead of a re�ector
and thus is expected to lead to short neutron pulse lengths. Figure V.61 shows the in�uence of the
di�erent re�ector materials on the thermal neutron pulse structure at a 96 Hz target station with the
thermal moderator as described in Chapter V.6.1. The comparison between the beryllium and the
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lead re�ector shows that the emitted intensity is only slightly higher in the case of Be. The main decay
time of the neutron pulse is the same for beryllium and lead re�ectors, but in the case of beryllium,
a second, longer, decay time is observed for t > 700 µs. This second decay time is attributed to
neutrons that have been thermalized inside the Be volume and reach the extraction channel only
a�er a longer di�usion time inside the (only weakly absorbing) beryllium. This increased decay
time is a disadvantage of the beryllium re�ector compared to only a tiny advantage in intensity.
In addition, a lead re�ector acts as a �rst shielding against the gamma radiation emitted from the
target region.

Figure V.61: Pulse structure of the thermal neutron emission from the PE thermal
moderator surrounded by di�erent re�ector materials. Le�: linear intensity scale,
right: logarithmic intensity scale

In addition, beryllium is a material that is associated with strong restrictions due to its toxicity, and
the waste treatment of beryllium with activated traces is very di�cult to undertake, while the waste
management for lead is well established, even for nuclear installations. Last but not least, a lead
re�ector is signi�cantly cheaper than a beryllium re�ector of same size. For this reason, a lead
re�ector is the preferred choice.

The analysis of the borated polyethylene absorber instead of the re�ector shows an intensity drop of
only 15% and no change in the pulse shape compared to the lead re�ector. This is due to the fact that
the thermal neutron cloud is strongly con�ned and localized in the over-sized polyethylene thermal
moderator, as described in Chapter V.6.1. For this reason, the in�uence of the re�ector thickness is
weak, too. For the pulse structure and intensity simulations shown in this report, we chose a 30 cm
thick re�ector shell surrounding the thermal moderator.

It is expected that the re�ector con�guration for a high frequency target station that is intended to
deliver short pulses will be di�erent from the re�ector con�guration at the slower target stations.
Together with corresponding parameter studies to develop an optimized thermal moderator the
re�ector will be modi�ed to be able to o�er the best con�guration for the pulses required by the
instrument at a certain target station.

V.8 Shielding

The goal of the shielding is to maintain the gamma and neutron dose rates as low as is reason-
ably achievable (ALARA principle) to avoid the unnecessary radiation exposure of those working
in adjacent rooms (in the instrument halls and the technical hall) during neutron source operation.
Furthermore, the shielding should allow various maintenance works in a neutron source area to be
performed a�er the shut-down of the associated proton beam-line. On the other hand, the dimen-
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sions of the shielding should be optimised to position the di�erent instruments as close as possible
to the neutron source in order to take maximum advantage of the neutrons produced. The shielding
is made of seven layers of two di�erent materials: four layers of lead and three layers of borated
polyethylene (16.1 wt.% B2O3), surrounding the re�ector as shown in Figure V.62. The re�ector is
also part of the shielding. Borated polyethylene acts as a fast neutron moderator and a slow neutron
absorber. Lead reduces prompt and delayed gamma radiation issuing from the proton and neutron
activation of the target and from the neutron activation of the shielding and other components em-
bedded in the target station. Lead also acts as a fast neutron moderator due to the (n,xn) reaction.
For optimization, the thickness of the lead layers is �xed to 10 cm, while the thickness of each layer
of borated polyethylene varies from 10 to 40 cm in 10 cm step. The neutron and gamma dose rates
generated during accelerator operation with 70 MeV protons and an average current of 1.43 mA
are calculated with the transport code MCNP6.1 (ENDF/B-VII.1 database) using a simpli�ed geometry
of the target station (sphere) shown in Figure V.62. Average neutron and gamma dose rates at the
surface of the various shielding con�gurations and for the di�erent re�ectors are given in Table V.11
and V.12, respectively, and represented graphically in Figure V.63.

Figure V.62: Spherical model of the target station for calculation of the neutron and
gamma dose rates with transport code MCNP6.1

Re�ector
BPE Be Pb BPE Be Pb

Shielding con�guration 10 cm 10 cm 10 cm 30 cm 30 cm 30 cm
30 cm BPE + 40 cm Pb 38(2) 34.5(5) 34.2(5) 9.7(2) 7.4(2) 7.4(2)

60 cm BBPE + 40 cm Pb 4.9(1) 4.6(1) 4.4(1) 1.62(7) 1.39(7) 1.52(7)

90 cm BPE + 40 cm Pb 1.03(6) 1.03(6) 1.06(6) 0.47(4) 0.45(3) 0.46(3)

120 cm BPE + 40 cm Pb 0.35(3) 0.35(3) 0.37(3) 0.17(2) 0.17(2) 0.19(2)

Table V.11: Average neutron dose rate in Sv/h at the surface of shielding during accel-
erator operation (70 MeV protons, average current of 1.43 mA) for various re�ectors

Depending on the shielding con�guration and the type and thickness of the re�ector, the surface
dose rate ranges from 38 to 0.2 Sv/h for neutrons and from 43 to 0.2 mSv/h for gamma rays.
In accordance with the shielding thickness, the neutron dose rate as well as the gamma dose rate
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Re�ector
BPE Be Pb BPE Be Pb

Shielding con�guration 10 cm 10 cm 10 cm 30 cm 30 cm 30 cm
30 cm BPE + 40 cm Pb 43(2) 40(2) 38(2) 10.9(9) 10.9(9) 8.5(9)

60 cm BPE + 40 cm Pb 6.6(6) 6.6(6) 5.0(5) 1.9(2) 2.1(3) 1.7(2)

90 cm BPE + 40 cm Pb 1.1(2) 1.6(2) 1.5(2) 0.5(1) 0.7(1) 0.5(1)

120 cm BPE + 40 cm Pb 0.5(1) 0.5(1) 0.5(1) 0.28(6) 0.18(5) 0.18(5)

Table V.12: Average gamma dose rate in mSv/h at the surface of shielding dur-
ing accelerator operation (70 MeV protons, average current of 1.43 mA) for various
re�ectors

Figure V.63: Le�: Average surface neutron dose rate. Right: Average surface gamma
dose rate

decreases by a factor of somewhere between four and two when the thickness of a given re�ector
increases by a factor of three. When the thickness of the layers of borated polyethylene are increased
from 10 to 40 cm, the neutron dose rate decreases by a factor of between 90 and 110 and the gamma
dose rate by a factor of between 75 and 90 for 10 cm thick re�ectors. For 30 cm-thick re�ectors, the
neutron and gamma dose rate decreases by a factor of between 40 and 60. For layer thicknesses
upwards of about 30 cm, the neutron dose rate is independent of the type of re�ector involved.

The dose rate a�er the shut-down of the proton beam line is calculated using the so�ware for
radiation protection SISy (version 2.5.2) based on the activity of 182Ta, which is the major source
of radiation to be shielded (see Chapter VIII.3). The dose rate is estimated conservatively for 360
days of uninterrupted irradiation of the tantalum target leading to a 182Ta activity of 46 PBq. The
values are given in Table V.13 and shown graphically in Figure V.64. Depending on the shielding and
re�ector thickness, the dose rate ranges from 23 to 0.9 µSv/h.

In order to select the shielding con�guration, an upper dose rate limit of 10 mSv/a for maintenance
in the neutron source area a�er the shut-down of the proton beam line is considered here by way
of an example. This value is only half the yearly dose rate limit for a person expose to radiation
(20 mSv/a) according to the German radiation protection ordinances (StrSchV) and hence provides
an additional safety margin (conservative approach). Calculating with 2000 working hours per year,
it leads to a dose rate limit of 5 µSv/h. Based on this value and in view of a minimisation of the
neutron and gamma dose rate outside the neutron source area during the operation of the proton
beam-line, the shielding con�guration with 120 cm of borated polyethylene is chosen for further
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Re�ector
BPE Be Pb BPE Be Pb

Shielding con�guration 10 cm 10 cm 10 cm 30 cm 30 cm 30 cm
30 cm BPE + 40 cm Pb 23 21 20 9.8 9.7 9.3

60 cm BPE + 40 cm Pb 7.7 7.4 5.9 4.4 4.1 3.3

90 cm BPE + 40 cm Pb 3.5 3.4 2.6 2.4 2.1 1.5

120 cm BPE + 40 cm Pb 1.9 1.9 1.5 1.3 1.3 0.9

Table V.13: Dose rate in µSv/h at the surface of shielding a�er shutdown of the proton
beam-line. The tantalum target was irradiated for 360 days leading to a 182Ta activity
of 46 PBq; 182Ta being the major source of radiation in the system.

Figure V.64: Dose rate at surface of shielding a�er shut-down of the proton beamline
and 360 days of irradiation of the tantalum target without interruption.

dose rate calculations. The average energy of neutrons escaping the shielding is 1 MeV and the
neutron �ux averaged over the shielding surface is 2.2 · 105 cm−2s−1. The neutron source with the
selected shielding including a 30 cm-thick beryllium re�ector, is positioned in the middle of a room
with an area of 10 × 10 m2. The distance between the outer surface of the shielding and the inner
surface of the room wall is 4 m, providing space for the instruments choppers, the storage of spent
targets and the remote handling system for target exchange. According to [133], the room wall is
composed of two layers of di�erent materials and has a thickness of 140 cm. The inner layer with a
thickness of 70 cm is made of ordinary concrete with 50 wt.% polyethylene aggregate to moderate
fast neutrons escaping from the shielding. The outer layer is made of ordinary concrete with 2 wt.%
boron carbide for absorption of slow neutrons, and has also a thickness of 70 cm. The neutron
and gamma dose rate maps are shown in Figure V.65. The dose rate during operation at the outer
surface of the wall is lower than 0.02 µSv/h. The results above show that e�cient radiation shielding
may be achieved by using conventional materials such as lead, borated polyethylene and ordinary
concrete doped with polyethylene and boron carbide. Additional shielding at the side of the proton
beamline and at the target exchange system will be considered during the technical design of the
target station.
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Figure V.65: Le�: Neutron dose rate distribution during operation of the proton
beam line (70 MeV protons and 1.43 mA average current) in the neutron source area
including the walls of the room (cut in the plane of the proton beam line). Right:
Gamma dose rate distribution during operation of the proton beam line (70 MeV
protons and 1.43 mA current) in the neutron source area including the walls of the
room (cut in the plane of the proton beam line).

V.9 Target station design

The engineering design of the target station is a compromise between perfect geometry from the
neutronic point of view, consisting of a spherical moderator and re�ector assembly surrounded by
spherical shielding, and practical geometry from the construction point of view. The design has
to consider all relevant requirements, for example, it must make it possible to easily replace the
target, the thermal moderator and the cold moderators, withstand the mechanical loads of the entire
shielding, guarantee su�cient accuracy in the alignment of components and facilitate the removal
of all heat from the system. The dra� of a possible design is shown in Figure V.66.

The entire design is based on a modular approach. It means that both the sandwich shielding and the
re�ector are composed of single elements which allow the partial disassembly of the target station,
for example in order to replace the thermal moderator or to prepare a simple decommissioning of
activated components at the end of the facility’s life time. These single elements are surrounded by
an aluminium mounting frame which acts as a support structure. The edges of the elements will be
arranged o�set from each other in order to prevent neutron leakage.

For reasons of clearity, the current design will be divided into three layers in subsequent sections,
the bottom layer, the centre and the upper layer. The bottom layer is located below the neutron
production and extraction level at a height of approximately 100 cm. This layer primarily consists
of a massive shielding structure of alternate layers made of borated polyethylene and lead along
with a support structure. There are no further installations such as support lines, electrical supply or
moving parts inside the bottom layer. The lower part of the lead re�ector completes this lower layer.
The modular design of this layer has to ensure the mechanical stability of the entire target station.

The centre layer includes the entire neutron production and extraction installations and it contains the
major part of the supply lines. The neutron target is located at the centre of this layer covered by the
thermal polyethylene moderator with a diameter of about 20 cm, the lead re�ector and the shielding.
The proton beam arrives vertically from the top through the proton guide. A beam window at the
end of the proton guide separates the accelerator vacuum from the neutron target inside the thermal
moderator. For the Technical Design Report we will study the possibility to work with a window
free proton beam line, which is the clearly preferred option. The neutron extraction channels run
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Figure V.66: Schematic drawing of target station with shielding with a total radius of
2 m.

horizontally from the thermal moderator to the outer shielding. These extraction channels follow a
modular approach which means they are designed as a plug which can be inserted into channels
inside the shielding. The plug contains the neutron guide and complements the re�ector and the
sandwich shielding. The plug and the extraction channels are described in detail in the neutron
beam extraction chapter (Chapter V.9.2). The target itself can be inserted or removed from the target
station as a kind of cassette together with a �rmly attached small part of the thermal moderator.
For that purpose, an additional horizontal opening with a dedicated plug has been designed. The
plug contains all target supply lines such as the coolant supply and control and measurement lines.
The entire target exchange is fully remote controlled including the lock on the coolant supply and
the opening of the shielding via the removal of the plug. The exchange of the outer part of the
thermal moderator is only possible a�er the removal of the target cassette; this exchange requires
the dismantling of certain parts of the modular shielding.

The upper layer is located above the neutron production and extraction level at a height of ap-
proximately 200 cm. This layer consists of the massive upper shielding structure and contains the
last section of the proton beamline. A mechanical device allows the separation of the vacuum via
the shutter and the removal of this section of the proton beam line, for example, to inspect and
change the beam window if necessary. The remaining parts of the thermal moderator can also be
exchanged a�er dismantling of the target, the proton beam line and the cold moderators.

V.9.1 Cooling

The components which require cooling inside the target station are the neutron target, the thermal
moderator and the cold moderators.

The neutron target requires a water coolant supply. The heat released by the proton beam and the
prompt and delayed radiations have to be removed by the water. The heat deposited in the target
by prompt radiation during operation and by gamma radiation a�er an operation time of 360 days
is recorded in Table V.14. Prompt radiation is emitted with a constant rate during operation while
the emission of decay radiation increases over time. Assuming a one-year uninterrupted operation,
about 103 kW heat are released inside the target during operation (100 kW beam power and 3 kW
prompt and decay radiation) which requires a water mass �ow of approximately 1.35 kg/s for the
e�cient cooling of the internally cooled target. This volume of mass �ow causes a pressure loss of
2.2 bar within the target station and will warm it up by 15 to 20 ◦C. A�er operation, the target is still
heated with around 3 kW due to delayed radiation created by proton and neutron induced activation
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products presented in Figure V.67 and explained in more detail in chapter 3 which requires ongoing
cooling. The target water supply has to be designed as a closed circuit to prevent the release of
tritium or activation products outside the target bunker. For this purpose, a heat exchanger will be
installed inside the target bunker. A secondary water circuit will remove the heat from the target. Due
to the delayed radiation, a possible pump failure has to be caught. A water reservoir will therefore
be placed above the TMR which can cool the target up to two days until the proton induced heat
deposition inside the target has decayed. The failure analysis is still ongoing and a reduction in
operation days might be an option to reduce the heat deposition a�er operation as the neutron
induced activity and therefore its heat deposition scales with the operation days.

Figure V.67: Calculated heat deposition inside the Ta target for proton and neutron
induced radiation. It is assumed that the heat deposition is caused by the light particles
(decay energies obtained from https://nucleonica.com).

The cold moderators require cryogenic coolant supply. The cryogenic coolant supply can be de-
signed as a closed cycle with a cryocooler system consisting of a cryogenic head and a compressor
unit or as an open cycle with a cryogenic gas supply. In both cases, the cryogenic supply is placed
outside the shielding of the target station but inside the target bunker. The electric power consump-
tion is in the order of 10 kW in the case of an e�cient cryocooler system. There are several solutions
for the technical design of the heat exchanger between the cold moderator vessel and the cryogenic
coolant supply such as helium circuits, thermal bridges or heat pipes. However, the actual realisation
will be adapted to the modular concept of the cold �nger design.

The heat release by prompt and delayed radiations (mainly gamma radiation) in di�erent zones of
the polyethylene moderator and re�ector is given in Table V.14.

Close to the end of an operation cycle, a total of 928 W are deposited inside the thermal polyethylene
moderator caused by prompt and delayed radiation and approximately 3.9 kW are deposited inside
the re�ector. The thermal moderator is a poor heat conductor and hence acts as a thermal insulator.
In addition, the lead re�ector which surrounds the polyethylene moderator is in turn surrounded by
a sandwich shielding made of several layers of lead and polyethylene which also acts as a thermal
insulator. However, the entire target station is penetrated by numerous thermal bridges which have
the potential to dissipate the deposited radiation heat. The proton beam line and the major parts
of the cold moderator and its cryogenic support lines are made of aluminium and hence act as a
thermal conductor connecting the inner polyethylene moderator with the environment. In addition,
the entire shielding and re�ector system is composed of single elements. These single elements will
be surrounded by an aluminium mounting frame which further increase the heat transfer ability.

97



104 CDR | HBS

V.

Radius Prompt radiation Delayed radiation
[cm] [W] [W cm−3] [W] [W cm−3]

Tantalum target
Target - 53 0.40 2620 20

Polyethylene moderator
First layer 0 - 4 41 0.15 88 0.33

Second layer 4 - 7 113 0.11 290 0.28

Third layer 7 - 10 104 0.04 266 0.10

Lead re�ector
First layer 10 - 20 239 0.008 3243 0.11

Second layer 20 - 30 93 0.001 150 0.002

Third layer 30 - 40 46 0.0003 42 0.0003

Table V.14: Heat deposited inside the tantalum target, the thermal moderator and
the re�ector by prompt radiation during operation and by delayed radiation a�er an
operation time of 360 days. Heat deposition is calculated with MCNP6.

Simulations were performed using ANSYS with simpli�ed geometries in order to estimate the resulting
temperature distribution caused by the deposited radiation heat. These simulations have shown that
the major part of the heat can be dissipated passively via the structure described above. However, an
additional improvement of the e�ective thermal conductivity within the thermal moderator may be
necessary to achieve the desired temperature within the material. The simulations also indicates that
this may be achieved, for example, by inserting a thin grid made of aluminium into the polyethylene.

V.9.2 Neutron beam extraction

Up to six instruments can be supplied with neutrons from one target station. The neutrons are
extracted horizontally at the level of the target via extraction channels. The extraction channels
begin inside the thermal moderator close to the position of the highest thermal neutron �ux. Every
extraction channel is adapted in geometry and position to extract the neutron phase space that is
best suited to the requirements of the instrument attached there.

Figure V.68: Schematic drawing and cut-o� of an extraction channel plug with cold
moderator attached
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The technical design of the extraction channels follows a �exible modular approach: the target
station is equipped with six openings which are supplied with plugs. The openings lead from the
outer surface of the thermal moderator through the re�ector and the shielding layers in a straight
line to the exterior. The cross-section of the openings is approximately 20 by 20 centimetres. Towards
the outside, the opening is enlarged in several steps. The gradual enlargement prevents neutron or
radiation leakage through the gap between the extraction channel and the plug. The schematic view
of this type of extraction plug is shown in Figure V.68. Each plug contains a neutron guide and
complements the re�ector and the sandwich shielding. Furthermore, each plug can be designed
individually for its corresponding application. For example, the plug can be equipped with cryogenic
supply lines and measuring lines parallel to the neutron guide in the case of a cold neutron extraction
channel. In this case, the cold moderator vessel itself will be attached �rmly at the front of the plug.

The plug together with the cold source and neutron guide can be exchanged in a straightforward way
during the shutdown period of the neutron source without extensive work at the target-moderator-
re�ector unit. The �exible plugging of extraction channels allows the customization of the neutron
extraction to take place, in order to optimize the instrument’s performance by the application of
individual cryogenic moderators, the adaptation of the shape of the thermal extraction port, and the
use of dedicated neutron optics starting close to the moderator surface.

V.9.3 Target handling

At the end of each operation cycle, the neutron target must be changed and inspected. For radiation
safety reasons this target handling has to be fully automatic. A�er a certain cool-down period has
elapsed, the water cooling of the target will be stopped, the water blown out of the target and
the last section of the accelerator vacuum will be separated out. A�er that, a mechanism opens
a small section of the shielding and the water supply lines of the target will be cut. A section of
the thermal moderator including the target will be automatically pulled out of the TMR-unit on rails
and stored inside a bunker. A new moderator - target section can be placed inside the TMR-unit
and automatically connected to the supply lines. It must be ensured that no-one is inside the target
bunker during the target handling operation. The reliability of the target handling system will be
demonstrated at the TMR-pilot unit at Forschungszentrum Jülich within the next few years.
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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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Length Resolution Bandwidth Flux Frequency
[m] [cm−2 s−1] [Hz]

SANS 20.0 5% ∆λ/λ 2.0-9.0 Å 9.4 × 107 24

Re�ectometer 22.0 4% ∆λ/λ 1.3-8.0 Å 1.7 × 107 24

SELENE re�ectometer 22.3 1.5-5.1% 3.0-10.4 Å 4.0 × 107 24

NSE 35.0 6.0-16.0 Å 5.0 × 107 24

PDGNAA-1 12.5 10.0-40.0% 1 meV-80 eV 3.4 × 109 24

NDP 15.0 10.0% ∆λ/λ 2.0-15.0 Å 2.0 × 108 24

Thermal powder di�r. 100.8 0.0061-0.014 0.75-2.4 Å 1.5 × 108 24
∆ d/d

Cold neutron 6.0 2.0-10.0% 1.0-15.0 Å 3.0 × 108 96
imaging I

Cold neutron 12.0 1.0-5.0% 1.0-15.0 Å 3.0 × 107 96
Imaging II

Thermal neutron 6.0 3.0 × 108 96
imaging I

Thermal neutron 12.0 3.0 × 107 96
imaging II

Di�ractive neutron 22.0 0.5-2.0% 1.0-15.0 Å 2.0 × 107 96
imaging

Disordered material 61.0 0.016-0.028 0.5-1.2 Å 1.9 × 107 96
di�r. ∆ d/d

Powder magnetism 21.0 2.0-4.0 Å 96
di�r.

Macromolecular di�r. 12.5 2.0-4.0 Å 4.0 × 107 96

Engineering di�r. 20.0 >0.27% 0.97-3.03 Å 96

GiSANS 5.1 2.0-8.0 Å 1.3 × 107 96

Cold chopper spectr. 18.5 1.6-10.0 Å 3.4 × 105 96

XTOF spectr. 12.8 10-200 meV 96

Vibrational spectr. 50 meV-1 eV

Backscattering spectr. 102.5 3.0-20.0 µeV 6.05-6.0 Å 7.0 × 106 96

Epithermal neutron 37.0 25-80 meV 5.0 × 109 384
imaging

High energy chopper 28.5 4% ∆E/E 0.5-2.5 Å 9.0 × 104 384
spectr.

