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Abstract — The European Spallation Source (ESS), presently under construction in Lund, Sweden, is 
a multidisciplinary international laboratory that, once completed at full specifications, will operate the world’s 
most powerful pulsed neutron source. Supported by a 3 M Euro Research and Innovation Action within the 
European Union Horizon 2020 program, a design study (HighNESS) is now underway to develop a second 
neutron source located below the spallation target. Compared to the first source, which is located above the 
spallation target and designed for high cold and thermal brightness, the new source is being optimized to deliver 
higher intensity and a shift to longer wavelengths in the spectral regions of cold neutrons (CNs) (2 to 20 Å), very 
cold neutrons (VCNs) (10 to 120 Å), and ultracold neutrons (UCNs) ( > 500 Å). The second source consists of 
a large liquid deuterium moderator to deliver CNs and serve secondary VCN and UCN sources, for which 
different options are under study. These new sources will boost several areas of condensed matter research and 
will provide unique opportunities in fundamental physics. The HighNESS project is now entering its last year, 
and we are working toward the Conceptual Design Report of the ESS upgrade. In this paper, results obtained in 
the first 2 years, ongoing developments, and future perspectives are described.
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Note — Some figures may be in color only in the electronic version.

*Email: Valentina.Santoro@ess.eu
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 
(http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, 
provided the original work is properly cited, and is not altered, transformed, or built upon in any way. The terms on which this article has 
been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

NUCLEAR SCIENCE AND ENGINEERING · VOLUME 198 · 31–63 · JANUARY 2024
© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.
DOI: https://doi.org/10.1080/00295639.2023.2204184

31 

http://orcid.org/0000-0001-5379-8771
http://orcid.org/0000-0002-3733-3226
http://orcid.org/0000-0002-7396-4922
http://orcid.org/0000-0001-7173-1650
http://orcid.org/0000-0003-1542-1695
https://crossmark.crossref.org/dialog/?doi=10.1080/00295639.2023.2204184&domain=pdf&date_stamp=2023-11-29


I. INTRODUCTION

The European Spallation Source (ESS) is pre-
sently under construction in Lund. At full specifica-
tion, it will be the most powerful spallation neutron 
source in existence. Neutrons are produced by the 
interaction of a 2-GeV proton beam with a tungsten 
spallation target. To serve the neutron instruments, the 
energy of the neutrons exiting the target is reduced 
from mega-electron-volt to milli-electron-volt range, 
using appropriate neutron moderators. In its initial 
suite, ESS will have 15 instruments for neutron scat-
tering, with the accelerator planned to reach 2 MW of 
time-averaged power in the initial years of operation, 
with a future upgrade to 5 MW. All the planned 
instruments—in different fields of neutron scattering 
such as diffraction, small-angle neutron scattering 
(SANS), imaging, reflectometry, and spectroscopy— 
are designed to attain world-leading performance at 
final specifications.

The first 15 instruments will use neutrons from 
a moderator system placed above the spallation target, 
using water and liquid parahydrogen for thermal neu-
trons and cold neutrons (CNs), respectively.[1] 

However, the ESS facility was designed with the 
potential to add more instruments thanks to a grid of 
42 beam ports for neutron extraction, spanning an 
angular range of 240 deg, and to the presence of 
upgrade areas (i.e., locations kept available for the 
placement of additional instruments). Other key 
aspects for the future upgrade of ESS are provision 
for the insertion of a second moderator system below 
the spallation target and a beam extraction system that 
has been designed with the capability of extracting 
low-energy neutrons from either above or below the 
target. This configuration gives tremendous potential 
for upgrades at ESS because it offers the possibility to 
install a second source system, with different features 
from the first one, as well as the possibility to con-
ceive and design a new set of different instruments, 
broadening the capability that ESS can offer to the 
scientific community.

The goal of HighNESS,[2,3] a European Union– 
funded 3-year project started in October 2020, is to 
perform a design study of this second source, includ-
ing a set of neutron scattering instruments and the 
fundamental physics experiment NNBAR[4,5] (a search 
for neutron-antineutron oscillations) that will make 
use of the new source. For the initial instrument 
suite, the focus was on a source capable of delivering 
a high brightness of thermal neutrons and CNs. 

Conversely, the new sources being designed in the 
HighNESS project will focus on two different aspects: 
an increase in the total number of neutrons emitted 
from the source (source intensity) and a shift of the 
wavelength range toward colder neutrons. A more 
intense source requires larger moderators and emis-
sion surfaces to increase the count rate for instruments 
or experiments that need high flux. To have a source 
of colder neutrons, in the HighNESS project, we fore-
see the need for a very cold neutron (VCN) source 
and an ultracold neutron (UCN) source (in addition to 
the second CN source). This upgrade will allow ESS 
to offer to the scientific community an extremely 
broad range of neutron energies, from thermal to 
UCN, enabling a broad range of applications and 
experiments.

