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ARTICLE INFO ABSTRACT

Keywords: A review of neutron sources for large scale user facilities is provided, aimed at users of neutron

Neutron sources sources who need to understand the characteristics and peculiarities of the different types of

Fission neutron sources in order to select the most suitable source for their needs and to optimize

SPallation their experimental setups for their specific scientific requirements. To this end, we provide

Ig:\(;\%Ns an overview of (i) the main nuclear processes used at user facilities to release neutrons from
nuclei, namely fission, spallation, and low-energy nuclear reactions, (ii) the various possibilities
to tailor the time structure and spectrum of free neutrons, from pulsing to moderation, (iii) the
mechanisms to extract and transport neutron beams with desired properties in terms of flux,
brilliance/brightness, spectrum, pulse shape, etc., (iii) the applications and related experimental
requirements in major scientific fields, with emphasis on those with a larger user community,
(iv) the technology and realization of research reactors and neutron spallation sources, and (v)
the progress made in Compact Accelerator-driven Neutron Sources (CANS), but especially in
High Current Accelerator-driven Neutron Sources (HiCANS).

HiCANS are the focus of the current review, as this entirely new type of facility could in the
future play the role in the neutron ecosystem that national reactor-based sources have played
in the past. As such, HiCANS do not aim for the highest neutron brightness, but rather for
parameters such as resilience, reliability, flexibility, ease of access, minimization of radioactive
waste, excellent signal-to-noise ratio and optimization of the price/performance ratio. These
are key features needed to further expand the community of neutron users from science and
industry to whom this review is addressed.
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1. Introduction

Free neutrons are a true gift of nature to science and industry. To name just a few of the most important applications:

They are one of the most powerful microscopic probes in a wide variety of fields such as condensed matter physics, chemistry,
materials science, engineering, geosciences, life sciences, cultural heritage and many more. They tell us “where the atoms are,
how they move, how they interact, and how they are magnetic”, see the 1994 Nobel Lectures in Physics by Clifford Shull [1]
and Bertram Brockhouse [2].

They are also extremely interesting research objects in their own right. Precision experiments with ultracold neutrons are used
to study elementary particles and their interactions. They allow, for example, stringent tests of the Standard Model of particle
physics and give indications for physics beyond this model [3].

They are important for medical applications, such as the production of radionuclides, e.g. for radiopharmaceutical treat-
ment [4] or for Boron Neutron Capture Therapy [5] of malignant tumors. They are essential for the development of new
medicine like in the case of mRNA vaccine [6,7].

They are essential for industrial applications such as imaging, analysis in quality control and recycling or for neutron
transmutation doping, e.g. of silicon [8].

They are used in the petroleum and mining industries to locate and identify recoverable deposits.

While neutrons are abundant in nature, tightly bound in atomic nuclei, it is necessary to overcome the binding energies of
neutrons to eject them from nuclei and ultimately produce beams of free neutrons. The MeV energy scale involved and the need
for a high flux of neutrons for research and applications require large scale facilities serving a wide community of scientific and
industrial users. In Europe, about 5000 scientists are regular users of the existing large scale neutron sources [9], most of them
using neutrons as probes of condensed matter.

Historically, the first neutron beams were produced by fission reactions in nuclear reactors. Neutron diffraction techniques
developed at the Clinton Pile Graphite Reactor at Oak Ridge National Laboratory (ORNL) were the first application of neutrons
as probes of condensed matter and led to the Nobel Prize for Clifford Shull [1]. Many research reactors were realized in the 50s
and 60s of the last century and provided neutron beams for many groundbreaking discoveries. Starting in the 1980s, additional
facilities using the spallation reaction induced by high-energy proton beams striking a heavy metal target became available to
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Table 2.1
Basic parameters of the neutron as a free particle.

Neutron mass 939.565360 + 0.000081 MeV/c? [20] or
1.67492750056+0.00000000085x 10~%7 kg [21] or
1.00866491560 + 0.00000000055 Da [20]

Mean square charge radius 0.113 + 0.005 fm? [22]

Electric charge —0.4+1.1x 1072 e [23]

Magnetic dipolar moment —1.91304272+0.00000045 p, [24]
Mean lifetime 879.6 + 0.8 s [25]

(about 14 min, 40 s)

the scientific community. Today, fission and spallation are still the two processes at the basis of large-scale facilities for research
with neutrons. However, many of the older research reactors have reached or are approaching the end of their lifetimes and are
not being replaced by newer spallation sources due to their relatively high cost. Therefore, a new type of neutron facility has been
proposed and is being developed mainly in Europe: the High-Current Accelerator-driven Neutron Sources (HiCANS), which use a low
energy nuclear process [10]. Several European research centers are collaborating within the European Low Energy accelerator-based
Neutron facilities Association (ELENA) [11] to realize this new type of neutron source, which is considered to become an important
pillar in the neutron ecosystem in Europe and eventually worldwide.

This overview is primarily aimed at users of neutron sources who need to understand the characteristics and peculiarities of
the different types of neutron sources in order to optimize their specific experimental requirements. It is not intended to give
a comprehensive account of established source techniques, i.e. for fission or spallation neutron sources. This goes far beyond
the scope of the present article. For both there are excellent overviews in textbooks ([12] is an excellent current reference) as
well as handbooks with technical details, see e.g. [13,14] and references therein. In the present review, we instead give a simple
introduction to fission and spallation and refer to some recent developments. These chapters serve as a reference for the main focus
of this article: the presentation of ongoing projects for next-generation neutron sources, so-called High-Current Accelerator-driven
Neutron Sources (HiCANS). These do not aim at highest neutron brilliance, but rather at parameters such as resilience, reliability,
flexibility, minimization of radioactive waste, price/performance ratio and ease of access, features that are needed to further expand
the neutron community. HiCANS concepts are technologically very advanced, have been demonstrated experimentally, and are ready
for realization as large scale facilities. They are considered by LENS (the League of advanced European Neutron Sources) as “the
only route for entirely new facilities with significant capacity, which could occupy the role played by national reactor-based sources in the
past” [9]. Therefore HICANS are the focus of this review. Other ongoing developments, such as laser-driven sources, are mentioned
in passing because they cover only some very specialized applications and require much more development to become facilities for
a broader user community.

After introducing the basics of neutrons and neutron beams in Section 2, this review gives an overview of the different processes
used to produce intense neutron beams at large facilities (Section 3), discusses how these beams can be tailored (Section 4) for
specific applications (Section 5), describes how these neutron sources work, and gives examples of existing and planned facilities
based on fission and spallation (Section 6). Section 7 is the focus of the review: a comprehensive overview over ongoing HiCANS
projects, briefly touching Compact Accelerator-driven Neutron Sources (CANS) and laser-driven sources. Finally, conclusions and
an outlook are given (Section 8).

2. Basic properties of neutrons and neutron beams

This chapter serves as a basic introduction, in which we define important terms in a non-exhaustive way, without going into
details.

In 1920, Ernest Rutherford proposed that the atomic nucleus might consist of positive protons and further neutrally charged
particles [15]. Similar suggestions were made at the same time by others. The American chemist W. D. Harkins first named this
hypothetical particle a “neutron” merging the Latin root for neutralis (neuter) and the Greek suffix -on [16]. Based on some work by
Walther Bothe and Herbert Becker [17] and Iréne and Frédéric Joliot-Curie [18], James Chadwick performed a series of experiments
in the early 1930s showing the presence of a new radiation consisting of uncharged particles of about the same mass as the proton
which matched the properties of Rutherford’s hypothesized neutron [19]. In 1935, the Nobel Prize in Physics was awarded to James
Chadwick for the discovery of the neutron.

In the Standard Model for particle physics the neutron is described as of two down quarks with charge —1/3e and one up
quark with charge +2/3e. As such, neutrons are composite particles that are hadrons. The quark substructure and internal charge
distribution determine the neutron magnetic moment [20]. The basic parameters of the neutron are given in Table 2.1.

The kinetic energy of a neutron at room temperature is in the range of meV with E = h%/2mJ?, where 1 is the wavelength of
the neutron, m the neutron mass and # the Planck constant [26]. Based on the interaction potential V' (r) of a neutron with matter
the cross section ¢ describes the interaction potential of the probe with the nucleus V' (r) = 27h? /mbé(r — R) [27]. The total cross
section of a given nucleus is ¢ = 4r|b|> with the scattering length b and varies in a seemingly random manner depending on the
composition of the nucleus. For different isotopes of a given element b can be largely different and also for different spin states. It
can be a positive value as most but also a negative value.
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Table 2.2

Definition of neutron energy groups as given by the IAEA [33]. It should be noted
that there is some overlap in the energy ranges, and that alternative definitions
are also in use in the community.

Neutron group Energy Wavelength A
Fast >10 keV <0.03
Epithermal 0.5 eV-10 keV 0.4-0.03

Hot 0.1 eV-1 eV 0.3-0.9
Thermal <0.5 eV >0.4

Cold <5 meV >4

Very cold 0.3 p eV-0.1 meV 28-50
Ultracold <0.3p eV >500

The length and time scales that can be probed with neutrons span many orders of magnitude. In space they range from a few
centimeters (even up to a meter for imaging) to interatomic distances of 10019 m (0.1 nm=1 A) to nuclear dimensions of 10715 m.
In time they range from a few seconds to femtoseconds of 10~1° s. For a neutron with a kinetic energy of e.g. 25 meV the wavelength
A is about 0.18 nm, which fits well with interatomic distances. The energy also fits well with elementary excitations such as lattice
vibrations (phonons) or spin waves (magnons). Thus, neutrons of such energies scattered in matter are ideal for probing the structure
and dynamics of condensed matter systems. Since the energy of 25 meV corresponds to a temperature equivalent of about 300 K,
i.e. lies in the ambient temperature range, such neutrons are called thermal neutrons.

If the scattering process is purely elastic scattering, i.e. scattered neutrons have the same energy as the incident neutrons, the
scattering vector [12,26] is given by O = k’ — k. The magnitude of the scattering wave vector can be calculated from the neutron
wavelength and the scattering angle 26 between k and k' by Q =4z /Asin6.

If the neutron looses or gains energy by interacting with the atomic nuclei with a difference in the energy AE = E’ — E of the
incoming and outgoing wave, the scattering is said to be inelastic. The magnitude of the scattering vector Q now also depends on

the energy transfer hw and is expressed as Q = V/k2 + k'2 — 2kk’ cos(20).

Depending on the energy of the neutron it can also be absorbed when the neutron collides with the atomic nucleus and merges
to form a heavier nucleus [28]. During the process a discrete and characteristic quantity of electromagnetic energy (gamma-ray
photon) is emitted. This nuclear reaction is commonly termed as neutron capture [29].

Neutron beams can be polarized by scattering if there is a spin—orbit interaction between the incident particle and the scattering
nucleus [30]. The interaction depends on the parallel or antiparallel alignment of the spin of the neutron and the nucleus. The
application of a magnetic field H defines a quantization axis and the normalized mean of the neutron spin component along this
axis defines the polarization. Resonance absorption of neutrons in certain filter materials can also be used to polarize neutron beams.
In the case of resonance absorption of neutrons by *He isotopes in *He gas cells, nearly complete polarization can be obtained [31].

Typical velocities of thermal neutrons are in the range of a few meters per millisecond. When the neutron beam is given as a
short pulse of neutrons with a certain energy spread and repetition frequency, neutrons of different energies will arrive at a detector
at different times. From the recorded time-of-flight spectrum the scattering function .S(Q,w) can be derived [32]. Table 2.2 gives
the definition of neutron energy groups following the IAEA [33].

The phase-space volume in a neutron scattering experiment is expressed by the brilliance which is commonly used for any
radiation source (light sources, synchrotron radiation facilities etc.) [34,35]. The brilliance normalizes the number of emitted
particles to the area from which they are emitted, the wavelength band, the time interval and the solid angle. Since this definition
of the brilliance does not take into account the time-of-flight capabilities of an accelerator-driven neutron source, the repeatability
of the neutron beam must be taken into account. This can be done by normalizing to the number of particles hitting the target as
the neutrons are produced by nuclear reactions of light ions (e.g. protons) inside a suitable target material [35]. For more details
we refer to Section 4.2.

3. Release of neutrons from nuclei: the basics

To release neutrons from nuclei, the binding energy due to the strong nuclear force binding neutrons and protons in the nucleus
must be overcome. This typically requires high-energy processes and results in kinetic energies of the released neutrons in the MeV
range. For this reason, neutron sources with a high source strength, i.e. the number of neutrons released per unit time interval, are
large-scale facilities. This is in contrast to X-ray sources, which only need to overcome the binding energy of the electrons in the
atom in the keV range and can be extremely powerful even on a laboratory scale, while of course large scale synchrotron radiation
sources produce even brighter beams and are more versatile than laboratory based sources.

In this chapter we present the main processes that underlie powerful neutron sources for the applications mentioned in the
introduction. We will not discuss exotic schemes like laser fusion [36] or Halo nuclei [37], which have been proposed but not
realized. We also will not elaborate on spontaneous neutron emission from radioactive decay, which is not relevant for large-scale
user facilities. However, it has to be mentioned that the isotope 2*2Cf, which undergoes spontaneous fission, is used in special
applications, e.g. as a source for portable neutron spectroscopy (Prompt Gamma Neutron Activation Analysis (PGNAA), also known
as Neutron-induced Prompt Gamma-ray Analysis (PGA), see below in Section 5) or as a start-up source for nuclear reactors [38].

Major processes underlying powerful neutron sources are (the list number refer to the corresponding subsection):
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1. Nuclear fusion, used in (portable) neutron generators, where compact linear accelerators are used to bombard a metal hydride
target containing deuterium (D, >H) or tritium (T, 3H) with the hydrogen isotopes D or T to induce the fusion reaction.

2. Nuclear fission as used in research reactors, where mainly the fission of (enriched) >*U is used in a controlled chain reaction.
The fission reaction is induced by neutron absorption. It results in two fission product nuclei and 2 to 3 ejected neutrons.

3. Nuclear spallation reaction, used in neutron spallation sources, in which a high-energy proton beam in the GeV range is shot
at a heavy metal target, exciting the target nuclei, which subsequently eject up to 30 neutrons upon deexcitation.

4. Low energy nuclear reactions, used in Compact Accelerator-driven Neutron Sources (CANS) and proposed for so-called High-
Current Accelerator-driven Neutron Sources (HiCANS) [10]. These reactions can be induced by ion- or electron-beams from
particle accelerators or by powerful lasers. Electron beams hitting heavy metal targets produce high energy X-rays or gamma-
rays which subsequently eject neutrons from target nuclei by the photonuclear reaction. Laser beams can use the photonuclear
reaction, too, but mainly use a pitcher-catcher geometry, where a laser beam hitting a thin pitcher target generates an ion
beam, which subsequently releases neutrons upon impact with the catcher target. CANS and HiCANS based on ion beams
(mainly protons or deuterons) use particle energies below the spallation threshold in the range of some MeV for CANS and
up to 100 MeV for HiCANS. Several different low energy processes are relevant and can be used for such a neutron source:

Elastic breakup, e.g. the dissociation of deuterons from an accelerator in the Coulomb potential of the target atom
(usually Be for this reaction), producing a proton and a predominantly forward directed neutron.

Complete fusion of the impinging ion with a target nucleus, producing a short-lived excited compound nucleus, which
decays by emission of a neutron.

Incomplete fusion where by inelastic scattering of the impinging ions neutrons are being knocked out from the target
nuclei.

Photonuclear reaction when the photon energy exceeds the binding energy of a neutron and emits a neutron from a
nucleus by evaporation.

3.1. Fusion: neutron generators

Fusion of heavy isotopes of hydrogen such as deuterium or tritium produces large numbers of neutrons. Small-scale fusion
systems, often termed neutron generators, are used for research purposes at many universities and laboratories around the world.
Neutron generators offer a high degree of versatility and, accordingly, can be used in a wide range of applications, from basic science
to industry. Neutron generators are probably the most widely used neutron sources in industry, with several companies devoted to
their manufacture and sale. The source strength is generally low, but these devices are small, less expensive, and easy to use for a
variety of applications [39,40]. Although neutron generators are not the sources of large user facilities, their principle is mentioned
here for completeness, as they are widely used.

In these devices the fusion reaction occurs by accelerating either deuterium, tritium, or a mixture of these two isotopes into a
metal hydride target that also contains deuterium, tritium or a mixture of these isotopes. Fusion of deuterium atoms (D + D) results
in the formation of a helium-3 ion and a neutron with a kinetic energy of approximately 2.5 MeV. Fusion of a deuterium and a
tritium atom (D + T) results in the formation of a helium-4 ion and a neutron with a kinetic energy of approximately 14.1 MeV.
The DT reaction is used more often than the DD reaction because the yield of the DT reaction is 50 to 100 times higher than that
of the DD reaction.

D+T —n+ *He E, = 14.1 MeV 3.1
D+ D - n+ 3He E, =2.5 MeV (3.2)

Fusion neutrons are emitted nearly isotropically for DT and with moderate angular bias for DD in the forward (ion beam axis)
direction [41].

Neutron generators consist of a particle accelerator as the central unit, sometimes called a neutron tube. Inside the neutron tube,
an ion source, ion optical elements, and a beam target are placed in a vacuum-tight housing. High voltage insulation is provided
between the ion optical elements by glass and/or ceramic insulators. The accelerator head is filled with a dielectric medium which
is isolated from the high voltage elements of the tube and the operating area. External power supplies provide the high voltage [42].
Sealed designs are used in pulsed mode to be operated at different output levels, depending on the life time of the ion source and
loaded targets.

The ion source has to provide a strong ion beam without consuming much of the gas [43]. Hydrogen isotopes are favored over
molecular ions as atomic ions have higher neutron yield on collision. The ion source anode is at a positive potential, with respect
to the source cathode. It is operated normally between 2 and 7 kV. A magnetic field is produced with a permanent magnet oriented
parallel to the source axis. A plasma is formed along the axis of the anode which traps electrons which, in turn, ionize the gas in
the source. Between the exit cathode and the accelerator electrode ions emerge from the exit cathode and are accelerated through
the potential difference. 2-3 electrons per ion are produced by secondary emission when the ions strike the target.

Thin films of metals such as titanium, scandium, or zirconium loaded with hydrogen isotopes are used as targets in neutron
generators. Those metals that form stable metal hydrides are selected as target materials. These metal hydrides consist of two
hydrogen (deuterium or tritium) atoms per metal atom. Thus, the target achieves extremely high hydrogen densities to maximize
the neutron yield of the neutron tube [44]. Typical systems can provide a wide range of neutron source strengths ranging from
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Fig. 3.1. Illustration of the fission nuclear reaction. When the neutron collides with the fissionable nucleus, an absorption process occurs, after which the nucleus
splits into several (usually two) fragments, releasing neutrons in the process.
Source: Adapted from [52] with kind permission.

about 10° to 10° n/s for DD and DT generators. Up to 108 neutrons per second can be generated using a 1 mA ion beam accelerated
at 200 kV onto a titanium-tritium target. Mostly the neutron yield is determined by the accelerating voltage and the ion current
level [45]. Self-replenishing DT targets can be made with a deuterium-tritium gas mixture [46,47]. Here, the neutron yield is lower
than that of tritium-saturated targets in deuteron beams, but they achieve a much longer lifetime and a constant level of neutron
production. With higher ion beam current produced with a Cockcroft-Walton accelerator neutron yields of 10!! n/s for a DD and
even 10'3 n/s for a DT generator system have been demonstrated [41].

3.2. Nuclear fission

Nuclear fission, first observed in 1938 by Hahn and Strassmann [48,49] and explained by Meitner and Frisch [50], was the
first process used to produce neutron beams for the study of materials on atomic length scales, leading e.g. to the experimental
verification of the existence of antiferromagnetism [51]. Fission in research reactors is still the most widely used process to produce
large quantities of free neutrons. High flux research reactors feature the highest time-averaged source strength, i.e. the number of
neutrons released per unit of time (n/s).

Nuclear fission is the process by which a heavy nucleus splits into two (or sometimes more) fission nuclei of comparable mass.
The fission process can be induced by the fusion of a nucleus with an incident particle, or it can even occur spontaneously for
atoms with high mass numbers (important example: the isotope 252Cf [38]). For research reactors, the most common process used
to release neutrons is the fission of the uranium isotope >*U (natural abundance 0.72%) induced by neutron capture. Binary fission,
i.e. splitting into two fragments, is by far the most probable process. Therefore, we will focus on the binary fission of U induced
by neutron capture as the most relevant reaction occurring in research reactors. Fig. 3.1 shows a schematics of this fission reaction.

Fig. 3.2 shows the binding energy per nucleon as function of the atomic mass number A for all isotopes listed in the Atomic
Mass Data Center [53-55]. From the figure one can deduce that nuclear energy can be released either through fusion of light nuclei
or through fission of heavy nuclei, since in both cases the average binding energy E of a nucleon in the resulting nuclei is larger
than in the initial nuclei. According to Einstein this leads to a mass defect Am = Ep/c* compared to the simple sum of the masses
of the protons m, and neutrons m, in the nucleus Z m, + Nm, (where A =Z + N).

The simplest model to describe the fission process is the liquid drop model of the nucleus [56]. It assumes that due to the short
range of the strong force (order 2 x 10~'> m) and the hard repulsion radius of a nucleon (order 0.5 x 10~'> m), a nucleon can only
interact with its immediate neighbors, so that the binding energy of a nucleon inside the nucleus is approximately independent of
the number of nucleons, except for the very light atoms. However, as in a liquid droplet, the binding energy of the nucleons at the
surface is smaller than in the center because the surface nucleons interact with fewer neighbors. The short-range attractive force
between the nucleons is opposed by the electrostatic Coulomb repulsion of the protons. Finally, in an extension of the liquid drop
model quantum corrections from the shell model are taken into account. It is well beyond the scope of this article to review recent
progress of experiment and theory in nuclear fission and we refer to literature, e.g. [57-59].