PDGNAA-2 21.0 50% 0.6 eV 2.7 × 107 384
- 10 MeV

Table VI.1: Basic parameters of instruments at the target stations of HBS

Depending on the instrument, a cryogenic moderator shi�ing the neutron spectrum to energies
between 1 meV and 10 meV is needed. For this purpose a one-dimensional �nger moderator can be
inserted into the extraction channel positioned at the thermal maximum in the thermal moderator.
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The cryogenic moderator is �lled with a suitable material such as solid methane, mesitylene or
liquid hydrogen with a speci�c ortho/para ratio at cryogenic temperatures. The dimensions and the
moderator material of the cryogenic one-dimensional moderator are optimized to the requirements
of the instrument. MCNP6 simulations were used to determine and optimize the neutron phase
space volume leaving the extraction channel (Figure V.55). The neutron bandwidth, the pulse width
and the divergence are all matched to the requirements of the instruments. With this approach, each
instrument has its own source. Table VI.1 gives an overview over a possible suite of instruments at
the HBS with some basic parameters. It is evident that instruments at the HBS are very competitive
to instruments at present day research reactor or medium size spallation sources. In what follows,
the instrument design and layout is described in some detail.

VI.1 Imaging

Neutron imaging beamlines serve a very wide range of science cases. Correspondingly, measure-
ment conditions are adapted to di�erent resolution needs and sample sizes from study to study,
and beamlines need to be designed for high �exibility. The detectors utilized are movable devices
which can be exchanged within minutes and a suite of di�erent detectors is required to cover a good
range of use cases from decimeter sized samples down to millimeter sized samples, from some 100
micrometers to just a few micrometers of resolution in space and from hours down to microsec-
onds in time. Transmission and contrast strongly depend on neutron wavelengths and spectrum,
which is a feature �xed by the initial moderator choice. Therefore, several beamlines at two di�erent
moderators must be considered, namely one at a cold and one at a thermal moderator (potentially
removable for fast neutron imaging). The thermal beamline will excel in industrial investigations but
also for cultural heritage and R&D applications for full devices (such as fuel cells, batteries, partic-
ulate �lters etc.), while the cold neutron beamlines will provide the highest resolution and contrast
as well as novel contrast modalities enabled by the time structure and sensitivity to crystalline and
microscopic structures relevant in basic material science.

The facility o�ers another interesting aspect, that could potentially be exploited for imaging appli-
cations. Two beamlines from di�erent targets could be crossed at a sample position. While this is
currently just an idea, crossed beams could enable stereoscopic observations of processes, or the
combination of di�erent spectra/energies for speci�c investigations.

VI.1.1 Cold neutron imaging

The cold neutron imaging beamline will perform high resolution, high sensitivity measurements
utilizing in many cases particularly the time structure of the source for quantitative wavelength
dispersive imaging. For this the instrument will be operated at a 96 Hz target station with a cold
moderator. In order to be able to tailor experimental parameters such as beam size and resolution
(including wavelength resolution) to the needs of a measurement the instrument will feature two
measurement positions at about 4 m, and 10 m from the moderator. The moderator shall have a
diameter of 4 cm and shall act as the “point”-source, which will render an additional pinhole - as
conventionally used for neutron imaging – obsolete for most measurements.

Correspondingly, the �rst measurement position will feature a beam size of about 15 x 15 cm2 due
to the beam channel extracting the neutrons. The wavelength resolution for the core wavelengths
around 3 Å will be around 5% and the bandwidth about 10 Å. These conditions will allow for high
�ux measurements enabling in particular high sensitivity, and fast or very high resolution studies.
This position is ideally suited for studies of hydrogen in metals, energy conversion processes as well
as water uptake in di�erent materials or two-phase �ows. The position also o�ers good potential
for dual spectrum measurements to probe, for example, the aggregate state of water in devices. In
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addition, the moderate wavelength resolution is well suited for spatial resolved SANS studies through
dark-�eld contrast imaging in so� matter or engineering applications.

The second measurement position at 10 m o�ers improved wavelength resolution and is hence well
suited for depicting contrast in crystalline structures such as in phase mapping studies in engineering
and applied metals, as well as ceramic materials in 2D and 3D. The collimation ratio of 250 at
this position is in the region of the most commonly used moderate resolution on centimeter-to-
decimeter sized specimens, but also for Bragg edge studies. The achievable beam size for full
spectrum measurements is already at the maximum conventionally required, and will have to be
reduced for smaller samples and in particular for the Bragg edge studies (3 x 9 cm2 �eld of view
(FOV)). This optional reduction will also enable a chopper to be placed upstream to avoid pulse
overlap for the most useful 4.5 Å bandwidth. Two optional choppers for bandwidth de�nition are
envisaged at about 2.2 m and 5 m from the moderator, which can be removed from the beam when
no wavelength resolution is required and hence no advantage is taken of the pulsed nature of the
source.

Instrument parameters
Target 96 Hz
Moderator cold

Moderator to sample distance 4 m
Collimation ratio L/D 100
Wavelength range / bandwidth 1− 15 Å/10 Å
Beamsize up to 15 cm
Potential wave length resolution 5% (2-10 %)
Spatial / temporal resolution up to 5 µm / 10 ms
Flux (up to) 3 × 108

Moderator to sample distance 10 m
Collimation ratio L/D 250
Wavelength range / bandwidth 1− 15 Å/4.5 Å
Beamsize up to 35 cm
Potential wave length resolution 3% (1-5 %)
Spatial / temporal resolution up to 10 µm / 100 ms
Flux (up to) 3 × 107

Table VI.2: Instrument parameters for cold imaging beamlines

VI.1.2 Thermal neutron imaging beamline

A thermal beamline again utilizes a 96 Hz target but views a thermal moderator (potentially remov-
able in order to perform imaging with fast neutrons) with a 4 cm diameter. An aperture wheel at
the exit of the target shielding at about 2 m enables it to trade spatial resolution capability for �ux
again for 2 measurement positions at about 4 m and 10 m from the moderator. The thermal beam
enables investigations of dense objects and devices such as statues, ancient weapons, engines and
other industrial devices, wood and metals etc.

The �rst position at 4 m provides a 15 x 15 cm2 FoV at a low collimation ratio of 100 but at a very
high �ux for kinetic studies of massive samples and devices. Running engines, motor blocks and the
like can be penetrated and stroboscopic approaches enabling time resolutions in the 10 msec range.
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At measurement position 2, the FOV has increased and the moderate collimation of 250 can further
be increased by choosing smaller or asymmetric pinholes at the 2m position aperture wheel. This
provides ample �exibility to tune the resolution for investigations of dense large and medium sized
objects, the observation of corrosion in, for instance, steel reinforced concrete, investigations of liquid
metals as well as components from automotive and aerospace applications. Spatial resolutions from
20 – 400 µm can be considered, with FOV sizes up to 35 x 35 cm2, depending on the requirements
of a study.

The instrument might also be well suited for imaging with fast neutrons, but speci�c installations,
including in particular a removal or partial removal of thermal moderation have still to be considered
in detail. In case such a solution is not possible a dedicated beamline and the corresponding scienti�c
case for imaging with fast neutrons has to be considered carefully, as fast neutrons enable the
penetration of massive samples and can be valuable in applications involving batteries or active
waste storage research amongst many others. Currently a lot of e�ort is being spent in improving
the spatial resolution capabilities in this range.

Instrument parameters
Target 96 Hz
Moderator thermal

Moderator to sample distance 4 m
Collimation ratio L/D 100
Beamsize up to 15 cm
Spatial / temporal resolution up to 10 µm / 10 ms
Flux (up to) 3 × 108

Moderator to sample distance 10 m
Collimation ratio L/D 250/330/500/asym
Beamsize up to 35 cm
Spatial / temporal resolution up to 20 µm / 100 ms
Flux (up to) 3 × 107

Table VI.3: Instrument parameters for thermal imaging beamlines

Figure VI.2: Schematic layout thermal neutron imaging beam line.
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Figure VI.3: Schematic layout di�ractive neutron imaging beam line.

VI.1.3 Di�ractive neutron imaging beamline

A dedicated beamline for high wavelength resolution di�ractive imaging, potentially combined with
di�raction capabilities is considered due to the excellent �ux and time-structure capabilities of HBS.
At a cold moderator at 96 Hz and with a 4 cm diameter a measurement position at about 20 m
can enable wavelength resolutions suitable for all kinds of Bragg edge imaging applications with
a speci�c focus on strain mapping, which gains signi�cant importance with the advent of additive
manufacturing technologies.

The limited wavelength band of about 2.2 Å at a repetition rate of 96 Hz indicates the high e�ciency
required for such sophisticated applications. While the implementation of such a technique could be
considered at the cold neutron imaging beamline, the addition of a neutron guide from close to the
moderator to 5 – 7 m upstream from the 20 m sample position could further boost the performance
of this method at a dedicated beamline. The beam size could be limited to around 5 – 7 cm across
and the collimation ration to about 200. This will imply relatively relaxed requirements on the guide
and high �ux for di�ractive imaging. The beamline would in addition feature two choppers to de�ne
the wavelength band required.

Such a set-up could in addition feature di�raction detector banks enabling combined di�raction/imaging
characterizations of complex systems such as in-operando batteries and phase transitions in various
sample environments.

Instrument parameters
Target 96 Hz
Moderator cold

Moderator to sample distance 20 m
Wavelength range / bandwidth 1-15 Å, 2.2 Å
Collimation ratio L/D 500
Beamsize up to 10 cm
Potential wavelength resolution 1% (0.5 - 2%)
Spatial / temporal resolution up to 100 µm / 600 ms
Flux (up to) 2 × 107

Table VI.4: Instrument parameters for thermal imaging beamlines

106



113CDR | HBS

VI
.

VI.1.4 Epithermal and high energy neutron imaging beamline

A dedicated beamline for higher energy neutrons is to be considered in order to optimize perfor-
mance through dedicated instrumentation for maximizing e�ciency, enabling, for example, isotope
and element mapping through resonance absorption in the epithermal range. Moreover, higher en-
ergy neutrons provide potential for transmitting denser and thicker samples. This is of importance
in a number of cases of technological interest, such as for large batteries. A dedicated beamline
should feature two positions, one for conventional high energy neutron imaging and one for reso-
nance absorption investigations, the �rst being relatively close to the source in order to maximize
the available �ux. The source can nevertheless be of a few cm in diameter, ideally about 5 cm for a
10 m sample/detector position to still match the achievable resolution. For the resonance absorption,
imaging pulses should be very short, ideally below 1 µs in order to easily resolve resonance peaks
in the epithermal range. For the same reason the beamline should be relatively long, which however
impacts the available �ux. A length of about 50-100 m should be considered. The epithermal range-
to-probe is relatively narrow in time so a high source frequency can be chosen, for a 60 m position,
the highest proposed frequency of 384 Hz with a period of 2.6 ms appears suitable. A T0 chopper
might be useful to cut the spectrum at certain high energies and allow also for a complementary
thermal neutron imaging capability on such instrument.

Instrument parameters
Target 384 Hz
Moderator epithermal
Pulse width 0.5 µs

Moderator to sample distance 10 m
Viewed source size 5 cm
Energy range 25 meV to 80 meV
Collimation ratio L/D 200 (1200 at 60 m)
Beamsize up to 20 cm
Spatial / temporal resolution up to 500 µm / 100 µm
Flux (up to) 5 × 109 / 107

Table VI.5: Instrument parameters for epithermal and high energy neutron imaging
beamline

VI.2 Di�raction

Neutron di�raction instruments are well-suited to solve structural properties on the atomic scale in
materials, and are particularly useful in revealing magnetic structures and clarifying the positions of
light elements on a background of heavier ones, i.e. in a case where x-rays lack contrast or su�er
from background.

Powder di�ractometers are the work-horses used for structure determination due to the ease of
sample preparation and the straightforward protocol of quantitative data analysis. Instruments may
specialize in performing certain tasks, for example choosing peak �uxes from either thermal or cold
moderators; high spatial resolution requires a very short wavelength and conversely, for studying
large unit cell materials (e.g. metal-organic framework structures), longer wavelengths are needed.
Recent developments also show the possibility of performing simultaneous bi-spectral extraction from
both thermal and cold moderators. A further specialization of neutron instruments is typically made
by trading resolution for intensity, choosing either high �ux and low resolution or vice versa. While
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at short pulsed sources such instrument characteristics are �xed, more �exibility can be gained
with pulse-shaping choppers as applied on instruments at the long pulse source ESS. Here, the
example for thermal powder di�raction shows the very �exible capabilities available, which include
high resolution studies at the HBS. A similar approach is taken by the engineering di�ractometer,
with more complexity of so-called ”wavelength frame multiplication” to increase the wavelength
bandwidth.

The original pulse width at the HBS is relatively broad compared to short pulse spallation sources,
however, it is still su�cient for powder di�raction studies of disordered materials or when using
larger wavelengths for magnetic structures. For single crystal di�raction, emphasis can be given to
focusing onto small samples rather than high spectral resolution. For applications in macromolecular
crystallography, the pulsed HBS time structure provides additional information compared to standard
Laue di�raction by separating the di�erent di�raction orders by the neutron time-of-�ight. Finally,
it seems worthwhile to benchmark the concept for classical reactor instruments for operation at the
HBS, e.g. a monochromatic D20-like instrument, with the advantage that higher orders from the
monochromator can be used, as they are easily separated in time.

The following considerations apply to all proposed instruments listed below. Source time structure
and instrument length determine bandwidth and spectral resolution. The natural bandwidth Λ is
simply given by the instrument length L and the source frequency f = 1/T ,

Λ/Å =
3956 m/s
L/T

. (VI.1)

Instead of using the natural pulse width T0, a shorter pulse ∆t can be obtained by pulse-shaping
choppers. One should note, however, that for using a pulse-shaping chopper, the original pulse
needs to be su�ciently long and/or the chopper must be placed close enough to the source. The
position D of the pulse-shaping chopper determines the �lling of the time frame T for an instrument
length of L with bandwidth Λ and should be

T0

T
≥ D

L−D
, (VI.2)

which yields the neutron speed of v̄ = (L−D)/T related to bandwidth

Λ/Å =
v(1 Å)

v̄
=

3956 m/s
v̄

. (VI.3)

The spectral resolution is determined by the ratio of pulse width to time-of-�ight t from source to
detector,

∆λ

λ
=

∆t

t
. (VI.4)

In order to obtain the �nal d-spacing resolution, divergence and path uncertainties need to be in-
cluded

(
∆ d

d
) =

√
(∆λ/λ)2 + (∆θ cot θ)2 + (∆l/l)2, (VI.5)

where the divergence in the Bragg angle θ results from the incident divergence, the ratio of sample
size to sample-to-detector distance and the spatial resolution of the detector. The length (and time)
variation due to ∆l is usually negligible and only matters in cases where very high resolution is
required.

VI.2.1 Thermal powder di�ractometer with �exible and high resolution

The di�ractometer is placed at the long pulse target station (f=24 Hz, T=41.67 ms, T0=0.833 ms
pulse length) using a cold and a thermal moderator, similar to the DREAM instrument currently being
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built at ESS. The spectral resolution can be improved in a �exible way by 2 orders of magnitude using
pulse-shaping choppers. As a result of this �exibility, the instrument covers most needs for powder
di�raction, from high-resolution measurements (down to 0.0004 in backscattering geometry), e.g.
for subtle peak splitting due to change of symmetry, to high-intensity measurements, e.g. for small
samples.

The instrument is optimized for a resolution of 100 µs pulse length giving a resolution of ∆d/d =
0.39% at 2Θ = 90◦, λ = 1.6 Å (see Table VI.6). If the pulse choppers are placed just outside the
shielding block (D = 2 m), the total instrument length is L = 102 m giving a bandwidth of 1.65 Å
(see Equations VI.2 and VI.1). Alternatively, one could build a more compact instrument of larger
bandwidth and reduced resolution by putting the choppers inside the shielding block.

The detector should extend over a wide range of scattering angles and cover a large solid angle,
probably in horizontal cylinder geometry. The guide system will be elliptical with a high m coating
close to source and sample to enable high guide transmission and high divergence at the sample.
Assuming a brilliance transfer of 75% in the guide system and 10% transmission of the pulse chopper,
we can expect a �ux of 5 · 105 n cm−2 s−1 for the high-resolution setting of 100 µs pulse length;
using the whole pulse and full divergence results in a 300 times higher �ux (see Table VI.6).

Instrument parameters
Target 24 Hz
Moderator PE+H2

Moderator to sample distance 100.8 m
Detector to sample distance 1.2 m
Wavelength band 0.75 - 2.4 Å
Detector range 7◦ < 2θ < 175◦

d-range (Q-range) 0.4-20 Å ( 0.3-16.7 Å−1)

High-resolution setting

Pulse length 100 µs
Incoming divergence 0.25◦

Resolution (∆d/d) 0.0061 - 0.0017 (0.0004) for 90◦ < 2θ < 175◦

0.044 for 2θ = 7◦

Flux at sample 5 × 105 n cm−2 s−1

High-intensity setting (full pulse)

Pulse length 833 µs
Incoming divergence 2◦

Resolution (∆d/d) 0.0047 - 0.014 for 90◦ < 2θ < 175◦

Flux at sample 1.5 × 108 n cm−2 s−1

Table VI.6: Instrument parameters for the thermal powder di�ractometers

VI.2.2 Di�ractometer for nanoscaled and disordered materials

This thermal powder di�ractometer is dedicated to the measurements of small samples (< 1 cm) with
a high neutron �ux at the expense of reduced resolution (∆d/d). The instrument will be capable of
the pair-distribution function (PDF) measurements with an atomic resolution of 0.13 Å.

The instrument is very well-suited for di�raction studies of crystalline, amorphous and nanoscaled
materials. The combination of PDF technique, small sample size and high neutron �ux is a powerful
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Figure VI.4: Schematic layout of thermal powder di�ractometer

Figure VI.5: Space-time diagram of thermal powder di�ractometer

tool that can be used by a large variety of user communities including so� matter, biology, environ-
mental science, condensed matter physics and many others. We note that only few PDF dedicated
instruments currently exist at reactor and spallation sources in Europe and therefore, the proposed
instrument would be a welcome addition to the suite of neutron di�ractometers at HBS.

The science case of the instrument is broad, but in what follows, we will highlight research topics that
would particularly bene�t from thermal powder di�raction measurements.

Nanoscaled materials: the PDF measurements can help us to understand the e�ect of surface mod-
i�cation, thermal treatment, lithiation and pressure on the local crystalline structure of nanoscaled
materials, which is key to improving their performance as drug-delivery agents, sensors and cath-
odes in battery materials.

Liquid and glasses: isotope substitution plays a vital role in neutron di�raction studies of liquid and
glassy materials, especially for understanding the hydrogen bonding mechanisms. Other examples
include studies of the solid-liquid interface in energy storage materials, phase transitions in the bulk-
metallic glasses at elevated temperatures and pressure-induced structural changes in glasses.

Con�ned materials: magnetic properties of the materials, as well as phase behaviour of liquids can
be drastically changed in con�nement. It is relevant for hydrogen storage and composite magnetic
materials. Studies of local structure of nano-con�ned water are important to understand its adsorp-
tion properties, transport mechanism in shale formation and electric �eld induced phase transitions.
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Nucleation and crystallization: the mechanisms of the nucleation and growth of nanoparticles, liquid
crystals and glass crystallization are of high interest. The growth mechanisms are o�en complex and
they include multi-phase and order/disorder transitions. Studying the growth dynamics with neutron
scattering can shed light on the speci�c macroscopic properties of solid and amorphous materials.

Figure VI.6: Schematic layout of di�ractometer for nanoscaled and disordered ma-
terials

Instrument parameters
Target 96 Hz
Moderator PE

Moderator to sample distance 60 m
Detector to sample distance 1 m
Wavelength band 0.69 Å, 0.5 Å < λ < 1.2 Å
Resolution 0.016 < ∆d/d < 0.028

Detector range 10◦ < 2θ < 140◦

Flux 1.9 × 107 n cm−2 s−1 for 1.1◦ divergence

Table VI.7: Instrument parameters for di�ractometer for disordered materials

In order to address such a broad scienti�c scope, we propose an instrument with L = 60 m and
∆t = 0.24 ms (f = 96 Hz), with a usable bandwidth of 0.69 Å. Considering a 1 cm sample size, a
sample-to-detector distance of 1 m and a detector pixel size of 5 mm, the resolution ∆d/d will vary
from 0.016 to 0.028 and is approximately constant over a wide range of scattering angles. A highest
real space resolution of 0.27 Å will be achievable at Qmax = 24 Å−1.

We propose 10B-based position sensitive detectors covering the range of scattering angles from 10
to 140◦ with a vertical cylinder geometry, similar to monochromatic reactor di�ractometers such as
D20 at ILL.

The position sensitivity of the detectors will provide an additional capability for the TOF Laue single-
crystal di�raction.

VI.2.3 Single crystal and powder magnetism di�ractometer

Magnetism is a prevailing domain of neutron scattering, attracting a relatively large user community.
Typical demands are mediate/low rather than high resolution in Q or d-space, low-T, magnetic �elds,
pressure, low background and eventually polarized neutrons. Bragg signals as well as (mediate/low
resolution) powder signals can certainly be measured e�ciently at the HBS. With such a choice of
resolution the instrument will be e�cient also for di�use scattering. Particular needs at high Q-
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resolutions for larger unit cells can be ful�lled by phase shi�ing the chopper system towards longer
wavelengths.

The combination of single crystal and powder measurements is a natural option for the position
sensitivity of detectors favourably covering a large solid angle. A wavelength band 2-4 Å, taken from
the peak �ux of a cold source provides the Q-range of interest and can be polarized to a high degree
by the neutron optics. Time resolution will be �xed by the choice of the target station 96 Hz with
≈200 µs pulse length. Focusing optics (Selene or Kirkpatrick-Baez) are considered for measuring
small samples in a massive sample environment, for example in high pressure studies, and can adopt
the incoming divergence. For polarized neutrons, there are new developments for powders to explore
out-of-plane scattering and 3D information for the anisotropy of magnetic scattering, o�ering very
precise moment determination from nuclear magnetic interference.

Detector position (volume) sensitivity is easy to ful�ll with state-of-the-art B-10 detectors. In particular,
these allow for a very high dynamic range for measuring intense Bragg and weak di�use signals
simultaneously.