The HighNESS project is structured in ten different 
work packages (WPs) as shown in Fig. 1. Work Package 
1 (WP1) is “Project Coordination” of all activities 
within the project. Work Package 2 (WP2), “Software 
Development,” has the scope to develop the computa-
tional tools needed to study and design high-intensity 
moderators. These tools will rely on the experimental 
measurements performed in Work Package (WP3), 
“Material Characterization with Neutrons,” that provide 
the material property data needed to generate thermal 
neutron scattering kernels and to validate models. Work 
Package 4 (WP4), “Moderator Design,” and Work 
Package (WP6), “Advanced Reflectors,” represent the 
core of the neutronic design of the CN, VCN, and UCN 
sources. These two WPs will need input and require-
ments from the two scientific WPs—Work Package 7 
(WP7), “Condensed Matter Science,” and Work Package 
8 (WP8), “Fundamental Physics,” to ensure that the 
sources to be designed deliver neutron fluxes and spec-
tra appropriate for performing new and groundbreaking 
scientific measurements at ESS that cannot be per-
formed with the high-brightness parahydrogen 
moderator.

During this conceptual design study, there is 
a continuous exchange of information between WP4 
and WP6, and Work Package 5 (WP5), “Engineering,” 
expected to deliver a manufactural mechanical design. 
All software and data developments performed by WP2 
and WP6 will be made available to the public by a cloud- 
computing resource developed by Work Package 9 
(WP9), “Computing Infrastructure.” Finally, Work 
Package 10 (WP10), “Dissemination and and Outreach,” 
will handle the dissemination of all the scientific content 
produced within this project. In the next sections, high-
lights are given from each WP (except WP1 and WP10,
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which will be discussed in later publications) covering 
the developments made during the first 2 years of the 
project.

II. SOFTWARE DEVELOPMENT

The accuracy of Monte Carlo simulations, used for 
the design of moderator reflector systems, depends cri-
tically on the thermal neutron scattering libraries used as 
input to the simulations. Most of the thermal scattering 
libraries (TSL) in modern evaluations are created using 
the NJOY[6] code framework. A major limitation of this 
approach is that such libraries are limited both in the 
physics and the materials that are currently supported by 
NJOY, which is primarily aimed at reactor applications. 
Within the HighNESS project, several of the materials of 
interest facilitate neutron transport through specific pro-
cesses, such as SANS and magnetic scattering, and 
require new developments to make it possible to perform 
design studies. Thus, the main aim of WP2 is the devel-
opment of new software tools for the simulation of low- 
energy neutrons in the novel materials of interest for 
HighNESS. This includes magnesium hydride (MgH2), 
nanodiamond (ND) particles [in collaboration with WP6 
(see Sec. VI)], clathrate hydrates, and intercalated gra-
phite. The software is to be used by WP4 and WP6 for 

simulations of the advanced moderator reflector con-
cepts. Experimental data collected in collaboration with 
WP3 are also used for benchmarking of the software. In 
addition, the main inputs to these software tools are 
being developed through detailed molecular modeling 
techniques.

The first year of the project focused on the develop-
ment of the software tools for MgH2 and ND particles. In 
the case of MgH2, and the closely related material magne-
sium deuteride, we developed NJOY+NCrystal,[7] which 
greatly extends the functionality of NJOY for polycrystal-
line materials using a direct interface to NCrystal.[8] In 
addition, the tool allows for the construction of libraries in 
a mixed elastic format, thus bypassing one of the major 
limitations with libraries created with the standard NJOY 
package, which previously supported either coherent elastic 
or incoherent elastic cross sections, but not both, in the 
same file.

For the ND particles, we investigated an alternative 
approach where instead of using TSL, NCrystal was called 
on the fly during a Monte Carlo simulation. For this pur-
pose we interfaced NCrystal with the code OpenMC.[9] The 
SANS physics was included through the creation of an 
NCrystal plug-in,[10,11] in collaboration with WP6. We 
also investigated the impact of the finite size of the ND 
particles on the neutron scattering cross section through
detailed molecular dynamics calculations.[12]

Fig. 1. HighNESS project WP structure. 
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Work is now underway on the intercalated graphites 
and clathrate hydrates. In the following, we give a status 
update of the current work on clathrate hydrates, in parti-
cular, tetrahydrofuran (THF) and deuterated tetrahydrofuran 
(TDF) hydrates, and oxygen-containing clathrate hydrates.