Now the phenomenon of nuclear fission can be understood by the interplay of the different terms in the droplet model: the surface
energy acts to maintain the spherical shape of the nucleus, the electrostatic repulsion of the protons, expressed in the Coulomb
energy term, favors fission. For small deformations of a nucleus, the surface term will tend to maintain the spherical shape and the
nucleus will resist changing its shape. For larger elongations, a fission barrier height resulting from the addition of the surface and
Coulomb energy contributions can be overcome, e.g. when a nucleus is deformed by excitation in a neutron capture event. At the
scission point, the repulsion due to the long-range Coulomb force overcomes the short-range attractive force, eventually leading to
fragmentation of the nucleus, as shown schematically in Fig. 3.3. The fission barrier height for 233U is about 6 MeV.
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Fig. 3.2. Average binding energy per nucleon as function of atomic mass number A [53].
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Fig. 3.3. Schematic of the time evolution of the deformation of a nucleus during the fission process within the liquid droplet model.

A typical fission reaction of 2>>U induced by neutrons can be written as

235
92

U+gn —g* U—1 Ba+5; Kr +3)n.
However, the fragmentation is not a deterministic process, but leads to a bimodal probabilistic distribution of fission products. The
primary fission fragment yield distribution for the neutron induced nuclear fission of the isotope 2*U has two maxima at mass
numbers of 94 and 139 with a half-width of the two distributions of about 16 [60].

It is beyond the scope of the present article to give a detailed account of the neutron induced fission reaction of 23°U. Instead
we can cite a few characteristic features:

» Depending on the individual fission reaction, between 2 and 3 prompt fission neutrons (on average 2.47 neutrons) are released
during the ?3°U fission reaction.

The total kinetic energy distribution of the post-neutron fission fragments for the >>U(n, f) reaction is approximately a Gaussian
function with the most probable value of 170 MeV when the reaction is induced by thermal neutrons [61].

The prompt fission neutron spectra of the neutron induced fission of 2>>U can be found e.g. in [62] and references therein. The
energy distribution of these neutrons evaporating from the nucleus reflects the distribution of neutron energies in the nucleus
and can be approximately described by a function

F(E) « VE exp(—E/T), (3.3)

with the energy equivalent of the characteristic temperature T ~ 1.3 MeV or somewhat more accurate by [12]
f(E) x exp(—1.036E) sinh V2.29E. (3.4)

In these Egs. (3.3) and (3.4), E is expressed in MeV. Data [62] are represented as ratios to a Maxwellian with temperature

1.32 MeV. For the present purposes one may state that roughly speaking, prompt fission neutrons have an average energy of

2 MeV, but the spectrum extends to above 10 MeV (compare Fig. 3.9).

In total, during one fission process about 190 MeV of energy is released in the form of kinetic energy of the fission products

and the released neutrons, beta- and gamma-radiation and neutrinos (which escape and are not relevant for the heat deposited

within the reactor fuel). This number is of practical importance for the reactor design (see Section 6) as removal of the heat

deposited in the reactor core is in the end the limiting practical factor for the source strength of research reactors.

« The cross section for this important reaction 2>U(n, f) has become a neutron standard [63] and corrigendum [64]. With the
hand-waving argument that the thermal neutron spends more time close to the uranium nucleus, the cross section is highest
for thermal neutrons with resonances occurring at higher neutron energies [65].
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Fig. 3.4. Illustration of the spallation process, showing in a simplified way the sequence of reactions — from the intranuclear cascade to the evaporation.
Source: Adapted from Briickel et al. [52] with kind permission.

+ Finally, it should be noted that besides prompt neutrons, which appear within 1014 s of the fission reaction, so called delayed
neutrons are emitted after 0.1 s up to 30 s. These delayed neutrons are released, when unstable “precursor” fission fragments
undergo radioactive beta decay, a process that may involve neutron emitting states from which neutrons are promptly ejected.
In contrast to the continuous spectrum of prompt evaporation neutrons, these delayed neutrons are monoenergetic with
energies between 0.1 and 1 MeV. While the fraction of delayed neutrons is very small (about 0.6% of all emitted neutrons),
they are important for the steering of a nuclear reactor (see below, Section 6).

3.3. Nuclear spallation

High energy processes were discussed as early as 1947 [66] when Sullivan and Seaborg coined the term “spallation” [67]. The
Intense Pulsed Spallation Source (IPNS) at Argonne National Laboratory, which became operational in 1981, was the first pulsed
neutron source open to external users [68]. Today, MW-class high-power spallation sources have the largest neutron pulse height
(see Section 6), which is particularly useful for time-of-flight experiments (see Section 5).

Nuclear spallation is a process initiated by the collision of a high-energy particle in the range of several 100 MeV to several GeV
with a heavy nucleus, resulting in a complex series of reactions. In practice, at neutron sources, the incident particle is a proton from
an accelerator colliding with a thick heavy metal target made of tantalum, tungsten, mercury, lead or uranium. The collision results
in highly excited nuclei that emit high-energy protons, neutrons, and pions. These in turn collide with more nuclei. The excited nuclei
shed energy by promptly evaporating more particles, mainly neutrons, but also protons, deuterons, tritons, a-particles. Finally, some
excited states decay by emitting f-radiation, in which process delayed neutrons may be given off (compare nuclear fission). The
sequence of reactions is shown schematically in Fig. 3.4.

Phenomenologically, the spallation process can be described by the so-called cascade model, which can be justified by the
fact that protons at the typical energy scale for a spallation neutron source have energies around 1 GeV, where their de Broglie
wavelength is of the order of 10~14 cm, significantly smaller than the diameter of a heavy nucleus. The sequence of reactions can
then be described as follows:

1. Intranuclear cascade: The small wavelength of the incident proton justifies the description of the initial process as billiard-like
collisions of the proton with single nucleons. During the approximately 10~22 s it takes for the incident proton to pass through
the nucleus, a series of collisions with individual nucleons occurs inside the nucleus — the intranuclear cascade. The energy
of the incoming proton is transferred to some individual nucleons.

2. Internuclear cascade: Energetic particles (protons, neutrons, pions) from this process may leave the nucleus and induce further
spallation reactions in other nuclei — the internuclear cascade.

3. Transition stage: In a transition state of about 10718 s, the high kinetic energy of the excited nucleons from the intranuclear
cascades spreads throughout the nucleus by further collisions, during which some more nucleons may be ejected.

4. Evaporation: Now the nucleus remains in a highly excited state, from which the nucleons evaporate in a manner similar to
the fission process, i.e. their spectrum can also be described by a Maxwellian, similar to the fission neutrons, but typically
with a slightly higher Maxwell temperature.

5. Delayed decay processes: Finally, a small fraction of delayed neutrons can accompany beta decay processes, similar to the
fission case. Delayed neutrons can also be produced by photoneutron reactions (see Section 3.4.1) from high-energy gamma
radiation in nearby deuterium moderators or beryllium reflectors.

Again, it is beyond the scope of the present article to give a detailed account of the proton induced spallation process. Instead
we refer to textbooks and review articles (e.g. [12,69,70]) and only cite a few characteristic features:
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» In contrast to fission and fusion, spallation is an endothermal process which cannot be used per se for thermal energy
generation. Instead, an energetic beam of particles is needed to sustain a spallation reaction. In this review of neutron sources
we do not consider the case of fissionable target materials, which is of technological interest for driven reactors for energy
supply or spallation facilities for treatment of nuclear waste by transmutation.

It is a very efficient process to release neutrons from nuclei. While one fission reaction in research reactors typically results
on the average in only one free neutron for experiments (one other neutron is needed to sustain the chain reaction and some
neutrons are lost in the shielding), some 10 to 30 neutrons are released during a spallation reaction, depending on the energy
of the incident particle and the target material.

A time structure can be imposed on the neutron flux by the filling pattern of the driving proton accelerator. This allows one
to use the peak flux instead of the average flux for the same deposited power in the target, a main limiting factor for the
source strength. The peak flux of spallation sources can be significantly higher than the average flux of research reactors, a
very useful feature for time-of-flight experimental methods (see Section 5).

The spallation neutron spectra can be described as consisting of mainly three components (compare Fig. 3.9): the evaporation
and transition state neutrons follow a Maxwellian similar to the case of fission neutrons with an average energy of around
2 MeV, while cascade neutrons have energies of several 100 MeV distributed continuously all the way up to the energy of
the incident proton. A nice comparison between the spectrum of fission neutrons and spallation in a tungsten target can
be found in [71]. In accordance with our phenomenological cascade model, the neutron spectra can be described by three
components [70], where again, E is expressed in MeV:

f(E)= A E'? exp(~E/Ey) + AyE exp(—E/ Eqy) + Ay E exp(—E/ Er3) (3.5)

The three terms correspond to the three stages discussed above: evaporation, transition and cascade neutrons with the energy
equivalents of their characteristic temperatures E; = kgT;. Evaporation (first term) and transition (second term) contribute
about 90% of all emitted neutrons, with characteristic energies comparable to fission neutrons (about 2 MeV) for thin spallation
targets. For more realistic thicker targets, the neutrons lose energy through collisions before leaving the target material, and
the spectrum shifts and becomes softer as a function of target thickness. Cascade neutrons, however, can reach energies up to
the incident proton energy for thin targets. They are extremely difficult to shield and lead to the heavy shielding of spallation
sources compared to research reactors.

While evaporation and transition neutrons have an essentially isotropic angular distribution, cascade neutrons are preferen-
tially emitted in the forward direction, but will take on a wider angular distribution for thicker targets.

The spallation neutron yield for thick targets (e.g. where the proton beam loses all its energy and is stopped in the target)
has been determined experimentally by Fraser at al. in 1965 [72]. Over a wide range, it can reasonably well be described
for non-fissionable materials by the following function [12], where Eg.y denotes the numerical value of the incident proton
energy in units of GeV:

Y (Egey, A) = 0.1(Egey — 0.12)(A + 20) (3.6)

The Eq. (3.6) indicates that there is an apparent threshold energy for the spallation process [12]. This is not a true threshold,
as some neutrons can be released below this energy. But from 0.12 GeV to energies of about 1 GeV (extending with slight
deviations to around 1.5 GeV), the neutron yield is approximately linear in proton energy and atomic mass number A of the
target material. To give an example: A 1 GeV proton hitting a lead target will produce an average of 20 spallation neutrons.
It should be noted that the number of usable neutrons for beam experiments can be significantly smaller, depending on the
type and geometry of the surrounding reflector and the arrangement of the moderators, see Section 6.

3.4. Low energy reactions

There are a large plethora of other processes that can release neutrons; here we present only those that are currently of foreseeable
interest to user facilities. A comparison of the neutron yield of the different processes can be found in [73].

3.4.1. Photonuclear reactions

Neutron production based on the photonuclear reaction of electron bremsstrahlung has played an important role in the
development of accelerator-driven sources [74,75]. Energetic electrons striking high-mass targets slow down to emit bremsstrahlung
(e, y) photons, which then interact with target nuclei to produce (y, n) photoneutrons. Most of the electron energy is dissipated
as heat, which must be removed from the target, severely limiting the power on the target; consequently the process is limited in
neutron yield and relatively inefficient.

Photoneutron yields depend on the target material and on the photoneutron source: its spectrum, strength and geometry. For a
reasonable production of epithermal neutron fluxes from a photonuclear reaction, the appropriate choice of the photoneutron target
materials (on the basis of its photodisintegration threshold), its photoneutron cross section, geometry and physical dimensions are
important [76]. The cross section of the photonuclear effect is characterized by the Giant Dipole Resonance (GDR) most pronounced
in materials with high-Z [77]. An exception to this rule is found in the y—n cross section of '>C where the cross section increases
almost linearly [78].
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Fig. 3.5. The illustration depicts a low-energy nuclear reaction, initiated by an impinging proton, which results in the release of a neutron from a metal nucleus
(see text for details).
Source: Adapted from Briickel et al. [52] with kind permission.

3.4.2. Ion induced low energy reactions

This subsection discusses nuclear reactions induced by ions at energies well below the spallation threshold (see Eq. (3.6)).
These energies typically range from a few MeV to about 100 MeV. We define this range as the range for low energy reactions.
The bombardment of metallic targets with low-energy ions from accelerators to induce neutron-releasing reactions is the most
commonly used technique in so-called Compact Accelerator-driven Neutron Sources (CANS), see Section 7.1, and is the method of
choice for High Current Accelerator-driven Neutron Sources HiCANS, Section 7.2. It eliminates the high gamma background typical
of the photonuclear reaction path used in electron accelerator-driven neutron sources. Fig. 3.5 shows a schematic of such a nuclear
reaction for the case of an incident low energy proton. By inelastic scattering of the incident proton, a neutron is ejected from the
target nucleus in an incomplete fusion reaction. The process can also involve complete fusion of the impinging ion with the target
nucleus. This produces a short-lived excited compound nucleus that decays by emitting a neutron.

When deuterons (D*) are used as incident ions, the most relevant reactions are stripping and elastic breakup [79]. In the stripping
reaction, one nucleon of the incident deuteron combines with the target nucleus, while the other nucleon mostly continues in the
forward direction. In the breakup reaction, deuterons from an accelerator dissociate in the Coulomb and nuclear potential of the
target nucleus (usually beryllium (Be) for this reaction), producing a proton and a neutron. D* as the incident ion is of particular
interest for this reaction because of the weakly bound neutron that can be released at relatively low energies. Of particular interest
for the application of this reaction in a neutron source is its directional property: the neutron is predominantly forward directed.
Due to its importance for low energy neutron sources, the integrated neutron yield, the (continuous) neutron energy spectrum and
the (anisotropic) angular distribution of the °Be(d, xn) reaction have been calculated in great detail and compared with experimental
data [80,81]. Fig. 3.6 shows the different reaction channels for a deuteron striking a Be target nucleus. For comparison, the figure
also shows the reaction channels for a proton hitting a Be target nucleus.

It is obvious that the stripping reaction *Be(d, n) requires extremely low energies due to the low binding energy of the neutron
in the deuteron. It has a narrow peak in energy but a large peak cross section, which is favorable for the realization of a CANS
with a low energy accelerator. At higher energies, other reaction pathways become possible, such as *Be(d, n + a) or *Be(d, n + p).
In comparison, the *Be(p, n) reaction has a gap at low energies due to the Coulomb barrier and is much broader in energy, but has
a significantly smaller peak cross section.

An important reaction, e.g. for the preparation of keV neutrons for nuclear astrophysics or Boron Neutron Capture Therapy
(BNCT), see Section 5, is the reaction ’Li(p, n)’Be. The reaction sets in at a threshold energy for the incident protons of 1.88 MeV
and has two resonances, a narrow one between a proton energy of 2.2-2.3 MeV and a broad one around 5 MeV [82]. Near the
threshold, the neutron energy spectrum peaks around 30 keV and is mainly forward directed [83]. The low threshold energy, the
significant neutron yield and the favorable neutron spectrum with an attractive average neutron energy make this reaction interesting
for this kind of applications [84,85].

Since the incident ion loses energy during collisions with the target atoms, the total neutron yield for a thick solid target is given
by the sum of all processes releasing neutrons from zero energy up to the energy of the incident particle. The energy and material
dependence of the neutron yield for incident protons and deuterons [86] is shown in Figs. 3.7 and 3.8, respectively. The values
were determined for cross sections calculated with the TALYS nuclear code and stopping powers calculated with the SRIM toolKkit.
Elements with atomic numbers 43 (Tc) and 61 (Pm) do not occur naturally, and all of their isotopes are radioactive. Therefore,
the corresponding data are missing. The (p, n) reactions are endothermic, since the Coulomb barrier must be overcome, which is
why the neutron yield disappears at low energies. It is obvious that the neutron yield increases with increasing proton energy and
atomic number. The simulations show that for low energy processes, up to an energy of about 20 MeV, light elements, in particular
beryllium, have the highest neutron yield. After a transition region, the neutron yield of heavy elements such as tantalum exceeds
that of light elements above about 45 MeV [86]. This behavior was verified experimentally for proton induced neutron release from
Be, V and Ta targets in the energy range 22-42 MeV by means of prompt gamma neutron activation analysis [87]. The choice of
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Fig. 3.6. Cross sections for different reaction paths for the Be(p, xn) reaction (top) and the °Be(d, xn) reaction (bottom) as a function of incident energy according
to the TALYS nuclear code.

Source: Reproduced from [86], under the terms of the Creative Commons Attribution License 4.0.
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Fig. 3.7. The proton-induced neutron yield per mA proton current as a function of incident proton energy for different target materials. Please note that the
white lines at atomic numbers 43 and 61 result from the fact that these elements do not have stable isotopes. In addition, the white regions below a few MeV
show that in these regions neutrons are not released due to the Coulomb barrier.

Source: Reproduced from [86], under the terms of the Creative Commons Attribution License 4.0.

projectile energy and target material is discussed in more detail in Sections 7.1 and 7, since other factors must be considered besides
maximizing the neutron yield.

In comparison to fission and spallation, the energy spectrum of the released neutrons is somewhat softer for typical proton
energies and target materials. Fig. 3.9 illustrates the energy spectra of released neutrons for the case of protons with energies of
2.5 MeV, 7 MeV and 70 MeV hitting the typical CANS and HiCANS targets Li, Be and Ta, respectively. The spectra were produced
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Fig. 3.8. The deuteron-induced neutron yield per mA deuteron current as a function of incident deuteron energy for different target materials. Please note that
the white lines at atomic numbers 43 and 61 result from the fact that these elements do not have stable isotopes. In addition, the white regions below a few
MeV show that in these regions neutrons are not released due to the Coulomb barrier.

Source: Reproduced from [86], under the terms of the Creative Commons Attribution License 4.0.

Table 3.1

The characteristic energies (mean value, energy where the peak in neutron yield occurs, and maximum energy of neutrons in
the spectra) for the calculated spectra for Li, Be and Ta using PHITS with the JENDL-5.0/HE database. The calculated values for
fission and spallation are based on the spectra published in [70].

Reaction Mean energy [MeV] Peak energy [MeV] Max energy [MeV]
Li(p,nx) @ 2.5 MeV 0.13 0.12 0.79

Be(p,nx) @ 7 MeV 0.59 0.43 5.2

Ta(p,nx) @ 70 MeV 0.65 0.47 65

Fission 1.88 1.72 ~20

Spallation @ 800 MeV 17.5 2.2 ~800

using PHITS with the JENDL-5.0/HE database. The illustration demonstrates the significantly enhanced neutron yield that can be
achieved through the use of high Z material (Ta) and high incident proton energy (70 MeV) in comparison to the conventional CANS
approach. For purposes of comparison, the normalized spectra for fission and spallation are also presented. These data have been
extracted from the publication [70]. The relevant energies for neutron sources like mean energy, peak energy and maximum energy
are presented in Table 3.1. While the proton energy in the Ta(p, nx) reaction is the highest compared to the Li and Be reactions,
the peak and mean energies are similar to the others. This is due to the higher proton energy being distributed to many particles
as a result of significant (p, 2n), (p, 3n), and (p,4n) reactions. While there are higher energy neutrons present, the probability of such
neutrons occurring is low. In fact, the probability of a neutron with higher energy occurring is less than 1/100 at 10 MeV and less
than 1/1000 at 50 MeV compared to the yield at the peak energy. Similarly, spallation follows this pattern, but with the highest
neutron peak energy, mean energy, and a more pronounced shoulder at higher energies due to the high incident proton energy. For
accelerator-based neutron sources, the highest neutron energy is more or less the energy of the impinging proton, slightly reduced
by the Coulomb barrier. The required shielding therefore increases significantly if going from a low energy nuclear reaction to the
spallation reaction. The fission spectrum shows higher mean and peak energies but compared to spallation a relatively low maximum
energy.

The lower neutron energies of a CANS or a HiCANS, resulting from the low-energy nuclear reactions, offer a distinct advantage in
terms of shielding. The use of a thinner shielding allows for the placement of optical elements in closer proximity to the moderator
surface, thereby enhancing the performance of the instruments.

3.5. Neutron yields

After discussing the various processes used to release neutrons from nuclei, the question arises as to which processes are best
suited for a source of free neutrons. Many aspects have to be considered for a practical realization of a neutron source, see Sections 6
and 7. However, two criteria seem obvious: (i) the neutron yield per process, and (ii) the energy released per neutron during the
process, since most of this energy will appear as heat that has to be removed. Table 3.2 lists some of the processes mentioned along
with the values for these two main criteria. Spallation has the highest neutron yield per process combined with the lowest heat
release per neutron, followed by nuclear fission. Thus, it is obvious that these two processes are favorable for the realization of
a neutron source if the source strength is the main criterion. However, as we will see in Section 7, a neutron source can be very
competitive for certain applications if it is based on one of the other less efficient processes.
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Fig. 3.9. Primary neutron energy spectrum for protons of 2.5 MeV, 7 MeV and 70 MeV energy impacting a bare lithium, beryllium and tantalum target,
respectively. Mean energies are indicated with vertical lines. Spectra for Li, Be and Ta have been calculated using PHITS with the JENDL-5.0/HE database. The
spectra for fission and spallation have been extracted from [70]. Note that the latter spectra are normalized and therefore not directly comparable to those for
the low energy processes.

Table 3.2

Compilation of different nuclear processes to release neutrons from atomic nuclei with examples for the corresponding neutron yield and facilities using the
respective processes. The table is updated, based on Ref. [88].