Polarization analysis (PA) is a very attractive option, either with He-3 �lters or by polarizing super-
mirrors, for studying complex frustrated magnetism. PA may not need to cover a very large solid
angle, speci�cally probing a smaller section of interest may well serve many needs.

Typical science cases in magnetism are related to low temperature physics. A possible exploration
of its dynamics in neutron energy loss can typically be ful�lled with a rather compact geometry and
the given sample-to-detector distance. Hence, the optional use of a monochromating chopper in
front of the sample can perfectly transform the di�ractometer to a suitable spectrometer.

Instrument parameters
Target 96 Hz
Moderator cold, methane, (PE)
Pulse width 240 µs

Moderator to detector distance 22 m
Wavelength band 2 Å < λ < 4 Å
Detector-to-sample distance 1 m
Detector range (B-10, He-3) 3◦ < 2θ < 170◦

0.8 m height, < 5 mm spatial resolution
Neutron optics m < 3
Flux at sample 8.4× 106 n cm−2 s−1

Flux on small samples 6× 105 n s−1 in 10 mm2

Collimation 30′ × 30′ (h × v)

Table VI.8: Instrument parameters for the single crystal di�ractometer

VI.2.4 Macromolecular di�ractometer

The �eld of macromolecular crystallography consists mainly of protein crystallography, DNA and
RNA. Some zeolithe or large organic molecules also form crystals, which may be investigated with
this method. Typical samples come in two di�erent conditions: for room temperature measure-
ments they are typically enclosed in a glass capillary with an outer diameter of less than 2 mm.
At cryo-conditions, the samples are kept at 100 K in a loop on a stainless steel pin with a 0.6 mm
outer diameter. They are usually kept at cryo-temperatures by a gas stream of nitrogen from an
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Figure VI.7: Schematic layout of single crystal di�ractometer

cryostream set up. About 50% of the proposals at the BIODIFF di�ractometer at MLZ are measured
with this sample environment in place. In principle, the sample is stable at these cryo-temperatures
and the data acquisition time is not so critical.

The instrument parameters of a TOF macromolecular di�ractometer at the HBS borrow from the
MANDI concept (see [134]). The wavelength band should be around Λ = 3.3 Å or less with a tunable
wavelength centred between 2-5 Å. The divergence of the beam should be relatively small ( < 0.7◦)
and adjustable in order to accommodate large unit cell sizes of up to 300 Å. If high resolution is
required, as in this case, one should also be able to cut down on the pulse duration reducing the
wavelength error. The sample itself does not contribute considerably to the error budget since its
length is usually small, in the order of 1 mm. This translates into an error of the time of arrival of
less than 1 µs for the relevant neutron wavelengths.

One may also note that the NMX concept (at ESS) uses a cold moderator with a standard wavelength
range of around 2 Å < λ < 3.8 Å. Pulse shaping is not required even at the long pulse source ESS to
separate di�erent re�ection orders in a Laue spot by time-of-�ight measurements. Scaling the NMX
parameters and its spectral resolution, given by l = 150 m, Λ = 1.8 Å and T0 = 3 ms, suggest a
possible instrument length of l = 12.5 m and Λ = 3.3 Å placing the instrument at the 96 Hz target.

The detector coverage should be as large as possible. Moreover, a very reliable detector concept
should be chosen, since data acquisition times are expected to be quite long. Since the cross section
of the samples is typically 1 mm by 1 mm or less, a high brilliance source may be a very suitable
choice for this type of instrument, if the neutron transport to the sample is performed carefully.

Instrument parameters
Target 96 Hz
Moderator cold, methane, (PE)

Moderator-to-detector distance 12.5 m
Wavelength band 1.0 Å < λ < 4.3 Å
Sample-to-detector distance 1 m
Flux at sample 4.0× 107 n cm−2 s−1

(on small samples) ∼ 105 n s−1 in 1 mm2

collimation 30′ × 30′ (h × v)

Table VI.9: Instrument parameters for the macromolecular di�ractometer
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Figure VI.8: Schematic layout of the macromolecular di�ractometer

VI.2.5 Engineering di�ractometer

Typical tasks for a neutron di�raction instrument dedicated to the investigation of engineering ma-
terials are the analysis of textures, phases and stresses in materials.

The range of engineering materials which may be studied, is broad. It includes for example lightweight
materials such as magnesium or aluminium used in the transport sector as well as high-temperature
materials such as TiAl used in turbo chargers. However, it also includes smart materials, e.g. shape
memory alloys. The analysis of residual stresses within a material shall be mentioned here in terms
of its application using an engineering di�ractometer. Knowledge about residual stresses helps in
understanding the mechanical properties of a material. They play, for example, an important role
in the load carrying capacity of a material.

The stress analysis, however, sets high demands on the d-resolution of the instrument. Besides diver-
gence and path uncertainties, time resolution plays an important role to achieve a high d-resolution
(see equation VI.5). Engineering di�ractometers such as the BEER instrument at the ESS reach time
resolutions of up to 0.1%. A high time resolution can be achieved either by a long instrument using
the given pulse length of the source or by shaping of the pulse length using choppers.

We concentrate, here, on the latter case and choose therefore the medium HBS pulse length of 0.208
ms with a frequency of 96 Hz and a pulse repetition time of 10.4 ms. We focus, furthermore, on
a compact instrument design with only 20 m from the source to the detector. The rather short
instrument can achieve cost reductions due to savings in neutron guide and shielding costs. For the
20 m long di�ractometer, the natural bandwidth of the instrument without choppers is about 2.06
Å. A chopper cascade consisting of four choppers using the wavelength frame multiplication method
does the shaping of the 0.208 ms long source pulse. The �rst chopper of the cascade is placed
about 1.2 m from the source, i.e. within the shielding of the source. The engineering feasibility of
the chopper position has still to be proven. The �rst chopper allows the shaping of the bandwidth Λ
depending on the �rst chopper position D, for example 1.2 m leads to a bandwidth of about 0.686
Å. Making use of the full natural bandwidth of 2.06 Å requires the creation of three subframes from
the �rst chopper. A second wave frame multiplication (wfm) chopper is placed in a distance between
0.02 and 0.12 m relative to the previous chopper. The movable choppers, which are operated in
optical blind mode, allows the tuning of the wavelength resolution independent of the wavelength.
The wavelength resolution is given in the optical blind mode by

∆λ

λ
=

∆t

t
=

z0
Lwfm

(VI.6)

where z0 is the distance between the twowfm Choppers andLwfm the distance of the middle position
between the two disks and the detector. The movable set-up thus provides a tunable wavelength
resolution between 0.11 to 0.64 %. Two additional choppers complete thewfm chopper cascade. They
are needed to avoid cross talk between the subframes created by the �rst two wfm choppers. A frame
de�nition chopper de�nes the wavelength band used and allows it to switch to pulse suppression
mode. In pulse suppression mode, the usable wavelength band is doubled. For the e�ective use
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of the pulse suppression mode, the wfm chopper disks are designed to allow for the creation of 6
subframes out of the HBS source pulse.

Besides a broad wavelength band, a wide angular coverage of the detector is needed for a broad
d-range. Two 1 m2 detectors, therefore, are placed at ±90◦ at a distance of about 1.5 m from the
sample, covering an angular range of about ±18.43◦. For a wavelength band centered at 2 Å, this
set up results in a d-spacing of about 0.60 to 2.59 Å which covers the relevant di�raction peaks
for most engineering materials. Another advantage of the two detectors positioned at ±90◦ is that
two strain components are measured at once. The distance of about 1 m to the sample position
allows enough space for bulky samples as well as the use of a sample environment dedicated to
engineering science such as stress rigs. The gauge volume of the sample is de�ned by di�erent sets
of diaphragms and radial collimators. Further extension of the detector area, e.g. in the o�-plane
region above the sample is possible, for example to increase the coverage of a pole �gure during
texture measurements.

Instrument parameters
Target 96 Hz
Moderator PE

Moderator-to-detector distance 18.5 m
Detector-to-sample distance 1.5 m
Wavelength band 2.06 Å, 4.12 Å (pulse suppression mode)
Resolution ∆d

d
>0.27 %

Detector range +71.57◦ < 2θ < ± 108.43◦

Table VI.10: Instrument parameters for the engineering di�ractometer

Figure VI.9: Schematic layout of engineering di�ractometer

VI.3 SANS

VI.3.1 High resolution SANS

The SANS di�ractometer is the workhorse instrument to investigate materials structurally on length
scales above the atomic structure from the nm to the µm range in transmission geometry. The
transmission geometry permits the e�cient investigation of polycrystalline matter as well as order-
ing phenomena or anisotropy perpendicular to the beam direction without the necessity of a �ne
alignment of the sample. The optional use of polarized neutrons and polarization analysis yields
additional sensitivity for magnetic order and allows the suppression of background from nuclear
spin-incoherent scattering, originating e.g. from hydrogen atoms in the sample.
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The wide range of length scales under investigation requires a variable collimation and angular
resolution of the detector system. In particular, resolving µm length scales needs a high angular
resolution together with long wavelengths cold neutrons, ideally with a wavelength λ > 7 Å. The
high angular resolution of the neutron beam impinging on the sample is classically realized with a
pinhole geometry. The transmission of a pinhole collimation is proportional to the 4th power of the
length of the collimation, unless the size of the pinholes become larger than the sample or the neu-
tron source. Shorter collimation lengths can be realized by moving neutron guide segments into the
collimation �ight path. The angular resolution of the 2D position sensitive detector system is de�ned
by the intrinsic spatial resolution of the detector and the distance between sample and detector. At
smaller distances, the angular range covered by the detector is increased at the cost of angular
resolution. The increased length of the instrument, which is good for the performance of the optical
elements as well as for the detector system, con�nes the available bandwidth without frame overlap.
Therefore, the instrument is designed to operate at the target station with the lowest frequency, i.e.
24 Hz, and the instrument length is limited to 20 m between the moderator and the most distant
detector position. Within this distance, a bandwidth of 7 Å, e.g. 2 - 9 Å, can be used.

Figure VI.10: Schematic layout of the high resolution SANS instrument

Figure VI.10 shows a schematic layout of the proposed instrument. For reasons of background
reduction, the instrument starts with a mirror immediately a�er the cold source, within the primary
shielding of the TMR unit. This mirror (m=4, 1.5 m long) brings the detector out of the sight of the
primary beam to reduce the fast neutron background of the instrument. It can feed a collimation
o�ering 20 x 20 mm wide pinholes at up to 4 places between 10 m and 2 m in front of the sample.
Optionally, the last section of the collimation can be used to introduce a cavity-type broadband
polarizer into the beam to supply polarized neutrons. A 2D position sensitive detector is movable
inside the evacuated detector tube between 1 m and 8 m distance from the sample.

Instrument parameters
Target 24 Hz
Moderator 10 K, e.g. solid CH4

Moderator-to-sample distance 12 m
Detector-to-sample distance 1 - 8 m
Wavelength band 7 Å, e.g. 2 - 9 Å
Q-range 10−3 Å−1 < Q < 1 Å−1

Flux 9.4 × 107 n cm−2 s−1

Table VI.11: Instrument parameters for the high resolution SANS instrument

The pulse emitted by the 24 Hz source a�er a 13 m �ight path, or longer, is narrow enough to satisfy
the wavelength requirements of a SANS experiment: at a 13 m distance, the wavelength resolution
is ∆λ = 0.27 Å, which is already better than 10% for a 3 Å wavelength. A single chopper is used
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to de�ne the wavelength band. With a chopper distance of 5 m from the source, frame overlap will
only occur with neutrons of a 33 Å higher wavelength, which can be neglected.

The high-resolution measurements strongly bene�t from a cold neutron source e�ciently delivering
neutrons with wavelengths λ > 5 Å. The para-H2 cold source described in Chapter V.6.2 is not
optimized for this application. A better choice would be a solid CH4 or mesithylene moderator at a
temperature below 10 K and an optimized geometry to feed the beamline with a low energy phase
volume.

VI.3.2 GISANS

GISANS is a surface sensitive scattering technique. Instrumentally it mainly depends on a high degree
of control over the collimation and thus divergence of the incoming neutrons as well as the possibility
to control the impinging angle of the neutron beam onto the sample. Since both correlations in-
and out of the sample plane are investigated, a high spatial resolution of the detector as well as
a secondary �ight path matched to the collimation distance is also desirable. In order to achieve
small momentum-transfer Q, GISANS is usually operated with a cold neutron spectrum of wavelength
λ > 2 Å, and operating in tof-mode is to be preferred in order to achieve high �ux conditions. The
design of the HBS allows a dedicated moderator with a pre-collimation of the beam. Moreover, the
adjustable frequency of the source allows the optimization of the collimation and sample-to-detector
distances with respect to the TOF properties of the HBS spectrum.

Instrument parameters
Target 96 Hz
Moderator < 60 K, pencil shape

Moderator-to-sample distance 2.505 m
Detector-to-sample distance 0.25 - 2.505 m
Wavelength band 2-8 Å
Q-range 0.01 Å−1 < Q < 2 Å−1

Flux 1.3 × 107 n cm−2 s−1

Table VI.12: Instrument parameters for GISANS instrument

In order to make the best use of the conditions o�ered at the HBS, a pencil-shaped cold moderator
can be combined with a short collimation distance. A short collimation and hence sample-to-detector
distance can allow the use of a very wide pulse. The limited collimation can be o�set by a small
beam size, which is realized by a small pencil moderator and a high pulse frequency, which allow
the sample �ux and resolution on an overall shorter instrument. Another option would be the use of
a focusing collimation, which however restricts the instrument to the use of larger samples.

Taking those considerations into account and considering the performance of current GISANS setups
leads to the favouring of an instrument with a relatively short �xed moderator-to-sample distance
and a moveable detector which at most can be moved as far from the sample as the moderator-to-
sample distance. The size of the detector, determining the maximum Q has to be correlated with the
lowest available wavelength. At 96 Hz source frequency and with a 2-8 Å wavelength band we arrive
at a maximum moderator-detector distance of 5.1 m to �ll the full tof frame with neutrons. Thus, the
maximum sample-to-detector distance and collimation distance amount to 2.505 m in each case. In
order to avoid frame overlap between the single pulses, two frame overlap choppers of 96 Hz are
needed directly at the moderator slit as well as close to the sample. With a conventional detector
size of 50x50 cm2 this leads to the instrument parameters given in Table VI.12. These calculations
assume a minimal pixel and beam size of 3x3 mm2. A cold moderator would be needed with a �ux
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Figure VI.11: GISANS instrument sketch. Distances for collimation and position for
choppers, sample and detector are shown. The sample can be rotated to set the
incoming angle. The detector bank is movable inside the detector tank.

maximum well above a wavelength of 2 Å, at a distance where the majority of the peak is not cut
o� by the chopper to ful�ll all tof conditions. With a suitable �ux maximum at 4 Å this renders a
temperature of 60 K or less.

Such an instrument, while exploiting the full �ux of a HBS target/moderator system should be fairly
compact. Optimal use of the tof conditions, a cold and geometrically suitable moderator as well
as distances and slit openings will provide a competitive instrument. Still, the compactness of the
instrument will amount to less required shielding and �ight optics, apart from the choppers. As the
�rst collimation and moderator slit is identical, this may even remove the need for a neutron guide
altogether. With only a minimal loss in resolution, a polarizer can be included into the polarization
section, either between the collimation slits or between the moderator and the �rst slit.

Summing up all those properties a GISANS at the HBS can provide a powerful instrument while being
moderate in terms of technical requirements and budget. Most current GISANS experiments could be
performed at such an instrument, limited only in �ux and thus measurement time for an experiment.

VI.4 Re�ectometry

VI.4.1 Specular re�ectometer with SELENE optics

Re�ectometers are used to measure layered structures either arti�cially prepared like thin �lms,
or biological membranes to determine layer composition, density, layer thickness and interfacial
roughness. For this, they measure the re�ectivity R as a function of the momentum transfer qz =
4πsin(Θ/λ). Re�ectometers without TOF measure the re�ectivity by illuminating the sample with
a well-collimated beam varying Θ at a �xed λ. For re�ectometers operated in TOF as described
in Chapter VI.4.2, scanning is relized by varying λ at a �xed angle θ. At a re�ectometer utilizing
the SELENE optics, the specular re�ectivity is measured by varying both θ and λ. By varying both
parameters, the acceptable phase-space volume is largely increased in comparison to conventional

118



125CDR | HBS

VI
.

re�ectometers, also increasing the �ux by up to an order of magnitude at the sample position. In
this high intensity mode, the o�-specular re�ectivity cannot be measured.

Figure VI.12: Sketch of a re�ectometer with a SELENE optics.

Instrument parameters
Target 24 Hz
Moderator H2

Moderator-to-focal point distance 0.3 m
Focusing section length 20 m
Sample-to-detector distance 2 m

Divergence 1.5 ◦

Wavelength band 3 - 10.4 Å
Resolution 5.1 % - 1.5 %
Flux 4× 107s−1cm−2

Table VI.13: Instrument parameters for a re�ectometer with a SELENE optics.

Figure VI.12 presents a re�ectometer with SELENE optics. It consists of a diaphragma close to the
source acting as a virtual source for the re�ectometer de�ning the footprint of the beam at the sample
position. By adjusting the footprint to the sample size, the background can be minimized. Two-half
elliptical mirrors are aligned such that the virtual source at the diaphragma position is projected to the
sample position. The le� focal point of the �rst elliptical mirror is located at the diaphragm, the other
focal point is shared by both elliptical mirrors and the right focal point of the second elliptical mirror
is placed at the sample position. As it is not necessary to coat the whole of the elliptical mirrors, a
large space is present between both mirrors for a polarizer, spin-�ipper, frame-overlap chopper and
other optical elements when necessary. Absorbers in the middle of both elliptical mirrors prevent
a direct view of the sample to the source, reducing the background greatly. A slit system directly
placed in front of the sample can be used to de�ne the angular divergence. Closing this slit system
to a small divergence, a conventional mode can be realized to screen qz by varying λ.

As the re�ectivity scales with q−4 and therefore with λ4, it is best for a re�ectometer, to use long
wavelengths. Therefore, such a re�ectometer will be operated at an extraction channel with an
inserted H2 moderator optimized for long wavelengths and therefore at the 24 Hz target. As a re�ec-
tometer with a SELENE optic can handle a large divergence, the diaphragma should be located close
to the moderator surface. For the Target/Moderator/Re�ector assembly presented in Chapter V.6, a
useful position is the exit of the re�ector. For this, the elliptical mirror needs to be close to the TMR
unit, placing a limit on the coated surface.

By using the analytical formulas given in reference [135], an initial optimization of the presented
boundary conditions can be done and the result is presented in Table VI.13. The optimization results
in an instrument length of 22.3 m and a �ux at the sample position of 4 · 107s−1cm−2 for the high
intensity mode which is comparable to re�ectometers operated at research reactors [136, 137].
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VI.4.2 Re�ectometer with o�-specular scattering

Re�ectometry is a method to investigate layered structures. Typically, these samples are laterally
not entirely �at and homogeneous due to the preparation process. If these inhomogeneities extend
to a length scale of some µm, o�-specular scattering, i.e. scattering within the plane of the incoming
and specularly re�ected beam, is emitted. This o�-specular scattering signal is also a background
modifying the specular re�ection signal, as it contains information about the lateral structure of the
sample under investigation.

Re�ectometers can be built with either a horizontal or vertical scattering plane and the sample
aligned perpendicular to this. This proposal describes an instrument with a horizontal scattering
plane, because it can be realized with less mechanical e�ort. An instrument with a vertical scattering
plane is necessary to measure re�ectivity and o�-specular scattering from liquid layered structures
that are of interest mainly for biological applications. Most parameters of the instrument proposed
can be transferred to a vertical re�ectometer. Additional care must be taken in terms of the supply
of the incoming beam, as it is necessary to be able to vary αi while the sample stays horizontal.

Figure VI.13 shows a top view of the schematic layout of such a re�ectometer. The instrument
described here is suitable to e�ciently measure specular re�ectivity as well as o�-specular scattering.
To discriminate between specular re�ectivity and o�-specular scattering, the angle of incidence αi

needs to be de�ned with high precision, while all re�ected and scattered beams are registered
simultaneously on a position-sensitive detector.

For o�-specular scattering experiments, the angle perpendicular to the scattering plane is not re-
solved. This is only necessary to resolve lateral structures with nm length scales with GISANS using
the dedicated instrument (see Section VI.3.2). For this reason, the necessary collimation of the in-
coming beam is performed by two slits with a vertical opening. In the plane perpendicular to the
scattering plane there is no need to resolve the angle of the neutrons impinging on the sample. A
focussing of the incoming beam is possible, so that the instrument will be quipped with an ellipsoidal
neutron guide in the vertical direction that is continued throughout the collimation section up to the
second slit. The �rst focal point of the ellipse is in the cold source, while the second focal point is at
the sample position to deliver an intense beam, small in size, to small samples.

The neutron guide in the scattering plane does not need to transport a high divergence, it can be
bent to reduce the background of fast neutrons at the sample and detector positions.

Figure VI.13: Schematic layout of the re�ectometer with o�-specular scattering option

As the re�ectivity decreases strongly with Q, the use of the long-wavelength part of the neutron
spectrum (corresponding to small Q values) is still e�cient, even if the intensity is much lower com-
pared to the short-wavelength part. For this reason, a para-H2 cold source is a very suitable choice
to feed this instrument, because it e�ciently delivers neutrons in the wavelength range 1-3 Å, where
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the measured re�ectivity is small. The largest wavelength band is available using the 24 Hz target
station, but a limit is set due to the resolution requirements of the experiment.

Typically, for example for measurements of total re�ection edges or superstructure Bragg peaks of
multilayer samples, a relative wavelength resolution of 4% or below is required, at least for the small
Q region. An instrument length of 22 m between cold source and detector yields 4% wavelength
resolution for all wavelengths above 4 Å with a 6.7 Å wide wavelength band, de�ned by a single
chopper well in front of the collimation section. Dependent on the resolution requirements, one
may choose to measure a wide Q range with high �ux and low resolution, for instance with a
1.3 - 8 Å wavelength band, or shi� the band to longer wavelengths, providing higher resolution with
a limited Q range and lower �ux. An extended Q range can always be reached by performing
successive measurements at di�erent αi.