II.A. Calculation of the Phonon Density of States for 
Clathrate Hydrates

To build the Type II THF clathrate hydrate struc-
ture, coordinates were taken from Ref. [13] in which ab 
initio optimized structures of THF and H2 binary clath-
rates are provided, using the clathrate hydrate structure 
from Ref. [14]. H2 was removed from the primitive 
cell, and a conventional unit cell was built, resulting 
in 136 water molecules and 8 THF molecules. The 
structure was then optimized ab initio, using the 
Perdew-Burke-Ernzerhof functional[15] and Goedecker- 
Teter-Hutter pseudopotentials[16] with the Grimme D3 
correction for van der Waals interactions[17] within the 
CP2K software.[18] The triple zeta valence plus polar-
ization Gaussian basis set was used, with a cutoff of 
1000 Ry. Tight convergence criteria were imposed on 
account of required accuracy in determining the forces. 
The resulting optimized structure is shown in Fig. 2. 
Small displacements from the equilibrium geometry 
were then generated, and force constants were com-
puted using Phonopy[19] and CP2K. From these, the 
projected density of states (DOS) was obtained for 
each element (Fig. 2). To obtain the phonon DOS for 
the deuterated systems (TDF/H2O, THF/D2O, and 
TDF/D2, not shown), the corresponding atomic masses 
were modified, and the phonon calculations were rerun 
using the same ab initio optimized structure and forces.

II.B. Neutron Scattering Cross Sections of Clathrate 
Hydrates

The crystalline structure and the DOS of THF/ 
TDF-clathrate hydrates obtained from ab initio density 
functional calculations were fed into the data proces-
sing tool NCrystal,[8,20,21] to generate the neutron scat-
tering cross sections σsðλÞ and the scattering kernels 
SðQ;ωÞ, where λ is the neutron wavelength and with Q 
and �ω representing the neutron wave vector and 
energy transfers, respectively. The calculated σsðλÞ
and SðQ;ωÞ of THF/TDF-clathrate hydrates at 5.0 K 
are illustrated in Figs. 3 and 4. Since the incoherent 
scattering cross section of deuterium is much smaller 
than that of hydrogen, the Bragg edges resulting from 
the coherent elastic effects dominate in the case of 
TDF-clathrate hydrates. The generated σsðλÞ and 
SðQ;ωÞ are used further in the Monte Carlo neutron 
transport codes OpenMC[9] and McStas[22,23] to simu-
late the transmission measurements of clathrate 
hydrates performed at Institut Laue-Langevin (ILL) in 
Grenoble and Paul Scherrer Institut (PSI) in Villigen, 
Switzerland. The validation of the generated σsðλÞ and 
SðQ;ωÞ is ongoing.

The oxygen-containing clathrate hydrates are 
reported to be a promising VCN moderator thanks to 
their paramagnetic effects.[24] The theoretical paramag-
netic scattering physics is implemented using a plug-in 
for NCrystal named MagScat,[25] which allows for the 
calculation of magnetic-scattering cross sections σmagðλÞ, 
as shown in Fig. 5. The magnetic downscattering cross 
section σmag;� ðλÞ has a cutoff at λ ¼ 14:3Å 
(E ¼ 0:4meV), as downscattering can happen only if the 
incident neutron energy is greater than the zero-field
splitting constant.

Fig. 2. (a) Structure of the Type II THF clathrate hydrate as optimized by Density Functional Theory. (b) Corresponding phonon 
DOS for each atom type, normalized to the number of atoms in the unit cell. 
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III. MATERIAL CHARACTERIZATION WITH NEUTRONS

The objective of WP3 is to characterize neutron scat-
tering properties of materials that promise large gains in 
the moderation of CNs down to the energy range of VCNs. 
Moderators based on such materials are expected to 
enhance the capabilities of numerous neutron scattering 
techniques, as well as the reach of particle physics experi-
ments employing beams of slow neutrons. The positive 
effects of longer neutron wavelengths λ on the perfor-
mance of various neutron scattering instruments result 
from the λ dependencies of the instrumental resolution at 
fixed geometry and the intensity at a fixed resolution [e.g., 
λ� 1 and λ� 2 for reflectometers, λ� 3 and λ2 for time-of- 
flight (ToF) instruments, or λ� 3 and λ3 for neutron spin 
echo].[26] Particle physics experiments capable of utilizing 
higher VCN fluxes include the neutron-antineutron oscilla-
tion experiment NNBAR (see Ref. [27]) for which the 

respective figure of merit (FOM) is proportional to 
λ2, as well as a projected in-beam search for 
a nonvanishing neutron electric dipole moment.[28] 

Experiments searching for new fundamental forces[29] 

would also profit.
In the initial HighNESS proposal (see Ref. [2]), two 

approaches were suggested to achieve these intense VCN 
fluxes. The first approach (discussed in Sec. IV.B) 
devises an extraction of VCN from the cold source by 
using advanced reflector materials. The second one fore-
sees a dedicated VCN source consisting of a novel mate-
rial with a higher VCN production performance than 
liquid deuterium (LD2), for which deuterated clathrate 
hydrates[30] have been identified as particularly 
promising.