Nuclear process Example Primary Neutron yield Heat release Facilities

[MeV/n] (examples)
D-T in solid target 400 keV d on T in Ti 4x107° n/d 10000 Neutron generators
Deuteron stripping 40 MeV d on liq. Li 1.6x 107! n/d 2500 SARAF [89]
Nuclear photo effect 32 MeV e- on W/Pb 8x 1073 n/e- 4000 HUNS [90]
9Be(d, n)'°Be 15 MeV d on Be 1.5x 1072 n/d 1000
9Be(p,n)'"Be 7 MeV p on Be 1.6x 1073 n/p 4500 RANS [91]
Ta(p, n) 70 MeV p on Ta 1.4x 107" n/p 500 HBS [86]
Fission Fission of 2%°U by thermal neutrons 2.5 n/fission® 180 ILL, MLZ
Spallation 2000 MeV p on W ~20 n/p® 100 SNS, J-PARC, ESS

2 Note that for fission sources only about one neutron per fission process can be used for experiments, since another one is needed to maintain the fission
process and about 0.5 neutrons are lost. Also for spallation, only a fraction of the neutrons are available for beamline experiments due to losses. For spallation,
this number varies greatly depending on the moderator-reflector geometry and the means of adjusting the time structure (see Section 4.3): between a few percent
and less than 50% of the primary released neutrons can typically be used for experiments.

4. Tailoring of the spectrum

The free neutrons released in the processes described in Section 3 all have in common that they have kinetic energies in the MeV
range and mostly do not exhibit strong directional properties. However, most neutron research applications require neutrons in the
meV to eV range (“cold”, “thermal”, “hot” or “epithermal” neutrons, see Section 2) and highly directed neutron beams. Depending
on the experimental technique used, a pulsed beam or a steady, continuous stream of neutrons may be preferable. Therefore, this
chapter briefly discusses how to tailor a neutron energy spectrum, how to impose a desired time structure, how to extract neutrons,
and how to transport them to the experiment. Other manipulations necessary for specific experiments, which are not directly related
to the neutron source itself, such as the polarization of a neutron beam, are not discussed here and are referred to in the specialized
literature, e.g. in the textbooks [12,26,92-95].

4.1. Basics of the moderation process

Moderation describes the daunting task of reducing the kinetic energy of neutrons by typically 6 to 10 orders of magnitude to
move from the MeV energy range of neutrons released from nuclei to an energy regime most useful for fundamental and condensed
matter research with neutrons. Electric or magnetic fields can only act on the tiny nuclear moment of the neutron and are therefore
unsuitable for this task. Instead, inelastic collisions within a suitable medium, known as a moderator material, are used. It is beyond
the scope of this article to discuss the diffusion and slowing-down theories, which are discussed in detail in textbooks [12,73].
Instead, the practical aspects relevant to the design of a neutron source are presented.

Roughly, for moderation of neutrons two regimes can be distinguished:
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Table 4.1

Parameters for some typical thermal moderators: “Material” denotes the moderator material, “Fraction” rounded values of the
average fraction of energy loss during each collision in %, “N Collision” rounded values of the average number of collisions for
moderation from 2 MeV to 1 eV, “Absorption” the absorption cross section per atom (H, D, Be, C) for thermal neutrons (velocity
2200 m/s) in barn, and “Lambda” the mean free path between collisions in cm.

Material Fraction [%] N Collision Absorption [barn] Lambda [cm]
energy loss per collision from 2 MeV to 1 eV per nucleus H, D, Be, C mean free path

H,0 50 16 0.3326 0.67

D,0 40 29 0.0005 2.86

Be 19 70 0.0076 1.32

C 15 92 0.0035 1.82

» Slowing down regime: When the neutron scatters from the nuclei of the moderator material at very high neutron energies, the
chemical bonding and thermal motion of the atoms can be neglected because the binding energy and the kinetic energy of the
atomic motion are much smaller than the kinetic energy of the neutron. The scattering can be considered to occur from free
atoms that are initially at rest. The collisions of the neutrons with the nuclei of the moderator can be regarded as “billiard-like”
elastic collisions in the center-of-mass frame; these collisions appear to be inelastic in the laboratory frame, i.e. the neutron
loses energy during diffusion in the moderator (“down-scattering”). The processes just described provide a good approximate
description of the moderation of neutrons into the hot to thermal energy range.

Thermal scattering regime: As the neutron energy approaches the energy scale of chemical bonds, i.e. the eV range, the
excitation spectra of the moderator material must be considered. Typically, these can be translational, rotational, vibrational,
librational motions of molecules in molecular moderator materials or elementary excitations such as phonons or magnons
in solid moderator materials. This regime is essential for further moderating the thermal neutrons into the cold or very cold
energy regime. It requires a high density of states of low energy levels of the moderator material, which the neutron can excite
during the scattering process, thus losing kinetic energy.

The Boltzmann equation is the fundamental equation describing the neutron transport process. A detailed analytical description
based on the diffusion equation can be found in [96]. However, analytical calculations cannot deal with the detailed complex
geometry of a realistic neutron source. Therefore, nowadays numerical simulations based on Monte Carlo codes, such as the “Monte
Carlo N Particle” code (MCNP) [97], the “Particle and Heavy Ion Transport code System” code (PHITS) [98], the “FLUktuierende
KAskade” code (FLUKA) [99,100] or “GEometry ANd Tracking” code (GEANT4) [101], are used to solve the integral form of the
Boltzmann equation.

Let us first discuss moderation in the slowing down regime. The choice of moderator material in the slowing down regime is
rather obvious already from classical mechanics: Down scattering is most effective when the neutron is scattered by a particle of
equal or nearly equal mass, i.e. the proton. Neglecting the tiny mass difference, in a head-on collision of a neutron with a proton, the
neutron can lose all its kinetic energy, and the minimum energy after a collision is zero. From this point of view, materials with a
high hydrogen density are ideal thermal moderators. Light water (H,O) or polyethylene are examples of such moderator materials.
However, hydrogen has a rather high absorption cross section for neutrons, which leads to an undesired decrease of the neutron
flux in the moderator. The next best choices are heavy water (D,0) or beryllium (Be). Large volumes of these materials surrounding
the primary neutron source also act as reflectors, i.e. they reduce the probability of neutrons leaking out of the moderator or, in
the case of fission sources, increase the probability of neutrons backscattering into the core and having a second chance to cause
a fission. While such large volume moderators are desirable for continuous sources, they can degrade the time structure of pulsed
sources, see subsection below.

The fraction of energy lost during each collision is independent of the initial energy, i.e. E,/E, is a constant. The logarithm of
this constant ¢ = In(E, / E,), the logarithmic energy decrement, is given by [70,961:

E=InE /E)=1 (A=1) 4.1)
~2/(A+2/3) (A> 1), 4.2)

where A is the atomic mass number. ¢ allows one to calculate the average number of collisions X required to slow down a neutron
from its initial energy E, to the final energy E,:

X =In(Ey/E)/¢ (4.3)

Another relevant parameter is the average distance a neutron travels between subsequent collisions. This mean free path A is
inversely proportional to the macroscopic cross-section, which is the sum of the free atom microscopic cross sections o, times the
volume number density n.

1

ny oy,
A being constant means that the time between collisions is inversely proportional to the neutron velocity. This allows one to calculate
the slowing down time relevant for short pulse primary neutron sources, see [70].

“4.4)
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Fig. 4.1. Total and absorption cross section of hydrogen (‘H) (left) as well as inelastic scattering cross sections of hydrogen in para- and ortho-H, (right) vs.
incident neutron energy.
Source: Reproduced from [103].

Table 4.1 lists some characteristic parameters for common thermal moderator materials [12,102]. As mentioned in the
introduction, it is not our aim to provide a comprehensive overview of well-established properties for known source types, but rather
to highlight new developments. Therefore, we refer to [70] for more detailed parameter lists for additional moderator materials
with additional physical parameters. However, such tables can guide one to chose the optimal moderator material depending on
the design goal to be met [70]:

+ In order to achieve a high neutron flux within the moderator, it is usually desirable to avoid a large spread of the “neutron
cloud”; this requirement translates directly into a small value of the mean free path or a large value of the macroscopic cross
section. In this respect, among the choices presented in the Table 4.1, a light water moderator (H,O) is the most suitable.
It should be noted that some hydrocarbons, such as polyethylene, have a higher hydrogen number density than water, but a
high radiation field or thermal heating effects limit their applicability.

However, for a high time-averaged flux, a long storage time in the moderator is desirable, i.e. neutron absorption must be
minimized. While the total absorption cross section for thermal neutrons in light water is 0.665 barn (2 H atoms, absorption
of O can be neglected), the same value for a heavy water moderator is 0.001 barn. In this respect, a heavy water moderator
(D, 0) is advantageous to achieve a high average neutron flux for a continuous source.

This discussion shows that a light water moderator could be a good choice for a short pulse source if combined with an
appropriate reflector that does not deteriorate the time structure (see following subsections). On the other hand, a heavy water
moderator tank is often used for continuous sources, such as high flux research reactors, where the D,0 tank can serve as both
thermal moderator and reflector due to its low neutron absorption. Carbon (C) plays an important role in research reactors as
a “hot source”, enabling the production of a neutron spectrum in the hot neutron regime. The hot source consists of a block of
graphite, heated by gamma-radiation from the fission processes to a temperature of 2300 K.

Having discussed moderation in the slowing down regime, let us turn to moderation in the thermal scattering regime. Here
one can no longer use the approximation of neutrons colliding with free atoms at rest, but have to take into account the chemical
bonding of the atoms, i.e. the solid or molecular structure of the moderator material and the respective excitations. This regime
is particularly important for slowing down the neutrons into the cold or very cold regime. Typically, this is done by a two-step
process: first, the neutrons are moderated into the thermal regime by a thermal moderator. A “cold source” is embedded in the
thermal pre-moderator and receives neutrons in the thermal energy range. Thus, the moderation in the cold source can be described
solely by the thermal scattering regime.

A very instructive example of the effect of chemical bonding is provided by a cold source of liquid hydrogen (LH,), usually at
temperatures around 20 K. Molecular hydrogen (H,) exists in two nuclear spin isomeric forms: a triplet state in which the two nuclear
spins of the H atoms are parallel (total spin .S = 1), called orthohydrogen (0-H,), and a singlet state in which they are antiparallel
(S = 0), called parahydrogen (p-H,). In thermal equilibrium at room temperature, hydrogen consists of 75% of orthohydrogen
and 25% of parahydrogen, due to the three S, states (S, = 1,0,—1) for .§ = 1 versus one S, state (S, = 0) for S = 0. The energy
difference between the two states is 14.7 meV, equivalent to about 170 K. Parahydrogen is the ground state and in a cold source, at a
temperature of 20 K, well below the temperature equivalent of the excitation energy for orthohydrogen, the equilibrium distribution
approaches 100% parahydrogen. In practice, the metastability of orthohydrogen makes it necessary to use iron-oxide catalysts to
achieve this desired state within a reasonable time frame.

Since neutrons and protons can exchange spin during the scattering process with hydrogen molecules, the scattering cross sections
for the two isomers are very different at low neutron energies. Fig. 4.1 on the left shows the total and absorption cross sections of
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Table 4.2

Parameters for some possible cold moderators: “Material” denotes the moderator material,
“Formula” the chemical formula, “T;” the boiling point in Kelvin, “T,,” the melting point in
Kelvin, and “Phase” the phase (liquid/solid) commonly used for a cold moderator.

Material Formula Ty [K] Ty [K] Phase
Hydrogen H, 20.27 13.99 Liquid
Deuterium D, 23.64 18.72 Liquid
Methane CH, 111.6 90.7 Solid
Ethane C,H, 184.7 90.4 Solid
Mesitylene CoHy, 437.8 228.3 Solid

a hydrogen atom. While the absorption cross section increases with decreasing neutron energy, the total cross section for scattering
plus absorption remains constant over a wide range of incident neutron energies. On the right side of Fig. 4.1 the inelastic scattering
cross sections for para- and ortho-hydrogen are plotted. While these are practically identical for neutron energies greater than 0.1
eV, the parahydrogen scattering cross section decreases sharply below this value, while for orthohydrogen it continues to increase.
This behavior is very useful for a cold source: thermal neutrons entering the p-H, cold source have a high probability of being
downscattered into the cold neutron regime. Once at energies of a few meV (cold neutron regime), they have a much lower
probability of being scattered, i.e. a much higher mean free path, and can leave the cold moderator without further scattering
events. This feature is used for so-called low-dimensional cold moderators, as will be discussed in more detail in Section 7.

The Table 4.2 lists some characteristic parameters for possible cold moderator materials [33,103-106]. Due to the low absorption
cross section of deuterium (D = 2H), liquid deuterium (LD,) sources with volumes in the range of 10 1 to 20 1 are usually used for
continuous fission based neutron sources. Practical aspects are being discussed in the classical paper by Ageron [107]. In order
to minimize the effect of absorption in the cold source, particularly for LH, as moderator material, the cold source geometry has
been adapted by introducing a cavity from which the neutrons can emerge, see e.g. [108]. For pulsed sources, liquid hydrogen
LH, or hydrocarbons are mainly used. While hydrocarbons can achieve high hydrogen densities and offer many possible transitions
between energy levels that can scatter neutrons into the cold neutron regime, there is a danger of radiolysis producing hydrogen
that can freeze in the solid matrix, exert pressure on the moderator walls, and eventually release energy as “blurbs” that can even
destroy the cold source. Advantages of so-called low dimensional moderators have been discussed by Mezei et al. [109] and Zanini
et al. [110]. Practical aspects for “one-dimensional” liquid hydrogen moderators for pulsed sources are discussed in [111]. For
pulsed sources, techniques have been developed to adapt the pulse spectrum of such moderators to the instrumental requirements,
such as the so-called decoupling or poisoning of the moderator. These aspects will be discussed in one of the following subsections.

When full thermal equilibrium is reached in a moderator material in the thermal scattering regime, the energy spectrum of the
neutron density emitted from the moderator should follow a Maxwellian distribution:

VE

N(E)=2zN ——F
(E) (kT P

exp(—E/(kgT,s/)) (4.5

Note that for the important case of a p-H, cold source, a Maxwellian does not correctly describe the energy spectrum, since
neutrons can leave the moderator after one scattering event when full thermalization has not been achieved.

However, in reality the spectra often contain several components, e.g. if the cold source is undermoderated, or if neutrons
are extracted from thermal and cold moderators simultaneously (so-called bi-spectral beam extraction, see below). And more
realistically, there remains a high-energy component of neutrons from the slowing-down regime. A modified Westcott function [113]
provides a good description of the spectra as product of energy E times flux per unit energy I(E):

E \" 1
exp(—E/ETeff)+Ieﬂi<FEf> [1=(E/E.)]

E
2 (4.6)
Tery

EI(E)=1,

The first term is the storage term which follows the Maxwellian distribution (4.5), while the second term is the slowing down
term which describes the neutrons emitted by the moderator during slowing down. Parameters of the function are determined by
fitting to experimental data: I,, and I, are the contributions of the two components, Er, i1 the mean thermal energy, usually larger
than kzT where T is the temperature of the moderator (compare (4.5) where also an effective temperature was used instead of
the physical temperature), « is the leakage exponent, describing the leakage of neutrons from the slowing-down regime out of the
moderator, E,,, and E,, are the reference and cutoff energies, respectively, and s is the cutoff exponent.

We conclude this section with an example of the arrangement of secondary sources at the research reactor FRM II in Germany,
one of the most modern continuous neutron sources. Neutrons from the various secondary sources are extracted through evacuated
beam tubes pointing toward the respective secondary source. Fig. 4.2 shows a horizontal section through the FRM II reactor pool.
It shows the arrangement of the thermal, cold and hot sources and the evacuated beam tubes through which the neutrons are
extracted through the biological shielding of the reactor. The wavelength spectra of the three sources are shown in Fig. 4.3. The
thermal source has a near Maxwellian spectrum with a tail to higher energies (shorter wavelength) from the slowing-down regime.
The hot source shifts the spectrum to shorter wavelengths. Clearly, the cold source is undermoderated: while the spectrum is shifted
to longer wavelengths, there remains a strong second component of thermal neutrons.
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Fig. 4.2. Horizontal section of the FRM II reactor pool showing the arrangement of the beam tubes, the fuel element, and the cold and hot neutron sources.
The thermal D,0 moderator tank surrounding the fuel element is shown in dark blue, the H,O water tank surrounding the thermal moderator tank is shown in
light blue. Copyright Heinz Maier-Leibnitz Zentrum (MLZ), reproduced from [112] with kind permission from MLZ.

energy E / meV
1000 100 10 1
10 g T T T T T T T T T .
104 E
< C
‘y‘ 3
1 E
E-’ 10 E —+—thermal source (SR5)
Z [ -=coldsource (SR 1)
v C
Tom E —=—hot source (SR9)
e £
10" E
101 L L O T T O 1 i
0,1 1 ”

wavelength A/ A

Fig. 4.3. Neutron wavelength spectra from the cold, thermal and hot sources at FRM II for a reactor power of 20 MW at the entrance to the beamtubes.
Copyright Heinz Maier-Leibnitz Zentrum (MLZ), reproduced from [112] with kind permission from MLZ.

4.2. Moderator geometries and emission characteristics

In addition to the characteristics of the moderator material, such as absorption cross section, scattering cross section, and density,
the geometry of the neutron moderator is also a significant factor affecting the emission characteristics. In order to optimize
the instrument and assess its performance, it is essential to ascertain the characteristics of the emitted neutrons, including their
wavelength, position, and direction. In this regard, the concept of brilliance, as previously mentioned in Section 2, is particularly
useful as it provides a comprehensive characterization of both the moderators and the emitted neutrons.

The terms “brilliance” or “brightness” can be defined in several ways with respect to accelerator-driven neutron sources. Different
definitions exist in different scientific communities and in different contexts. Here we refer to [35], where brilliance is defined as the
number of neutrons emitted per unit time from the source area into a solid angle element, normalized by the relative wavelength
interval and the number of incident particles or current times time interval. Accordingly, it has the unit

[B] = 1/(scm2sr(1%Aﬂ//1)(mAs)). 4.7)
In literature the following definition is frequently employed:
[B] = 1/(sem?sr 10\) (4.8)
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Fig. 4.4. Brilliance gain (BG) for a low dimensional moderator together with the total number of emitted neutrons (TN), the brilliance transfer (BT) and the
resulting figure of merit (FOM). BG is the ratio between the brilliance emitted by a reference volume moderator and the brilliance emitted by the modified
moderator. BT is defined as the ratio between the phase space density at the moderator surface and the transported phase space density. FOM is the product of
BG and BT. Figure is inspired by [110,114].

It describes the number of neutrons emitted per time interval from an area of the moderator into a solid angle with a given
wavelength, thereby fully characterizing the neutron beam with respect to position and momentum. By integrating over the accepted
wavelengths and the solid angle, the flux F can be calculated:

Fe / / B, 4.9)
AL J Q

In order to achieve high brightness, it is essential to ensure that the neutrons are emitted within a narrow parameter space. This
is the case for the low-dimensional moderators [109] where the neutrons are emitted from a small moderator surface area. For a low-
dimensional LH, moderator with its different mean free paths for thermal and cold neutrons, resulting in a thin but long moderator,
the moderator in itself acts as collimator just by its geometry. The neutron emission by a low-dimensional moderator is, therefore,
in comparison to that of a volume moderator with isotropic emission, rather directed. This lower divergence further increases the
brightness. Conversely, a high flux can be achieved if samples with sizes comparable to the moderator size are investigated. It is
important to note that a reduction in moderator dimensions results in a decrease in the total number of neutrons emitted from the
moderator, while the brightness increases. This phenomenon is illustrated in Fig. 4.4.

The necessity for different moderators is contingent upon the specifications of the instrument and the sample that is to be
investigated. For instance, in the case of irradiation, imaging, and PGNAA with relatively large samples, the use of a volume
moderator with a large number of totally emitted neutrons is crucial for achieving a high flux at the sample position. In the context
of scattering experiments, the need for a high-brilliance neutron beam is becoming increasingly apparent, especially in the light of
the continuing desirable reduction in sample size.

An additional crucial element influencing the instrument’s performance is the impact of neutron guide filling and the subsequent
brilliance transfer. The different experiments require specific beam properties at the sample position in terms of beam dimensions,
divergence and wavelength. The guide filling of neutrons with these properties depend on the moderator dimensions, the guide
dimensions and the distance between the guide entrance and the moderator surface. The whole topic is beyond the scope of this
review article and we refer the interested reader to excellent literature [115] and its application [114,116]. We would just like to
emphasize that two different states of a neutron guide filling can be distinguished depending on the moderator dimension. For small
or low-dimensional moderators, the guide cannot be filled with the required divergence and thus shows a linear dependence. For
volume moderators, the entire phase space required by the sample can be filled into the neutron guide and thus shows saturation.

The brightness filled into the neutron guide can be transported almost without loss with modern neutron optics resulting in
a brightness transfer (BT) of BT ~ 1 which is the limit according to Liouville’s theorem [117]. The brightness transfer from
the moderator to the sample is thus dominated by the neutron guide filling, resulting in the dependence as shown in Fig. 4.4.
Together with the brightness gain for low-dimensional moderators a Figure of Merit (FOM) can be constructed showing an optimal
brightness transfer for a given moderator dimension. It should be emphasized that this optimal moderator dimension depends on the
experimental requirements, e.g. the sample dimensions and the distance of the neutron optics from the moderator surface, since this
influences the possible guide filling and thus the brilliance transfer. The optimal moderator dimension will therefore be different
for the different source types and for different neutron instruments.