Instrument parameters
Target 24 Hz
Moderator liquid para H2

Moderator-to-sample distance 20 m
Detector-to-sample distance 2 m
Wavelength band 6.7 Å, e.g. 1.3 - 8 Å
Wavelength resolution 4% at 4 Å wavelength
Q-range 2× 10−3 Å−1 < Q < 0.5 Å−1

Flux 1.7 × 107 s−1cm−2 at 2 mrad collimation

Table VI.14: Instrument parameters for the re�ectometer with o�-specular scattering

VI.5 Spectroscopy

VI.5.1 Cold chopper spectrometer

The cold chopper spectrometer is used to study low energy coherent excitations, in particular those
of magnetic origin, and relaxational phenomena with an emphasis on so� matter and material
science with narrow energy resolution. It is placed at the 96 Hz target station facing the para-
hydrogen moderator providing a brilliant initial neutron spectrum 1.5 < λ < 9 Å to cover the full
application range of cold neutron spectroscopy. The required secondary time-of-�ight resolution
dictates a sample-to-detector distance LSD ≥ 3 m, providing a secondary bandwidth

∆λ′ =
h

mn
(LSDfrep)

−1 ≈ 14Å, (VI.7)

which covers su�cient dynamical range, when the primary spectrometer is tuned to an initial energy
as low asE = 1meV. The energy resolution can be varied by means of two counter rotating chopper
assemblies with a maximum speed of 18.000 revolutions per minute. The overall instrument length
is limited by the most relaxed energy resolution at a long neutron wavelength. As we envision the
use of an initial neutron wavelength λ > 6 Å only for ultimate energy resolution applications, we
�x the instrument length from moderator to the �nal chopper assembly to 14 m, which provides an
initial wavelength resolution of 2% for λ = 5 Å and of 1 % at λ = 10 Å, if the full moderator pulse
is accepted at the sample.

The �nal chopper assembly LMS = 1.5 m upstream the sample controls the sample illumination
between 20 and 50 µs to enable di�erent secondary time-of-�ight resolution. The chopper assembly
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that controls mainly the initial wavelength resolution is placed half way between the �nal chopper
assembly and the moderator to enable monochromatic operation as well as a modest Repetition
Rate Multiplication (RRM) using three chopper pulses out of one moderator pulse, in order to use
the 1/100 s time frame more e�ectively for the short wavelength part of the moderator spectrum.
It consists of 2 pairs of counter-rotating choppers run in an optical blind con�guration to enable a
continuous variation of the wavelength resolution and focus speci�c regions of the sample excitation
spectrum if demanded by the experiment [138].

Polarization analysis can be implemented simply by using supermirror devices for the primary po-
larizer. The secondary spectrometer can be equipped either with wide angle spin �lter cells and
coil con�gurations (as developed by JCNS for the spectrometers TOPAS at the MLZ and TREX at the
ESS) or, alternatively with radial supermirror devices (as used on the cold instrument DNS at JCNS)
as a maintenance free solution. However, the large solid angle coverage is di�cult to achieve for
the high resolution spectrometer discussed here, which implies a large sample-to-detector distance.
A potential solution could employ a robot placing a reasonable sized analyser at a speci�c position.

Instrument parameters
Target 96 Hz
Moderator liquid para-hydrogen
Moderator-to-sample distance 15.5 m
Detector-to-sample distance 3 m
Initial wavelength range 1.6 Å< λ < 10 Å
Scattered wavelength range 0 Å< λ < 13 Å
Detector range 3◦ < 2θ < 150◦

Flux @ λ = 5 Å, δ�ω = 100µeV 3.4× 105 n cm−2s−1

Table VI.15: Instrument parameters for the cold chopper spectrometer

VI.5.2 High energy chopper spectrometer

Knowledge of the high energy excitation spectrum in condensed matter is crucial for the understand-
ing of the lattice dynamics and hence the thermal behaviour in novel functional materials or the spin
dynamics in magnetic materials ordering at applicable temperatures around and above room tem-
perature. In addition, any theory of high temperature superconductivity will be tested, whether it
can explain the high energy magnetic excitation spectrum. The 384 Hz target station provides ideal
conditions for a high energy chopper spectrometer as its moderators are a brilliant source of neu-
trons in the neutron energy range 10 meV < E < 300 meV. At the same time, the high repetition
range in combination with a sample-to-detector �ight path LSD = 2m yields the scattered neutron
bandwidth ∆λ′ ≈ 5 Å, so that the dynamic range extends to the full range of interest for thermal
neutron energies.

As the high energy chopper spectrometer focuses neutron energy loss scattering, the initial wave-
length resolution is matched by the secondary resolution even for the comparably short sample-to-
detector distance. The chopper system consists of an illumination control chopper LMS = 1.5 m
distance upstream from the sample to provide su�cient space for the sample environment and other
equipment. The wavelength resolution chopper assembly is placed outside the target monolith. It
consists of four pairwise counter rotating discs in an optical blind con�guration, which allow a con-
tinuous variation of the initial wavelength resolution [138, 139]. Due to the high repetition rate of
the source, the spectrometer can operate in a monochromatic mode, which requires an additional
chopper to prevent cross talk from earlier pulses. The chopper system will enable an initial wave-
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length resolution of 0.005 Å ≥ δλ ≥ 0.025 Å. Similar to the energy resolution, the larger initial
wave vector puts stronger constraints on the initial collimation. It has been shown, that quasi-elliptic
neutron guides with a length > 25 m can e�ciently transport neutron beams of 1 cm × 1◦.

Instrument parameters
Target 384 Hz
Moderator Liquid para-hydrogen
Moderator-to-sample distance 26.5 m
Detector-to-sample distance 2 m
Initial wavelength range 0.5 Å< λ < 2.5 Å
Scattered wavelength range 0 Å< λ < 5 Å
Detector range 3◦ < 2θ < 150◦

Flux @ E = 45 meV, δE
E

= 4% 9× 104 n cm−2s−1

Table VI.16: Instrument parameters for the thermal chopper spectrometer

VI.5.3 XTOF spectrometer with high �Q-resolution

Using focusing Bragg optics, the direction and the size of the initial wave vector of the neutron �k
become correlated. This can be explored to increase the phase space volume by which the sample
is illuminated without deteriorating the energy resolution in a speci�c region of the dynamical range,
the so-called time-focusing. In particular for thermal neutrons, for which the angular acceptance of
neutron guides is limited, one may employ a much wider divergence range to increase the intensity
on the sample and still keep the resolution for the dynamic range in focus of the experiment. The
compact design of HBS allows a short distance between the moderator and the sample and therefore
the emission time is long enough to apply time-focusing.

A completely new type of instrument can be envisioned to cover the science case of three-axis
spectrometers at today’s reactor sources. From eq. VI.7 it is clear that any voxel on the detector
records a constant �k′. If we now use a focusing monochromator and a rotating crystal as the focal
point of the monochromator, a small beam with the collimation falling onto the monochromator
illuminates the sample for a short time given by the rotation velocity. Narrowing down two dimensions
of phase space, the two remaining increase, i.e. wavelength distribution and the transmission time.
However, time focusing matches the resolution for a speci�c range of k′ and so one can scan �k to
record the scattering function S( �Q, ω) with high resolution in the energy loss range of the spectrum.

At HBS, with a 96 Hz target station, a large monochromator at Lmono ≈ 6 m distance from the
moderator could focus a beam with relaxed spectral width onto a rotating second monochromator
crystal in Lmc = 2 m distance from the static monochromator. The rotation direction is chosen such
that the Bragg condition is �rst ful�lled for the long wavelength part of the band transmitted by the
focusing monochromator and later for the short wavelength part. The time-focusing condition for
a geometry with 2 m distance from the �rst to the second monochromator and sample-to-detector
distance LSD = 2 m is shown in Figure VI.14.

The appropriate choice of the harmonic and rotation frequency commensurate with the moderator
frequency enables versatile instrument con�gurations to cover a wide dynamic range, while focusing
a speci�c region with optimized �ux/resolution conditions. The potential gain can be estimated using
the ratio between the wavelength resolution de�ned by the pulse length and the time the rotating
crystal remains in the Bragg condition, and the wavelength resolution of a �at monochromator
crystal. This ratio varies between 5 and 15 for the thermal energy range 0.7 Å< λ < 2.5 Å.
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The choice of the 96 Hz target station is guided by the exploration of the above mentioned versatility,
the required pulse length needed for the time-focusing and the high peak brightness of the thermal
moderator. A compact spectrometer with a movable detector array covering 3◦ < 2θ < 90◦ could
be implemented (Figure VI.15).

20 0 20 40 60 80

Focused  (meV) 

0

50

100

150

200

250

300

350

400

C
h
o
p
p
e
r
 
F
r
e
q
u
e
n
c
y
 
(
H
z
)

= 3.00Å

/2=1.50Å

/3=1.00Å

Figure VI.14: Le�: Schematic of the double crystal monochromator for an X-ToF spec-
trometer with a static focusing and a rotating crystal monochromator. Right: Focusing
frequency as a function of the requested focus energy for di�erent harmonics of the
(002) re�ection from a pyrolitic graphite crystal. The scattering angle is 2θ = 30◦.

Instrument parameters
Target 96 Hz
Moderator PE
Moderator-to-sample distance 10.8 m
Detector-to-sample distance 2 m
Initial energy range 10 meV< E < 200 meV
Energy transfer range −50 meV< �ω < 200 meV
Detector range (movable) 3◦ < 2θ < 90◦

Table VI.17: Instrument parameters for the thermal crystal-chopper spectrometer

Figure VI.15: Schematic drawing of HBS X-ToF spectrometer.
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VI.5.4 Vibrational spectrometer

Compact sources enable novel instrument designs also for vibrational spectrometers used to study
localized excitations in the energy range of hundreds of meV. Recently it has been realized that
direct geometry instruments provide distinct advantages over indirect geometry instruments, namely
a superior signal-to-noise ratio, an improved resolution for large energy transfer and access to a
signi�cantly larger range of momentum transfer [140]. These advantages come at the price of a
broader energy resolution going to low energy transfer, thus requiring a scan of incident neutron
energy and correspondingly longer measurement times, if a large dynamic range needs to be
covered. For the HBS, we suggest to explore the potential of a compact spectrometer with a crystal
monochromator that can focus neutrons from a wide solid angle onto the sample. The use of
a Fermi chopper will allow time-focusing to optimize the energy resolution in particular for large
energy transfers, which is the scienti�c region of interest. This type of instrument could also bene�t
from a dedicated hot moderator, which would provide ideal conditions in the neutron energy range
between 50 meV < E < 1000 meV. However, also a conventional thermal moderator is expected
to provide a high brightness in the energy region between 10 meV < E < 300 meV.

VI.5.5 Backscattering spectrometer

Backscattering spectrometers are used to study relaxational and di�usional motions on the time scale
of ns. The energy resolution δ�ω ≈ 1µeV allows also the distinction of hyper�ne levels of atoms. For
time-of-�ight backscattering the intensity becomes extremely low if the primary energy resolution
δE is matched to the secondary energy resolution δE′ for perfect single crystals.

We envision the use of elastically deformed analyzer Si(111) crystals at a slight departure from ideal
backscattering condition to enable a secondary energy resolution δE′ ≥ 2 µeV [141, 142]. To match
the initial energy resolution, one either needs to shorten the moderator pulse by means of the
decoupling or the poisoning of the moderator, or one shapes the pulse to control the initial resolution
δE. As the former has signi�cant implications on the neutron economy in the moderator, we opt
for the latter solution, which adds the constraint that the chopper limits the bandwidth depending on
the distance of the chopper from the moderator Lc and the moderator pulse length. For the HBS,
the closest position of a chopper is at Lc = 2 m, from there, the overall instrument length can be
estimated at Lc/dutycycle ≈ 100m. These boundary conditions lead us to choose the solid methan
moderator at the 96 Hz target station to realize a dynamic range of ±150 µeV. For this instrument
length, a pulse length τc = 75 µs yields a primary neutron energy resolution δ�ω = 2 µeV. Such
a pulse length can be realized even for beam cross section of modest size using state of the art
chopper technology with counter-rotating discs. Since backscattering spectrometers request only
modest wave vector resolution, a quasi-elliptic guide system will be optimized for a wide divergence
distribution of 4◦ × 4◦ (FWHM) on the sample, also providing a reasonably small pinhole at the
position of the pulse shaping chopper assembly.

Polarization analysis has in the recent past been discussed as a means of improving the signal-to-
noise ratio by distinguishing the spin-incoherent scattering for elements like H, Li, N, Cl or K, which
are relevant for material research in energy and life sciences. In particular, studies of collective relax-
ation phenomena would become feasible with backscattering resolution by separating the coherent
structure factor. By measuring the spin �ip scattering cross section, any coherent scattering, either
from the sample or from the sample environment, is reduced by the �ipping ratio. Thanks to the
narrow energy range in a backscattering experiment we consider values above 50 as achievable.
The �ux penalty due to polarizing the beam and analysing the spin state of the scattered neutron
should not exceed a factor of 0.2, �nally providing a one order of magnitude improvement in signal-
to-noise ratio.
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Instrument parameters
Target 96 Hz
Moderator Solid methane
Moderator-to-sample distance 100 m
Detector-to-analyser distance 2.5 m
Initial wavelength range 6.05 Å< λ < 6.5 Å
Scattered wavelength 6.27 Å
Analyser range horizontal 10◦ < 2θ < 150◦

Analyser range vertical −22◦ < 2θ < 22◦

Energy resolution range 3 µeV < δ�ω < 20 µeV
Flux @ 6.05 < λ < 6.5 Å, δ�ω = 3 µeV 7× 106 n cm−2s−1

Table VI.18: Instrument parameters for the backscattering spectrometer

VI.5.6 Neutron spin echo

Among neutron spectrometers, the neutron spin-echo (NSE) is the one with the highest resolution and
the ability to cover a dynamic range di�cult to access with other experimental methods. The NSE
technique makes use of the direction of the neutron spin as a stopwatch to measure small di�erences
in the neutron velocity before and a�er scattering. Typically neutron spin-echo is employed to study
dynamical properties both of so� and biological matter but it can also extend the ability to tackle a
number of hard matter problems. The typical length scale probed by NSE is in the nanometer range
while the time-range extends from ps to several hundreds of ns.

Among the known NSE instruments, the generic IN11 type (i.e. IN15 at ILL, J-NSE at MLZ or the
SNS-NSE) exploits magnetic precession coils for spin-coding and is the one that achieves the highest
resolution. The Wide Angle NSE spectrometer - in the form �rst demonstrated by the SPAN (HZB), then
expanded for the new WASP at ILL - also uses spin-precession coding in a magnetic �eld, however
with a di�erent symmetry which allows for a larger detection solid angle but at lower resolution.
The last typology of NSE is the so-called resonance spin-echo that replaces each large magnetic coil
with two resonant �ippers. In its MIEZE con�guration, the resonance spin-echo is particular suitable
for magnetic scattering.

Spin-echo spectrometers are well-suited for pulsed source, as already demonstrated by the NSE
spectrometer operated by JCNS at the SNS spallation source and by the studies on a possible NSE at
the future European Spallation Source (ESS). The maximum time scale (Fourier-time) accessible with
NSE is given by

τ = min

(
0.18

[
ns

TmÅ3

]
Jmaxλ

3, H

[
ns

Å2

]
λ2

)
, (VI.8)

where Jmax is the magnetic �eld integral proportional to the largest achievable �eld in the precession
region and H is the �eld integral homogeneity parameter. The spectrometers of last generation can
reach Jmax > 1.5 Tm and a H=2.5 ns Å−2. Usually, experiments in so� and biological matter need
Fourier-times of the order of 100 ns, which can be obtained with a wavelength of 8 or 9 Å at the
existing NSE spectrometers. Hard-matter samples require generally shorter times. Relying on a good
�ux for cold neutrons at the sample position is essential for successful operation of the instrument. As
an example, on average, the measurement of a single Q-curve of a polymer melt at J-NSE requires
circa 15 hours for sample, reference and background and with statistics of about 3% (wavelengths
of 8 to 10 Å). The measurement time scales almost linearly with the neutron intensity.
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Figure VI.16: Simulated intermediate scattering function of a typical so� matter sam-
ple (partly deuterated polymer melt plus reference sample) for 10% of the ESS in-
tensity (le�), and 1% of the ESS intensity (right), with 7.5 hours measurement time. It
shows that high resolution data could be recorded in an acceptable time at the �ux
planned for HBS if its brilliance exceeds several percent of the ESS design brilliance.

Lastly, the dimension of the moderator also plays a role on the performance of the instrument.
Because of the large samples (≈3 x 3 cm2) and of the precession path length (typically 3 - 4 m long)
a carefully designed (still to be investigated) neutron beam optics must be integrated into the neutron
guide feeding the instrument. It has to accept a divergence of about 2 x 2 degrees from the source
and transform it to an output window at the instrument of 4 x 4 to 6 x 6 cm2 with a divergence of
about 0.6 x 0.6 degrees in a homogeneous fashion. For the envisaged long wavelengths this should
be possible. Design and assessment of losses/performance has still to be performed.

Nevertheless, for an eligible spin echo spectrometer at the HBS a large moderator window (radius
> 3 cm) is preferable together with a good �ux at the sample position for wavelengths between
6 Å and 13 Å (preferably 16 Å). A source frequency of 24 Hz (pulse length circa 50 µs) would
allow a wavelength band of circa ∆λ = 4.7 Å, for a moderator-detector distance (DMD) of 35 m
(as was the case with ESSENSE). A larger band, e.g. ∆λ = 8 Å, for DMD = 20.5 m, can also be
used but the practical gain will not increase proportionally. Three or four disk choppers (rotating at
the source frequency), positioned circa between 6 and 15.5 m could extract the wavelength-frames
needed to cover the desired range of wavelengths. The state of the art of the precession coils is
that of J-NSE and IN15. Both instruments mount coils with an optimized geometry that maximizes the
�led integral homogeneity; the coils are superconducting in the case of J-NSE, and are water-cooled
copper magnets at IN15. The increased �eld homogeneity requires weaker corrections and extends
the range of accessible Fourier times by a factor of 2-3 compared to the previous generation of
instruments, providing the best energy resolution for the accessible wavelength band.

Three principle types of NSE spectrometers could be considered with slightly di�erent �elds of appli-
cation: a classical J-NSE or IN15 type spectrometer mainly for so� matter applications, a wide angle
NSE similar to SPAN and WASP for a large solid angle coverage suitable for investigating glass tran-
sitions and proton di�usion, or a resonance NSE such as RESEDA with the MIEZE option for medium
resolution measurements of magnetic samples, including sample B-�elds.
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Figure VI.17: NSE instrument schema as realized for the J-NSE at MLZ. The segmented
main coils guarantee an optimized �eld homogeneity for high resolution, for a pulsed
source such as the HBS only the pi/2-�ippers and the pi-�ipper need to be ramped
with the incoming neutron wavelengh during the pulse arrival, as has been realized
at the SNS-NSE. All other magnetic �elds are static during measurement of a Fourier
time.

Instrument parameters
Target 24 Hz
Moderator para H2

(or other moderator
optimized for long wavelengths)

Moderator-to-sample distance 31 m
Detector-to-sample distance 4 m
Wavelength range 6 Å < λ < 16 Å
average Flux (up to) 5 × 107 cm−2 s−1

Table VI.19: Instrument parameters for an NSE spectrometer based on the design of
the ESSENSE spectrometer proposed at the ESS.

VI.6 Analytics

VI.6.1 Prompt gamma neutron activation analysis

Prompt gamma neutron activation analysis (PGNAA) is an analytical technique for the nondestructive
elemental analysis of samples of diverse origins. PGNAA is routinely applied at continuous neutron
sources i.e. research reactors using either a thermal or cold neutron beam without any neutron time-
of-�ight (TOF) information. The capability to perform time resolved prompt gamma neutron activation
analysis (T-PGNAA) with resonance neutrons was demonstrated on the INES beam-line at the pulsed
spallation neutron source ISIS [64, 143]. Selecting neutrons in the cold, thermal or resonance energy
range provides an elemental selectivity for accurate quanti�cation by eliminating interference or
by increasing the signal-to-background ratio. Furthermore, neutrons with various energies have
di�erent sample penetration depths and therefore interrogate di�erent sample volumes, providing
information on the sample homogeneity. In T-PGNAA neutron energy-dependent gamma-ray spectra
are measured with a well-shielded high purity germanium detector (HPGe-detector) using time-of-
�ight method. The HPGe-detector counts are recorded as a function of the gamma energy (y-axis)
and the neutron time-of-�ight i.e. the neutron energy (x-axis) to produce a two dimensional matrix
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for data analysis. A vertical cut along the y-axis at a chosen neutron energy provides the prompt
gamma-ray spectra recorded for this neutron energy. A horizontal cut along the x-axis at a chosen
gamma-ray energy delivers neutron capture spectra showing the variations in neutron capture cross
sections i.e. isotopic sensitivity as a function of the neutron energy. Isotopic contrast and selectivity
is obtained by screening over the detector events in neutron and gamma-ray energy.

Taking advantage of the time structure of the HBS source, we propose two instruments to perform
time-resolved prompt, and delayed gamma neutron activation analysis of samples with various
sizes, o�ering great �exibility according to the sample type and information required. The broad
energy range that can be used and the medium beam size will also allow for transmission imaging
capabilities and the spectral choice can be used to tune contrast and penetration capabilities to the
needs of investigation. Care must be taken to ensure a suitable transmission imaging detector is
installed close to the sample.