Thanks to their very large unit cells, this material 
class promises extraordinarily large albedos for the entire 
CN range. The moderation capability of deuterated

Fig. 3. (a) Different components of the neutron scattering cross sections per atom of THF clathrate hydrates at 5.0 K. (b) The 
corresponding scattering kernel SðQ;ωÞ. 

Fig. 4. (a) Different components of the neutron scattering cross sections per atom of TDF clathrate hydrates at 5.0 K. (b) The 
corresponding scattering kernels SðQ;ωÞ. 
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clathrate hydrates is due to low-energy modes of guest 
molecules, which occupy cages formed in a crystalline 
network of hydrogen-bonded water molecules in these so- 
called inclusion compounds. Of particular interest is 
a binary clathrate hosting oxygen and THF as guest 
molecules, wherein the molecular oxygen provides an 
additional path for neutron slowdown.[24] As visible in 
Fig. 5, this results in a suitable cross section for inelastic 
incoherent neutron scattering by local modes, which can 
remove energy from CN without the kinematic restric-
tions imposed by a dispersion relation.

Work Package 3 is dedicated to characterizing var-
ious clathrate hydrates with neutrons to investigate their 
suitability for potential use in a future upgrade of the 
ESS. At its core is an extensive experimental program 
conducted on various instruments of the ILL in Grenoble 
and PSI in Switzerland. These experiments allow study-
ing the structure and dynamics and measuring the total 
cross section of this class of materials.

III.A. Manufacturing Procedures and Neutron 
Diffraction

A central aspect of the entire experimental campaign, 
as well as for any future application of clathrate hydrates 
for novel VCN moderators, is a reliable and reproducible 
manufacturing method for large quantities of material. The 
production of gas hydrates has been discussed intensively 
for more than a decade in the context of storing and 
transporting hydrogen and natural gas (see, e.g., Refs. 
[31] and [32]). A first series of experiments was conducted 
on samples of THF-water-hydrates (17H2O � C4H8O), 
which can be prepared relatively easily by stoichiometric 
mixing of the two liquid starting materials (THF and water) 

and subsequent cooling below solidification. Neutron dif-
fraction experiments on the ILL’s high-intensity two-axis 
diffractometer D20 showed that clathrates form with almost 
no residual ice phases. However, the production of binary 
clathrates hosting both O2 and THF as guest molecules is 
more challenging, due to the high pressure required for the 
O2 to diffuse into the cage structure. Within WP3, we are 
working on different strategies to manufacture THF-O2- 
hydrates with an evenly distributed grain size and reliable 
cage filling with O2. Both quantities will be determined by 
neutron diffraction techniques.

III.B. ToF Spectroscopy

Earlier experiments[33] had shown that methane and 
THF clathrates possess a rich spectrum of incoherent 
low-energy excitations, but they provided the neutron 
scattering function Sðq;ωÞ only in arbitrary units. The 
results in the aforementioned experiment gave the neu-
tron scattering function Sðq;ωÞ only in arbitrary units. 
The measurements within WP3 are devised to determine 
Sðq;ωÞ of THF clathrate hydrates in absolute units for 
all four combinations of full or no deuteration of the 
water network and the guest molecules, respectively (see 
Fig. 6). The plot shows the spectra of different combina-
tions of protonated and deuterated components, which 
allows for a contrast variation to distinguish contribu-
tions from the guest molecules and the host lattice. 
Experiments were conducted in 2021 using the ILL 
ToF instruments IN5 and Panther, with incident neutron 
wavelengths of 2 and 3 Å on IN5; and 1 and 2 Å on 
Panther. While this experimental campaign was focused 
on clathrates hosting only THF as a guest molecule, 
future experiments will investigate the dynamics of bin-
ary THF-O2 clathrate hydrates, focusing on the excita-
tions of the confined molecules.

III.C. Determination of the Total Cross Section by 
Neutron Transmission

The aforementioned experiments are complemented by 
neutron transmission experiments in the very-cold wave-
length range. They serve for characterization of neutron 
transport through the potential moderator materials and deter-
mine the depth from which VCN can be extracted to a beam. 
From the neutron transmission, one can derive the total cross 
section of the material.

Denoting by Z0 the count rate at a detector with no 
sample, the count rate after insertion of a sample of
thickness d is

Fig. 5. Magnetic scattering cross sections of oxygen- 
containing clathrate hydrates at 1.5 K. 
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This is illustrated in Fig. 7. The transmission of the 

sample can be defined as T ¼
Zþ

Z0 , which allows the 

total cross section σt to be expressed as

A ToF setup allows us to measure these quantities as 
a function of the neutron’s wavelength λ. Experiments 
in the CN and VCN range were and are to be con-
ducted at the ILL and the PSI. This allows for the 
determination of the transparency of the material for 
VCN as well as a wide range of Bragg edges in the CN 
range.