4.3. Time structure

In terms of time structure, accelerator-driven neutron sources offer great flexibility to produce neutron pulses of different peak
length, shape, peak height and repetition rate, compared to steady-state neutron sources where the main figure of merit is the
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Fig. 4.5. Distance-time diagram (right side) for a simple diffractometer at a pulsed source, which is shown schematically on the left [119].

neutron flux in the thermal moderator. The required time scales depend largely on the desired application, see Section 5. Accelerators
accelerate particles in micropulses at frequencies of a few 100 MHz. The repetition rate of these micropulses is too high to be relevant
for neutron sources; they appear as a continuum, but are grouped into macropulses which provide the flexibility mentioned above.
Characteristic time scales for pulse lengths and pulse distances can be illustrated on a simple but typical instrument.

For pulsed sources, time-of-flight (tof) methods are the techniques of choice because they can use the peak flux, which is much
larger than the average flux. Fig. 4.5 illustrates the tof technique for the example of a very simple diffractometer at a pulsed source.
A pulse is generated in the target-moderator-reflector assembly housed in the biological shielding. The source pulse can be used as
is, or with further pulse shaping by a pulse shaping chopper system, see Section 4.4. A chopper is a device that periodically opens
and closes the beam path [118]. Chopper 1 in Fig. 4.5 is a so-called frame overlap chopper that ensures that only neutrons from
one pulse arrive at the detector at any given time. The neutrons are transported to the detector by a neutron guide, see Section 4.4.
Chopper 2 is used to define the wavelength band used for the experiment. Finally, for a diffractometer, the neutrons are elastically
scattered and detected in a position sensitive detector surrounding the sample. The time elapsed from the release of the neutrons in
the pulse to their detection is a measure of the wavelength, and the scattering angle for that wavelength, together with the recorded
intensity, gives the desired structural information.

The wavelength band of a pulsed source is determined by the source period Tj,. and the total instrument length L. In order to
avoid frame-overlap, the maximum bandwidth 44 that can be used at the detector has a time-of-flight range AT equal to the source
period Ty, .:

L TSI‘C

n

AL =

o T
~ 3956 mA/S% (4.10)

For long pulse sources, which require pulse shaping to improve the time-of-flight resolution, the position L, of the pulse shaping
device constraints the accessible bandwidth. Together with the duty cycle of the source, this defines a ‘natural’ instrument length

_ L (4.11)
~ duty cycle’ ’

Lnat
That is the reason, why the high resolution instruments at a long pulse spallation source like the ESS (see Section 6) are all placed
at a distance of approximately 160 m [120]. Typical CANS and HiCANS instruments are much shorter [121].
For a diffractometer, one is interested in the d-spacing resolution, i.e. how accurately can the distances d between reciprocal
lattice planes be determined? There are three independent contributions: uncertainties in the wavelength, the path length, and the
scattering angle: The total resolution is then given by

V) CE) (o)

The wavelength spread is given by the uncertainty in the time of flight T caused by the neutron pulse length z,,:

T T, h/m
% - ;’ - —”"‘L: " (4.13)

Eq. (4.13) shows that the wavelength resolution increases, i.e. * decreases, with decreasing pulse length 7,5 and increasing
distance source-detector L. To achieve the desired resolution % of 0.01-0.1, such instruments typically have a length of the order
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Fig. 4.6. Schematic illustration of the pulse shapes for neutrons of a certain wavelength (please note that the pulse shapes for different wavelengths differ) from
the moderator for a short-, medium-, and long-pulse length source. The neutron pulses are represented by solid lines, while the corresponding proton pulses are
shown as dashed lines. The figure is not to scale, neither for the intensity axis nor for the time axis. The typical length of the proton pulses is less than 1 ps, a
few hundred microseconds, and a few milliseconds for short, medium, and long pulse sources, respectively.

of 100 m. According to Eq. (4.13) the desired resolution can be achieved with this instrument length with pulse lengths on the order
of a few 10 ps and according to Eq. (4.10) repetition rates on the order of some 100 Hz are required. For instruments working with
cold neutrons, the pulse length can be correspondingly longer, say on the order of 100 ps, and the repetition rates smaller.

It should be noted that the above estimates are valid for a simple diffractometer. For such an instrument, long pulse sources
have a higher fluence in the pulse, but according to Egs. (4.11) and (4.13) need longer flight paths to achieve the same resolution.
This increases the cost of the instrument significantly. The solution is multiplexing: more sophisticated instrument designs and other
instrument types may include pulse shaping by additional choppers and elaborate multi-wavelength data acquisition schemes such as
“wavelength frame multiplication” or “repetition rate multiplication”, which overcome some of the constraints between instrument
length, resolution and repetition rate. However, a discussion of these techniques is beyond the scope of the present neutron source
review and we refer to the appropriate literature [120,122-124]. The main aspect of the above discussion is to obtain the required
timescales for the different neutron energy ranges: The required pulse lengths range from about 1 ps for eV neutrons, a few times
10 ps for thermal neutrons, to over 100 ps for cold neutrons, while the appropriate pulse frequencies range from a few 100 Hz for
thermal neutrons to 10 Hz for cold neutrons. These estimates guide the design of the neutron moderator and determine the macro
pulse length provided by the accelerator, while long pulse sources use the multiplexing schemes mentioned above [120].

Preferably high density hydrogenous moderators are being used for pulsed sources. They minimize the spreading out of the pulse
due to the small mean free path, see Table 4.1. Still there remains the conflict between the desired high time averaged flux and the
short pulse lengths. Roughly speaking, one can distinguish the following cases, see Fig. 4.6:

» Short pulse length sources, where the macro pulse length of the accelerator is shorter than the average storage time of the
neutrons in the moderator-reflector assembly. This is typical for short pulse spallation sources with proton pulse lengths below
1 ps, see Section 6. For short pulse sources, it is the moderator-reflector assembly that determines the shape and intensity of
the neutron pulse as a function of energy. For short pulse sources, pulse shaping is difficult and the asymmetric pulse shape
can cause problems for certain applications. However, an advantage of short pulse sources is the intrinsically better resolution
(see Eq. (4.13)) that can be achieved without additional means. To produce truly short neutron pulses and better pulse shapes,
special measures must be taken, such as decoupling the moderator from the reflector and poisoning the moderator [12], see
below.

Medium pulse length sources, where the macro pulse length of the accelerator is comparable to the average storage time of
the neutrons in the moderator-reflector assembly, typically in the range of a few hundred microseconds for cold neutrons.
The pulse shape essentially consists of a rising edge as the moderator fills with neutrons from the target in the slowing down
regime and a decay edge when the target pulse has passed. Medium pulse length sources are typically sources with lower
source strength such as HiICANS, see Section 7.2. Matching the pulse length from the accelerator to the neutron storage time
in the moderator-reflector assembly increases the neutron fluence in the pulse, since the moderator is continuously filled with
fast neutrons. The moderator—reflector assembly, together with pulse shaping choppers, can be designed to produce a nearly
symmetric pulse, which is advantageous for most applications.

Long pulse length sources, where the pulse length is essentially determined by the macro pulse length of the accelerator.
Typical pulse lengths are in the range of a few milliseconds, which is significantly longer than the time needed to slow the
neutrons down in the moderator—reflector assembly. This is typical for long pulse spallation sources, see Section 6. Neutron
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Fig. 4.7. Schematic drawing of various guide geometries. From top to bottom: (a) curved neutron guide to avoid direct line of sight to the source; (b) ballistic
neutron guide to transport long wavelength neutrons over long distances; (c) elliptical neutron guide to image the source onto the sample position; (d) nested
mirror optics to achieve similar imaging; (e) SELENE optics to produce a small, virtually background free neutron beam footprint by avoiding the coma-aberration
of a simple elliptical neutron guide. The thin red lines represent possible neutron trajectories.

pulses from the moderator have a rising edge as the pulse from the target fills the moderator and a decay edge when the pulse
from the target has passed. At the trailing/decay edge, absorption and leakage through the surface determine the decay of
the flux in the moderator. In between, the moderator-reflector behaves as in the steady state case, and the pulse from the
moderator has a (nearly) flat top. Using pulse shaping schemes with choppers, one can select this flat top region to generate
a pulse for the instrument and produce a Gaussian pulse shape, which is advantageous for many applications.

Much of the trailing edge of the neutron pulse is due to neutrons that have left the moderator, become thermalized in the
reflector, and are backscattered into the moderator. This contribution can be suppressed by simply decoupling the moderator for
thermal neutrons from the reflector while allowing fast neutrons to pass [125]. This can be achieved by a layer of a neutron absorbing
material that has resonant absorption for thermal neutrons. Examples are cadmium (Cd) and gadolinium (Gd), which decouple at
0.5 eV and 0.1 eV, respectively. On the other hand, absorbers without resonances have an absorption cross section proportional to
the wavelength or inversely proportional to the velocity v. An example is boron (B). Due to the less abrupt energy dependence of
the neutron absorption cross section, such 1/v absorbers are less suitable because they also absorb epithermal neutrons.

While decoupling is used to suppress the trailing edge of the pulse, the pulse width can be controlled by poisoning the
moderator [126]. Again, resonance absorbers are used, which have a high absorption cross section for thermal or cold neutrons,
but a low absorption cross section for high energy neutrons, again typically Cd and Gd. In the heterogeneous poison scheme, a
layer of neutron absorbing material is introduced into the moderator, but outside the direct view of the instrument. In effect, the
moderator appears large for fast neutrons, which can pass through the absorber, and small for thermal neutrons. This limits the time
slow neutrons spend during diffusion in the moderator and narrows the pulse for low energy neutrons while maintaining a high
probability of thermalization of fast neutrons. Obviously, poisoning comes at the expense of intensity. If poisoning and decoupling
can be avoided, almost an order of magnitude of flux can be gained if the extra pulse length can be accepted from a resolution
standpoint; see [127] for a detailed discussion of the interplay between pulse intensity and pulse length for various geometries.

4.4. Neutron transport and optics

For beam experiments, the neutrons released and moderated in the primary neutron source must be extracted and transported to
the experiment. This offers another way of modifying the neutron spectrum and its time structure to suit the needs of the experiment.
Details are far beyond the scope of this review and would require a separate review article. For the sake of completeness, a very
cursory overview of the techniques used is given here, again omitting specialized topics such as neutron beam polarization. For an
introduction we refer to the textbooks [12,92,95] and recommend [120] and references therein for a fairly complete and recent
overview of modern techniques used to tailor neutron beams — from moderation to beam extraction and beam transport to pulse
shaping for various types of beamline applications for the instruments designed for the European Spallation Source (ESS).

In short, the neutrons are extracted from the primary source through evacuated beam tubes. They are transported over long
distances of up to more than 100 m through neutron guides. These evacuated glass tubes are often rectangular in cross-section.
Neutrons are transported by total reflection from the polished glass surface or a thin low roughness metal layer on the glass surface.
In its simplest form this can be a thin film of 58Ni, but nowadays supermirror coatings are used to increase the transported neutron
divergence by Bragg reflection from a gradient multilayer. Gamma radiation from the primary source can be suppressed by curved
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Fig. 5.1. Length- and timescales covered by research with neutrons. Typical applications and the corresponding techniques used are indicated [135].
Source: Adapted from a strategy paper of the German Committee Research with Neutrons (KFN) [135].

guides that avoid direct line of sight between the instrument and the neutron source. The transmission properties of neutron guides
can be used to suppress short wavelength neutrons while transporting long wavelength neutrons over long distances with very
little loss, e.g. in so-called ballistic neutron guides [128]. Neutron guides may include focusing optics to image the source to a
sample position on the instrument. This can be done by elliptical neutron guides [129], special double-bounce so-called SELENE
optics [130,131], or by a nested mirror arrangement [132], see Fig. 4.7.

Neutron beam filters are used to clean or modify the spectrum or as elements of instrumentation. They are based on either
resonance absorption or scattering using the Bragg cutoff. Examples include: (i) bismuth (Bi) single crystals absorb gamma radiation
from the source while being transparent to neutrons when properly oriented; (ii) cadmium (Cd) is a strong neutron absorber in the
thermal and cold energy range while being transparent to hot neutrons; (iii) polycrystalline beryllium (Be) has a cutoff wavelength
of 0.392 nm, blocking shorter wavelength neutrons by Bragg scattering out of the transmitted beam. Neutrons with wavelengths
beyond the Bragg cutoff (A > 0.4 nm or E < 5 meV) pass through the filter with little attenuation when the filter is operated at
liquid nitrogen temperature (77 K) to suppress phonon scattering.

Another approach to tailor the spectrum of a neutron beam and to modify its pulse time structure is the time-of-flight method.
Neutron choppers are used for this purpose [118]. Fast rotating neutron absorbing disks with openings to let the beam pass only for
a short time are called “disk choppers”. Double disk choppers, consisting of two counter-rotating disks, are often used to produce
shorter neutron pulses. Another approach is to use cylinders of neutron-absorbing materials that rotate around the cylinder axes
and have a slit that allows neutrons to pass only when the slit is in the direction of the incoming beam, called Fermi choppers.
Modern instrument concepts use clever combinations of focusing guides with pulse shaping choppers, e.g. in an eye-of-the needle
arrangement [133].

5. Main application of neutrons in large scale facilities

Large neutron user facilities serve a broad range of important applications: (i) free neutrons are used in beamline instruments
as probes of condensed matter on a wide range of length and time scales; (ii) neutrons are used in materials research, quality
control, and industry for high sensitivity elemental analysis through the technique of Prompt Gamma Neutron Activation Analysis
(PGNAA); (iii) beams of free neutrons are used to produce images or tomograms of various objects revealing their internal structure;
(iv) neutrons are themselves objects of study in high precision particle physics experiments; (v) neutrons are used to produce
radioisotopes for various purposes, e.g., radionuclides for medical applications; (vi) neutrons are used to induce transmutation,
e.g. for homogeneous doping of Si single crystals for electronics applications; (vii) neutrons are used to treat cancer by irradiation,
e.g. in Boron Neutron Capture Therapy (BNCT); (viii) high intensity neutron sources are key for the development of fusion
reactors [134]; and of course (ix) there are many other applications, too numerous to list here. By far the largest community served
uses classical scattering methods as outlined in the next section.

Fig. 5.1 shows the length and time scales covered by neutron research. It gives a rough overview of the techniques used and
shows some major applications. The very extremes of length scales — below 10~!2 m — are the domain of nuclear and particle physics,
at the other extreme intimately connected to cosmology. Neutrons as probes for condensed matter research cover a range in the
phase space from picometers (pm) to meters and femtoseconds (fs) to hours, an extremely impressive range! The majority of users
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come from the study of materials and material systems in many research fields: condensed matter physics, chemistry, materials
science, magnetism and soft matter research, engineering, life sciences, geosciences, medicine, food science, and many more. Cold,
thermal and hot neutrons are ideally suited for these uses because their wavelengths match the relevant length scales and their
energies match the typical excitation energies in the respective materials. Ultracold neutrons, on the other hand, are the subject of
particle physics research. In this chapter we give a very brief overview of the main applications of neutrons in large scale facilities
and mention briefly the techniques used. From their requirements general specifications that neutron sources should fulfill to serve
the respective purposes can be deduced.

5.1. Scattering

The majority of users of large-scale facilities for research with neutrons utilize neutron scattering as their preferred technique.
The efficacy of this technique is contingent upon the distinctive properties of neutrons:

» As neutral particles, neutrons have large penetration depths in most materials, allowing, for example, operando studies of
entire devices.

Diffraction from large objects has important applications in many areas. Stress and strain diffractometers are used to probe
strain and texture in materials and for engineering applications [136]. Effects of the production process of engineering
materials are investigated by texture analysis, e.g. the ordering of the crystalline structure in steel grains due to industrial
rolling processes [137]. The method is also effective for acquiring knowledge about the production process of historical
artifacts [138,139] or the history of geological samples that have undergone multiple transformations and subduction during
the evolution of the Earth, including plate tectonics and volcanism [140].

Neutrons interact with atomic nuclei, which means that their interaction is isotope specific and allows the labeling of specific
functional groups by isotope exchange, a very important technique in soft matter or life science studies [141,142] by H-D
exchange.

Diffraction from larger (many nm) size objects requires specialized techniques. Small angle neutron scattering (SANS) is
strongly applied to study polymers, colloids and complex fluids (i.e. the classical soft matter), membranes, proteins and
protein complexes, but also for many other applications [143-145]. To detect a lateral surface or interface roughness, lateral
correlations, sizes and shapes of objects such as particles positioned on top of the surface or in a surface near region off-
specular scattering is required. Grazing incidence small-angle scattering (GISAS) enables access to this desired structural
information [146-148].

The nuclear interaction of neutrons with matter leads to a high sensitivity for light elements and the possible discrimination
of neighboring elements in the periodic table.

The sensitivity to light elements is an essential feature for the study of biomolecules [141,142] and energy materials, where
light atoms, such as hydrogen, lithium, or sodium, are the atoms responsible for functionality [149-152].

Neutrons are a gentle, non-destructive probe, which is particularly important for life sciences [141,142].

Through the nuclear moment, neutrons are sensitive to the magnetic fields inside samples and are therefore the most important
probe to study magnetic structures and dynamics [153].

Magnetic SANS is employed to study structures on the nm length scale such as skyrmions or flux line lattices [154]. Reflectom-
etry [155,156] is used to investigate layered systems, e.g. for spintronic devices. Monochromatic neutron reflectometers [157]
as well as many time-of-flight instruments [158-160] are employed to study a wide variety of layered systems, from soft matter
and biological systems through engineering materials to magnetic multilayers.

Thermal neutrons have wavelengths comparable to interatomic distances, which allows one to solve the atomic structure.
Single crystal and powder diffractometers are available at any neutron facility. They operate in either constant wavelength
(CW) or time-of-flight (TOF) mode, depending on the neutron source [161,162]. These instruments enable the determination
of the atomic structure of crystalline materials and the investigation of correlations on the length scale of a few nm of the
local structure in amorphous materials and liquids [163]. For studies of the local crystal structure of materials, where the
information is buried underneath strong Bragg peaks in the form of a weak diffuse scattering, pair-distribution-function (PDF)
measurements are used [164]. PDF studies are particularly helpful for nanocrystalline materials where atoms with a reduced
coordination number often determine structural and magnetic properties of nanoparticles and are key for enabling real-life
applications of nanoscale materials [165].

Thermal neutrons have energies comparable to the excitation energies in materials, allowing the study of microscopic (atomic,
molecular) dynamics.

Neutron spectroscopy provides unique information about the dynamic properties of condensed matter. Computer modeling of
inelastic neutron scattering cross sections allows one to obtain parameters of model Hamiltonians, such as interatomic forces
or exchange constants, which allow one to predict the macroscopic response of a material and thus lead to a microscopic
understanding of the relationship between structure and function. Neutron spectroscopy provides 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 allow benchmarking
of ab-initio theories and computer modeling with huge impact in many different scientific fields [166]. Quasielastic neutron
scattering (QENS) allows measurement of the molecular displacements and probes dynamics from fast vibrational modes down
to slow diffusive motion [167]. The instruments best suited to performing high-energy-resolution neutron spectroscopy are
spin-echo spectrometers and backscattering spectrometers [168].
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Neutron scattering utilizes the spectral range from hot to cold neutrons, and highly sophisticated and efficient techniques have
been developed for both continuous and pulsed sources, as detailed in the cited literature and textbooks such as [12].

5.2. Imaging

As the neutron can penetrate matter deeper than most other microscopic probes it can be used to image large objects, for example
running engines or large geological specimen. Uniquely, the neutron can also image the magnetism in these objects. On a scale from
some micrometers up to a meter, neutron imaging is applied for non-destructive investigation or quality control of complex devices.

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 pm [169,170]. 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. In simple neutron radiography, the contrasts
evident in the recorded image show all structures inside the sample that have attenuated the neutron beam. A series of neutron
images, taken together with a rotation of the specimen inside the beam, allows for the reconstruction of the three-dimensional
structure, a process known as neutron tomography [171].

The phenomenon of attenuation can be attributed to either absorption or 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 [172]. For this reason, neutron imaging is technologically relevant
to detect organic materials embedded in a metallic environment, e.g. lubricants inside a motor or water induced corrosion
inside a steel construction. Nevertheless, the scientific cases encompass a plethora of disciplines, including, but not limited to,
geology, construction materials, porous materials, engineering materials, liquid metals, plant sciences, magnetism, and cultural
heritage [173,174].

Depending on the size of the structure under investigation the energy of the neutron beam can be chosen to have a penetration
depth appropriate to the attenuation power of the entire sample. Fast neutrons (energy > 10 keV) are used to image entire machines
up to 1 m in size, while thermal (energy < 0.5 eV) or cold (energy < 5 meV) neutrons are used to image materials and devices
with dimensions of centimeters or less. Neutron imaging has been applied in the determination of liquid water in operating polymer
electrolyte fuel cells (PEFCs) to resolve the water distribution in different layers of the fuel cell structure [175]. The high visibility
of neutrons for light-Z elements, in particular hydrogen and lithium, enables the direct observation of lithium diffusion, electrolyte
consumption, and gas formation in lithium batteries [176].

Resolution of the neutron wavelength in the cold neutron regime around the Bragg edges of the material under investigation
allows one to image regions with different crystalline structures. This is of interest e.g. in the steel production, where the mixture
and order of martensitic and austenitic phases determines important mechanical properties of the material [177].

The utilization of polarized neutrons in imaging allows the visualization of magnetic structures and fields. Imaging with polarized
neutrons involves extended polarized neutron beams with well-defined collimation and the use of imaging detectors [178].