Instrument parameters
Target 24 Hz
Moderator liquid para-hydrogen

Moderator-to-sample distance 12 m
Detector-to-sample distance 0.3 to 0.5 m
Beam size 4 cm
Neutron energy range 1 meV to 80 eV
Energy resolution 10 to 40 %

Peak �ux 1) 2.3 × 106 cm−2s−1 (1 - 80 eV)
5.1 × 107 cm−2s−1(0.1 - 2 eV)
3.9 × 109 cm−2s−1 (10 - 100 meV)
3.9 × 109 cm−2s−1 (3 - 10 meV)
1.3 × 109 cm−2s−1 (1 - 3 meV)

Average thermal-equivalent �ux 3.4 × 109 cm−2s−1

(1) analytically calculated for a neutron guide equipped with a m=3 supermirror

Table VI.20: Instrument parameters for time-resolved prompt and delayed gamma
neutron activation analysis with slow neutrons (PDGNAA-1)

The �rst instrument where parameters are given in Table VI.20 is dedicated to the analysis of small-to-
medium size samples. For this, the instrument will be operated at the 24 Hz target station with a cold
(bi-spectral) moderator (liquid para-hydrogen, 10 cm length and 1 cm radius) providing an optimal
cold, thermal and epithermal neutron �ux at the sample position to perform in-depth analysis of
thick samples. The distance of 12 m between sample and cold source allows the time-resolved
acquisition of prompt gamma-ray spectra at various neutron energies ranging between 1 meV and
80 eV during the �rst 30 ms from the end of a fast neutron pulse. A�erwards, delayed gamma
rays from activation products with a longer half-life than the frame length can be measured during
the 10 ms before the start of the next neutron pulse. A bandwidth chopper positioned 2 m upwards
from the sample o�ers the option of increasing the acquisition time for delayed gamma-ray spectra
by selective rejection of neutrons with energies lower than 100 meV. A beam size changer allows
samples of various size to be investigated. The instrument delivers an average thermal-equivalent
neutron �ux of 3.4 · 109 cm−2s−1 at sample position, which is comparable to the �ux achieved for
PGNAA instruments at research reactors (6.5 · 109 cm−2s−1 at NIST, 2 · 109cm−2s−1 at FRM II and
9.6 · 107 cm−2s−1 at BRR).
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Instrument parameters
Target 384 Hz
Moderator -

Moderator-to-sample distance 20 m
Detector-to-sample distance 0.6 to 1 m
Beam size 6 cm
Neutron energy range 0.6 eV to 10 MeV
Energy resolution 50% (1 to 500 eV)
Peak �ux 3.8 × 108 cm−2s−1 (0.1 - 10 MeV)

5.0 × 107 cm−2s−1(0.3 - 20 keV)
4.3 × 107 cm−2s−1 (50 - 500 eV)
2.5 × 107 cm−2s−1 (10 - 50 eV)
2.2 × 107 cm−2s−1 (2 - 10 eV)
2.3 × 107 cm−2s−1 (0.6 - 2 eV)

Average fast neutron �ux 7.6 × 106 cm−2s−1

Average resonance neutron �ux 1.9 × 107 cm−2s−1

Table VI.21: Instrument parameters for time resolved prompt and delayed gamma
neutron activation analysis with fast neutrons (PDGNAA-2)

The second instrument where parameters are given in Table VI.21 is dedicated in particular to the
analysis of large samples with fast and resonance neutrons. The instrument is operated at the 384
Hz target station enabling the extraction of resonance neutrons a�er fast neutron pulses. Fast and
resonance neutrons are extracted from an empty channel with a radius of 3 cm positioned close to
the target. The distance of 20 m between sample and source allows the time-resolved acquisition
of prompt gamma-ray spectra at various neutron energies ranging between 0.6 eV and 20 keV
during the �rst 1.5 ms from the end of a fast neutron pulse. A�erwards, delayed gamma rays from
activation products with a longer half-life than the frame length can be measured during the 1 ms
before the start of the next neutron pulse. Optionally, prompt gamma rays induced by fast neutron
inelastic scattering can be measured during the fast neutron pulses. In order to avoid irradiation of
the sample with thermal neutrons, the beam line is equipped with two Gd-Choppers at distances of
4 m and 7 m, respectively, from the source with open times of 300 µs and 525 µs, respectively,
from the end of the fast neutron pulses. The instrument delivers at sample position an average fast
neutron �ux of 7.6 · 106 cm−2s−1 and an average resonance neutron �ux of 1.9 · 107 cm−2s−1.
For comparison, the fast neutron �ux of the SR10 beam line at FRM II is about 108 cm−2s−1 and the
incident neutron �ux at the INES beam line (ISIS) is 2.5 · 106 cm−2s−1 (energy range 0.07 - 68 eV).

VI.6.2 Neutron depth pro�ling

Neutron depth pro�ling (NDP) is a non-destructive analytical tool to study near-surface distributions
of some light isotopes (3He, 6Li, 10B, 14N, 22Na and few more) in solids [65]. Absorption of a neutron
results in nuclei decay with the emission of a monoenergetic charged particle (alpha-particle, proton
or triton) and a recoiling nucleus. Before escaping the sample surface each particle loses a certain
amount of energy depending on the stopping power of the host material. The detected energy
spectrum depicts the in-depth distribution of a corresponding absorbing isotope. As NDP can be
considered non-destructive, batteries can be explored in situ and operando for many cycles of
battery charging and discharging, which is in high demand in the battery community.
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Being inspired by such demand, new NDP spectrometers have appeared or are under construction at
major neutron facilities worldwide. Recently, a new NDP spectrometer has been designed and built
for operation on the vertically focused cold neutron beam of the JCNS re�ectometer MARIA (MLZ,
Garching) [144]. An extremely high thermal equivalent �ux of 7 · 109 n/cm2/sec at the sample on
MARIA allows, for example, time resolved characterization of thin-�lm lithium-ion batteries within 10
seconds or even faster depending on the absorbing isotope (6Li) content.

The NDP technique faces some challenges: the background has to be optimized to allow charac-
terization of the isotopes with low energy products a�er neutron absorption, particularly 3He and
14N, and the beam size at a sample position should allow e�ective usage of the beam on smaller
samples or scanning of samples (for 3-D depth pro�ling). Creation of a dedicated facility at the HBS
with custom-designed focusing neutron optics, optimized shielding of the charged particle detectors,
usage of the appropriate materials (with minimum possible background production) and the feeding
of the spectrometer with an appropriate wavelength distribution of neutrons will help to overcome
those challenges. The NDP technique will establish a new frontier in sensitivity and e�ectiveness
of neutron �ux usage. With minimized background and activation of instrument components, it will
provide a healthy working area for the instrument scientists and users.

The neutron absorption cross-section is directly proportional to the mean wavelength of the neutron
spectrum delivered to the sample. As the HBS concept provides �exibility in moderator design, one
can signi�cantly boost the e�ciency by having the neutron spectrum shi�ed to longer wavelengths
(∼10 Å). The NDP technique is not restricted by the total beam divergence (contrary to standard scat-
tering methods which require a highly collimated beam), meaning that one can use 2-D neutron beam
focusing. To maximize the �ux at the sample, we propose utilizing a double focusing neutron guiding
system (vertical and horizontal) with an additional neutron focusing lens (supermirror-multichannel or
capillary, depending on the desired size of the “focal” spot at the sample position). The instrument
should also be equipped with a basic choppers system – involving a bandwith (overlap) chopper
and monochromating choppers. Working with a given monochromatic wavelength will allow the
precise determination of the absorption cross-section, leading to a more accurate determination of
the isotope concentration. The schematic drawing of the optical components is shown in Figure VI.18.

Figure VI.18: Schematic view of the HBS NDP instrument

Following the current state-of-the-art, the NDP spectrometer can be equipped with a multidetector
system using an array of standard charged particle detectors, e.g. silicon surface barrier technology.
In this case, the gain in charged particle collection is proportional to the number of detectors. Alter-
natively one can consider a new, promising development – a 2-D multichannel detector for charged
particles. Here the gain increases with the active area of the detector. Altogether the performance
of the NDP spectrometer at the HBS can be estimated as competitive with the world-leading NDP fa-
cilities (NIST, JCNS at MLZ) and furthermore it should provide new opportunities for researchers: the
characterization of thicker samples with higher resolution, improved sensitivity to 3He and 14N iso-
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topes, 3-D depth pro�ling, and more. Additionally such a facility will provide a very high �ux density
at a small focal spot (< 1 cm2), which will be invaluable for developments in neutron instrumentation
and detectors.
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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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Figure VII.1: Three-tier architecture of the control system

tier presents device abstractions of front-end equipment to the middle tier. For the connection
of the front-end equipment a wide range of interface standards must be supported.

• The middle tier implements the application logic of the control systems, e.g. procedures for
automatic start up, shutdown or auto-tuning. Databases for con�guration, archived process
values and logging information reside at this tier. A name service implemented at the middle
tier provides location transparence for the devices exported by the resource tier.

• The presentation tier is responsible for the HMI (Human Machine Interfaces) that enables ma-
chine and instrument operation for operators, engineers and physicists. At the presentation tier
a set of graphical and non-graphical tools are running on console computers which implement
an abstract, aggregated and homogeneous view of the HBS and hide unwanted details.

VII.2.1 HBS machine control system

Requirements and functionality

The HBS machine control system functions can be grouped horizontally according to the machine
subsystems:

• Ion Source and Accelerator: Core function is the RF system responsible for proton accelera-
tion. Equipment to be controlled includes RF cavities, power supplies for magnets and beam
instrumentation such as beam position monitors and beam current measurement devices.

• Target, thermal moderator and cold moderator: The control system is mainly responsible for
the cooling functions of these subsystems. Equipment to be monitored and controlled includes
pumps, valves, leak detectors, pressure gauges and temperature sensors.

• Cryogenic Plant for the Helium cooling of the cold moderator: The cryogenic plant will be
delivered by a commercial vendor and is expected to come with its own proprietary control
systems, used for its local control. The sending of parameter values and commands as well as
the read-back of process values is accomplished via the HBS machine control system resource
tier.

• Vacuum System: There will be a common vacuum system for the ion source, the accelerator,
the target and the neutron guides. In the vacuum subsystem di�erent types of pumps in
di�erential pumping systems, valves and pressure gauges have to be controlled and monitored.

• Conventional facilities: This subsystem is responsible for the control of pressed air, water and
electrical power supply, including the control of compressors, pumps and valves as well as the
continuous monitoring of process values such as air pressure, air �ow, water pressure, water
�ow, water temperature and electrical power, voltage, current, and the cos phi of all main
circuits.
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Orthogonal to this horizontal structure, the HBS control system is structured into the following func-
tional groups which are related to all subsystems:

Timing System: Due to the pulse structure of the neutron beam, neutron instruments and HBS
machine components have to be synchronized. This can be achieved with a central clock that is
distributed via a timing network together with event data and trigger pulses. Event receivers have
to be implemented at individual devices that decode timing and event data and produce pulses for
the synchronization of the device hardware. For neutron detectors a timing resolution below 100ns
is su�cient, but for the internal operation of the ion source and beam focusing components of the
accelerator, a resolution in the order of 1ns is envisaged. A good candidate for the timing network
would be White Rabbit developed by CERN as an improvement of the Precision Time Protocol (PTP)
according to IEEE 1588, achieving sub-nanosecond accuracy.

Machine Protection System: The Machine Protection System prevents machine damage due to
device failures or abnormal events such as beam loss, failure of a cooling system or failure of the
vacuum system. In order to accomplish this, all subsystems must have electrical interface signals for
the indication of fault situations and for the immediate switch to a safe state.

Personal Protection System: The personal protection system has to ensure the protection of humans
against any hazards from the machine, which may lead to injuries. The main focus is the exposure to
radiation, but also other hazards such as electrical shock must be prevented. The personal protection
system will be implemented as a highly reliable failsafe system that ensures a safety level according
to ISO 13849 PL e (roughly corresponding to IEC 61508 SIL 3). With regard to radiation safety, it
will manage the entrance and exit from radiation-controlled areas. Additionally, radiation levels will
be monitored. Any access violation or any violation of radiation level thresholds will lead to an
immediate shutdown of thew ion source and accelerator.

Alarm/Logging System: The alarm and logging system is responsible for the collection, distribution
and archiving of alarms (information on abnormal situations) and logging events (diagnostic infor-
mation). At the presentation tier, a GUI-based console application allows the de�nition of alarms
and logging events, presents these to the operator and supports the retrieval of archived alarms and
logging events.

Process Archive: During operation of the HBS machine all relevant process data must be collected
and archived for later analysis. A GUI-based-console allows the selection of process data for archiv-
ing, de�nition of archiving intervals and persistence times in the archive as well as later retrieval and
presentation in con�gurable graphs, e.g. as a time series.

Operational Security: Since remote network access to the HBS machine control system shall be
allowed, appropriate cyber security mechanisms must be implemented. One of the mechanisms is
the strict separation between the technical network and the control devices from the standard o�ce
network. In order to reduce operational faults, a role-based access to the control systems must be
implemented that gives di�erent levels of control to speci�c user groups.

HMI (Human Machine Interface): On operator consoles and wall displays in the control room GUIs
will be implemented that allow control, optimization and state supervision of the HBS machine. This
includes the presentation of real-time summaries of all relevant machine parameters. For standard
operation, easy startup, shutdown and auto-tuning buttons will be o�ered. The role-based access
allows the presentation of di�erent granularity levels to individual user groups. An homogeneous
appearance and good ergonomic behaviour are key design parameters for all GUIs
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Architecture and implementation

For many decades, Forschungszentrum Jülich has demonstrated its competence to build and maintain
complex particle accelerator systems, e.g. the synchrotron COSY. As a consequence, all competences
to implement the HBS control system from scratch are available in Jülich. In order to reduce imple-
mentation e�orts, the intention is to base implementation on a control system so�ware tool that is
well established in the research community. The most promising and wide spread candidates are
EPICS and TANGO. JCNS has long-term experience with TANGO since all JCNS instrument control sys-
tems at the MLZ have been implemented with it. Because the control systems of all JCNS instruments
planned for the ESS must be based on EPICS, JCNS has started to build up an EPICS competence.
So in principle, both systems could be used and the �nal decision will depend on the degree of
support provided by the accelerator vendor. Since EPICS is already used at the synchrotron COSY, it
seems to be the more appropriate candidate for the HBS control system. In both systems, Linux will
be deployed on all computers as the operating system and for the communication networks only
Ethernet will be used with communication protocols based on TCP/IP or UDP/IP.

Front-end electronics for the RF systems and the beam instrumentation should be based on MTCA.4,
which is heavily employed in many current accelerator control systems, e.g. at the XFEL.

The front-ends of the di�erent cooling subsystems, of the conventional facility subsystem and of the
vacuum subsystem will follow a distributed architecture implemented with industrial grade PLCs and
decentral periphery systems connected via �eld bus systems. Due to JCNS’s long-term experience
with and the market dominance of Siemens, it is intended to use the Siemens S7-1500 for the PLC
systems, ET200SP and ET200MP for the decentral periphery systems and PROFINET, PROFIBUS, AS-i
and IO-Link as �eldbus systems. At the HBS control systems resource tier, industrial PCs are used
that are connected via PROFINET to these front-ends. The implementation of the machine protection
system and the personal protection system will be based on the Siemens distributed safety concept
with failsafe S7-1500F CPUs, failsafe F-Modules and PROFIsafe communication, which allows PL e
according to ISO 13849 to be achieved.

VII.3 Instrument control system

VII.3.1 Requirements and functionality

Conceptionally, each neutron instrument can be grouped into sections such as beam de�nition,
sample area, beam analysis and neutron detection as shown in Figure VII.2. Beam de�nition may
include choppers, selectors, or monochromators for energy de�nition, devices for beam polarization
or variable collimations. The sample area contains mechanical devices for sample exposure such as
sample tables, goniometers and sample-changers, as well as devices for the de�nition of the sample
environment, e.g. pressure, temperature or magnetic �eld. In the beam analysis section, speci�c
energy ranges or polarization states may be �ltered out of the scattered beam. In the detection
section, scattered and �ltered neutrons are record by a wide range of detector systems. A major
task in neutron instrument control is the movement of a large variety of mechanical axes. Also a
wide range of sensors, programmable power supplies and controllers for physical parameters such as
temperature or pressure must be controlled. Since event rates and event sizes in neutron detection
systems are relatively low compared to nuclear or high energy physics, neutron instruments do
not have a dedicated data acquisition system. Data acquisition is also part of the control system,:
typically detector device servers residing on the resource tier do continuous detector readout during
measurement and store the acquired data into data �les.

In the HBS neutron instruments, detectors as well as choppers have to be synchronized with the pulse
structure of the source via a connection to the timing system. In order to allow later dynamic re-
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binning and measurement during mechanical movements, neutron data will not be stored in the form
of histograms but as event-mode data, which means that each detected neutron is recorded with
a timestamp. Therefore all other process data, e.g. mechanical positions, or sample environment
parameters have to be time-stamped, too, and the corresponding devices must have an interface to
the HBS timing system. In comparison to the HBS machine, the HBS instruments are much more dy-
namic. They will experience continuous setup changes, especially in the sample environment. There
will be a steady change of measurement scenarios, for which dynamic measurement sequences
have to be programmed and executed. As a consequence, a more or less static HMI as required
by the HBS machine control system is not appropriate for the instrument control system. Instead,
the neutron instruments will be controlled by a dedicated instrument measurement program. The
measurement program will have a client server structure. The server part runs on the middle tier of
the control system and the client part on the presentation tier. With the client it is possible to de�ne,
start and stop dynamic measurement sequences, which will be executed by the server. A GUI tool
and a scripting language tool are necessary for the de�nition of measurement sequences.

Figure VII.2: Schematic structure of a neutron instrument

All instruments are equipped with a beam shutter that shuts o� the beam for instrument access.
The required personal safety subsystem in each instrument control system is responsible for the
implementation of an interlock between the beamshutter and instrument access.

VII.3.2 Architecture and implementation

JCNS has been developing neutron instruments for decades and operates 12 instruments at its main
outstation at the MLZ in Garching. All these instruments share the same architecture and technologies
for the instrument control systems. In order to minimize implementation by relying on existing
developments and the support of trained personnel, all HBS instrument control systems shall be
implemented with the same architecture and the same technologies.

All instrument control systems will all be based on TANGO which has been developed by the ESRF.
TANGO is an open-source so�ware toolkit for the development of control systems according to
a three-tier architecture. MySQL will be used for all databases (process archives, alarm/logging
archives, con�guration databases) at the middle tier. TANGO systems are consistently object-oriented
and employ CORBA and zeromq for communication with device servers. All instrument computers
running TANGO device servers, middle tier components or clients in the presentation tier will use a
Linux operating system. At the resource tier, industrial PCs - predominantly CPCI systems - will be
installed.

NICOS, developed at MLZ Garching, will be the measurement program for all HBS instruments. NICOS
o�ers scripting in Python and in a simpler command language as well as a con�gurable GUI for
graphical user operation. Functionalities comprise an electronic logbook, history plots and detector
data plots. NICOS follows a multiple-client/single-server model, where the server acts as the execution
environment for scripts and any device access. It further re�nes the TANGO device model and is
written in Python using pyQt for the GUI. As an example, Figure VII.3 shows the NICOS client GUI
for the time-of-�ight instrument DNS at MLZ. Figure VII.4 shows the overall SW structure of the HBS
instrument control systems.

Besides detector electronics, the front-end equipment mainly consists of electromechanical devices
such as motors, switches, encoders, pumps, valves and di�erent kinds of sensors. Similar to the HBS
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Figure VII.3: NICOS client GUI for the time-of-�ight instrument DNS at MLZ.

Figure VII.4: So�ware structure of the HBS instrument control systems

machine control system, all these devices will be controlled by Siemens S7-1500 PLCs with ET200SP
and ET200MP decentral periphery systems. For interconnection, the �eldbus systems PROFINET,
PROFIBUS, AS-i and IO-Link will be used. As a typical example, Figure VII.5 shows the physical
architecture of the instrument control system of the time-of-�ight instrument DNS at MLZ, which is
still using the S7-300 PLC, the predecessor of the S7-1500.

Figure VII.5: Physical architecture of the instrument control system of DNS
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VII.4 Risk management and improvement

The main objective of the HBS organization will be to operate the HBS safely, reliably and with
maximum availability. To keep an HBS facility running, the organization needs to establish certain
processes. As the design of the HBS will follow best engineering practice, a reliable and safe facility
will be the result. To manage the le�-over operational risks and to stay at the cutting edge of safety
and operational performance, a risk management process will be implemented.

Figure VII.6: Risk assessment procedures

A risk is exposure to an event that, if it occurs, has an (negative) e�ect on at least one objective of
the organization. The �rst objective subject to risk management is safety. Additional objectives are
investment protection and the availability of the HBS facility. For a user facility, an availability above
95 percent is aimed for.

Any failure of components within the facility can lead to risks which can a�ect the operation, handling
or use of the facility. Risks associated with the accelerator may include a failure of the ion source,
failure in beam transport and beam alignment, or a power failure. Target risks could include severe
misalignment of the proton beam, loss of cooling, failure of cryogenic systems, loss of vacuum, loss
of activated material etc.. Instruments and user operation can be a�ected by improper handling or
failure of infrastructure systems (power failure, cooling, vacuum, etc.). Overall, the operation and
safety of the facility can be a�ected by power failure or failure in the water-cooling supply and
vacuum supply, failure in the computing network or in the handling of activated material, natural
disasters or attacks.

The main steps in risk management are: identifying an event as a risk, determining the severity and
consequences of that event, assessing the likelihood of the event to take place, comparing the overall
risk to the agreed acceptable risk levels, determining mitigation steps to either reduce the likelihood
or to mitigate the consequences of the risk, monitoring the e�ectiveness of the mitigation steps and
looking for new risks. For each potential risk identi�ed, plans to minimize and handle the risks are
put in place. The process of risk Management is outlined in the international standard ISO 31000.
For the safety of machinery, the norm for risk assessment is ISO 12100.
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Modern risk management process considers not only negative risks: it also identi�es chances and
opportunities. In this way, the risk management process will also be a driver for the continuous
improvement of the HBS. All processes of the HBS will be collected in an integrated management
system. To achieve the highest standards of safety and reliability, certi�cation to meet the standards
ISO 4501 and ISO 9001 is being consider as an option for the HBS management system.
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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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ation exposure and contamination are avoided and radiation exposure is kept as low as reasonably
achievable (ALARA principle). These objectives will be met by maintaining safety features which
comprises: appropriate shielding, safety interlocks, access to control systems, switches, and alert
and caution systems. The German radiation protection ordinance (StrSchV) forms the legal basis
for the construction and operation of a facility producing ionizing radiation. According to Art 1 § 7
StrSchV a licence including all safety requirements is mandatory to operate HBS (accelerator and
target stations). Before commissioning, all separate components of the facility must be subject to
quality assurance (Art 1 § 115 StrSchV). A�er commissioning, the facility must be inspected regularly
(Art 1 § 116 StrSchV). According to Art 1 § 5 StrSchV, a licence for the handling of radioactive materials
is mandatory. Furthermore, according to Art 1 § 45 StrSchV a su�cient number of quali�ed radiation
protection commissioners is required for its safe operation. The facility will be classi�ed into the fol-
lowing zones: areas which are accessible at all times, supervised/controlled/restricted entry areas,
areas accessible with appropriate administrative controls and inaccessible areas during accelerator
operation and controlled entry during shutdown. All entrances of the latter areas will be interlocked
during accelerator operation. The accelerator hall/tunnel, the instrument hall and the neutron source
rooms will be equipped with safety interlock switches. Buttons for search and secure procedure
will be placed in the accelerator hall and the neutron source rooms to ensure that no person has
remained in the interlocked areas before accelerator start up. Moreover, several emergency pro-
ton/neutron beam shut-o� switches will be installed to shut down the accelerator or close the neutron
shutters. A number of optical and acoustic warning systems will be placed in the relevant part of
the facility to alert/caution the personnel inside the facility of the operational status. Locations with
radiological hazards will be demarcated from other areas by putting appropriated symbols indicating
the radiation level in work areas and precautions to be taken by working personnel.