IV. MODERATOR DESIGN

Central to the HighNESS project is the WP dedicated 
to the moderator design, WP4. The goal of this WP is to 
produce the neutronic design of CN, VCN, and UCN 

sources. The energy and wavelength ranges for the three 
sources are shown in Table I.

IV.A. Cold Neutron Source

In the first part of the HighNESS project, the effort 
was concentrated on defining FOMs for the design of the 
moderators, and on the design of the CN source, a high- 
intensity LD2 moderator.

For the first task, the definition of the FOM considers 
that the sources are intended for several classes of appli-
cations, namely, for neutron scattering instruments for 
condensed matter research and fundamental physics 
experiments studied in WP7 and WP8, respectively. The 
conventional range for neutron scattering experiments is 
between 2 and 20 Å. However, this range has been 
extended up to 40 Å, to cover a region in the VCN, as 
yet relatively unexplored but of potential interest for 
neutron scattering. This is particularly interesting for 
SANS and spin-echo instruments, for which novel con-
cepts using longer-wavelength neutrons are being studied 
within the project. It was therefore decided that the 
design of the moderator should be optimized by monitor-
ing the intensity from the emission surface integrated

Fig. 6. (a) The neutron scattering function Sðq;ωÞ measured at ILL’s Panther, with an incident energy Ei=19 meV and 
a temperature of T = 1.4 K. (b) Averaging over q gives an excitation spectrum. 

Incident Neutrons

Sample

Transmitted Neutrons

Detector

Fig. 7. Illustration of the transmission measurements conducted in the CN and VCN range. Adapted from Ref. [34]. 
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over wavelengths between 2.5 and 40 Å to include both 
CN and (partially) VCN. Concerning the FOM for funda-
mental physics, the main focus is on the NNBAR experi-
ment, for which the sensitivity of the experiment is 
proportional to the number of neutrons multiplied by 
the square of the ToF. Hence, the FOM is given by the 
intensity from the emission surface weighted by the 
wavelength squared and integrated between 2.5 and 15 Å.

With these considerations in mind, the design of the 
high-intensity LD2 moderator must simultaneously 
accommodate several instruments. An intensive optimi-
zation process was carried out to study a configuration 
where the NNBAR and neutron scattering instruments are 
placed on two opposite sides of the facility. The resulting 
design, for which an engineering study is currently being 
carried out by WP5, is shown in Fig. 8. The moderator is 
box-shaped, with a large opening—24 cm high, 40 cm 
wide—on the side facing the large NNBAR slot for 
maximum emission of neutrons (NNBAR side), and 

a smaller opening—15 cm high, 15 cm wide—on the 
opposite side for neutron scattering experiments (WP7 
side). It was found that the presence of a cold ( < 77 K) 
beryllium filter-reflector placed on the NNBAR side 
increases the NNBAR FOM by about 30%. The WP7 
side contains a reentrant hole for neutron extraction from 
the depth of LD2 at which the flux is at maximum. The 
reentrant hole gives an increase of the WP7 FOM of 
about 35%.

The intensity and the brightness of the LD2 moderator 
as a function of wavelength is compared with the upper flat 
parahydrogen moderator in Fig. 9. For the calculation for 
the lower moderator, we assumed the presence of aluminum 
inside the vessel corresponding to an amount of 2.5 vol % 
and a LD2 temperature of 22 K. Note the effect of the Be 
filter/reflector on the spectra for the NNBAR opening. The 
high performance comes at the cost of high heat load on the 
cryogenic parts of the moderator (about 50 to 60 kW), for 
which the feasibility of the cooling is being studied by WP5 
(see Sec. V).

IV.B. VCN Source

The second type of source under study in HighNESS 
is intended to produce VCN. In the original proposal, two 
approaches were considered for the design of such 
a source. One involves a dedicated VCN source made 
of a material with a higher VCN production performance 
than LD2

[2] while another one involves the extraction of

TABLE I 

Neutron Classification 

Type
Wavelengths 

(Å)

Cold neutrons 2 to 20
Very cold neutrons 10 to 120
Ultracold neutrons > 500

Fig. 8. Liquid deuterium moderator. (a) View from above. (b) View in the proton beam direction. Color scheme—dark blue: 
liquid deuterium; blue: water premoderator; light blue: beryllium; green: aluminum cladding; orange/dark orange: steels; red: 
tungsten target. 
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VCN from the cold source by using advanced reflectors. 
This section focuses on the first of the two options, where 
solid ortho-deuterium (SD2) was found to be the best 
material to replace LD2 as a dedicated VCN source. For 
the second option, a dedicated experiment, to be per-
formed at the Budapest Neutron Centera (BNC), will 
assess the effect on VCN flux when utilizing a small 
extraction channel coated with a layer of NDs. A third 
design option was suggested by Nesvizhevsky,[27] which 
consists of a hybrid design using LD2 and SD2 as well as 
ND to improve the reflection of VCN.