The application and utilization of neutron imaging have witnessed a notable expansion over the past few decades, with the
establishment of numerous experimental facilities for neutron imaging and the announcement of further planned constructions [179-
181].

5.3. Precision physics, particle and nuclear physics

While in materials research the neutron is used as a probe on atomic length and time scales, in particle physics the neutron
becomes the object of research itself. Precision experiments with cold and ultracold neutrons allow rigorous tests of the Standard
Model of particle physics and tests of new physics beyond the Standard Model [182-184]. This “precision frontier” complements
research at the “energy frontier” at large accelerator facilities such as CERN or Fermilab [185,186]. In addition to resolving
shortcomings of the Standard Model, neutron research can address a number of fundamental questions relevant to cosmology and our
understanding of the universe, such as the much debated nature of dark matter and dark energy, quantum gravity, or the asymmetry
between the abundance of matter and antimatter in the universe. Major experimental efforts are underway in the following areas:
(i) Precision experiments to determine the electric dipole moment of the neutron [187]. In an attempt to understand the observed
baryon asymmetry of the universe, these experiments probe the physics that violates time reversal invariance and, through the CPT
theorem, the combined symmetry of charge conjugation and parity (CP). (ii) Precision measurements of the neutron beta decay
lifetime. They allow one to obtain numerical values of the free parameters of the Standard Model (SM) and to search for new
physics [188]. (iii) Neutron interferometry as a test of quantum mechanics and quantum gravity [189].

Such precision experiments often require a high density of ultracold neutrons, which can be stored in (magnetic) ‘“neutron bottles”
for e.g. neutron lifetime measurements or to search for an electric dipole moment of the neutron. Major efforts are underway to
optimize ultracold neutron (UCN) sources at the major neutron research facilities. As the “precision frontier” is intertwined with the
“intensity frontier”, MW spallation sources such as the future European Spallation Source ESS promise to open up new unexplored
territory [3].
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5.4. Radioisotope production

Molecular imaging of molecules, biochemical processes, and physiological activity within the human body is one of the most
powerful tools for diagnosis and staging of disease. Common tools for molecular imaging to tag specific biologically active molecules
(biomolecules) are medical isotopes. They are used worldwide for broad spectra of purposes [190] including nuclear diagnostic
imaging, gamma imaging, positron emission tomography, bone density measurement, gastric ulcer detection, radioimmunoassay
and therapeutic techniques, palliative care, radiotherapy, brachytherapy and irradiation of blood for transfusion.

Medical isotopes are produced using nuclear reactions at either nuclear reactors or accelerator facilities [191,192]. The basic
setup involves exposing a target to a high flux of particles, either from a neutron source or from an accelerator. Nuclear (as opposed to
chemical) reactions within the target then create the medical-isotopes from the nuclei of the target material. Neutron rich isotopes are
produced in reactors by thermal neutron irradiation and neutron-deficient 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 [193].

The technetium isotope *"Tc has become the most prevalent radioisotope utilized for the diagnosis of pathological conditions.
99mTe (half-life 6 h) is generated from the molybdenum isotope *Mo (half-life 66 h). It accounts for approximately 80% of all nuclear
medicine procedures, representing around 30 million examinations worldwide every year, of which about one quarter is located in
Europe. “Mo is generally produced by fission of 235U with thermal neutrons irradiating 2>>U enriched uranium targets in a high
neutron flux reactor. The production of ®Mo in this way is very effective due to the high fission cross section of U of 585 barn
for thermal neutrons and the high cumulative fission yield of Mo (6.1%). At current about 26.000 6-day Ci per week of Mo are
shipped out worldwide by about 11 reactors [194].

Accelerator based neutron sources represent an alternative to reactor sources in particular for the production of *"Tc via its
precursor *Mo [195,196]. Here Mo is produced based on the neutron capture reaction **Mo(n, y)°*Mo by irradiating natural (the
isotopic abundance of *®Mo is 24.2%) or **Mo enriched molybdenum samples. In this process, highest epithermal neutron flux at
the position of irradiation of the sample is required to achieve a usable **Mo activity. Compared to the uranium fission approach,
the neutron capture method has the advantage to simplify the processing scheme and reduce the waste stream.

Another increasingly used medical radioisotope used in targeted radionuclide therapy for treating neuroendocrine tumors and
prostate cancer is !”’Lu. '""Lu can be produced either directly by irradiation of '"Lu or indirectly by irradiation of '7°Yb. The
irradiation of '7°Lu leads directly to !"’Lu, while irradiation of '"0Yb will lead to the production of the short-lived intermediate
radioisotope "7Yb, which decays to !7’Lu. It has a half-life of 6.7 days and is compatible with various targeting agents, ranging
from short peptides to large biomolecules. Mainly produced in reactor facilities it is currently the most commonly used isotope for
targeted radionuclide therapy.

Radioisotopes are also used in a wide range of industrial applications as on-line analytic with 2*! Am, 23>Cf and ®*Ni, pollution
measurement, home-land security, smoke detectors, irradiation and radiation processing with ®°Co for sterilization of medical
supplies, pharmaceuticals or food packages, radioactive tracers and non destructive testing.

Radioisotope production usually requires relatively large volumes of high thermal neutron flux, such as those found in the thermal
moderators of research reactors.

5.5. Irradiation

Radiation tolerance is strategic for many applications of electronics [197]: Space applications [198], aircrafts [199], High Energy
Physics (HEP) [200], nuclear reactors [201], nuclear medicine [202]. The need to test commercial industrial products against
neutrons is a growing issue that goes far beyond applications in extreme environments. This applies to avionics as well as commercial
electronics used in everyday applications, as the terrestrial environment is far from radiation-free [203].

Radiobiological effects are of paramount importance for determining the impact of radiation on living organisms and for
the development of effective radiation protection strategies [204]. The relevant data are derived either directly from dedicated
measurements of biological samples subjected to neutron irradiation or from the effects observed in the human population following
the atomic bombs detonated at Hiroshima and Nagasaki. The response to high-energy neutrons can be a valuable means of acquiring
insight into the mechanism of DNA mutations. Advanced techniques have been developed for the observation of DNA damage and
repair mechanisms [205]. Also the irradiation of cells and embryo for determining the Relative Biological Effectiveness (RBE) of high
energy neutrons has been done [206] or for radiobiological studies at a cold neutron beam [207]. The impact of neutron irradiation
of food resources is a significant consideration for astronauts at the International Space Station (ISS), as well as for those engaged in
potential future space travel to the Moon or Mars. It is also a crucial factor in the development of neutron scanning techniques for
security applications. The process of neutron capture has the potential to cause food activation or a modification of the oxidation
state of proteins and lipids, which could subsequently alter the food intake and its compatibility for the human body [208-210].

Dedicated target station have been realized at CANS facilities where 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 [211].

Another important application of irradiation with neutrons is Neutron Transmutation Doping (NTD) of e.g. pure silicon. Due to
neutron capture and a following - decay of the neutron rich silicon into phosphorus, n-type bulk doping can be achieved. Such
highly doped silicon is then used for high-power electronics as well as for semiconductor detectors. NTD, in comparison to other
methods, has the advantage of a highly homogeneous and uniform doping [212]. Typically, the NTD is done at research reactors
close to the reactor core where a high neutron flux is present [8,213].
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5.6. Boron neutron capture therapy

In the late 1930s Boron Neutron Capture Therapy (BNCT) was proposed as a potential method for cancer therapy. Based on the
property of the isotope !B to capture thermal neutrons with high probability (high effective cross-section: 3835 barn), decaying
into a He and a Li nucleus by the capture reaction '°B(n, a)’Li, BNCT is a precise targeted therapy concept. The '°B(n, a)’Li reaction
produces two particles with high biological effectiveness in killing cells and with a short range in tissues (about the diameter of a
cell). If such reactions can be selectively triggered in tumor cells, a “cell-surgery” results: single tumor cells invading normal tissues
are destroyed without damaging surrounding healthy structures [214]. BNCT has the potential to overcome radiation resistance in
certain tumors or to re-irradiate local recurrences after high-dose radiotherapy.

Initially BNCT was evaluated clinically in the 1950s, and since significant progress has been made through a wide range of
clinical and non-clinical research efforts [215]. Despite the potential, BNCT has not become a standard method for radiotherapy
yet, mainly because BNCT required a research reactor for the supply with neutrons, which is mostly located far from a hospital and
not always available for patient care. Recently this situation is changing with the advent of accelerator-based neutron sources [216].
First projects have started at hospitals in Japan [217] and Finland [215]; similar projects are underway in other countries [218].

5.7. Activation analysis

Prompt Gamma Neutron Activation Analysis (PGNAA), also called Neutron-induced Prompt Gamma-ray Analysis (PGA), is a
non-destructive analytical tool that can be used to determine the elemental composition of samples or items of diverse origins. The
technique is based on the detection of isotope-specific prompt gamma rays, which are induced by the capture of cold or thermal
neutrons by atomic nuclei ((n, y)-reaction). PGNAA allows a panoramic analysis, since all elements, excepted helium, emit prompt
gamma rays. It is particularly useful for the accurate detection of light elements, for which only few nondestructive analytical
techniques are available. PGNAA is an unique method to determine hydrogen in any kind of samples with a detection limit at
ppm level or below and, at the same time, to provide the elemental content of the investigated sample. PGNAA may be used for
in-situ investigation of chemical processes like catalytic reactions. Large objects may be investigated to some extent by PGNAA
using cold or thermal neutron beams. However, due to their high penetration depth, fast neutrons are a better choice for the bulk
analysis of large and thick objects. Pulsed sources offer the possibility of depth-resolved determination of elemental composition.
Development is underway to combine activation analysis with imaging techniques, which could lead to efficient element-specific
neutron tomography. Applications of PGNAA cover a wide range of disciplines [219,220] such as nuclear physics, material science,
geochemistry, mineralogy, petrology, chemistry, environmental science, agriculture, food analysis, biology, medicine, forensic,
archaeology, cultural heritage, cosmochemistry and other areas including specific industrial issues.

6. Large scale facilities for research with neutrons based on fission and spallation

While the main nuclear processes for neutron release from nuclei and essential aspects of the techniques used to tailor spectra
and time structure have been discussed in Sections 3 and 4, we now turn to the actual technical realization of neutron sources,
taking into account the specifications derived from the applications presented in Section 5. In the present chapter, as mentioned in
the introduction, we will only sketch the known technologies of research reactors and spallation neutron sources and give a brief
overview of existing and planned facilities. The following Section 7 is dedicated to a novel approach for future facilities, which is
the main focus of this review.

6.1. Research reactors

6.1.1. Basics and realization

Fig. 6.1 shows a schematic cross section through the pool of the FRM II research reactor in Garching, close to Munich, Germany.
The FRM 1II [221,222] became critical in 2004 and is one of the most powerful and advanced research reactors worldwide with a
high thermal neutron flux of 8 x 10'* n/cm? s. The figure shows the main components of such a facility. We take the example of
FRM II to explain the function of the various components in general terms.

» Fuel element: This is the core of the neutron source, where the fission process takes place. While most research reactors feature
an arrangement of several fuel elements, the high flux sources like FRM II, or the High Flux Reactor (HFR) of the Institute
Laue-Langevin (ILL) in Grenoble, France, have just one fuel element. Thus they are examples of “compact core reactors”. The
challenge is to dissipate the heat produced during the fission process in the fuel element. The thermal power amounts to 20
MW and 58.3 MW for the FRM II and HFR, respectively. The fuel element of these high flux sources consists of two coaxial
cylindrical tubes with a length of more than 1 m (70 cm active zone for FRM II), between which fuel plates are arranged. The
outer diameter of the FRM II fuel element is only 24 cm. Both mentioned reactors use highly enriched (>90%) uranium >>U
(8 kg for the FRM 1II) in the form of U;Si,, but are in the process of converting to lower enrichment [223].

Cooling circuits: For cooling, light water is pumped through the central core channel, which separates the light water of the
primary cooling circuit (down flow) from the surrounding pool water and the heavy water moderator tank. The cooling water
flows through the fuel element at high velocity (several 100 1/s). For the FRM II, the water flow rate of 300 1/s (17.5 m/s)
ensures that its temperature only rises from 36 °C to a maximum of approximately 51 °C. In total, there are three hydraulically
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Fig. 6.1. Section of the reactor and spent fuel pool of the FRM II reactor in Garching, Germany. Copyright: FRM II/TUM.
Source: Reproduced from [221] with kind permission.

separated cooling circuits in FRM II. They are thermally connected by heat exchangers. The primary cooling circuit pumps
water through the fuel element and is equipped with several pumps (4 in the case of FRM II). The secondary cooling circuit
connects the primary and ternary cooling circuits. In the latter, heat is dissipated to the environment by evaporation through
cooling towers.

Control rod: The chain reaction is characterized by the neutron multiplication factor k, which is defined as the ratio of the
number of neutrons in one generation to the number in the preceding generation. Under normal operation conditions, the
reactions proceed at a steady rate and the reactor is said to be critical, i.e. k is exactly unity and a nuclear chain reaction is self-
sustaining with zero reactivity. A rod made of neutron absorbing material, so-called “neutron poison”, which can mechanically
be moved, is used to control k and the reactor power. Such mechanical control is made possible through the existence of delayed
neutrons, which are emitted after the actual fission process on a timescale comparable to the times needed for the mechanical
movement of the rod. In the FRM II reactor a single hafnium (Hf) rod, which moves within the inner tube of the fuel element,
is used as control rod. The control rod is also able to shut down the reactor.

Shutdown drive: Additional neutron-absorbing rods (five Hf rods for FRM II), which can serve as an additional shutdown
system, are arranged around the fuel element or fuel element assemblies. Under normal operating conditions, they are
completely withdrawn from the reactor core, but can be rapidly brought close to the fuel elements to suppress the chain
reaction and shut down the reactor.

Thermal moderator: The fuel element is located in the central core channel in the center of the thermal moderator. The
moderator tank of FRM II has a cylindrical shape with a diameter of 2.5 m and a height of 2.5 m. It is filled with heavy
water (D,0), which also serves as a reflector of thermal neutrons back into the fuel element to sustain the chain reaction.
Compared to light water H,O, D,0 as a thermal moderator has the advantage of being less neutron absorbing, see Table 4.1.
Thus a high steady flux of thermal neutrons can build up in a large volume, which is advantageous for the installation of
irradiation facilities and secondary sources. Within the thermal moderator and the central core channel, the neutron flux is
not homogeneous, but has a distribution due to the different installations with a maximum flux of 8 x 10'* n/cm? s [223,224].
Secondary sources: In order to shift the spectrum to longer or shorter wavelength, cold and hot sources are located within the
thermal moderator [225,226]. At FRM II the cold source is located close to the thermal flux maximum. It is filled with about
121 of liquid D, at 25 K. The power of 4.5 kW developed by the nuclear heating is evacuated by a two-phase thermal siphon.
A refrigerator outside the reactor pool provides the cooling power to maintain the required low temperature. The hot source
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Table 6.1
Main parameters of major neutron facilities based on fission and spallation. While reactors are typically continuous sources, the majority of spallation sources
are operated in pulsed mode. Notable exceptions to this are the pulsed reactor IBR-2 and the continuous spallation source SINQ.

Facility Location Start operation Thermal power Thermal Flux Instruments Reference
[MW] n/cm?/s

Reactor sources

NPI Rez (CZ) 1957 10 1x 10" 8 [230]
BNC Budapest (HU) 1959 10 2.1x 10" 15 [230]
RID Delft (NL) 1962 2 3x 102 9 [230]
ATI Vienna (AT) 1962 0.25 5x 102 5 [230]
JRR-3 Tokai (JP) 1962 20 2x 10" 22 [231]
HFIR Oak Ridge (US) 1965 85 2.3x 10 12 [232]
NCNR Gaithersburg (US) 1967 20 5x 10" 30 [233]
ILL Grenoble (FR) 1971 58 1.5x 10 42 [230]
MARIA Swierk (PL) 1974 30 1x 10" 6 [230]
IBR-2 Dubna (RU) 1984 2 1 x 1062 14 [229]
MLZ Munich (DE) 2005 20 8x 10 35 [230]
CARR Beijing (CN) 2005 60 8 x 10 8 [234]
ANSTO Sydney (AU) 2007 20 4x 10" 15 [235]
Spallation sources

ISIS Didcot (GB) 1985 0.16 4.5x 1052 35 [230]
SINQ Villingen (CH) 1996 1 4.1x 10 17 [230]
SNS Oak Ridge (US) 2006 1.4 2.1 x 10'62 20 [236]
J-PARC Tokai (JP) 2008 1 1.5x 10'72 13 [237]
CSNS Dongguan (CN) 2018 0.14 2 x 10162 3 [238]
ESS Lund (SE) 2026 5 4x 1002 22 [239]

2 For pulsed sources, the peak flux is given.

consists of a thermally insulated graphite block, heated by gamma radiation from the reactor to a temperature of 2000 °C.
The cold, thermal and hot neutron spectra of FRM II are plotted in Fig. 4.3.

Reactor pool and spend fuel pool: The reactor core, moderator and other installations are immersed in an open pool, which
in the case of FRM II is filled with 700 cubic meters of highly purified light water. The water acts as an additional reflector,
moderator and coolant, but mainly as a radiation shield that allows technicians to work from above. Adjacent to the reactor
pool is a pool for spend fuel elements, where they can be stored until they cool down.

Biological shielding and beam tubes: A biological shielding made of heavy concrete surrounds the neutron source. At FRM
II, the outer concrete wall is 1.8 m thick and protects the reactor against conceivable impacts from outside, including an
airplane crash. Neutrons are being extracted through evacuated beam tubes pointing toward the respective secondary source,
see Fig. 4.2, and guided to the instruments in neutron guide systems, see Fig. 4.7.

The FRM II was used as an example because it is a state-of-the-art research reactor with a compact core. Most research reactors
are open pool reactors and have similar components, but often have an array of fuel assemblies instead of a single compact fuel
element and correspondingly multiple control rods. Different reflectors and moderators are also used, but the principle remains the
same. It is beyond the scope of this review to give an overview of all existing realizations and we refer to the Research Reactor
Database of the International Atomic Energy Agency IAEA [227]. Well-known user facilities are presented in the next section of this
chapter. However, while the example of FRM II provides a good overview of components and installations for steady-state research
reactors, it must be mentioned that there are also pulsed reactors, such as the so-called TRIGA reactor type. TRIGA is an acronym
for “Training, Research, Isotopes, General Atomics”. It is a swimming pool reactor that uses uranium zirconium hydride (UZrH)
fuel. This fuel has a large, prompt negative fuel temperature coefficient of reactivity, so that reactivity decreases rapidly as the
core temperature increases. This inherent safety feature allows pulsed operation with automatic shutdown up to a power of 22,000
MW [228]. Another approach to pulsed reactor operation is realized at the IBR-2 reactor of the Frank Laboratory of Neutron Physics
in Dubna, Russia [229]. It is based on mechanical reactivity modulation by a movable reflector.

6.1.2. Existing facilities and projects

The majority of research reactors have been constructed decades ago (Table 6.1). Of those still in operation in Europe the HFR
reactor at the ILL in Grenoble, France, build in the late 1960s, serves the flagship facility for neutron science in Europe and indeed
has been the leading neutron facility in the world until today [240,241]. Neutrons were first produced in 1971 and the facility,
with almost 40 instruments in operation, is supported by 14 member countries.

In the late 1990s the only new research reactor in Europe, the FRM II reactor at the Heinz Maier-Leibnitz Zentrum in Garching,
close to Munich, Germany, replaced the small FRM I facility and since 2004 is the second most powerful reactor based neutron
source in Europe with nearly 30 instrument in operation [242].

Other national reactor-based neutron facilities in Europe that are currently operational include the Budapest Neutron Centre
(BNC) in Hungary [243] and the Nuclear Physics Laboratory (NPL) in the Czech Republic [244]. They operate, respectively, 12 and
seven instruments that are available to neutron users in Europe. The reactor at the National Centre for Nuclear Research (MARIA) in
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Poland [245] and the reactor at the Reactor Institute Delft (RID) in The Netherlands, the TRIGA reactors at the Johannes Gutenberg-
Universitdt Mainz (TRIGA JGU) in Germany [246], at the TU Wien Atominstitut (ATI) in Austria [247], and at the JoZef Stefan
Institute (JSI) in Ljubljana, Slovenia [248], complete the ecosystem and complement the instruments available to neutron users in
Europe.

Both flagship and large national facilities also exist in the United States. The Oak Ridge National Laboratory (ORNL) hosts the
High Flux Isotope Reactor (HFIR) [249], the most powerful reactor-based source of neutrons in the US. A range of world-class
capabilities are provided at the National Institute of Standards and Technology’s (NIST) reactor-based source, the NIST Center for
Neutron Research (NCNR) [250]. Both facilities started operation in the 1960s. The NIST Center for Neutron Research has a project
on the level of a pre-conceptual design for a reactor, the NIST Neutron Source (NNS), to replace the National Bureau of Standards
Reactor (NBSR) [108].

In Asia, Japan hosts the Japan Research Reactor (JRR-3) [251]. Since 1995 South Korea has operated a multi-purpose research
reactor, HANARO at Daejeon [252], equipped with 15 instruments for neutron science. In China neutron research, supported by
significant investment, is now increasing accordingly. Capacity is provided using the research reactor by the China Advanced
Research Reactor (CARR) in Beijing [253] which started operation in 2004 [254] and the China Mianyang Research Reactor
(CMRR) [255]. The Australian Nuclear Science and Technology Organization (ANSTO) hosts the Open Pool Australian Lightwater
(OPAL) reactor, a large national facility operational since 2007 [256].