In order to keep radiation exposure as low as possible, radiation shielding will be built in di�erent parts
of the facility such as along the whole proton beam line, around the beam dump, the neutron targets
(see Chapter V.8), the neutron guides and the instruments. Neutron and gamma dose rate monitoring
systems will be placed along the proton beam line, in the neutron source rooms and at the position
of the neutron instruments. If necessary, systems for airborne particulate radioactivity monitoring
will be installed. Safety procedures including beam safety interlocks, real-time beam diagnostics,
and vacuum control will ensure that the average beam power at a target station does not exceed
100 kW. Deviations from the authorized accelerator working range during operation will lead to an
accelerator shut down or to a de�ection of the proton beam to a 1 MW beam dump. The latter will be
used for the commissioning of the accelerator. The neutron channels will be equipped with shutters,
the temperature and pressure or mass �ow of the target coolant will be monitored continuously,
the target temperature and surface from the accelerator side will be monitored continuously be
pyrometry and endoscopy.

The accelerator will be operated a�er ensuring that all shutters of the neutron channels are closed
and the parameters of the target cooling system are within the limits and accelerator safety inter-
lock switches are activated. The neutron supply for a given instrument is achieved by opening the
shutter of the corresponding neutron beam-line according to the regulations of radiation safety. A
deactivation of the safety switch in a neutron source room, a de�ciency of the target cooling system
as well as an increase in the neutron/gamma local dose rate causes a shutdown of the accelerator.
The pyrometry as well as the endoscopy of the target is performed to anticipate a change of the
target preventing its fracture and thus a contamination of the proton beam-line and the accelerator.
The proton beam tube will in addition be equipped with a fast closing shutter which will prevent ac-
celerator damage due to an unexpected fracture of the target. Target diagnostics will be interlocked
with the operation of the accelerator. All systems for radiological safety will be monitored during
HBS operation and their functionalities periodically inspected according to a maintenance plan.
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VIII.3 Handling of activated material

Radionuclides are produced by proton and neutron activation of the target and by neutron activation
of the components of the target monolith such as the moderator, re�ector, biological shielding and
further structural materials. They are also generated in the accelerator components, beam dump
and associated shielding by the proton beam itself and induced secondary particles. The radioactive
materials produced will be considered as radioactive waste or released from clearance measure-
ments. Based on German regulations, the handling (storage, discharge, transport and disposal) of
radioactive waste is de�ned in Art 3 § 1-11 and clearance procedures in Art 1 § 31-42 of StrSchV. Ac-
cording to Art 3 § 1 the yearly amount of radioactive waste produced during the operation time must
be estimated. The design of the components that could be radioactive should be realized in such a
way as to minimize residual activity in order to facilitate their dismantling, handling and storage.

As an example, the proton- and neutron-induced activity of the tantalum target (the major source
of radioactivity) is estimated for an incident proton beam of 70 MeV and an average current of 1.43
mA (71 mA peak current, 2% duty cycle, 100 kW average power) and for irradiation times of 30,
90, 180 and 360 days. The activity of proton-induced radionuclides is calculated by considering the
penetration depth (obtained with SRIM) of protons in tantalum and using the cross sections database
TENDL2017. The average neutron (thermal, epithermal, and fast) �uxes in the target are determined
by the transport code MCNP6.1 where the target is embedded in a polyethylene moderator with
a radius of 10 cm surrounded by a 30 cm thick beryllium re�ector (see Figure V.62). The activity
of the neutron-induced radionuclides is calculated using the cross-section database JENDL-4.0 and
the Neutron Activation Tables [145]. The radionuclides formed and their activity at the end of the
irradiation of a 2.2 kg tantalum target (internally-cooled target, material without impurities) are listed
in Table VIII.1.

The total activity, decay heat and dose rate are given in Table VIII.2. The decay heat is calculated
from the total energy (Q-value) released by the radioactive decay. The heat deposited in the target
is estimated from the mean energy of the electrons emitted during the decay of activation products
and then lodged in the material. The dose rate is calculated with the SISy so�ware (version 2.5.2) for
radiation protection [146]. Depending on the irradiation time the total activity of the target ranges
from 24 to 64 PBq. The proton-induced activity (15 to 18 PBq) is slightly dependent on the irradiation
time since the radionuclides formed with the highest activities have short half-lives (see Table VIII.1).
The neutron-induced activity (8 to 46 PBq) is mainly related to the radionuclide 182Ta with a medium
half-life T1/2=114.43 d (see Table VIII.1). The decay heat and the dose rate follow the same trends.
The activity of 182Ta yields 70 to 90 % of the total dose rate. Therefore, 182Ta is the major source
of radiation to consider for shielding issues, particularly when the neutron source is shut down.

As shown in Table VIII.4, the activity of the tantalum target is an order of magnitude lower than
the activity induced by one-year’s irradiation of massive targets made of tantalum, tungsten or
mercury with 1.33 GeV protons (32.85 Ah) [147] and the activity of the nuclear fuel of a medium �ux
reactor (BER II) a�er 291 days operation. The target activity is of the same order of magnitude as
that produced in the tungsten target of the ISIS facility irradiated with 800 MeV protons (1.94 Ah,
540 days in ��een irradiation campaigns each 30-50 days over 4 years) [148]. In the latter, 30
% of the activity is related to 182Ta produced by neutron activation of the target cladding made of
tantalum. Proton capture, spallation or �ssion produce di�erent radionuclide inventories impacting
the strategy for storage and �nal disposal of the radioactive material [149]. In particularly, the �ssion
of uranium generates long-lived actinides which are not produced in proton capture or spallation so
long as uranium or thorium are not used as target materials. However, spallation targets contain
high activities of long-lived alpha emitters such as 145Pm (T1/2=17.7 y), 148Gd (T1/2=74.6 y), 50Gd
(T1/2=1.79 My), 154Dy (T1/2=3 My) and 146Sm (T1/2= 103 My) [148, 150, 151]. They contain also
large amounts of tritium (T1/2= 12.3 y) with activities ranging between 1013 to 1015 Bq at the end of
irradiation [148, 152, 153]. In our case, the tritium activity generated in the tantalum target (see Table
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Irradiation parameters
Isotope Half life 30 d 90 d 180 d 360 d
Proton induced
179W 37.05 m 3.42E+15 3.42E+15 3.42E+15 3.42E+15
177W 135 m 3.05E+15 3.17E+15 3.17E+15 3.17E+15
176W 2.5 h 2.44E+15 2.60E+15 2.60E+15 2.60E+15
175W 35.2 m 1.88E+15 1.88E+15 1.88E+15 1.88E+15
178Ta 9.31 m 1.75E+15 1.75E+15 1.75E+15 1.75E+15
174W 31 m 1.05E+15 1.05E+15 1.05E+15 1.05E+15
180Ta 8.15 h 7.60E+14 1.22E+15 1.30E+15 1.31E+15
176Ta 8.09 h 3.42E+14 5.43E+14 5.81E+14 5.84E+14
174Ta 1.05 h 1.77E+14 1.77E+15 1.77E+15 1.77E+15
175Ta 10.5 h 1.56E+14 2.75E+14 3.11E+14 3.17E+14
177Ta 56.56 h 1.30E+14 3.44E+14 5.09E+14 8.54E+14
173W 7.6 m 7.76E+14 7.76E+14 7.76E+14 7.76E+14
178W 21.6 d 4.89E+13 1.45E+14 2.85E+14 5.84E+14
173Ta 3.14 h 4.82E+13 4.82E+13 4.82E+13 4.82E+13
180mHf 5.5 h 2.16E+13 2.16E+13 2.16E+13 2.16E+13
173Hf 23.6 h 8.84E+12 2.03E+13 2.85E+13 3.31E+13
171Hf 12.1 h 6.22E+12 1.16E+13 1.36E+13 1.40E+13
169Hf 3.24 m 3.46E+12 3.46E+12 3.46E+12 3.46E+13
170Hf 16.1 h 2.89E+12 5.94E+12 7.50E+12 8.02E+12
172Ta 36.8 m 2.63E+12 2.63E+12 2.63E+12 2.63E+12
181W 121.2 d 1.11E+12 3.31E+12 6.59E+12 1.31E+13
179Ta 1.82 y 1.04E+12 3.14E+12 6.27E+12 1.25E+13
175Hf 70 d 2.76E+11 8.27E+11 1.66E+12 3.25E+12
179Lu 4.59 h 2.17E+11 2.73E+11 2.76E+11 2.76E+11
178Lu 28.4 m 1.96E+11 1.96E+11 1.96E+11 1.96E+11
178mLu 23.1 m 1.15E+11 1.15E+11 1.15E+11 1.15E+11
172Hf 1.87 y 1.63E+10 3.52E+10 7.03E+10 1.40E+11
3H 12.33 y 1.54E+10 4.61E+10 9.16E+10 1.80E+11
Neutron induced
182Ta 114.43 d 8.62E+15 21.8E+15 34.5E+15 46.0E+15
182mTa 15.84 m 2.20E+13 2.20E+13 2.20E+13 2.20E+13
180Ta 8.15 h 1.31E+12 1.31E+12 1.31E+12 1.31E+12
181Hf 42.39 d 2.28E+08 4.53E+08 5.57E+08 5.87E+08
179Ta 1.82 y 6.56E+07 1.90E+08 3.64E+08 6.67E+08

Table VIII.1: Activity (Bq) of main radionuclides produced at the end of the irradiation of a 2.2 kg
tantalum target. The proton energy is 70 MeV and the average current 1.43 mA. The average
neutron �uxes in the target are: 1.72 ·1012 cm−2 s−1 for thermal neutrons, 8.83 ·1012 cm−2 s−1

for epithermal neutrons and 1.83 ·1013 cm−2 s−1 for fast neutrons.

VIII.1) is three to four orders of magnitude lower depending on the irradiation time. Nevertheless,
the management of tritium during HBS operation will be addressed and the environmental impact of
tritium release evaluated.

Due to the high activity generated at the end of irradiation, the replacement of the target can be
done only by remote control. A�er the shut-down of the accelerator and the target cooling system,
the target unit is uncoupled from the accelerator beam tube. A�erwards, a part of the shielding is
removed extracting with it the target unit. Finally, using a robot system, the target unit is disconnected
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Irradiation parameters
30 d 90 d 180 d 360 d
1.03 Ah 3.09 Ah 6.18 Ah 12.36 Ah

Activity (PBq) 24.0 38.6 51.9 64.0
Proton induced 15.4 16.8 17.4 18.0
Neutron induced 8.6 21.8 34.5 46.0
Decay heat (kW) 6.6 10.8 14.7 18.1
Proton induced 4.1 4.5 4.7 4.7
Neutron induced 2.5 6.3 10.0 13.4
Heat deposition (kW) 0.99 1.57 2.00 2.39
Proton induced 0.70 0.84 0.84 0.85
Neutron induced 0.29 0.73 1.16 1.54
Dose rate (Sv/h) 2422 5116 7626 9917
Proton induced 752 889 936 997
Neutron induced 1670 4227 6690 8920

Table VIII.2: Activity, decay heat, heat deposition and dose rate obtained at the end of the
irradiation of a 2.2 kg tantalum target. The proton energy is 70 MeV and the average current 1.43
mA. The average neutron �uxes in the target are: 1.72 · 1012 cm−2 s−1 for thermal neutrons,
8.83 · 1012 cm−2 s−1 for epithermal neutrons and 1.83 · 1013 cm−2 s−1 for fast neutrons.
The dose rate is given for a distance of 1 meter from the unshielded target. 1 PBq corresponds
to 1015 Bq.

from the cooling pipe and stored in a dedicated facility with appropriated shielding inside the neutron
source area. Depending on the operation cycle of the neutron source and the target life-time, the
target will be reused or disposed of. The spent targets remain stored for decay inside the neutron
source area.

Figure VIII.1: Decay of the tantalum target activity (coloured lines) compared with
the decay of the activity of spallation targets (see Table VIII.4 for various irradiation
conditions).
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The decay of the total activity of the tantalum target is shown in Figure VIII.1. The main radionuclides,
the total activity, the decay heat and the dose rate a�er 1, 3, 5 and 10 years decay time from the
end of target irradiation are listed in Table VIII.3. Up to a decay time of 3 years 182Ta is still the
main radionuclide. A�erwards, the long-lived radionuclides 179Ta (T1/2=1.82 y)and 3H (T1/2=12.33
y) become predominant. A�er a decay time of 5 years the activity of the tantalum target becomes
much lower than that of a spallation target (Figure VIII.1). Even a�er a cooling time of 100 years, the
activity of a spallation target is still very high (some TBq) [147, 151]. In our case, activity in the GBq
range mainly due to tritium is expected a�er a cooling time of 30 years.

1 yr 3 yr 5 yr 10 yr
Irradiation 30 d, 1.03 Ah
Radionuclides 100%182Ta 97%182Ta 44.7% 182Ta 71.8% 179Ta

3% 179Ta 50.9% 179Ta 27.3% 3H
3.8% 3H 0.9% 172Hf
0.6% 172Hf

Activity (TBq) 944 12 0.30 0.032
Decay heat (W) 274 3.3 0.04 0.0005
Dose rate (Sv/h) 183 2.2 27∗ 0.23∗

Irradiation 90 d, 3.09 Ah
Radionuclides 100%182Ta 97%182Ta 40.5% 182Ta 71.9% 179Ta

3% 179Ta 54.8% 179Ta 27.2% 3H
4.1% 3H 0.9% 172Hf
0.6% 172Hf

Activity (TBq) 2380 30 0.85 0.097
Decay heat (W) 691 8.6 0.11 0.002
Dose rate (Sv/h) 461 5.6 72∗ 0.69∗

Irradiation 180 d, 6.18 Ah
Radionuclides 100%182Ta 96%182Ta 34.9% 182Ta 72% 179Ta

4% 179Ta 60% 179Ta 27% 3H
4.1% 3H 1% 172Hf
0.7% 172Hf

Activity (TBq) 3780 47 1.6 0.19
Decay heat (W) 1098 13.2 0.42 0.003
Dose rate (Sv/h) 732 8.8 109∗ 1.38∗

Irradiation 360 d, 12.36 Ah
Radionuclides 99.8%182Ta 93.7%182Ta 26.3% 182Ta 72.4% 179Ta

0.2% 179Ta 6.2% 179Ta 67.8% 179Ta 26.8% 3H
4.9% 3H 0.8% 172Hf
1% 172Hf

Activity (TBq) 5050 65 2.8 0.38
Decay heat (W) 1467 17.6 0.57 0.006
Dose rate (Sv/h) 977 12.1 158∗ 2.7∗
∗ dose rate in mSv/h

Table VIII.3: Radionuclides, activity, decay heat and dose rate obtained for various decay
times a�er the end of the irradiation of a 2.2 kg tantalum target. The percentage in front of the
radionuclide represents the fraction of the activity given bellow. The dose rate is given for a
distance of 1 meter from the target unshielded. 1 TBq corresponds to 1012 Bq.

A�er 5 years cooling time the spent tantalum targets may be transfer into a MOSAIK (MII-15EI with 12
cm lead shielding) cask which can receive about 30 to 40 targets. Depending on the target irradiation
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time, the dose rate at the cask surface ranges between 16 µSv/h and 84 µSv/h for one stored spent
tantalum target. For the cask transport, a dose rate at the cask surface lower than 500 µSv/h or 2
mSv/h must be ensured.

The activity of the main radionuclides formed by neutron activation of the polyethylene moderator
(without neutron extraction channels), the re�ector made of beryllium or lead and the shielding
composed of four lead layers (each 10 cm thick) and three layers of borated polyethylene (each
40 cm thick) are given for various irradiation times in Table VIII.5. In the following discussion, we
consider an irradiation time of 30 years which corresponds to the operation period of the HBS
facility. The total activity of the polyethylene moderator due to the long-lived activation products 3H
(T1/2=12.33 y), 14C (T1/2=5370 y) and 10Be (T1/2=1.51 My) is in the MBq range. A free release of
this material will probably not be possible due to the activity of 14C and therefore it will be disposed
as radioactive waste. In the case of the borated polyethylene as part of the shielding, the activity
of the above-mentioned radionuclides is lower than 1 MBq. The main part of the activity is located
in the �rst layer of borated polyethylene. The corresponding speci�c activity of this material layer
is lower than 0.5 Bq/g so that a free release of the complete material can be considered a�er a
short waiting time. The beryllium re�ector contains a large amount of tritium with an activity in the
TBq range. This high activity combined with the toxicity of beryllium makes the safe handling and
disposal of such radioactive material (about 500 kg) very expensive. Therefore, beryllium should
be avoided as a re�ector and replaced by lead. A�er a decay time of about ��een years, the total
activity of the lead re�ector is 160 MBq and is related mainly to the long-lived activation products
204Tl (T1/2=3.78 y) and 205Pb (T1/2=1.51 My). The speci�c activity of the two radionuclides becomes
25 Bq/g so that a free release of the lead re�ector can be envisaged. A�er one-year’s decay time
the speci�c activity of the lead shielding is 0.04 Bq/g and its free release can be considered. In the
technical design of the target-monolith, aluminium will be used as structural material. Interaction
of neutrons with aluminium produces short-lived radionuclides such as 28Al (T1/2=2.24 m), 27Mg
(T1/2=9.46 m) and 24Na (T1/2=14.96 h) and the long-lived radionuclide 26Al (T1/2=0.71 My).

Target Mass Proton energy Charge Activity
[kg] [MeV] [Ah] [PBq]

Proton capture
Ta 2.2 70 1.03 24.0

3.09 38.6
6.18 51.9
12.36 64.0

Spallation
W+Ta [148] 46+7 800 1.95 15.9
Ta [147] 639 1334 32.9 460
W [147] 743 1334 32.9 170
Hg [147] 168 1334 32.9 120
W+Ta [152] 58+1.4 1600 1.56 20
Fission
U (20% 235U) BER II 8.6 111 MWd/kg 291 d 260

Table VIII.4: Comparison of the activity generated by di�erent modes of neutron production.

The activation of accelerator components is produced by protons escaping the beam and hitting the
vacuum chamber. The proton- and neutron-induced radioactivity in the various accelerator parts as
well as in the beam dump including shielding structures is predicted generally using the simulation
code FLUKA [154, 155]. For the geometrical modelling, this requires a detailed material composition of
each accelerator component which is not yet available for the HBS accelerator. Nevertheless, based
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Irradiation time
Isotope Half-life 1 yr 5 yr 10 yr 30 yr
Polyethylene moderator, 3.5 kg
3H 12.33 y 1.69E+06 2.44E+07 4.28E+07 8.10E+07
14C 5730 y 2.68E+05 4.32E+06 8.66E+06 2.58E+07
10Be 1.51 My 2.42E+03 3.73E+04 7.80E+04 2.34E+06
Beryllium re�ector, 488 kg
3H 12.33 y 2.24E+12 1.00E+13 1.76E+13 3.33E+13
10Be 1.51 My 9.75E+07 4.88E+08 9.75E+08 2.93E+09
Lead re�ector, 3,000 kg
209Pb 3.25 h 3.15E+12 3.15E+12 3.15E+12 3.15E+12
203Pb 51.8 h 2.12E+10 2.12E+10 2.12E+10 2.12E+10
205Hg 5.2 m 5.66E+09 5.66E+09 5.66E+09 5.66E+09
203Hg 46.6 d 5.45E+09 5.48E+09 5.48E+09 5.48E+09
206Tl 4.20 m 2.21E+08 2.21E+08 2.21E+08 2.21E+08
204Tl 3.78 y 2.14E+08 7.65E+08 1.07E+09 1.27E+09
208Tl 3.05 m 1.53E+07 1.53E+07 1.53E+07 1.53E+07
205Pb 15.3 My 2.53E+06 1.26E+07 2.53E+07 7.58E+07
Borated polyethylene shielding, 43,950 kg
3H 12.33 y 1.89E+04 2.73E+05 4.78E+05 9.07E+05
14C 5730 y 3.00E+03 4.82E+04 9.66E+04 2.89E+05
10Be 1.51 My 2.73E+02 4.21E+03 8.80E+03 2.64E+05
Lead shielding, 100,000 kg
209Pb 3.25 h 4.83E+10 4.83E+10 4.83E+10 4.83E+10
203Pb 51.8 h 4.84E+07 4.84E+07 4.84E+07 4.84E+07
205Hg 5.2 m 1.29E+07 1.29E+07 1.29E+07 1.29E+07
203Hg 46.6 d 1.24E+07 1.25E+07 1.25E+07 1.25E+07
206Tl 4.20 m 5.04E+05 5.04E+05 5.04E+05 5.04E+05
204Tl 3.78 y 4.88E+05 1.74E+06 2.44E+06 2.90E+06
208Tl 3.05 m 3.49E+04 3.49E+04 3.49E+04 3.49E+04
205Pb 15.3 My 5.68E+04 2.83E+05 5.68E+05 1.70E+06

Table VIII.5: Activity (Bq) of main radionuclides produced at the end of various irradiation
times of the polyethylene moderator, the re�ector (beryllium or lead with a thickness of 30
cm) and the shielding made of lead (four layers with a thickness of 10 cm each) and borated
polyethylene (three layers with a thickness of 40 cm each).

on the simulation results obtained for an intermediate-energy proton linac [154], total speci�c activity
ranging between 105 and 106 Bq/g is estimated for the accelerator cavities considering an energy
loss of 1 W/m. Main contributors to the activity are radionuclides with half-lives between days and
100 years such as 51Cr (T1/2=27.7 d), 56Co (T1/2=77.3 d), 88Zr (T1/2=83.4 d), 88Y (T1/2=106.6 d),
57Co (T1/2=271.8 d), 54Mn (T1/2=312.3 d), 49V (T1/2=330 d), 22Na (T1/2=2.60 y), 55Fe (T1/2=2.73
y), 60Co (T1/2=5.27 y), 3H (T1/2=12.33 y) and 63Ni (T1/2=100 y). The beam dump including cooling
circuit and shielding will be designed taking into account a minimization of the residual activity.

Further radioactive materials will be produced by the neutron activation of the samples, parts of the
instruments, neutron beam dumps and shielding structures. They will be handled on a case by case
basis during HBS operation by sta� responsible for radiation protection.
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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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The third zone is the three experimental halls attached to the individual target bunkers containing the
neutron guides and the instruments with adapted shielding. For radio-protection, the experimental
hall as a supervised area is equipped with neutron and gamma monitoring systems. The area of
the individual instruments will be handled as a restricted area during operation with an open beam.
The supply of hydrogen, helium or nitrogen for the cryogenic system is installed separate to these
buildings.