Our investigation started from the study of the per-
formance of a moderator placed below the spallation 
target (thus replacing the baseline LD2 moderator 
described in Sec. IV.A), where part of the LD2 is replaced 
by SD2 at 5 K (i.e., considering configurations similar to 
those suggested in Ref. [27]). It is expected that a SD2 
source will provide notable gains for longer-wavelength 
neutrons. This effect was studied in a quantitative way for 
various geometrical configurations. Additionally, we ana-
lyzed the effect of adding a layer of ND powder (with an 
average particle size of 5 nm) surrounding the deuterium 
as a reflector material. This layer both reduces VCN 
leakage and increases the effective path length within 
the source. These calculations could be carried out for 
the first time thanks to the recent development of TSL for 
both solid deuterium[35] and NDs[36] in MCNP 6.2.

After testing several possibilities, the best configura-
tion was found to consist of a SD2 block of the same 
dimensions as the conventional LD2 without a reentrant 

hole on the WP7 side. Both moderator and extraction 
walls are covered by a 0.5-mm layer of NDs to increase 
the reflectivity of VCN. Since intensity was lost on the 
NNBAR side for the range 4 to 10 Å, a 20 K Be filter was 
inserted outside the moderator’s vessel on the same side 
following the same approach used with the conventional 
cold source. This filter increases the performance on both 
the NNBAR and the WP7 sides by 30% and 4%, respec-
tively, while it is detrimental in the VCN range on the 
NNBAR side, where VCNs are not used as there is 
a gravitational cut for neutrons with wavelengths exceed-
ing 15 Å. The top view of the geometry is shown in 
Fig. 10a. As shown in Fig. 10b, order-of-magnitude 
gains are seen for λ > 40 Å, along with gains exceeding 
a factor of 2 from 10 to 40 Å (when comparing against 
a liquid-deuterium moderator design similar to the con-
ventional CN-source design shown in Fig. 8).

Ongoing discussions with the WP5 team are aiming 
to solve the problem of cooling a SD2 block placed so 
near the spallation target. These discussions led to the 
conceptualization and preliminary simulations of 
embedded foamlike aluminum and aluminum-beryllium 
alloy cooling structures, which improve SD2 thermal 
conductivity and, in conjunction with a standard liquid- 
helium cooling pipe, should allow for a rate of heat 
extraction capable of keeping the solid deuterium well 
below its melting point. In particular, the use of beryllium 
alloys in such cooling structures appears to be more 
favorable in terms of both cooling (due to reduced self- 
heating) and neutronics; these should maintain the large 
gains over a LD2 moderator reported in the previous 
paragraph (while pure aluminum foams would likely

Fig. 9. Comparison of (a) spectral brightness and (b) intensity of upper and lower moderators, at 5-MW average power. The 
spectra for the upper moderator are the average over the 42 beam ports.[1] For the lower moderator, calculated spectra are shown 
for two openings (i.e., for the NNBAR and WP7 neutron scattering experiments). 

a https://www.bnc.hu/?q=BRR.
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limit the gains to factors of 4.5 and 1.5 for λ > 40 Å and 
10 Å to 40 Å neutrons, respectively).

Such an innovative source would be an alternative to 
the LD2 source and could be used at a later stage (e.g., 
after the NNBAR experiment is completed) to provide 
ESS with a dedicated VCN source while retaining a very 
large intensity of CNs. This source would offer unprece-
dented performance in the VCN range, with a brightness of 
about 1 × 108 n/cm2∙s−1∙sr−1 at 40 Å, providing opportu-
nities that are currently unavailable in neutron scattering: 

as predicted, for instance, for reflectometry[37] as well as 
for spin echo and spectroscopy.[38] Time distributions of 
CNs (at 5 Å) and VCNs (at 27 Å) are shown in Fig. 11. 
These indicate that for VCNs, there is a time shift with 
respect to the duration of the incoming 2.86-ms proton 
pulse along with widening of the time distributions, but 
these distributions would still be feasible for ToF measure-
ments. In conclusion, such an option should be considered 
as a future alternative design of the lower source for ESS
and will be further investigated by the WP4 Team.

(a) (b)

Fig. 10. (a) Top view of the VCN source (MCNP model). Gray: steel; red: aluminum; cyan: premoderator and reflector light 
water; light blue: beryllium reflector; blue: cold beryllium filter; gold: SD2 moderator; green: ND VCN reflector. (b) Brightness 
spectra comparison for different lower-moderator designs using LD2, SD2, and solid deuterium + ND reflection layer. 