In Russia, neutron research is supported by two national facilities: the IBR-2 pulsed reactor in operation at the Joint Institute for
Nuclear Research (JINR) [257], recently refurbished [258], and the PIK reactor at the St Petersburg Nuclear Physics Institute [259].
A few smaller reactor facilities exist further as the IR-8 research reactor in Moscow [260].

A new neutron multi-purpose research reactor is currently under construction in Argentina [261].

6.2. Spallation neutron sources

6.2.1. Basics and realization

As in the case of research reactors, we will discuss the basic elements of spallation neutron sources using the example of modern,
powerful and advanced facilities. Worldwide, there are three user facilities with pulsed spallation neutron sources in the MW power
class: The Spallation Neutron Source (SNS) in Oak Ridge, USA [262,263], the Japan Spallation Neutron Source (JSNS) at J-PARC,
Japan [237,264,265], and the European Spallation Source (ESS) in Lund, Sweden [120,266]. The ESS is under construction and
about to become operational. The SNS was completed in 2006. A second target station for the SNS is currently under development
at the Oak Ridge National Laboratory (ORNL) [267]. In this section, the ESS and SNS will serve as examples for state-of-the-art
long-pulse and short pulse spallation sources, respectively. The technology of such MW-class spallation neutron sources is extremely
demanding. However, details of the design are beyond the scope of this article, and only a very general overview of the main
components will be presented, as was done for the research reactors. Design details can be found in the bi-annual proceedings of
the International Collaboration on Advanced Neutron Sources (ICANS). The following Section 6.2.2 gives an overview of existing
user facilities and projects.

Conceptually, a spallation neutron source consists of the following main components, see Fig. 6.2:

+ Ion source and LEBT: The ion source provides a high ion current (e.g. about 70 mA at 75 keV for ESS) with a low emittance
that is compatible with the Low Energy Beam Transport (LEBT). The LEBT provides beam matching from the ion source to
the Radio Frequency Quadrupole (RFQ) and contains diagnostic systems. Typically, hydrogen ions are used, either negatively
charged H™ or positively charged p = H* ions, while other charge states are filtered out. H™ ions are used at short pulse sources
to feed the proton accumulator ring (see below), while long pulse sources start directly with protons p = H*. A chopper system
determines the pulse length delivered to the LINAC. The SNS as a short pulse source has a pulse length of about 1 ps (650 ns
flat top) at a repetition rate of 60 Hz, while the ESS as a typical long pulse source has a pulse length of about 3 ms (2.86 ms
flat top) at a repetition rate of 14 Hz.

LINAC: The LINear ACcelerator provides the acceleration of the ion beam to the desired energy above the spallation threshold.
For shielding purposes, it is typically located in a tunnel underground with a klystron gallery above providing the required
electrical power. The LINAC consists of a Radio Frequency Quadrupole (RFQ) providing the acceleration up to a beam energy
of a few MeV followed by a Medium Energy Beam Transport (MEBT) section that steers the beam into the normal-conducting
accelerator Drift-Tube Linac (DTL) structures that accelerate the beam to about 200 MeV. Above this energy it is advantageous
to use superconducting cavities to reach the final energy of 1 to 2 GeV. Superconducting niobium cavities are used, cooled
with liquid helium to an operating temperature of 2 K. Finally, the beam is transported to the proton accumulator ring or
directly to the target, for SNS and ESS, respectively, by a High Energy Beam Transport section (HEBT). The final component
of the HEBT is a beam rastering system that spreads the beam to a quasi-rectangular profile before hitting the target.

Proton accumulator ring: This component is typical for short pulse spallation sources. It bunches and intensifies the ion beam
for delivery onto the target. The H™ pulse from LINAC is injected into the ring through a stripper foil, which strips electrons
from the negatively charged hydrogen ions. The H™ ions bend in the opposite direction to the H* ions in the magnetic field,
allowing the protons H* to circulate in the ring and the charge to accumulate over typically more than 1000 revolutions.
Sharp bunches of protons are kicked-out of the ring and directed to the target by the HEBT.
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Fig. 6.2. Schematics of a long pulse (top) and short pulse spallation (bottom) neutron source based on linear accelerators.

Target and target station: The target is the heart of the spallation source, where intense neutron pulses are produced by the
nuclear spallation process when high-energy protons collide with heavy metal targets. The challenge for the target design is
to remove the high thermal load deposited by the proton beam in a small volume (order of 10~3 m?). The SNS operates with
an average proton beam power of 1.4 MW, which is currently being upgraded to 2.8 MW. The ESS is designed for an average
power of 5 MW, but will initially operate at 2 MW. Some of the proton beam power goes into the release of the neutrons, but
most of the beam power is deposited as heat in the target and surrounding structures. The target design differs significantly
for short pulse and long pulse MW spallation sources.

SNS [268] and JSNS [269] use a mercury target: at SNS, approximately 50 tons of liquid mercury circulates in a steel structure
containing the mercury process loop and having a long “nose” of rectangular cross-section facing the proton beam channel.
Cooling is provided by a mercury/water heat exchanger located in the mercury process loop at a distance from the target.
Embrittlement due to radiation damage at the proton beam entrance window and possible cavitation due to pressure waves
during pulses are design challenges and limit the lifetime of the target, which has to be replaced periodically. Therefore, the
target monolith is designed so that the target can be replaced without removing the moderator-reflector assemblies.

The ESS [270] as a long pulse source uses a target wheel inside the target monolith. The monolith is a large structure of about
3000 tons of steel shielding. The target wheel has a diameter of 2.5 m and rotates at 0.5 Hz to distribute the heat generated by
the incoming protons. It consists of 36 sectors containing tungsten (W) bricks cooled by a stream of pressurized helium (He)
gas. The W bricks rest on the rotating steel cassette and are distributed in a cross-flow configuration. An advantage of this
design over the liquid mercury target of the SNS or JSNS is that it does not need to be replaced as often, with an estimated
lifetime at full power of 5 years.

Moderator and reflector: Moderators can be placed above and below the spallation target. Again, specifications are very
different for short pulse and long pulse sources:

SNS [271] uses heavy water cooled reflector plugs, made of beryllium inside stainless steel housing. The steel has a dual
function, as a reflector and as shielding. The reflectors have the function of scattering neutrons that have bypassed or
escaped the moderator back into the moderators, giving them another chance to be redirected to the extraction channels.
Four moderator vessels are embedded in the moderator plugs, two above and two below the target: one ambient decoupled
and poisoned light water moderator, two coupled supercritical hydrogen (H,) moderators, and one decoupled and poisoned
supercritical hydrogen moderator. The H, moderators are operated at 20 K. In order to maintain the short pulse characteristics
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of the source, the moderator can be decoupled from the reflector by cadmium sheets, which absorb the long tail of low energy
neutrons while allowing the higher energy neutrons to pass. Gadolinium (Gd) plates are used as a poison to further shorten
the pulse.

ESS [110,272] as a long pulse source uses a completely different approach for reflectors and moderators. For the long ms
pulses, the neutron storage time in the reflector and moderator in the order of 100 ps is not important. Therefore, beryllium
with its rather long neutron storage times is the material of choice for the reflector and there is no need for decoupling. At
the moment, only one moderator above the target is planned for the ESS, which serves all the initial instruments. This leaves
attractive possibilities for future developments. The configuration above the target consists of a thin light water pre-moderator,
followed by the butterfly-shaped moderator to which all instruments are pointed, followed by a Be-reflector above. The pre-
moderator is thin enough so that light water as highly efficient thermal moderator can be used despite its neutron absorption.
The flat butterfly moderator with a height of 3 cm follows the idea of a low dimensional moderator to maximize moderator
brilliance [109]. The cold moderator uses para-hydrogen at an average temperature of 18.5 K. It is surrounded by thermal
light water channels to provide both cold and thermal and even bispectral beam extraction capabilities.

Beam extraction and transport system: The beam extraction must be optimized so that each instrument extracts the optimal
amount of phase space and the beam transport to the instruments is optimized using Liouville’s theorem, which states that for
conservative lossless optics the phase space density along the trajectories of the system is constant. With modern neutron guide
systems, a brilliance transfer of more than 80% for cold neutrons is achievable even over long distances. For the ESS, a detailed
study of the beam extraction system, taking into account the initial instrumentation, has been performed [114]. A compromise
was found taking into account that (i) for space reasons the instruments are 6° apart; (ii) the butterfly moderator allows each
instrument to extract the appropriate spectrum of neutrons by pointing either at the thermal or cold part of the moderator,
or even to receive neutrons from the cold and thermal parts simultaneously, the so-called bispectral beam extraction (iii)
while the butterfly moderator has a high brilliance, the beam extraction efficiency suffers when the source is reduced to a size
similar to or smaller than the opening of the neutron guide, and (iv) in order to minimize the technical risks associated with
the thermal load and radiation damage to the beam optics, the neutron guides start at a distance of 2 m from the moderator
center.

A challenge in the beam transport system is the fact that during the spallation process very high energetic particles up to the
incident proton energy are produced, which can lead to a high background. So-called TO choppers, heavy rotating shielding
drums that are closed during the initial proton pulse, are used at short pulse sources to suppress this background, while at ESS
neutron guide systems are usually used that deviate the beam path twice from the line of sight. Nevertheless, heavy concrete
shielding, much thicker than in research reactors, is required along the entire beam transport system.

Instrument performance: While spallation is a very efficient process for releasing neutrons from nuclei, the ability to remove
heat from the target is the limiting factor for the performance of the source, as is core cooling in the case of fission neutron
sources. Today’s technology makes it possible to build neutron spallation sources in the MW power range, with average fluxes
similar to those of high flux research reactors. However, for pulsed spallation sources, the neutron flux pulse height can
be several decades higher than the average neutron flux. When comparing the performance of similar optimally designed
instruments between these types of sources, the gain factor for instruments at spallation sources is given by the ratio of
pulse height to average flux, as long as the instrument is able to fully exploit the time-of-flight method at neutron spallation
sources [273].

6.2.2. Existing facilities and projects

First accelerator based spallation neutron sources were developed in the US and in Japan in the late 1970s (Table 6.1). The first
project was the Intense Pulse Neutron Source (IPNS) at Argonne National Laboratory [274] followed by the KEK pulsed neutron
source in Japan [69,275]. Both facilities are no longer in operation due to the construction of more powerful neutron spallation
sources in both countries.

In England and in Switzerland decommissioned research reactors have been replaced by accelerator driven spallation neutron
sources. The spallation source ISIS in the UK came into operation in 1984 with the first target station and 20 beam lines and an
additional muon source [276]. The Swiss Spallation Neutron Source (SINQ) [277,278] was established in the late 1990s at the
Paul Scherrer Institut. It operates more as 20 instruments, a dedicated ultra cold neutron source and a muon source. Each of these
facilities have a significant international user base and are major contributors to neutron science, not just in their countries but
across Europe and beyond.

The Spallation Neutron Source (SNS) at Oak Ridge in the US is currently the most intense accelerator-based source in the
world [262]. It started operation in 2006 and hosts currently 20 instruments. It is planned to build a second target station within
the next decade to increase the scientific capabilities further [263].

The Japan Proton Accelerator Research Complex (J-PARC) is one of the pioneers in accelerator-based neutron sources [237,264]
and J-PARC, when operating at full design power, will be the neutron source with the brightest neutron beams in the world currently.

Recently the China Spallation Neutron Source (CSNS) started operation in 2018 in Dongguan, Guangdong province [238,279]
with an instrument suite that is rapidly expanding.

The most ambitious project is the European Spallation Source (ESS) currently under construction in Lund, Sweden, and scheduled
to begin operation in 2026 [120,280]. ESS will be the future international flagship facility in Europe with the potential to become
a leading neutron facility in the world.
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7. Low energy accelerator-driven neutron sources

Research reactors are very efficient neutron sources in terms of source strength: high flux reactors have a source strength of the
order of 1017 to 10!® n/s, i.e. 107 to 10'8 neutrons are released per second in the reactor core. This leads to high neutron fluxes
on the order of 10'®> n/cm? s in large volume thermal moderators. Many important applications benefit from such high fluxes and
the available space, such as the production of certain radioisotopes for medicine and technology, or irradiation studies.

MW spallation sources can reach similarly high levels of source strength. However, they do not have as large a volume of
moderators and are therefore less suitable for irradiation, but are excellent for applications where the high peak fluxes can be fully
exploited.

However, as detailed in Section 5, some of the most widely used applications of free neutrons, especially in research, are
scattering, imaging and analytical experiments at beamlines. After adjusting the spectrum, collimation and time structure, see
Section 4, typical scattering instruments at these facilities have a neutron flux of some 10 n/cm? s to 101° n/cm? s at the sample
position, i.e. by far most of the neutrons end up in the biological shielding and produce background radiation. This is a particular
problem for spallation neutron sources, which produce very high energy particles that are difficult to shield. It is therefore reasonable
to ask whether fission and spallation neutron sources could not be complemented for the applications mentioned above by sources
with lower source strength but higher efficiency in the use of the neutrons produced. Such sources would obviously result in lower
installation and operation costs for the same performance and have certain advantages, e.g. in terms of background levels, ease of
operation, generation of activated materials, etc. As discussed in Section 4, for beam applications, the brightness of the source is a
decisive quality criterion, and not only the flux in the moderator.

In Europe, many research reactors, which have been the basis of the neutron ecosystem since the 1960s, have been permanently
shut down in recent years. This fact, together with the arguments presented above, has triggered the search for more efficient neutron
sources. If brightness is chosen as the parameter to be maximized and the latest developments in accelerator, target, moderator and
beam extraction technologies are applied, simulations show that a new type of neutron facility becomes very competitive for beam
line applications, the so-called High Current Accelerator-driven Neutron Sources (HiCANS). These are developed in a joint effort of
several European neutron centers and universities within the European Low Energy accelerator-based Neutron facilities Association
(ELENA) [11]. To achieve high brightness, these sources (i) use accelerators with very high proton currents, (ii) minimize the neutron
loss around the target by maximizing the solid angle covered by the moderator in a compact arrangement, (iii) use highly efficient
low-dimensional moderators, and (iv) employ state-of-the-art neutron beam extraction and beam transport schemes. In effect, the
source becomes an integral part of every single instrument, avoiding compromises.

In this chapter we review the ongoing projects for HICANS in Europe. This is done in a similar way as for fission and
spallation sources in the Section 6. While none of the pulsed HiCANS has reached the status of an operational facility, the High
Brilliance neutron Source (HBS) project in Germany is the most ambitious and advanced. Its Conceptual [119] and Technical Design
Report [281-285], has been published, the summary can be found in [285]. Therefore, we will explain the general concept of HICANS
using this facility as an example, and then review the other ongoing projects in Europe.

However, since HiCANS are related to the so-called Compact Accelerator-driven Neutron Sources (CANS), as they use similar basic
processes, this chapter starts with a review of existing and planned CANS, in particular the RANS facility at RIKEN in Japan. Although
CANS are small neutron sources with limited local and regional impact, they are very important for specialized applications, method
development, and user education and training.

The distinction between a CANS and a HiCANS is not entirely clear-cut; however, a useful distinction can be made based on
the average power on target. This number incorporates the proton beam current, the duty cycle, and the beam energy. According
to this definition, a low-energy accelerator-driven neutron source is classified as a CANS if the average power on target is below
10 kW, and it is designated as a HiCANS if the average power on target is above 10 kW.

7.1. Compact Accelerator-driven Neutron Sources (CANS)

7.1.1. Basics and realization

Compact Accelerator-driven Neutron Sources (CANS) are utilizing low energy nuclear reactions for neutron release as described
in Section 3.4. Typical components for CANS include an accelerator system, the target for neutron emission, a moderator/reflector
system surrounding the target, as well as the shielding and the instrumentation. Different realizations and projects can be found,
including an electron accelerator with a lead target [286], a proton accelerator with a Be target [287-289] and a proton accelerator
with a Li target [290]. CANS are operated at a range of power levels, from a few watts to several kilowatts, below the threshold of
the average power required for a HiCANS, which is 10 kW. In the following, the individual components of a CANS will be described
on the example of one of the leading facilities, the RIKEN Accelerator-driven compact Neutron Source (RANS) [291].

Fig. 7.1 shows the RANS source at RIKEN in Wako near Tokio, Japan, which started operation in 2013 [292]. It uses a 7 MeV
proton accelerator for neutron release from a Be target resulting in a source strength of 10'? s~1. The principal elements of this
source are as follows:

+ Ion source: The ion source is responsible for providing the charged particles that are subsequently accelerated. At RANS, a
duo-plasma ion source is employed, whereby a plasma is generated through the interaction of an inserted gas, such as hydrogen,
with free electrons released from a cathode filament. Subsequently, the ionized hydrogen atoms are accelerated with a series of
extraction electrodes, which also trap the electrons. Another frequently utilized ion source is the electron cyclotron resonance
(ECR), which functions without a cathode and thus exhibits a superior lifetime.
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Detector setup  Neutron beam pipe Target station Proton accelerator  lon source

Fig. 7.1. RANS facility showing relevant components for a CANS: Accelerator, target station, instrumentation.
Source: Copied from [291], under the terms of the Creative Commons Attribution License 4.0.

» LINAC: The proton linear accelerator increases the particle energy to a value of a few MeV. A Radio Frequency Quadrupole
(RFQ) accelerates the protons to an energy of around 2.5-3.5 MeV. The final energy can be afterwards adjusted by adding
additional Drift Tube Linac (DTL) segments. RANS uses a RFQ as the first accelerating element to an energy of 3.5 MeV and
a DTL as the second accelerating element to a final energy of 7 MeV. The accelerator and the target limit the maximum duty
cycle to 1.3% and the average current to 100 pA. Following these boundary conditions, the pulse width and the repetition
rate can be chosen between 10 ps—180 ps and 20-180 Hz, respectively.

LEBT and MEBT: Low Energy Beam Transport (LEBT) is required to transport the beam from the ion source to the RFQ
at energies around a few keV. Similarly, the Medium Energy Beam Transport (MEBT) transports the beam between the
accelerating structures above a few MeV. These sections are also necessary to match the beam properties to the acceptance of
the next accelerating structures. The beam is mostly manipulated with quadrupole magnets for focusing and defocusing and
dipole magnets for bending. Diagnostic elements such as Beam Position Monitors (BPM) and Fast Current Transformers (FCT)
for current measurements are included in these sections.

RF power supply: The accelerating structures require power supplies that operate at specific radio frequencies. In the case of
RANS, the LINAC requires an operating frequency of 425 MHz, which is provided by electron vacuum tubes.

Target: The release of neutrons from a suitable target by the bombardment of a charged particle beam due to nuclear reactions
is energy dependent. A lithium target is typically used at low energies of around 2.5 MeV whereas a beryllium target is used at
higher energies. RANS uses a beryllium target with a thickness of about 0.3 mm brazed to a 4.5 mm thick vanadium backing
plate [293]. The thicknesses of the beryllium and the vanadium layers are chosen so that most of the protons are deposited
in the vanadium layer, reducing blistering [293]. The target of a CANS is relatively thin compared to a spallation target and
thus results mostly in a slab geometry for its moderators rather than a wing geometry. In a slab geometry the moderator is
placed in direction of the proton beam directly behind the target whereas for a wing geometry the moderator is placed at the
side of the target tangential to the proton beam direction [294].

Moderator/Reflector: RANS uses the slab geometry for its thermal and cryogenic moderators [290]. The thermal moderator
is a 2, 4, or 6 cm thick polyethylene (PE) slab. In addition, a decoupled 2 cm thick PE slab covered with 1 c¢cm thick B,C
rubber can be used. After the thin PE slab, a mesitylene moderator can be placed to further reduce the neutron energy to a
few meV. The moderators are surrounded by a reflector that scatters escaping fast neutrons back into the moderators. At RANS
a graphite reflector is used. Other possibilities are Pb or Be.

Shielding: Due to the low energy compared to spallation, the shielding around the target and the moderators is very compact.
RANS uses layers of lead, borated polyethylene and iron with a total shielding structure size of 1.8 x 1.8 x 1.8 m3, resulting
in approximately 90 cm of effective shielding.

Beam extraction: Extraction ducts are placed through the shielding structure to allow the neutrons to escape from the inner
core. RANS has a main extraction duct with a size of 40 x 40 cm? looking at the thermal PE moderator or the cryogenic
mesithylene moderator. Inserts with different hole sizes can be placed in the extraction duct to act as collimators.

RANS was chosen as an example because it uses all relevant components of a CANS, mainly the accelerator for charged particle
beam delivery and the target station for neutron release. The biggest difference in the CANS realizations is the particle type, ranging
from electrons [90,286], to protons [91,288], to deuterons [295], as this directly influences the accelerator and the target. An
overview of various CANS installations is provided in the following section.

7.1.2. Existing facilities and projects

Early CANS facilities became operational in the 1970s (Table 7.1), for example at the Bariloche Atomic Center in Argentina [304]
or at Hokkaido University in Japan [286]. These facilities used electron accelerators with reasonable electron energies of 25 MeV
and 32.8 MeV and low average beam currents of about 30 pA. Both used water-cooled lead targets for the production of neutrons.
The facility at Hokkaido University was used to measure cold neutron spectra of ice, ethane, solid methane, and liquid hydrogen, to
evaluate equipment (e.g., scintillation detectors, magnetic lenses) and neutron scattering instrumentation (e.g., small-angle neutron
scattering (SANS), imaging) [286]. In recent years, the CANS at Hokkaido University has been upgraded, improving performance
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Table 7.1
Main parameters of neutron facilities based on low energy nuclear reactions. A comprehensive overview on most CANS facilities is given in the review article
by Andersen et al. [292].