IX.1 Building requirements

A dra� �oor plan with the required dimensions of the HBS is shown in Figure IX.1. The experimental
halls have the largest space requirements. Each of these halls will have a �oor area of approximately
2,400 square meters in order to provide su�cient space for the instruments, including their sample
preparation spaces, workshops and control rooms. The size of individual halls may vary depending
on the space requirements of individual instruments therein. Each experimental hall requires the
appropriate assembly hall cranes with a load bearing capacity of 5 t and a li�ing range of 8 m.

The target zones are located inside the experimental halls. Each target zone has a �oor area demand
of 10 times 10 m with a soil bearing capacity of 5 t/m2 and will be equipped with a crane with load
bearing capacity of 5 t and a li�ing range of 6 m. The target zones are surrounded by 2 m thick
concrete walls. The operation of each target station requires a closed cooling circuit with 120 kW
cooling capacity. The ground will be equipped with a collection tray to catch possible coolant leakage
and concrete storage locations to store the activated neutron targets.

All three target zones will be connected at the ground �oor to a truck loading bay with a soil bearing
capacity of 5 t/m2. The room will be equipped with a crane with a load bearing capacity of 20 t. At
the second �oor, on top of the truck loading bay, there is the multiplexer and proton beam transport
line area.

The accelerator hall has a �oor area demand of approximately 100 times 20 m. The hall requires a
connection load of around 12 MW and a coolant capacity in the same order of magnitude. That hall
will be equipped with a crane with a load bearing capacity of 5 t.

In addition to the core facility, all the necessary rooms and spaces for the employees and the
changing users of the instruments must be provided. For the operation of the facility 20 - 25,
employees are needed to operate the accelerator and target stations. For the operation of the
instruments, 2 scientists and 1 technician per instrument are needed. For administrative tasks such
as radiation safety, management of the user o�ce and other issues 20 employees are planned. The
total required space of HBS thus totals about 13000 m2.

IX.2 Energy supply and cooling

The estimation of the required electrical connected load as well as the estimation of the annual
electricity consumption are important for the planning of a large-scale technical facility. Since the
total consumption data can only be quanti�ed a�er an exact speci�cation of all components, all
values shown in Table IX.2 and discussed in the following are only estimates based on experience
or the scaling of working accelerator facilities. To determine the annual electricity consumption, it is
assumed that the plant is operated for 5000 hours per year. This corresponds to slightly more than
200 days of continuous operation.

The largest single electricity consumer is the ion accelerator which alone demands more than half
of the electric power load within the HBS facility. The accelerator itself has a total power requirement
of 12 MW during operation including the proton source, LEBT, RFQ, MEBT, RF-Structures and the
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Length Width Height Floors Area
[m] [m] [m] [m2]

Accelerator 100 20 8 1 2000
Beam transport 40 15 12 2 1200
Target station A 12 12 8 1 144
Target station B 12 12 8 1 144
Target station C 12 12 8 1 144
Instrument hall A 60 28 10 1 1680
Instrument hall B 38 38 8 1 1444
Instrument hall C 75 52 8 1 3900
O�ces 45 15 10 3 2025

Total ≈180 ≈70 8-12 1-3 12681

Table IX.1: HBS building space

vacuum supply. Since the largest part of this energy remains as heat in the accelerator structure,
an equally powerful water cooling system is necessary. Attached to the accelerator is the beam
transport system which transports the beam to the individual target stations. The beam transport
system requires additional power of up to 0.5 MW. The connected load can be multiplied by the
expected 5000 operating hours to estimate the annual consumption since the accelerator and the
beam transport system account for the main energy consumption only during operation. The water
cooling capacity is neglected in the estimation of the annual consumption, since this is provided by
a heat exchanger (e.g. cooling tower or air cooler) or a cooling water pipe.

Each target station is located inside a target bunker. The power consumption of each bunker including
the target station itself is up to 0.5 MW. The largest electric consumer are the air conditioning system
and the dedicated safety circuits to avoid any exposure or loss of activated material during operation
inside the target bunker. The target station itself consumes only a small portion of the power e.g. for
vacuum support, monitoring and coolant support. In addition, each bunker requires a water cooling
supply of approximately 0.2 MW for the cooling of the target and moderator system and a cryogenic
cooling supply for the optional cold moderators of up to a few tens of kilowatts. The connected load
can be multiplied by the annual hours in operation to estimate the annual consumption since the
air conditioning system including its safety circuits, the vacuum system and the target monitoring
system run throughout the year.

For the various instruments operated in the three instrument halls, each instrument may require a
power and cooling supply of up to 0.5 MW depending on cryogenic systems, sample environment,
vacuum systems and detector electronics. With up to six 6 instruments in one instrument hall, each
hall may require up to 3 MW of power. Combined, the three instrument halls are thus the second
largest energy consumer a�er the accelerator. The required heating of the hall depends strongly
on its construction and possible speci�c requirements of the instruments. For this reason, the given
values of 0.3 MW per small instrument hall and 0.8 MW for the large instrument hall are only
extremely conservative estimations. The instruments consume the major part of their energy only
during operation while the power used for heating is consumed during the cold season. Thus, the
connected load can be multiplied by the expected 5000 operating hours and the heating power can
be multiplied by six months in order to estimate the annual power consumption.

The o�ce building and workshops, placed within the instrument halls, are expected to require a
maximum total power consumption of 0.4 MW in total, depending on installations of equipment
in workshops and o�ces. This requirement will include the operation of computer systems and
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networks. The total power consumption can be multiplied by the 5000 annual working hours to
estimate the annual consumption since energy is mainly consumed during the working hours. The
heating power is multiplied by six months analogue to the instrument halls.

The total required electrical power is estimated at a value of ∼23 MW for the facility in total. The
total annual consumption would be about 130.000 MWh. The plan is to cover this demand by the
installation of renewable energy systems for the production of electricity, mainly using windmills and
photovoltaic systems. The design and construction of all buildings will also involve state-of-the-art
engineering, low carbon emissions and energy saving technologies.

Electrical Heating Water Cryogenic Annual
connected load power cooling cooling consumption
[MW] [MW] [MW] [kW] [kWh×103]

Accelerator 12.0 - 12.0 - 60.000
Beam transport 0.5 - - - 2.500
Target station A 0.5 - 0.2 8 4.450
Target station B 0.5 - 0.2 8 4.450
Target station C 0.5 - 0.2 32 4.660
Instrument hall A 3.0 0.3 (included in power) 16.314
Instrument hall B 3.0 0.3 (included in power) 16.314
Instrument hall C 3.0 0.8 (included in power) 18.504
O�ces and workshops 0.4 0.1 - - 2.438

Total 23.4 1.5 12.6 48 129.630

Table IX.2: Energy supply for HBS buildings
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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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materials. Planning the decommissioning of the HBS facility will be considered at the earliest stage
of its development i.e. at the design and construction stages and will continue during the lifetime of
the facility starting at the stages of commissioning and operation and potential upgrades.

In order to ensure safe dismantling, the HBS facility will be designed and constructed to minimize
the amount of radioactive and hazardous materials and to facilitate the management of activated
materials used by using modular shielding and technical components. As part of the facility’s initial
authorization, an initial decommissioning plan including risk analysis, will be developed to demon-
strate the feasibility of decommissioning, to de�ne a decommissioning strategy and to estimate costs.
It will include the collection of relevant information and data as well as the radiological characteriza-
tion of the di�erent parts of the HBS facility (accelerator hall, target stations and experimental halls)
according to their �nal designs in view of radiation safety issues. Additional information to improve
the initial decommissioning plan will be gained during the commissioning and operation of the HBS
facility. At the �nal shutdown of the HBS facility, a �nal decommissioning plan will be established
ensuring the safety and protection of workers and the public from radiation, the safe management of
radioactive and non-radioactive waste, as well as environmental protection. In order to meet safety
requirements for the decommissioning process, internationally approved safety standards developed
by IAEA will be adapted in accordance with national radiation protection regulations.

X.3 Waste management

The management of radioactive waste produced during the commissioning, operation and decom-
missioning of the HBS facility will be performed in compliance with the German radiation protection
ordinance (StrSchV) and in agreement with the regulatory bodies. As far as possible clearance pro-
cedures will be applied in order to minimize the amount of radioactive waste. The management of
non-radioactive waste will be performed according to the German Closed Cycle Waste Management
Act (KrWG).
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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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n=0 n=1 n=2 n=3 n=4 n=5 n=6 n=7 Total
Accelerator 12.0 15.0 18.0 18.0 18.0 15.0 7.0 4.0 107.0
Target 1.0 1.0 3.0 4.0 2.0 1.0 1.0 1.0 14.0
Instruments 6.0 10.0 12.0 16.0 16.0 12.0 12.0 10.0 94.0
Building 10.0 18.0 20.0 18.0 16.0 16.0 18.0 10.0 126.0
Ancillary - 2.0 3.0 4.0 5.0 6.0 6.0 3.0 29.0
Sum (M€) 29.0 46.0 56.0 60.0 57.0 50.0 44.0 28.0 370.0

n=0 n=1 n=2 n=3 n=4 n=5 n=6 n=7
Scientists 12 14 16 18 20 25 25 25
Engineers 20 25 30 33 37 40 40 40
PostDocs 10 12 14 16 18 20 20 20
Support 8 10 12 14 16 20 20 20
Sum (FTE) 50 61 72 81 91 105 105 105
Sta� (M€) 5.0 6.1 7.2 8.1 9.1 10.5 10.5 10.5

Table XI.1: Distribution of investments (Mio EUR; ”Ancillary” denotes sample environment,
laboratory equipment etc.) and sta� in the core team (FTE and total in Mio EUR assuming 100
kEuro/FTE/a) during construction (year 0 to 5) and commissioning (year 6 to 7) of the HBS
facility

Figure XI.1: Le�: Distribution of investment costs during project time-line. Right:
Distribution of sta� during project time-line

The corresponding buildings account for up to 34% of the total cost of the implementation of the
facility. Over the construction period of 6 years technical and scienti�c sta� is gradually build up to
reach 105 FTE needed for the reliable operation of the HBS as user facility. These numbers refer to
the core team of HBS with accelerator, target and instrument operation. Additional expert support is
needed during the construction phase as mentioned above.

During the operation phase of HBS additional positions are required to fully exploit the scienti�c
potential of the facility, i.e. a number of PhD and master students (about 15) plus specialists in the
various �elds of application. At a research centre, such specialists can be recruited from the various
scienti�c institutes, while for a green �eld realization additional sta� is needed not only in terms of
scientists using the facility, but also in terms of the above mentioned administrative and technical
service departments. The construction phase relates to about 6 years with a follow up of successive
commissioning periods of up to 2 years (see Chapter X).

156



163CDR | HBS

XI
.

Figure XI.2: Project time line. �Construction and commissioning of the accelerator
will happen step by step so operation will start already before �nal construction is
�nished.

A breakdown of the various costs categories and sta� numbers estimated over the project timeline
is given in Figure XI.1. In Figure XI.2, the envisioned construction, commissioning and operation times
are displayed. The accelerator will be built and commissioned in parts, step by step. By adding more
and more DTL’s the �nal particle energy will be increased, as will be the length of the accelerator.
At each intermediate step - i.e. particle energy - the accelerator con�guration will be optimized
and operation of the accelerator to commission the target stations and instruments will already be
possible before the �nal construction of the accelerator is reached.
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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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of expertise made up of national and international institutes providing excellence in the di�erent
areas of expertise. Based on a Memorandum of Understanding, partners in the project comprise on
the national scale the Helmholtz Zentrum Geesthacht, the Helmholtz Institute Mainz, the University of
Frankfurt, RWTH Aachen University and the Technische Universität Dresden, and on the international
scale, the Laboratoire Léon Brillouin, CEA Saclay, ESS Bilbao, Legnaro National Institute, the Paul
Scherrer Institut and RIKEN RAP.

Figure XII.2: HBS project network

With the design goal of a 100 kW target station, the HBS will exceed the existing CANS facilities
by up to 2 orders of magnitude in neutron �ux and will achieve a neutron yield comparable to
existing middle �ux neutron research reactors or spallation sources. Due to its improved brilliance,
instruments at HBS will compete with existing instruments even at modern research reactors such as
at the MLZ.

With this unique performance, HBS will bridge the gap between the top-tier neutron sources in the
world and small to medium �ux facilities. It will neither replace nor to do without existing medium
and high �ux neutron facilities but foster the resilient network of neutron sources in Europe and
abroad. Due to the scalable design of the HBS concept, a variable number of target stations and
instruments are possible. This allows HBS to be adapted to the speci�c needs of certain communities
and regions also in terms of the necessary investment and operational costs.
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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 ΔE is given by

p(E,ΔE) =
NA

M
ρδ(E,ΔE) · σ(E,ΔE), (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 ΔE 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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Figure A.1: Dependence of the neutron yield for protons (le�) and deuterons (right)
on the atomic number Z and the primary ion energy up to 100 MeV.

27·1014 s−1 mA−1 for deuterons. This values are 2 to 3 times higher than the neutron yield achieved
for the same ion energy range with beryllium, an element commonly proposed as target. For high
Z-elements, the neutron production yield from deuterons is 10% to 20% higher than the neutron
production yield from protons. Additionally, deuterons have a larger stopping power than protons,
which allows to employ thinner targets and by consequence reduce the temperature gradient inside
the material [95]. Anyhow, for the HBS reference design, we decided that the increased neutron yield
and the reduced target temperature gradients do not justify the operation of a high current deuteron
accelerator, which requires a much higher level of complexity in accelerator design and increased
measures of radio protection, in comparison to a high current proton accelerator.

Tritium is a relevant radionuclide in radiation safety due to its relatively high di�usion in materials.
The tritium activity induced by protons and deuterons was determined for an irradiation time of 2000

Figure A.2: Dependence of the tritium activity induced by protons (le�) and deuterons
(right) on the atomic number Z and the primary ion energy up to 100 MeV. The
irradiation time is 2000 h.
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hours. The dependence of the tritium activity on the atomic number Z of the element and the primary
ion energy is shown for protons and deuterons in Figure A.2. For a given target element and incident
energy, deuterons produce more tritium than protons. The di�erence in tritium activity between
deuterons and protons decreases with increasing atomic number Z. The highest tritium activities are
obtained for the light elements (Z ≤ 10). For example, 2000 hours irradiation of beryllium (Z=4) with
70 MeV protons and deuterons, respectively, induce an tritium activity of 0.83 and 1.85 TBq mA−1,
respectively. The tritium activity induced by irradiation of tantalum (Z=73) is 0.029 and 0.045 TBq
mA−1, respectively, and is one order of magnitude less than this of beryllium.

Figure A.3: Dependence of the activity induced by protons (le�) and deuterons (right)
on the atomic number Z and the primary ion energy up to 100 MeV. The irradiation
time is 2000 h.

The activity induced by protons and deuterons was determined for an irradiation time of 2000
hours. The dependence of the activity on the atomic number Z of the element and the primary ion
energy is shown for protons and deuterons in Figure A.3. Protons and deuterons produce activities
of same order of magnitude, except for some low-Z elements like beryllium, �uorine, chromium
and cobalt and incident energies lower than 15 MeV, where deuterons generate much more activity
than protons. The activity induced by 2000 hours irradiation of tantalum with 70 MeV protons and
deuterons, respectively, is 11.1 and 23.1 PBq mA−1, respectively.

Element Thickness Neutron yield Tritium activity Total activity
[mm] 1014 s−1 mA−1 GBq mA−1 PBq mA−1

Protons
Ta 5.07 9.0 29 11
W 4.38 9.8 28 60

Deuterons
Ta 3.14 10.2 45 23
W 2.72 10.3 47 64

Table A.1: Neutron yield, tritium activity and total induced activity analytically calcu-
lated for the irradiation of tantalum and tungsten with 70 MeV protons and deuterons.
The thickness of the material is set for a full stopping of the ions. The activities cor-
respond to the activity of the material a�er 2.000 hours irradiation time.
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As an example, the neutron yield, the tritium production and the total activity for tantalum and
tungsten targets irradiated with 70 MeV protons and deuterons is shown in Table A.1.

A.2 Beam brilliance at HBS

To compare the neutron brilliance of HBS with existing neutron facilities, two of the many design
options of the HBS target-moderator system that were simulated were analyzed in detail: (1) a thermal
water moderator with an extraction channel of 2 cm diameter and (2) a cold hydrogen moderator
of 2 cm diameter surrounded by inside the water moderator using an extraction channel of 4.4 cm
diameter forming e�ectively a bispectral source.

• HBS: MCNPX data were analyzed at the transition from moderator to re�ector in the target sys-
tem. The resulting spectra were described as a sum of 2 (thermal) or 3 (bispectral) Maxwellian
distributions. This allows extending the spectra to longer wavelength where the MCNPX statis-
tics are poor.
A pulse is simulated for the 96 Hz option in a narrow wavelength range with many time chan-
nels using the simulation package VITESS [159]. The peak �ux is obtained as the maximal
brilliance found in a single time channel.

• FRM II: The brilliance for the existing FRM II moderators were obtained in simulations by A.
Röhrmoser of the beamlines SR1 (cold), SR5 (thermal) and SR9 (hot). They were found to be in
good agreement with measurements [16]. In March 2011, these data were provided in VITESS.
They can also be found in the corresponding report describing the facility [17].

• ILL: For ILL, the thermal beamline H12 and the horizontal cold source (HCS) were chosen. The
HCS shows a somewhat higher brilliance than the second vertical cold source (VCS). H12 serves
only one instrument and has the highest thermal brilliance of the beamlines according to the
’Yellow Book’ [18]. This shows the potential of the ILL source and therefore matches best the
comparison with simulated moderator performance of the other sources.
While the H12 brilliance (as a function of wavelength) is directly available in a �le, the HCS char-
acteristics are described as a sum of 3 Maxwellians. The brilliance as a function of wavelength
has therefore been determined by a VITESS simulation.

• ISIS: The ISIS facility has 7 moderators on 2 target stations [19]. The only thermal moderator
is the water moderator on Target Station 1 (TS1); which was used for the comparison. Target
Station 2 (TS2) has gone through a long and thorough optimization and is therefore of superior
design compared to TS1. Among its 4 cold moderators - 3 methane and 1 hydrogen; 2 coupled
and 2 decoupled - the coupled hydrogen seems most appropriate for a comparison with the
HBS bispectral source.
The ISIS part of the VITESS source module was written by D. Champion and included in the
package in August 2005. It uses output data of MCNP simulations of the target/moderator
systems (for the proton beam currents foreseen for the operation in full power, 160 + 40µA).
The simulations were performed using 40 Hz for TS1 and 10 Hz for TS2.

• ESS: The ESS published a detailed description of the performance of the Butter�y 1 moderator
(run at 14 Hz) [20], which has been constructed in the meantime. It describes the brilliance
of both moderator parts, cold and thermal, as a function time, wavelength and direction and
also shows brilliance spectra averaged over all beamports. The direction dependence means
that the brilliance varies to some degree from beamport to beamport.

Where the averaged data were not available, the brilliance was simulated using VITESS for one
beamport (S3), which shows exactly the same maximal brilliance as the average brilliance for the
thermal moderator, while that of the cold moderator is 14% higher.
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Figure A.4: Comparison of neutron brilliance of cold (Le�) and thermal (Right) neutron
yield at various neutron sources

A.3 Brilliance calculation

In order to calculate the brilliance delivered by a neutron moderator system, which is necessary
to evaluate instrument performances, it is inevitable to perform Monte Carlo simulations. As these
simulations are computationally complex and therefore time consuming, it is necessary to simplify
the model and to reduce the number of parameter variations. This will be discussed in the following
together with the geometry used for the MCNP simulations, the input parameters and the data treat-
ment a�erwards.

MCNP geometry, input and output parameters

Figure A.5: TMR Geometry used for the MCNP simulations. The energy, time and
divergence resolved neutron spectra were recorded at surfaces A, B and C. Le�:
Thermal extraction channel. Right: Cryogenic extraction channel

The geometry used for the MCNP simulations is presented in Figure A.5 for the thermal extraction
channel on the le�-hand side and for the cryogenic extraction channel on the right-hand side. It
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consists of a Ta target (blue) with a surface area of 100 cm2 and a thickness of 5 mm, a polyethylene
moderator (yellow) with a radius of 10 cm, a Be re�ector (purple) with a thickness of 30 cm and the
LH2 or methane moderator (green) which is varied in length, diameter and position. The simulations
were done with an instantaneous proton beam with an energy of 70 MeV hitting the center of the
target. A convolution of the simulated spectra with a proton beam shape creates a realistic output.
This approach allows to analyse di�erent pulse structures relevant for di�erent target stations with
just one MCNP simulation.

The parameters of the neutrons passing the surfaces A (moderator surface), B (moderator/re�ector
interface) and C (re�ector/shielding interface) normalized to the number of simulated primary parti-
cles are recorded in the standard MCNP output format in energy bins from 0.1 meV to 100 MeV in 10
bin per decade, in time bins from 5 µs to 5 ms in steps of 5 µs and in divergence bins from cos(0.5◦)
to cos(180◦) with respect to the surface normal. The spectra have therefore the dimensions

d ∈ RL×M×N , (A.2)

where L is the number of time bins, M is the number of energy bins and N is the number of
divergence bins. di,j,k is the number of neutrons in the i-th time bin ti, in the j-th energy bin ej
and in the k-th divergence bin cos(α)k .

Brilliance and normalization

The brilliance for the instantaneous proton pulse can be de�ned by the number of neutrons emitted
from a surface with an area of A into a solid angle Ω inside a wavelength band Δλ at a mean
wavelength λ within a time Δt.

The brilliance therefore can be calculated from the MCNP output d which is normalized to the number
of simulated protons mAs within the discrete three dimensional space by

B =
d

AΩ(1%Δλ/λ)Δt
(A.3)

and therefore has the dimensions

[B] =
1

s sr cm2(1%Δλ/λ)(mAs)
. (A.4)

Figure A.6: Le�: Thermal neutron brilliance of a single pulse for di�erent proton
pulse lengths. Right: Thermal neutron brilliance for di�erent proton pulse lengths
multiplied with the respective proton pulse frequencies.
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Convolution

As the output was recorded for an instantaneous proton beam, the spectra need to be convoluted
with the pulse width of the proton beam. With a proton pulse shape given by p with the same step
size as de�ned by d, the discrete convolution is given by

(p ∗ d)i,j,k =
x=∞�
x=−∞

px · di−x,j,k. (A.5)

This convolution is de�ned for a single proton pulse and the resulting normalization of the convolution
depends on the de�nition of the proton beam shape. As the beam current is limited by the current
technology, it is useful to set the proton beam intensity to 1 so that the integral is equal to the proton
beam width. The convolution therefore is normalized to mA (Figure A.6 le�).