Fig. 11. Temporal response for neutrons at λ ¼ 5 and λ ¼ 27Å for the SD2 moderator with and without ND, as well as the LD2 
moderator. Counts are normalized separately for each wavelength to the maximum value reported among all three moderators. 
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IV.C. UCN Source

Different possibilities for placement of UCN sources 
at ESS were identified at the time of writing the 
HighNESS proposal, and additional ideas were later ela-
borated at a workshop dedicated to VCN and UCN 
sources at ESS.b An overview of the identified locations 
is depicted in Fig. 12. The possible locations of UCN 
sources are (1) inside the “twister”; (2) inside the mod-
erator cooling block (MCB); (3) in a standard beam port; 
(4) in the NNBAR Large Beam Port (LBP) (shown as 
a white segment in the monolith); and (5) outside the 
“bunker,” a heavy concrete shielding structure (shown in 
orange) placed around the monolith—the minimum dis-
tance of this location from the moderator is 15 m. The 
possibilities vary from placing a UCN source directly 
beneath the spallation target, to in-beam positions placed 
at 15 m—or farther away—from the target.

Concerning materials for UCN production, it was 
confirmed at this workshop that the two viable options 
for converter materials to generate intense UCN densities 
are superfluid helium (He-II) and SD2. All the presented 
options are discussed in detail in Ref. [39].

At the present stage of the project, we have calculated 
the production rate densities at the proposed different loca-
tions (see Fig. 12) to assess the possibilities that ESS can 
offer for UCN production and compare the options for 
a high-performing UCN source. Aspects related to the 
design of the UCN extraction system will also be considered 

in the last part of the project. The production rate density in 
He-II and SD2 as a function of the distance from the cold 
moderator, from near the moderator surface to 150 cm, is 
shown in Fig. 13. These estimates are obtained by multi-
plying the neutron fluxes for the UCN production cross 
sections,[40–43] without any modeling of the converters; 
they are therefore representative of the production in He-II 
or thin SD2, i.e., of configurations where the perturbation of 
the incoming cold flux, from the converter itself, is minimal. 
In the following, we discuss some other promising concepts.

IV.C.1. UCN Source in the LBP

This option (option 4 in Fig. 12) consists of placing 
a large He-II converter in the ESS LBP, which is a special 
beam port built for the NNBAR experiment and which spans 
three standard beam ports; see Ref. [5]. This unique location 
provides free access for neutron extraction over a large angu-
lar range, allowing the installation of a large UCN converter 
placed close to the center of neutron production.

The LBP is foreseen to first serve the NNBAR 
experiment and could afterward be exploited for the 
production of UCNs. A rigorous proposal by Serebrov 
and Lyamkin[44] foresees a vessel of about 60 L filled 
with He-II, surrounded by a LD2 reflector and a lead 
shield. More details can be found in Refs. [39] and 
[44]. A preliminary UCN production rate density of 
about 300 cm−3∙s−1 has been estimated, and the heat 
load appears to be sufficiently low (about 8 W in He-II) 
to allow for cooling and maintaining the He-II at the
desired temperature.b https://indico.esss.lu.se/event/2810/.

Fig. 12. (a) Horizontal cut through the target region, at the height of the LD2 moderator (shown in green) situated below the 
spallation target (not visible). The cylindrical region of 5.5-m radius around the center represents the shielding monolith (shown 
in red). (b) Magnification of the central part of the figure (a). About half of its 42 standard beam ports are visible in the cut plane. 
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IV.C.2. UCN Source In-Beam Option Using Nested Mirror 
Optics

The in-beam option offers the advantage of easier acces-
sibility to the experimental apparatus, more flexibility in the 
design of the UCN extraction, and lower heat load levels. The 
best location to place an in-beam UCN source is on the beam 
axis of the LBP (location 5 in Fig. 12), where the moderator 
can be viewed under the largest possible solid angle. In this 
scenario, the source is placed outside the neutron bunker and 
uses advanced nested mirror optics to extract the neutrons, as 
described in Ref. [45]. Preliminary calculations for this 
option give a production rate density of about 200 cm−3∙s−1, 
which, for a volume of He-II of 120 L, would provide 
a production rate of 2.5 × 107 s−1. This calculation assumes 
the use of nested mirror optics[46] with an m value of 6. It 
should be noted however that these calculations were based 
on an earlier model of the LD2 moderator. The latest model, 
with a more realistic temperature of 22 K and with 2.5% of Al 
inside the LD2 moderator vessel, gives an intensity 20% 
lower than used in Refs. [39] and [45].

IV.C.3. UCN Converter Located in the MCB Position

Another possible location for a UCN converter is 
inside the MCB shown as position 2 in Fig. 12, 

which offers the advantage of a high neutron flux, 
since it is close to the target, and of accessibility 
using different supply lines. We describe this option 
in more detail with respect to the previous ones since 
the conceptual design has not been reported in other 
publications.