Facility Location Start Accelerator Thermal Neutron Target Instruments Reference

operation power power yield stations

[kW] [kW] [n/s]

CANS
HUNS Japan 1973 3.2 3.2 5% 102 2 2 [90]
LENS USA 2005 32 4 2% 10" 2 4 [296,297]
RANS Japan 2013 0.7 0.7 1x 102 1 1 [91]
FRANZ Germany 2025 16 1x 10" 2 [292]
CPHS China 2016 2 2 [298]
CPHS upgrade China Project status 16 5x 103 2 [299]
HiCANS
SARAF Israel 2025 200 200 1.35x 101 3 [300]
ICONE France Project status 150 50/100 ? 2 10 [301]
ARGITU Spain Project status 190 46 2.7x 10" 1 3 [302]
HBS Germany Project status 1750 100 1x 10" 3 25 [303]

by increasing the average current to 100 pA [90]. At the Bariloche facility, intensive work has been done on the determination
of the total cross sections of materials as a function of neutron energy by transmission experiments with thermal and subthermal
neutrons [304].

In the 1980s, low-energy proton accelerators were introduced for neutron production at CANS. These sources have much better
background conditions compared to electron beam driven facilities, which produce massive amounts of bremsstrahlung gamma rays.
The Low Energy Neutron Source (LENS) at Indiana University in the USA became operational in 2005, using a 13 MeV proton linac
with a peak current of 25 mA and a water-cooled beryllium target. With a maximum power of up to 4 kW on target, the LENS
facility was the most powerful CANS until recently [288]. At LENS, a small number of neutron scattering instruments for the study
of large scale structure by SANS and SESAME (Spin-Echo Scattering Angle Measurement) are fed by a cryogenic methane moderator.
A moderator imaging station has been implemented for moderator studies and testing of various neutron detectors, and a neutron
radiation effects facility is also available [296].

At RIKEN in Japan, the RIKEN Accelerator-driven Neutron Source (RANS) specialized for the characterization of industrial
products was established in 2013. Using a 7 Mev pulsed proton beam with an average current of maximum 100 pA, thermal and
cold neutrons are produced with a water-cooled beryllium target [287]. The mission of the RANS facility is neutron interrogation
of manufacturing treatments of metallic and light-element component materials. In addition RANS conducts R&D in fast neutron
imaging, detectors, visualization and analysis techniques of nondestructive inspection [290]. In recent years, a second accelerator-
driven CANS has been in operation at RIKEN, using a 2.5 MeV proton accelerator with an average current of 100 pA and a solid
water-cooled lithium target.

In Japan, in addition to the university and research institution-based CANS, there are also a number of projects in industry for
applied research and development such as irradiation of electronic devices or in hospitals for treatment of cancer patients using
BNCT. The Japan Collaboration on Accelerator-driven Neutron Sources (JCANS) supports the development of these neutron sources
in the country.

A multipurpose CANS has been established at Tsinghua University in Beijing, China for education, instrumentation development,
and industrial applications [298]. The Compact Pulsed Hadron Source (CPHS) uses a 3 MeV pulse proton accelerator with a 50 mA
ion source.

In recent years, projects for CANS facilities have also started in Europe. In Hungary, the company Mirrotron is building a small
2.5 MeV driven source with a water-cooled lithium target and a 30 mA ion source. The Helmholtz Zentrum Dresden Rossendorf in
Dresden, Germany is building a small CANS as an extension of the existing HZDR ion beam center.

A growing number of CANS for Boron Neutron Capture Therapy are under construction, particularly in Asian countries such as
Japan, Korea and China. Some projects are also under development in England, Finland and Italy. Other countries, such as Canada,
are also developing CANS projects, some of which combine different applications, such as beamline instrumentation for condensed
matter research, radioisotope production, and a development station for BNCT.

The Union of Compact Accelerator base Neutron Sources (UCANS) provides regular meetings and conferences for the growing
community and provides opportunities for exchange and discussions [305].

7.2. High-Current Accelerator-driven Neutron Sources (HiCANS)

7.2.1. Basics and realization

The concept of a HiCANS is rather new: no pulsed HiCANS facility exists worldwide, but several ongoing projects in Europe [11],
through analytical calculations, particle and beam transport simulations and accompanying experiments, have come to the common
conclusion that such facilities will be very competitive with existing facilities for beamline applications. Of all the pulsed HICANS
projects, the High Brilliance neutron Source (HBS) project is the most ambitious and advanced. Its conceptual and technical design
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Fig. 7.2. The figure illustrates how an interlaced pulse in LINAC can be used to split the proton beam by a multiplexer unit for delivery to three target stations
so that each receives its desired pulse structure. An ExB chopper in the LEBT section of the LINAC is used to generate the imposed interlaced pulse structure
in the LINAC. As explained in the text, the encircled numbers in the figure refer to different components of the multiplexer. The figure was inspired by [306].
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Fig. 7.3. HBS target with internal microchannel cooling structure.
Source: Adapted from [307], under the terms of the Creative Commons Attribution License 4.0.
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Fig. 7.4. Moderator plugs for a methane cryogenic moderator with included neutron guide and supply lines.
Source: Copied from [307,308], under the terms of the Creative Commons Attribution License 4.0.

reports (CDR [119] and TDR [281-285]) have been published. The HBS project aims at a facility for neutron scattering, analytics
and imaging experiments with a reference suite of 25 instruments at three different target stations. In this section, we follow the
approach used for the other types of facilities and select the HBS project as an example to illustrate the main components of a
HiCANS. The specifics of the other projects are described in the next Section 7.2.2.

As detailed for the HBS project in the TDR Accelerator [282], Target Station [281], Instrumentation [283] and Infrastruc-
ture [284], a HiCANS consists of the following main components:
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+ Ion source, LEBT and ExB Chopper: In the energy range between 50 and 70 MeV, the neutron yields due to low energy nuclear
reactions induced by protons or deuterons are quite similar [86] and from this point of view either particle (p or d) could
be chosen. However, a HICANS with its high current places high demands on the accelerator structure in terms of beam
transmission and negligible beam loss due to the high space charge in the charged particle bunches. Therefore, for practical
purposes, a proton LINAC is preferred. As for most CANS projects, a continuous ECR source was chosen for the HBS project
because of its high reliability, easy availability, low maintenance and high proton fraction. In contrast to a typical CANS, the
source provides a high proton current of up to 120 mA, of which 100 mA are used in standard operation. An increase to
200 mA or more is possible. The output energy of the proton is 85 keV entering the LEBT section. The LEBT section matches
the beam from the ion source to the RFQ structures, as is also the case for a typical CANS or spallation neutron source.
Different beam pulsing schemes will be delivered to the three target stations planned for scattering experiments at the HBS
facility. The interlaced pulsing structure will be imposed on the beam in the LEBT section with an ExB chopper [309]. The
HBS plans to provide two proton beams with 96 Hz and one with 24 Hz as shown in Fig. 7.2, all with a duty cycle of 1.6%.
This corresponds to proton pulse lengths of 166 ps and 667 ps, respectively. The individual bunch trains for the three target
stations do not overlap because the frequencies are integer multiples of each other. Each beam delivered to one of the target
stations provides a total average beam power of 100 kW.

LINAC: Like spallation neutron sources and most CANS, the LINAC consists of an RFQ structure and several DTL structures.
The RFQ and DTL structures are based on the MYRRHA design [310] which has been successfully tested. This reduces the risk
and cost of the HBS project. As for MYRRHA, the radio frequency (RF) for the HBS accelerator is 176.1 MHz. Due to the high
proton beam current, the transition energy from the RFQ structure to the DTL section should be between 2 and 3 MeV. At the
176.1 MHz frequency and a chosen transition energy of 2.5 MeV, a single RFQ structure would be very long, making it difficult
to produce it with the required precision [311]. It was therefore decided to split the RFQ into two shorter structures of 2.5 m
length, each accelerating the protons by about 1.25 MeV. To accelerate the 2.5 MeV proton beam to an energy of 70 MeV,
45 DTL cavities are needed. The second, fifth and eighth sections are rebunchers, resulting in a 66.7 m long DTL section.
For reliability reasons, CH-type cavities based on the proven MYRRHA design have been chosen, which are operated at room
temperature due to the pulsed high-current proton beam. The choice of normal conducting cavities is based on practicality
and arguments for the transition energy from normal conducting to superconducting cavities as a function of duty cycle and
beam current. Due to the relatively low operating frequency and high peak power, the accelerator structures are driven by
solid-state amplifiers. An additional advantage of these amplifiers is resilience, the possibility of a redundant design and a
small footprint. The entire accelerator is designed for a maximum RF duty cycle of 25%, of which only about 8% (3 x 1.6 +
RF overhead) are used for the target stations designed for neutron scattering, analytics and imaging. This allows for future
upgrades or other applications such as isotope production or positron source operation.

Multiplexer and HEBT: The transport of the proton beam from the last DTL to the target stations is performed by the HEBT
system using 90° and 45° bending magnets and quadrupole triplets for focusing and defocusing. This section also contains the
multiplexer [306], which is used to disentangle the interlaced proton beam and direct it to the different target stations. The
schematic principle of the multiplexer is shown in Fig. 7.2. It consists of a small bipolar kicker magnet () that deflects a specific
proton pulse to different field regions of a three-field septum magnet 2. The three fields are an up-field and a down-field at
the edges, which further deflect the beam, and a zero-field region in the center, which does not affect the beam. Additional
45° bending magnets (3 further deflect the beam from the outer regions of the septum magnet. Quadrupole magnets (@ in
combination with the sector bending dipole magnets serve to realize an achromat for the beamlines. The proton beam can
thus be separated into three different directions in a small space of about 5 m.

Target: To maximize the source strength of a HICANS operating at 70 MeV, a heavy target material should be selected [86] such
as lead, tungsten, or tantalum. Tantalum also has very favorable properties in terms of machinability, thermal conductivity,
mechanical stability, etc. An important selection criterion is the response to the high proton current, as it is known that many
materials tend to blister [312]. Thus, tantalum was chosen as a target material for HBS because it shows a high blistering
threshold with necessary proton fluences above 102° ecm~2 [313,314] due to its ability to store a high hydrogen fraction (0.79
H/Ta atom) [315]. The lifetime, limited by the damage due to the displacements per atom (DPA) inside the target, can thus
be extended to one year [316]. Other solutions for high power targets that are being investigated or have been implemented
to prevent blistering and achieve the desired high average power on target, are to operate the target at elevated temperatures
to increase the hydrogen diffusion coefficient, as in the ICONE project with a temperature of 550 °C for a beryllium target
cooled indirectly by mounting it on a water-cooled copper plate [317], or to use a liquid metal target with a liquid metal
cooling circuit, as in the SARAF project with its liquid lithium jet [318].

As in the case of CANS, and in contrast to spallation neutron sources, the target for a HiCANS is rather thin and thus of small
volume. This leads to a high power density in the target which, depending on the operating parameters, cannot be cooled by
conventional cooling methods. The HBS project aims to deposit an average power of 100 kW on a surface area of 100 cm?.
The resulting power density of 1 kW/cm? is one of the main challenges for a HiCANS with the desired performance level. One
method to handle the high power density is the use of microchannel cooling structures with heat removal capacities up to 3.5
kW/cm? [319]. The HBS project has developed a target with an internal microchannel cooling structure as shown in Fig. 7.3
with channel widths of 0.35 mm [320]. The resulting high heat transfer coefficient allows a high heat removal capacity,
as demonstrated by an electron beam irradiation experiment that achieved deposited power densities of 1.7 kW/cm?. Since
electrons have a small penetration range in tantalum, electron heating occurs only near the surface, in contrast to the volume
heating of a proton beam. Thus, a heat removal capacity of 3 kW/cm? can be estimated for a proton beam, resulting in a
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safety factor of 3 for the reference design.

The final target design is shown in Fig. 7.3. It features a neutron producing layer with the internal microchannel structure and
a water beam stop behind it. The proton beam hits the target from below and penetrates the neutron-producing layer with
only 4.6% of the protons stopped inside Ta [321], while the remaining 95.4% are stopped in the water beam stop and cannot
contribute to blistering effects. Nevertheless, the neutron production is equal to 99% of a thick Ta target. The microchannel
and notch structures are designed so that, on average, all protons experience the same stopping power throughout their path
in the tantalum layer. This results in homogeneous energy deposition and low temperature induced stresses. This target can
be operated for one year at 100 kW average power with a resulting neutron yield of 10’ n/s.

Moderator and reflector: The small size of the target for a HICANS and the arrangement of the moderator and reflector
optimized to cover a large solid angle thus avoiding the loss of neutrons from the target result in a compact Target-Moderator—
Reflector (TMR) assembly. The thermal moderator can be placed at a distance of a few centimeters from the target, resulting
in a very efficient moderator feeding, which also allows an efficient extraction from the flux maximum. This advantage of
a compact TMR unit also requires an efficient and compact confinement of the neutrons inside the TMR unit, which is best
realized with hydrogen-rich moderators [322] based on e.g. PE or light water as thermal moderator materials.

In contrast to CANS with their low operating power, HICANS as HBS with their high power at the target lead to a not negligible
heat deposition in the moderator-reflector structure due to the high radiation fields. For a power deposition of 100 kW at the
target, a heat deposition of up to 0.7 W/cm? [323] can be expected in the thermal moderator, thus requiring a mechanism for
heat removal. Since polyethylene and light water have similar neutronic properties, a simple solution is to use a light water
moderator where the water flow acts as a coolant. This also prevents accelerated degradation of a solid thermal moderator
due to the high radiation fields in the moderator.

An efficient reflector increases the thermal neutron flux inside the thermal moderator and thus improves the performance of
the instruments. In contrast to the spallation neutron source ESS with its very long proton pulse of 2.86 ms and a full saturation
in the TMR unit, which allows to define the neutron pulse length with chopper systems, CANS and HiCANS try to match the
proton pulses to the lifetime of the neutrons in the TMR unit in order to realize a high peak flux/resolution ratio and to use
the full pulse. The typically used beryllium reflector provides only a small improvement in peak flux under these conditions,
with the disadvantage of producing a large neutron pulse tail that significantly increases the background and is undesirable
for most instruments. The preferred materials are therefore materials that confine the neutrons more strongly in space and
time, such as lead [324].

The compact TMR unit allows cryogenic moderators to be placed in close proximity to the target within the thermal moderator
for efficient feeding of the cold moderator with thermal neutrons. The typical dimensions of the target and the entire TMR
unit are similar to the mean free path of cold neutrons in liquid para-hydrogen, which is in the range of 10 cm. This results
in a high extractable brightness, especially considering the new development of one dimensional moderators [111,325].
Inside the extraction channels of the TMR unit [323,326] other cryogenic moderators like methane [103], ethane [327]
or mesitylene [328] can be placed, which allows a very flexible tailoring of the neutron spectrum to the needs of the
instruments [324].

Target station: The target station consists mainly of (i) a shielding structure to maintain a proper radiation level at the
experimental stations, (ii) the TMR unit at its inner core, and (iii) neutron beam extraction ducts [307]. Due to the low
energy nuclear reaction of a HiCANS, the neutron energies of about 0.8 MeV for tantalum do not require much shielding.
The shielding for the HBS, based on double layers of borated polyethylene for neutron moderation and lead for efficient fast
neutron energy reduction due to the Pb(n,2n) reaction channel, requires a thickness of only about 1.5 m. With the TMR unit
included, the target station for the HBS has a diameter of about 4 m, in stark contrast to the dimensions of target stations of
spallation neutron sources [329,330]. For the HBS, this allows the placement of instrument components such as choppers or
slit systems close to the moderator surface, thus providing more flexibility in instrument design.

In contrast to CANS, where the proton beam is horizontal, the proton beam at HBS enters the target station vertically from
below, similar to SINQ [278]. This leaves a large solid angle available for neutron instrumentation, with each instrument
occupying its own neutron beam extraction channel.

Moderator plug and beam extraction: A paradigm shift took place during the development of HiCANS. Conventionally, a
moderator serves many instruments. For HBS, however, the moderators are considered part of the instrument. Thus, they
can be optimized together with all instrument components to achieve the best instrument performance. Therefore, the target
station and the TMR unit have been designed to accept standard extraction ducts into which the cryogenic moderators can be
inserted and pushed from outside the shielding into the thermal moderators. The whole moderator plug as shown in Fig. 7.4
is therefore part of the instrument. It allows replacement of the moderator vessel at its front and the use of different cryogenic
moderator materials, e.g. liquid para-hydrogen, methane, mesitylene or any other as desired for the instrument. This enables
the vessel dimensions to be optimized for the needs of the instrument, the neutron optics used, and the expected sample
size. Neutron guides can be inserted into the moderator plug, extracting a large phase space volume with high divergence,
or focusing optics can look directly at the moderator surface without the need for a virtual source further downstream. This
offers a unique flexibility that has yet to be fully exploited.

Instrumentation: In contrast to CANS facilities with only a few neutron scattering instruments [288] or frequent assembly and
disassembly of the instruments [286,290], HiCANS, as large scale facilities, aim to provide neutrons for an entire instrument
suite with large variety [121]. Due to the possibility to operate multiple target stations, such as two for the ICONE project [301]
and three for the HBS project [285], the neutron instruments for scattering, imaging and analytics can be provided with
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an optimized proton and thus neutron pulse structure. The optimized pulse structure together with the efficient neutron
production, neutron moderation and neutron extraction enables highly competitive instrument performances [121,331-335].
A main advantage of HiCANS is the higher flexibility of the instrument design with specifically optimized instrument
moderators for the expected sample size. With new developments in neutron optics such as nested mirrors [132] and Selene
optics [336], the emitting moderator surface can be mapped one-to-one to the sample area. This allows the sample size to
be reduced and thus the moderator size to benefit from the brightness increase with reduced dimensions [109]. Small sample
diameters can be homogeneously illuminated with high flux [337]. Another very important aspect and advantage of HiICANS is
the expected improved signal-to-background ratio. While the ability to observe a small signal is proportional to the signal and
the inverse of the background level squared, keeping the background low is even more important. This is where HiICANSs excel.
Unlike steady-state research reactors, data at pulsed HiCANS are collected when the source is off, eliminating a background
source from the environment of the instrument. Compared to spallation sources, the relatively low proton energy of HiCANS
means that many background processes have not reached the threshold, and cascades/showers of background introduced
by high energy particles are very much suppressed. To achieve a similar low background level for spallation sources a much
heavier shielding is required. Thus, HiCANS offers potentially improved conditions to observe small signals due to an excellent
signal-to-background ratio.

7.2.2. Existing facilities and projects

A number of projects have been established within the last decade to elucidate the potential of accelerator driven neutron sources
driven by high current proton or deuteron accelerators (Table 7.1). The projects can be divided into two main groups: projects using
accelerators with high duty cycles up to CW, and projects using pulsed accelerators with comparatively low duty cycles in the single
to few percent range. The former are mostly aimed at basic research such as astrophysics, isotope production and non-destructive
testing. The latter projects are aimed at neutron scattering experiments and therefore require a pulsed proton beam with low duty
cycles to achieve good energy or wavelength resolution. As this review paper mostly aims for neutron sources for large scale user
facilities with a strong focus on neutron scattering and analytics, the high duty cycle projects will be described briefly and a larger
focus will be given to the other projects with a pulsed proton beam.

At least three projects fall into the first category with high duty cycle accelerators. These projects are the SARAF project [338,
3391, the FRANZ project [340] and the SPES project [341]. As the requirements for the neutron beams produced are different,
the specific technology choices for accelerators, targets and instrumentation are slightly different from those for neutron scattering
projects. The targets must either withstand the very high beam power or produce a well defined energy spectrum. The targets
are therefore either based on liquid metal jets, use the microchannel solution described, or have a well defined mixture of target
materials. The accelerators for these high duty cycle projects either use a CW cyclotron with currents below 1 mA, have a very low
end energy or use a superconducting linear accelerator.

One of the earliest projects is the SARAF project in Israel [338,339]. Here a 5 mA, 40 MeV CW proton/deuteron superconducting
linear accelerator will be used for neutron production at a liquid lithium target. The total beam power at SARAF will reach 200 kW
thus requiring the liquid target solution and the neutron source strength will be 10> n/s [339]. Phase I of SARAF (SARAF-I, 4 MeV,
2 mA CW protons, 5 MeV 1 mA CW deuterons) is already in operation [342], producing scientific results in astrophysics [343] and
exotic radioisotopes. However, because SARAF is designed as a continuous source, it cannot benefit from the higher peak brightness
of pulsed sources, limiting its performance for many beamline applications.

The FRANZ project at the Frankfurt University in Germany plans to operate a 2 MeV proton accelerator with a solid lithium
target [340] aimed at astrophysical applications. The accelerator is designed to consist of a 200 mA ion source, an RFQ structure for
accelerating protons to 0.7 MeV and a single IH cavity DTL structure for reaching the final energy. The RFQ can be operated with
up to 50 mA average current. It is planned to impose a very fine pulse structure (maximum repetition rate of 250 kHz and pulse
lengths below 1 ns) with an ExB chopper to limit the beam current. The accelerator is in the commissioning phase. The experiments
will mainly focus on measurements of differential neutron capture cross sections for the astrophysical s-process in nuclear synthesis.

At INFN-LNL in Legnaro, Italy, the SPES project for a high-current cyclotron with a tunable proton beam energy of 35-70 MeV
and 0.20-0.75 mA is under construction [341]. The CW proton beam can be directed to several experimental areas with different
objectives. The objective of the SPES Radioactive Ion Beam (RIB) Facility will be to provide high intensity and high quality beams
of neutron-rich nuclei for nuclear physics research, and thus has a very different focus from the other projects.