A CANS will be operated as a pulsed source, so that the proton pulses arrive with a given frequency
which is indirect proportional to the pulse width for a �xed duty cycle. In order to compare the
performances of target stations operated at di�erent frequencies and pulse widths, the repetition
rate of the proton pulse needs to be taken into account. This is done by multiplying the frequency
to the calculated convolution (Figure A.6 right) resulting in a normalization to mAs.
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Source project, volume 7 of Schri�en des Forschungszentrums Jülich Reihe Allgemeines / Gen-
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[86] M. Jentschel, A. Blanc, G. de France, U. Köster, S. Leoni, P. Mutti, G. Simpson, T. Soldner, C. Ur,
W. Urban, S. Ahmed, A. Astier, L. Augey, T. Back, P. Ba̧czyk, A. Bajoga, D. Balabanski, T. Belgya,
G. Benzoni, C. Bernards, D.C. Biswas, G. Bocchi, S. Bottoni, R. Britton, B. Bruyneel, J. Burnett,
R.B. Cakirli, R. Carroll, W. Catford, B. Cederwall, N. Celikovic, I. Cieplicka-Oryńczak, E. Clement,
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[142] N. Tsapatsaris, R. E. Lechner, M. Markó, and H. N. Bordallo. Conceptual design of the time-
of-�ight backscattering spectrometer, MIRACLES, at the European Spallation Source. Review of
Scienti�c Instruments, 87(8):085118, 2016.

[143] G. Festa, L. Arcidiacono, A. Pappalardo, T. Minniti, C. Cazzaniga, A. Scherillo, C. Andreani, and
R. Senesi. Isotope identi�cation capabilities using time resolved prompt gamma emission from
epithermal neutrons. Journal of Instrumentation, 11(03):C03060–C03060, 2016.
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IV.15 Newly developed moiré neutron interferometer with three silicon phase gratings (G1,
G2, G3) [92] (Graphic: APS/Alan Stonebraker) . . . . . . . . . . . . . . . . . . . . . . 45

V.1 General layout of the accelerator-based high brilliance neutron source facility . . . 47

V.2 Dependence of the neutron yield for protons on the atomic number Z and the primary
ion energy. White lines: Tc and Pm, white dot: Ta at 70 MeV . . . . . . . . . . . . . . 49

V.3 Pulse scheme of the HBS linac showing pulses of the three di�erent frequencies of
24 Hz (pulse length 833 µs), 96 Hz (pulse length 208 µs) and 384 Hz (pulse length
52 µs) to be delivered. The spacing in time between the short proton beam pulses is
2.548 ms (384 Hz). The longer pulses are centered between these short pulses. The
pulses of the RF power supply always begin 100 µs earlier than the proton pulses. 50

V.4 Conceptual layout of the HBS linac. It consists of an ECR-source, LEBT, RFQ, MEBT
and the CH-DTL. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

V.5 Peak beam power of modern hadron linacs. . . . . . . . . . . . . . . . . . . . . . . 51

V.6 Average beam power of modern hadron linacs. . . . . . . . . . . . . . . . . . . . . 52

V.7 Scheme of modern High Power Hadron linacs. . . . . . . . . . . . . . . . . . . . . . 52

V.8 Transition energy as function of the duty factor of modern Hadron linacs. For fully
room temperature linacs the transition energy is the �nal energy. . . . . . . . . . . 53

V.9 Transition energy as function of the peak beam current. For fully room temperature
linacs the transition energy is the �nal energy. . . . . . . . . . . . . . . . . . . . . . 53

V.10 The preference for room temperature or superconducting technology depends mainly
on the energy, beam current and duty factor. . . . . . . . . . . . . . . . . . . . . . 54

V.11 The shaded area shows the combinations of peak beam current and energy for
compact accelerator based neutron sources (CANS). Depending on the beam duty
factor, di�erent average power levels are obtained (coloured lines for η=2%, 6%
and 10%). The HBS design concept can cover the whole area only by adapting the
front-end and the number of cavities. . . . . . . . . . . . . . . . . . . . . . . . . . . 55

V.12 Cross sectional view of SILHI-Source (le�) and image of TRIPS-Source (right), both
sources are divided in the extraction system, plasma generator and RF-matching
section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

V.13 Scheme of a high-voltage terminal with ECR-source connected with the following
LEBT-section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

V.14 Scheme of the low energy beam transport for HBS. It consists of two sections with
an E×B-chopper in between. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

V.15 Cross-sectional view of the chopper system consisting of an E×B chopper, a static
magnetic septum and a beam dump. . . . . . . . . . . . . . . . . . . . . . . . . . . 59

V.16 Beam dynamic simulation from the exit of the proton source extractor to the entrance
of the RFQ show an optimized �lling degree of solenoid aperture. . . . . . . . . . . 59

V.17 The MYRRHA RFQ very similar to the HBS RFQ uses the same technology. . . . . . . 61

V.18 Cooling system of the resonance structure of the HBS-RFQ. . . . . . . . . . . . . . . 61

V.19 Medium Energy Beam Transport (MEBT) between RFQ and CH-DTL. . . . . . . . . . 62



191CDR | HBS

V.20 CH-Cavity operated with 100% duty factor. . . . . . . . . . . . . . . . . . . . . . . . 63

V.21 Cooling system for the CH-cavities. It has been designed for average power levels of
50 kW/m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

V.22 The modular design of the HBS CH-DTL provides good access for maintenance and
repair. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

V.23 200 kW, 176.1 MHz Solid State Ampli�er (SSA) developed for the MYRRHA project. . . 65

V.24 Pulse sequences as multiplexed into the primary proton beam. The 96Hz and 24Hz
pulses are centred with respect to one period of the 384Hz pulses which results
in an interval of 1172 µs and 859 µs between two subsequent pulses, respectively.
Parameters are taken from Table V.5. . . . . . . . . . . . . . . . . . . . . . . . . . . 67

V.25 Successive separation of 96Hz and 24Hz pulse sequences from the unperturbed
384Hz pulse sequence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

V.26 Conceptual design of the HBS multiplexer. The design comprises two kicker magnets
(1), two opposite �eld septum magnets (2) and �ve quadrupole magnets (3) for beam
focusing in all outgoing beam lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

V.27 Schematic top view of the multiplexer in Fig. V.26 with the quadrupole magnets
(top) as well as the kicker and septum magnets (bottom) highlighted individually.
QDF, QF, K, OFS denote horizontally defocusing quadrupole magnets, horizontally
focusing quadrupole magnets, kicker magnets and opposite �eld septum magnets,
respectively. Note that the distances are not to scale. . . . . . . . . . . . . . . . . . . 70

V.28 Le� plot: Envelope (6σx,y and σx,y ) versus longitudinal position in the 384Hz beam-
line shown in Figure V.26. Right plot: Phase space distribution at the beginning and
at the end of the beamline for the horizontal (top) and vertical plane (bottom). . . . 71

V.29 Le� plot: Envelope (6σx,y and σx,y ) versus longitudinal position in the 24Hz beamline
shown in Figure V.26. Right plot: Phase space distribution at the beginning and at the
end of the beamline for the horizontal (top) and vertical plane (bottom). . . . . . . . 71

V.30 Le� plot: Envelope (6σx,y and σx,y ) versus longitudinal position in the 96Hz beamline
shown in Figure V.26. Right plot: Phase space distribution at the beginning and at the
end of the beamline for the horizontal (top) and vertical plane (bottom). . . . . . . . 72

V.31 Conceptual design of fast kicker magnet of window frame design with ferrite yoke
and bedstead coils. Le� �gure shows the front view, the right part the 3D extrusion. 73

V.32 The le� �gure shows a cross-sectional view of the fast kicker magnet as presented in
Figure V.31 including a stainless steel beam tube with an inner diameter ID of 65mm
and a wall thickness d0 of 2mm as well as the position of the proton beam in the
centre of the beam tube. The right �gures show a study of the rise time of magnetic
dipole �eld at the beam position in the le� �gure with respect to external rise time
i.e. rise time of the magnetic dipole �eld outside of the beam tube. The study shows
the e�ect of eddy current-induced delay of rise times from the stainless steel beam
tube in the magnet by presenting the temporal evolution of the magnetic dipole �eld
at the beam position for di�erent external magnetic dipole �eld rise times (top right)
as well as the rise time at the beam position versus external rise time (bottom right). 74



192 CDR | HBS

V.33 The graph shows the 2D geometry of the opposite �eld septum magnet. The beam is
normal to the image plane. The areas comprising grey arrows indicate the permanent
magnets and their orientation of magnetization. All other enclosed areas which are
mounted on the permanent magnets represent the iron yoke, i.e. carbon steel. The
centred area shows unoccupied space for the vacuum chamber including the two
beam spots. The beam size at this position is approximated by 4σx to be 20mm.
The magnetic �eld gradient during which the dipole �eld is inverted when going from
the le� side to the right side of the septum magnet occurs on 5mm horizontal length
resulting in 25mm centre-to-centre separation between the two beam spots. The red
line shows the cut-line which was used in Figure V.34. . . . . . . . . . . . . . . . . . 75

V.34 This plot shows the magnetic �ux density y-component versus x coordinate. The
x-coordinate follows the cutline in Figure V.33. . . . . . . . . . . . . . . . . . . . . . 75

V.35 Layout of the HBS facility with three target stations. The target stations are classi-
�ed according to proton pulse structures as indicated. The beam transport from the
accelerator to the target station can be subdivided into three segments as shown in
the �gure. Segment 1 represents an achromatic system to transport the beam to the
top �oor. Segment 2 comprises the multiplexer unit and segment 3 uses units from
segment 1 in order to bend the beam towards the target station without dispersion. . 76

V.36 Double-bend achromat systems as used in the �rst and third segment according to
Figure V.35. This system will be used in three di�erent orientations: one for bending
up into the vertical plane and another one for bending back into the horizontal plane
in segment 1. Another one is used for bending down into the vertical plane and
towards the target station in segment 3. . . . . . . . . . . . . . . . . . . . . . . . . . 76

V.37 Beam dynamics of double-bend achromat systems as used in the �rst and third
segment according to Figure V.35. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

V.38 Beam dump design for 1MW beam power. The total length of the system will be
about 10m. The height will be about 0.3m. Two symmetrical elements will be inclined
by about 0.5° in order to gradually distribute the beam power over 10m. . . . . . . 78

V.39 Angular distribution (le�) and neutron energy spectrum (right) for the primary created
neutrons by the Ta(p, xn) reaction for 70 MeV protons. The angular distribution is
integrated over the whole energy range and the energy spectrum is integrated over
4 π. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

V.40 Comparison of internally-cooled (le�) and externally-cooled (right) target: 1: target
material, 2: beam stop, 3: cooling channels, 4: heat sink, 5: structural material . . . 82

V.41 Basic structure of the internally cooled target . . . . . . . . . . . . . . . . . . . . . . 82

V.42 Basic functionality of the internally-cooled target . . . . . . . . . . . . . . . . . . . . 83

V.43 Le�: Equivalent stress inside the target caused by temperature induced stress (time
averaged beam power) and coolant pressure. Right: Time dependent maximum of
temperature and stress inside internally cooled target caused by 100 mA pulsed pro-
ton beam at 24 Hz at 8 m/s coolant �ow . . . . . . . . . . . . . . . . . . . . . . . . 83

V.44 Le�: Temperature distribution (le�) and stress distribution (right) in a section of the
internally cooled target directly a�er one proton pulse irradiation of a 24 Hz cycle. . 84

V.45 Basic structure of the externally cooled target with the tantalum target disc lying on
a gallium interface layer embedded in a tantalum tube . . . . . . . . . . . . . . . . 85

V.46 Le�: Temperature in the target disc for a steady state operation. Right: Temperature
in the target in pulsed mode with 24 Hz a�er reaching steady state . . . . . . . . . 86



193CDR | HBS

V.47 Le�: Stress in the target disc (top) and the tantalum tub (bottom) for the steady state
at an average power of 100 kW. Right: Stress in the target in pulsed mode with 24 Hz
proton beam frequency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

V.48 The graph shows the vapor pressure for gallium on the le�-hand side and for tantalum
on the right-hand side [127]. The red line indicates the highest temperature present
in the target assembly for the di�erent materials. . . . . . . . . . . . . . . . . . . . . 87

V.49 A peek into the Target-Moderator-Re�ector (TMR) unit . . . . . . . . . . . . . . . . . 88

V.50 Map (horizontal cut) of thermal neutron �ux (10 meV ≤ E ≤ 500 meV) inside the
thermal moderator and re�ector. Proton beamline enters on the le�, the le� face of
the target is at the origin of the coordinate system. . . . . . . . . . . . . . . . . . . 89

V.51 Neutron brilliance for di�erent extraction channel positions and radii. The position
is measured relative to the position of the thermal �ux maximum without extraction
channel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

V.52 Le�: Energy and time dependence of the neutron brilliance at the thermal extraction
channel for a proton pulse length of 208 µs. Right: Spectrum of neutrons emitted
through the thermal extraction channel. . . . . . . . . . . . . . . . . . . . . . . . . . 90

V.53 Le�: Thermal neutron pulse, obtained from energy spectrum integrated between
10 and 500 meV. Right: Epithermal neutron pulse, obtained from energy spectrum
integrated between 500 meV and 2 eV. The length of the proton pulse is 208 µs in
both cases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

V.54 Le�: Thermal neutron brilliance of a single pulse for di�erent proton pulse lengths.
Right: Thermal neutron brilliance for di�erent proton pulse lengths multiplied with the
respective proton pulse frequencies. . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

V.55 Extraction channel with 1-dimensional cold neutron source insert . . . . . . . . . . . 92

V.56 Neutron scattering cross section for pure para-hydrogen (100%), high-temperature
equilibrium hydrogen (25% para, 75% ortho), and a mixture of 96% para- and 4%
ortho-hydrogen at 20 K. The cross sections have been calculated on the basis of the
ENDF-VII database following Ref. [131]. . . . . . . . . . . . . . . . . . . . . . . . . . . 93

V.57 MCNP simulations of the neutron spectrum emitted from an extraction channel with
a para-hydrogen cold source. Le�: length 10 cm, radius 1 cm. Right: length 10 cm,
radius 2 cm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

V.58 Le�: Energy and time dependence of the neutron brilliance at a cold extraction chan-
nel (para H2, length 10 cm, radius 1 cm) in forward direction for a proton pulse length
of 208 µs. Right: Time structure of the neutron pulses at a 96 Hz (blue) and a 24
Hz target station (orange), respectively. The brilliance is averaged over the energy
range E = 1 – 100 meV and multiplied with the repetition rate of the beam. . . . . . 94

V.59 Pilot installation of the ortho-parahydrogen mixture cold moderator . . . . . . . . . 95

V.60 Mixing cryostat for the supply of variable ortho/para-hydrogen mixtures. More de-
tails can be found in [132] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

V.61 Pulse structure of the thermal neutron emission from the PE thermal moderator sur-
rounded by di�erent re�ector materials. Le�: linear intensity scale, right: logarithmic
intensity scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

V.62 Spherical model of the target station for calculation of the neutron and gamma dose
rates with transport code MCNP6.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98



194 CDR | HBS

V.63 Le�: Average surface neutron dose rate. Right: Average surface gamma dose rate . 99

V.64 Dose rate at surface of shielding a�er shut-down of the proton beamline and 360
days of irradiation of the tantalum target without interruption. . . . . . . . . . . . . . 100

V.65 Le�: Neutron dose rate distribution during operation of the proton beam line (70 MeV
protons and 1.43 mA average current) in the neutron source area including the walls
of the room (cut in the plane of the proton beam line). Right: Gamma dose rate
distribution during operation of the proton beam line (70 MeV protons and 1.43 mA
current) in the neutron source area including the walls of the room (cut in the plane
of the proton beam line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

V.66 Schematic drawing of target station with shielding with a total radius of 2 m. . . . . 102

V.67 Calculated heat deposition inside the Ta target for proton and neutron induced radi-
ation. It is assumed that the heat deposition is caused by the light particles (decay
energies obtained from https://nucleonica.com). . . . . . . . . . . . . . . . . . . . . 103

V.68 Schematic drawing and cut-o� of an extraction channel plug with cold moderator
attached . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

VI.1 Possible arrangement of instruments at HBS . . . . . . . . . . . . . . . . . . . . . . . 107

VI.2 Schematic layout thermal neutron imaging beam line. . . . . . . . . . . . . . . . . . 111

VI.3 Schematic layout di�ractive neutron imaging beam line. . . . . . . . . . . . . . . . . 112

VI.4 Schematic layout of thermal powder di�ractometer . . . . . . . . . . . . . . . . . . 116

VI.5 Space-time diagram of thermal powder di�ractometer . . . . . . . . . . . . . . . . . 116

VI.6 Schematic layout of di�ractometer for nanoscaled and disordered materials . . . . 117

VI.7 Schematic layout of single crystal di�ractometer . . . . . . . . . . . . . . . . . . . . 119

VI.8 Schematic layout of the macromolecular di�ractometer . . . . . . . . . . . . . . . . 120

VI.9 Schematic layout of engineering di�ractometer . . . . . . . . . . . . . . . . . . . . . 121

VI.10 Schematic layout of the high resolution SANS instrument . . . . . . . . . . . . . . . 122

VI.11 GISANS instrument sketch. Distances for collimation and position for choppers, sam-
ple and detector are shown. The sample can be rotated to set the incoming angle.
The detector bank is movable inside the detector tank. . . . . . . . . . . . . . . . . 124

VI.12 Sketch of a re�ectometer with a SELENE optics. . . . . . . . . . . . . . . . . . . . . . 125

VI.13 Schematic layout of the re�ectometer with o�-specular scattering option . . . . . . 126

VI.14 Le�: Schematic of the double crystal monochromator for an X-ToF spectrometer with
a static focusing and a rotating crystal monochromator. Right: Focusing frequency
as a function of the requested focus energy for di�erent harmonics of the (002)
re�ection from a pyrolitic graphite crystal. The scattering angle is 2θ = 30◦. . . . . 130

VI.15 Schematic drawing of HBS X-ToF spectrometer. . . . . . . . . . . . . . . . . . . . . . 130

VI.16 Simulated intermediate scattering function of a typical so� matter sample (partly
deuterated polymer melt plus reference sample) for 10% of the ESS intensity (le�),
and 1% of the ESS intensity (right), with 7.5 hours measurement time. It shows that
high resolution data could be recorded in an acceptable time at the �ux planned for
HBS if its brilliance exceeds several percent of the ESS design brilliance. . . . . . . . 133



195CDR | HBS

VI.17 NSE instrument schema as realized for the J-NSE at MLZ. The segmented main coils
guarantee an optimized �eld homogeneity for high resolution, for a pulsed source
such as the HBS only the pi/2-�ippers and the pi-�ipper need to be ramped with the
incoming neutron wavelengh during the pulse arrival, as has been realized at the
SNS-NSE. All other magnetic �elds are static during measurement of a Fourier time. 134

VI.18 Schematic view of the HBS NDP instrument . . . . . . . . . . . . . . . . . . . . . . . 137

VII.1 Three-tier architecture of the control system . . . . . . . . . . . . . . . . . . . . . . 140

VII.2 Schematic structure of a neutron instrument . . . . . . . . . . . . . . . . . . . . . . 143

VII.3 NICOS client GUI for the time-of-�ight instrument DNS at MLZ. . . . . . . . . . . . . . 144

VII.4 So�ware structure of the HBS instrument control systems . . . . . . . . . . . . . . . 144

VII.5 Physical architecture of the instrument control system of DNS . . . . . . . . . . . . . 144

VII.6 Risk assessment procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

VIII.1 Decay of the tantalum target activity (coloured lines) compared with the decay of the
activity of spallation targets (see Table VIII.4 for various irradiation conditions). . . . 151

IX.1 Floor plan of the HBS core facility . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

X.1 Time line commissioning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

XI.1 Le�: Distribution of investment costs during project time-line. Right: Distribution of
sta� during project time-line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

XI.2 Project time line. �Construction and commissioning of the accelerator will happen
step by step so operation will start already before �nal construction is �nished. . . . 163

XII.1 European ecosystem of neutron sources. . . . . . . . . . . . . . . . . . . . . . . . . 165

XII.2 HBS project network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

A.1 Dependence of the neutron yield for protons (le�) and deuterons (right) on the atomic
number Z and the primary ion energy up to 100 MeV. . . . . . . . . . . . . . . . . . 170

A.2 Dependence of the tritium activity induced by protons (le�) and deuterons (right) on
the atomic number Z and the primary ion energy up to 100 MeV. The irradiation time
is 2000 h. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

A.3 Dependence of the activity induced by protons (le�) and deuterons (right) on the
atomic number Z and the primary ion energy up to 100 MeV. The irradiation time is
2000 h. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

A.4 Comparison of neutron brilliance of cold (Le�) and thermal (Right) neutron yield at
various neutron sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

A.5 TMR Geometry used for the MCNP simulations. The energy, time and divergence re-
solved neutron spectra were recorded at surfaces A, B and C. Le�: Thermal extraction
channel. Right: Cryogenic extraction channel . . . . . . . . . . . . . . . . . . . . . . 173



196 CDR | HBS

A.6 Le�: Thermal neutron brilliance of a single pulse for di�erent proton pulse lengths.
Right: Thermal neutron brilliance for di�erent proton pulse lengths multiplied with the
respective proton pulse frequencies. . . . . . . . . . . . . . . . . . . . . . . . . . . . 174



197CDR | HBS

FIGURE CREDITS

The following Figures displayed are used by permission as follows:

Figure IV.1 bottom right: Reproduced from Ref. [27] with permission from The Royal Society of Chem-
istry.

Figure IV.2: Reprinted with permission from G. Anderson, B. Schweitzer, R. Anderson, and D.A. Gomez-
Gualdron. Attainable volumetric targets for adsorption-based hydrogen storage in porous crystals:
Molecular simulation and machine learning. The Journal of Physical Chemistry C, 123(1):120–130,
2019. Copyright American Chemical Society.

Figure IV.5: Reprinted from K. Everschor-Sitte, J. Masell, R.M. Reeve, and M. Kläui. Perspective: Mag-
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