The projects ARGITU, ICONE and HBS, which aim to provide pulsed neutron beams for scattering or analytical instrumentation,
have more similarities as the group described above. These projects need to use a linear accelerator with a very high peak current
of a few mA up to 100 mA to compensate for the low duty cycle. Because of the pulsed beam, these projects require a room-
temperature accelerator. The final energy is different for each of these projects. It can be achieved by choosing the right number
of DTL acceleration segments. With a different final energy, different target concepts must be used as described above. Since the
goal of these projects is to provide neutron beams to a large user community, they usually have multiple target stations and up
to 25 instruments. The layout of the instrument suits depends strongly on the number of target stations and thus on the TMR unit
installed. A single target station must provide neutrons for very different instruments to meet the needs of different user communities.
Therefore a facility with a single target station requires compromises in pulse structure and TMR design. Either the TMR provides a
long neutron pulse and then instruments requiring shorter pulses have to use choppers. Alternatively, different pulse modes could
be provided, targeted at specific instruments. To avoid such compromises, multiple target stations can be used. This is economically
feasible since the cost of a HiCANS target station is quite low, comparable to the cost of a typical instrument. A second target
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Fig. 7.5. Schematic layout of the HBS facility. The 70 MeV, 100 mA proton accelerator delivers pulsed proton beams via a multiplexer to three target stations
around which up to 8 instruments are placed.

station can be used to separate instruments according to their requirements. Instruments that require similar pulse structures can be
grouped around target stations so that the target station and TMR unit are optimized for that group of instruments. In this scenario,
a medium pulse length target station is best suited to provide thermal neutrons with high temporal resolution. A long pulse length
target station, on the other hand, is well suited to provide cold neutrons with low resolution. A third target station can be used for
further specialization, e.g. for epithermal and fast neutron instrumentation.

The ARGITU project has undergone many changes from its original concept. The project at ESS Bilbao in Spain originally
envisaged a neutron target station providing neutron beams with a source strength of 10! n/s from a Be target using a 75 mA
proton beam at 50 MeV [344,345]. The target was designed as a rotating wheel with Be sheets supporting high power operation up
to 112 kW. Such a design requires a lot of space and does not offer one of the main advantages of a HICANS, namely the compact
TMR unit. Efficiency is sacrificed. The developments on HiCANS led to design updates [302,346] resulting in a 31.5 MeV proton
accelerator with a peak current of 32 mA and a Be target. A single target station with up to 4 instruments is planned. The instrument
suite will be decided based on the requirements of the Spanish user community.

The construction of the HICANS source ICONE is proposed at CEA Saclay in France to support the French community in materials
science research [301]. A 25 MeV, 80-100 mA proton accelerator is planned to serve two target stations with a high power Be target
and to deliver a thermal neutron flux of the order of 4 x 10!2 n/cm?/s [347]. The target stations are operated at 4% duty cycle and
2% duty cycle for low and high resolution instrumentation, respectively. The Be target must therefore withstand 50 kW or 25 kW,
which is done by operating the target at elevated temperatures to allow diffusion of the hydrogen atoms. A total of 10 instruments
distributed in groups of 5 is planned, covering the most requested instruments such as SANS, diffraction, reflectometry, radiography
and spectroscopy.

The most ambitious project in this context is the High Brilliance neutron Source HBS [303] which features a 70 MeV, 100 mA
proton accelerator to feed three target stations with different pulse structures (different pulse length and frequencies). A solid Ta
target sustaining a beam power of 100 kW has been developed [307,320]. The reference design includes a full suite of scattering,
imaging and analytics instruments distributed among the three target stations. Each individual instrument will compare well with
existing leading instruments at present day sources. Major components of the HBS have been realized and tested and their interplay
was demonstrated by a test setup [308]. A schematic drawing of the layout of the experimental areas and target stations of the HBS
in its reference design is depicted in Fig. 7.5.

Since the relevant components for a HICANS have been explained using the HBS project as an example, we will not go into
further detail. We just want to emphasize that HICANS can be built in stages and that major upgrades can be planned from the
beginning. The accelerator of a HICANS can be upgraded in terms of its final energy, allowing a large increase in the neutron yield.
This would require different target solutions, being developed in the ARGITU, ICONE and HBS projects. A HICANS can be built with
only one or two target stations, and other target stations can be added during its lifetime. This allows more instruments to be added
and allows specialization of the target station to specific instrument requirements, further improving efficiency. For example, the
HBS can be started with the intended 100 mA ion source, but with only a single target station and a final energy of only 20 MeV by
omitting the last DTL segments. The target concept of ICONE could be used or the developed tantalum target could be adapted to
the lower proton beam energy. The single target station would provide neutrons for 5 of the most requested instruments, e.g. SANS,
diffractometer, reflectometer, imaging and PGNAA. Facility upgrades could bring the first phase to final design. The other projects
can be similarly upgraded. The ARGITU project can be further developed, and additional target stations will increase the number
of instruments.
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7.3. Laser-driven sources

7.3.1. Basics and realization

Laser photons can be used to release neutrons by accelerating particles (electrons, protons, deuterons) and then either utilize
hard X-ray from e.g. electron acceleration to create photo-neutrons or nuclear reactions such as deuteron break-up in so-called
pitcher-catcher methods [348,349]. In the latter, a thin (100 nm-1 pm) target is hit by the laser beam, heating the target electrons
to MeV temperatures and accelerating them via the pondermotive force and other mechanisms towards the rear side of the target.
There they build an electron-sheath behind the target which generates an electric field through the charge separation. This electric
field is in the range of TeV/m and the field ionizes the ions at the rear surface, which subsequently are accelerated to tens of MeV
in the direction normal to the target surface.

7.3.2. Existing facilities and projects

Laser-driven neutron generation was demonstrated at several facilities, typically with pitcher-catcher configurations, and the
production of 10'° neutrons per pulse with 70 J lasers has therefore been reproduced at different facilities. Those facilities include
the TRIDENT laser at Los Alamos National Laboratory [350], the Texas Petawatt Laser at the University of Texas in Austin [351],
the PHELIX laser at the Gesellschaft fiir Schwerionenforschung in Darmstadt [352], the VULCAN laser at AWE in the UK [353], and
others. These lasers can produce single pulses and do not operate at repetition rates suitable for data collection for ~1000 pulses or
so. Lasers with repetition rate of 1 Hz or more, such as the DRACO laser in Dresden [354], the BELLA laser at Lawrence Berkeley
Laboratory [355], or the ALEPH laser at Colorado State University [356] provide typically at least an order of magnitude less laser
energy.

Recently first experiments were performed at the ELI-ALPS laser facility with a repetition rate of up to 10 Hz [357]. However,
no laser has been designed specifically for the purpose of ion acceleration to enable neutron and X-ray production for material
characterization. The aforementioned laser systems are all designed as multi-purpose laser user facilities, in the United States
accessible through LaserNET [358].

8. Summary, conclusion and outlook

The neutron is a magical particle, irreplaceable as a spy in the micro- and nanoworld to probe structure and dynamics of matter,
as a source for the production of much needed radioisotopes in medical diagnostic and treatments, and as a research object in
its own right. Neutrons have a tremendous impact on materials research, materials and device development, and many of today’s
technological advances would not exist without research with neutrons. They allow us to produce materials with unique properties,
such as extremely homogeneously doped silicon semiconductors, the key component of high-power thyristors urgently needed in
the energy transition. High intensity neutron sources are key for the development of materials for fusion reactors. Neutrons have
saved millions of lives by enabling the production of much needed radionuclides, the core of radiopharmaceuticals for diagnostics
and therapy. They give us a powerful tool for understanding the fundamental laws of nature on the smallest and largest length
scales, as they allow us to approach the mysteries of particle physics and the secrets of our universe.

In some areas there are competing approaches from other techniques like synchrotron radiation or electron microscopy that are
developing and touching some of the areas of research with neutrons. However, due to its unique properties, the neutron remains
unrivaled in many respects, irreplaceable in providing solutions to urgent societal challenges such as environmental protection, the
climate crisis, energy transition, sustainable, safe and fast transport, health and information and communication technologies, or
uncovering the secrets of our cultural heritage, as well as curiosity-driven research that gives us a better fundamental understanding
of the world and universe we live in, to name just a few. It is not surprising, therefore, that many thousands of researchers from
academia and industry around the world are flocking to large facilities based on neutron sources.

In this report we have provided an overview over the various methods used at large scale facilities to produce intense fields of
free neutrons and bright neutron beams. Different types of sources are best suited to serve certain applications:

» Medium to high flux research reactors based on nuclear fission provide high thermal neutron fluxes within large volumes and
continuous bright beams of free neutrons, from ultracold to hot, for a wide variety of applications. They are mostly operated
in steady state mode, with the exception of IBR-2 in Dubna. They have been continuously improved since the 50th or 60th of
last century and have reached a high level of maturity.

Spallation neutron sources based on nuclear spallation provide average neutron fluxes comparable to those of medium to high
flux research reactors, but in much smaller volumes. They are mostly operated in pulsed mode, with the exception of SINQ
at PSI. With the first spallation sources coming online in the late 1970s, they are not yet as mature as research reactors. New
facilities, such as the CSNS or ESS, and additional target stations, such as the second target station at the SNS, are currently
being ramped up, built or planned, and will offer new opportunities. The strength of spallation sources lies in applications that
can take advantage of their high peak brightness, e.g. through time-of-flight techniques. Due to their adaptable pulse structure,
spallation neutron sources can exist as short pulse and long pulse sources and offer additional flexibility compared to research
reactors for beam applications. Short pulse sources extend the usable neutron spectrum for research to higher energy neutrons
beyond the “hot” neutrons of research reactors. The unique advantage of spallation neutron sources, in particular of MW
sources, is the peak flux, which can be several tens of times higher than the average flux of research reactors.
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Fig. 8.1. Comparison of peak and average brightness for different neutron sources for neutrons of wavelength 5 A. The reactor sources at HZB and LLB had
an excellent scientific output, but were permanently shut down in 2019. ESS is under construction and the presented data point is scaled down from the 5
MW value presented in [33]. HiCANS exist only as projects and the corresponding data points are based on simulations. Values are based on [359] for HBS
and ICONE and based on [346] for ARGITU. The data points for SNS-FTS, ILL and MLZ are from the IAEA report [33]. The data point for SNS-STS has been
updated using [360] and the brightness values for ISIS TS1 & TS2 are from a private communication and are yet to be published [361]. The data points for
HZB, LLB and PSI have been obtained from McStas simulations using the definitions in the source module [362]. When comparing the performance of different
types of facilities, it should be kept in mind that HiCANS are at a very early stage of development and their performance is certainly not yet fully optimized.
Further improvements can be expected for these facilities as more experience is gained, similar to the progress that has been made over the years for fission
and spallation sources.

» High Current Accelerator-driven Neutron Sources (HiCANS) based on low energy nuclear processes are the most recent
development which are mostly at the project stage. Simulations accompanied by experiments at several neutron centers
in Europe, partly with complete test setups, demonstrate the potential of such sources. Although the basic process is not
as efficient in neutron production as fission or spallation, the extremely compact target-moderator-reflector arrangement,
together with the paradigm change to make the source an integral part of each single instrument, makes these facilities
highly competitive in terms of brightness and signal-to-noise ratio when operated in pulsed mode. Nevertheless they are not
capable to compete with the latest generation of high-brightness MW spallation sources. Additional benefits of HICANS include
their inherent resilience and reliability, flexibility, accessibility, reduced generation of radioactive material and, last but not
least, lower installation and operating costs. Since HiICANS are a completely new type of facility, they inherently have a large
potential for further performance improvement over current reference designs.

Finally, smaller neutron sources, such as TRIGA reactors or Compact Accelerator-based Neutron Sources (CANS) exist, which
do not serve a large user community and are therefore not large user facilities in the strict sense. In particular CANS are wide
spread in JAPAN with a number of existing facilities based at universities and various projects.

Fig. 8.1 provides a comparison of various neutron facilities in only one aspect: source brightness. It demonstrates that research
reactors have a high average brightness, which for steady state sources is equal to the peak brightness. Spallation sources have
the highest peak brightness, but lower average brightness, with the exception of SNS-STS and ESS, which excel in both. The HBS
project, as the most advanced pulsed HiCANS, is somewhere in between, but has a very remarkable performance in terms of peak
brightness.

In addition to pure brightness there is a whole value chain important for the scientific performance of a user facility, from the
brightness of the source and its reliability, to the mode of beam time distribution, the quality of the staff, the ancillary equipment
such as the sample environment, the user community, the data processing packages, and so on.

Currently, in the 2020s, we are in a transition period for research with neutrons. Many of the older research reactors have
reached or are reaching the end of their lifetimes and are being decommissioned. Spallation neutron sources have taken over or will
take over much of the research that has been done at beamlines of research reactors. The MW spallation sources have made these
facilities extremely powerful scientifically, but also very large, complex and expensive. As a result, there are only three such facilities
in the world, one in each region of the northern hemisphere. While for beamline instruments such facilities enable entirely new
types of science not possible elsewhere, they cannot provide the much needed capacity for the large and very diverse community
of researchers simply because of the limited total number of instrument days offered. With the different types of facilities and their
associated parameters, a scenario for a future neutron ecosystem based on the different facilities could be as follows:
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» Fission-based neutron sources are absolutely essential to provide the high continuous thermal flux in large volumes needed
for many very important applications, in particular, but not limited to, the production of neutron-rich radionuclides for
radiopharmaceuticals that cannot be produced by cyclotrons. High flux reactors can also provide high brightness continuous
beams for materials research. However, given the many regulatory restrictions on operating a fissile material facility and the
complex fuel cycle, it is becoming increasingly difficult to license and operate such a source. And while a nuclear reactor is
a very reliable source under normal operating conditions, incidents can result in very long downtime, up to several years, as
recent examples show. Such a long shutdown is extremely detrimental to the user base.

Spallation based neutron sources, due to their high peak flux, are excellent for beamline applications requiring the highest beam
brightness. For these applications they are likely to be the “flagship” facilities. Due to their high installation and operating
costs, it is unlikely that there will be enough of these facilities to meet the full demand from science and industry.

High Current Accelerator-driven Neutron Sources (HiCANS) are a completely new type of facility. While simulations and
experiments indicate their good performance, a demonstrator needs to be realized to prove their usefulness as a user facility.
Nevertheless, it is likely that HICANS can provide much needed capacity for beamline research, which is lacking due to the
slowly disappearing network of fission-based sources. The projects show that the peak brightness can be comparable to today’s
medium- to high-flux sources with an improved signal-to-background ratio, and for a first-of-a-kind facility, there is likely to
be a large potential for further improvement. HiCANS have several additional advantages such as intrinsic resilience and
reliability, flexibility, accessibility, much reduced generation of nuclear waste, lower cost of installation and operation, all of
which are extremely important for a large-scale user facility.

Smaller sources (TRIGA, CANS) are and can be extremely important for method development, user recruitment and training,
and for addressing specific scientific problems relevant to a local or regional community.

Such a wide range of different sources — from quasi-laboratory facilities to high-performance sources - is extremely important for
research with neutrons, as a comparison with other methods shows. Thus, for research with X-rays, there are (i) standard laboratory
facilities that provide easy access to the method, especially for students and new users, (ii) first- and second-generation synchrotron
radiation sources, and for special applications, top-class laboratory sources with comparable performance as workhorses (e.g. for
small-angle scattering with metal-jet sources [363]), and (iii) finally highest-brilliance synchrotron radiation sources of the latest
generation or X-ray free-electron lasers that allow unique experiments that cannot be performed at the other sources. A neutron
ecosystem consisting of CANS, HiCANS, research reactors and finally MW spallation sources could reflect this well-proven structure
in the field of research with neutrons and lead to an increasing impact of neutrons in basic research and applications.

Acronyms

ANSTO: Australian Nuclear Science and Technology Organization, AU

ARGITU: HiCANS project of ESS-Bilbao, Bilbao, ES

ATI: Atominstitut with TRIGA reactor, TU Wien, Vienna, AT

BER II: former “Berliner Experimentier-Reaktor” of Helmholtz-Zentrum Berlin, DE

BNC: Budapest Neutron Centre with the Budapest Research Reactor, HU

BNCT: Boron Neutron Capture Therapy

CANS: Compact Accelerator-based Neutron Sources

CARR: China Advanced Research Reactor at China Institute of Atomic Energy, CN

CDR: Conceptual Design Report

CERN: “Conseil Européen pour la Recherche Nucléaire”, Geneva, CH

CPHS: Compact Pulsed Hadron Source at Tsinghua University, Beijing, CN

CSNS: China Spallation Neutron Source in Dongguan, Guangdong, CN

CW: Constant Wavelength mode

DTL: Drift-Tube Linac

ECR: Electron Cyclotron Resonance

ELENA: European Low Energy accelerator-based Neutron facilities Association

ESS: European Spallation Source, Lund, SE

FRANZ: “Frankfurt Neutron Source at the Stern-Gerlach-Zentrum” - CANS at Frankfurt University, DE
FRM II: “Forschungs Reaktor Miinchen II” - research neutron source Heinz Maier-Leibnitz, Garching, DE
GISAS: Grazing Incidence Small Angle Scattering

HANARO: High Flux Advanced Neutron Application Reactor of Korea Atomic Energy Research Institute, Daejeon, KR
HBS: High Brilliance neutron Source Project of Jiilich Centre for Neutron Science, Jiilich, DE

HEBT: High Energy Beam Transport

HEP: High Energy Physics

HFIR: High Flux Isotope Reactor at ORNL, Oak Ridge, US

HFR: High Flux Reactor of ILL, Grenoble, FR

HiCANS: High Current Accelerator-driven Neutron Sources

HUNS: Hokkaido University Neutron Source, Hokkaido, JP

HZDR: Helmholtz Zentrum Dresden Rossendorf, Dresden, DE
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IAEA: International Atomic Energy Agency

IBR-2: Fast pulsed reactor of Frank Laboratory of Neutron Physics at JINR, Dubna, RU

ICANS: International Collaboration on Advanced Neutron Sources

ICONE: Innovative COmpact NEutron facility project of Laboratoire Léon-Brillouin, Saclay, FR
ILL: Institut Laue-Langevin, Grenoble, FR

IPNS: Intense Pulsed Neutron Source, formerly at Argonne National Laboratory, Argonne, US
ISIS: Neutron and Muon Source at the Rutherford Appleton Laboratory, Didcot, UK

JCANS: Japan Collaboration on Accelerator-driven Neutron Sources

JINR: Joint Institute for Nuclear Research, Dubna, RU

J-PARC: Japan Proton Accelerator Research Complex of Japan Atomic Energy Agency and High Energy Accelerator Research
Organization, Tokai, JP

JRR-3: Japan Research Reactor of Japan Atomic Energy Agency, Tokai, JP

LEBT: Low Energy Beam Transport

LENS: League of advanced European Neutron Sources

LENS: Low Energy Neutron Source at Indiana University, Bloomington, US

LINAC: Linear accelerator

MARIA: Reactor at the National Center for Nuclear Research, Swierk, PL

MCNP: Monte Carlo N-Particle Transport code by Los Alamos National Laboratory, Los Alamos, US
MEBT: Medium Energy Beam Transport

MLZ: Heinz Maier-Leibnitz Zentrum, Garching, DE

MYRRHA: Multi-purpose hYbrid Research Reactor for High-tech Applications project by the Belgian Centre for Nuclear
Research, Mol, BE

NBSR: National Bureau of Standards Reactor at NIST, Gaithersburg, US

NCNR: Nist Center for Neutron Research at NIST, Gaithersburg, US

NIST: National Institute of Standards and Technology, Gaithersburg, US

NNS: project for a new NIST Neutron Source reactor at NIST, Gaithersburg, US

NPI: Nuclear Physics Institute of the Czech Academy of Sciences, Re%, CZ

NTD: Neutron Transmutation Doping

OPAL: Open Pool Australian Lightwater reactor at ANSTO, Lucas Heights, AU

ORNL: Oak Ridge National Laboratory, Oak Ridge, US

ORPHEE: former reactor of the Laboratoire Leon-Brilloiun, Saclay, FR

PDF: Pair Distribution Function

PGNAA: Prompt Gamma Neutron Activation Analysis (see PGA)

PGA: Neutron-induced Prompt Gamma-ray Analysis (see PGNAA)

PIK: Reactor project of Petersburg Nuclear Physics Institute, Gatchina, RU

PS: Phase Space

QENS: Quasi Elastic Neutron Scattering

RANS: RIKEN Accelerator-driven compact Neutron Systems at RIKEN, Wako, JP

RBE: Relative Biological Effectiveness

RFQ: Radio Frequency Quadrupole

RIB: Radioactive Ion Beam

RID: Reactor Institute Delft at Technical University Delft, Delft, NL

RIKEN: National Research and Development Institute, Wako, JP

SANS: Small Angle Neutron Scattering

SARAF: Soreq Applied Research Accelerator Facility at Soreq Nuclear Research Center, Yavne, IL
SESAME: Spin-Echo Scattering Angle MEasurement

SINQ: Swiss Spallation Neutron Source at Paul Scherrer Institut, Villingen, CH

SNS : Spallation Neutron Source at ORNL, Oak Ridge, US

TDR: Technical Design Report

TMR: Target—-Moderator-Reflector assembly

TOF/tof: time-of-flight

TRIGA: pulsed reactors for “Training, Research, Isotopes, General Atomics”

UCANS: Union of Compact Accelerator-driven Neutron Sources

VITESS: Virtual Instrumentation Tool for the ESS for the simulation of neutron scattering experiments
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