The draft engineering design is being developed 
within WP5. The concept consists of a three-stage coaxial 
shell fed from two channels (Fig. 14). The stages are first, 
the thermal moderation layer (marked red in Fig. 14) with 
H2O at room temperature; second, the cold moderator 
shell consisting of LH2 or LD2 at 20 K optimized for 
a high 8.9-Å yield (marked cyan in Fig. 14); and third, 
the centered He-II converter (marked blue in Fig. 14). 
The CNs exiting the LD2 moderator will be transported 
by a feeding channel consisting of a neutron guide coated 
by ND or MgH2 (marked in yellow in Fig. 14). The 
UCNs could be extracted from the He-II by either 
a vertical or a horizontal extraction channel; see Fig. 14.

For the He-II converter in this location, a UCN produc-
tion rate density of PUCN � 1400 cm−3∙s−1, considering only 
the contribution from the LD2 moderator, can be achieved 
(see Fig. 13). For this concept, a dedicated MCNP parametric 
study regarding the dimensioning of the moderators, heat 
load on the structures, and moderator media is in progress.

IV.C.4. Summary of the Current UCN Work Design

Although the estimates of UCN production rate densi-
ties for some of the possible concepts at ESS are still very 
preliminary, a first comparison to sources that are currently 
in operation or in design/construction indicates quite pro-
mising achievable performances. For example, the in-beam 
option using nested mirrors would lead to a UCN density of 
about 6 × 104 cm−3, assuming a He-II temperature of 0.8 K 
and a corresponding neutron lifetime of 300 s.[45] This 
performance is comparable to the expected UCN density 
for the Petersburg Nuclear Physics Institute design for the 
WWR-M reactor[44] and is not presently achieved by any 
UCN source in the world. A He-II source placed in the LBP 
would provide higher UCN densities but would give less 
freedom in the design of the neutron extraction and more 
challenges in keeping the temperatures of the He-II below 
1 K. Production rate densities closer to the target are even 
higher, but the expected performance for realistic designs 
has not been analyzed yet.

IV.D. Outlook

In the remainder of the HighNESS project, activities 
will continue for all three sources under study. For the

Fig. 13. Calculated production rate densities for He-II[40] 

and SD2
[43] as a function of the distance from the LD2 

moderator. The listed distances are from the center of the 
UCN source to the edge of the beryllium filter on the 
LBP-facing side of the lower moderator. 
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CN source, further iterations with the engineering work 
package WP5 will be carried out to reach the final 
design. Neutronic analyses are in progress for the VCN 
and UCN sources, and all the design options, including 
the new ones identified at the VCN/UCN workshop, are 
being evaluated. Finally, at the end of the project, the 
different sources will be integrated into a common 
design.

V. ENGINEERING

Within the framework of WP5, the engineering 
implementations of new moderator concepts and beam 
extraction systems are analyzed. This includes, in parti-
cular, computer-aided design (CAD) of the advanced 
moderator concepts including structural-mechanics and 
fluid-dynamics simulations, structural materials selection, 
manufacturability verification, weldability analysis, defi-
nition of fluid parameters, cooling process concept 
design, and verifying the design’s integrability into the 
ESS facility. This section contains the current status of 
work on WP5.

V.A. Engineering Aspects Related to HighNESS 
Moderators

The installation of a new neutron source in an exist-
ing infrastructure presents several engineering challenges. 
The selection of the location for future moderators must 
deal with the fact that the existing structure imposes 
limitations on the accessibility and exchangeability of 
components. Figure 15 shows the ESS target monolith. 
The colored components represent the possible locations 
for the planned moderator upgrades, for which engineer-
ing aspects are under analysis in WP5.

The first moderator support structure, the so-called 
twister (shown in dark red in Fig. 15), contains a liquid 
parahydrogen low-dimensional moderator only. This 
moderator is installed in the upper part of the twister, 
above the tungsten target wheel. However, the twister 
design allows for use of the space below the target 
wheel for future moderator upgrades. This location is 
characterized by its proximity to the neutron production 
center and thus by a high neutron yield. The disadvantage 
is the extraordinarily high heat load caused by the 5-MW 
proton beam. The baseline design choice in HighNESS is

Fig. 14. Conceptual design of a UCN source in MCB position. 
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to place a voluminous LD2 moderator, as discussed in 
Sec. IV. This high-intensity CN source is at the heart of 
the project, and the engineering design is currently being 
performed within this WP. As discussed above, 
a potential future upgrade could be the replacement of the 
LD2 moderator with a SD2 moderator, which would 
potentially deliver CN, VCN, and UCN from a single 
source. The high expected heat loads make the cooling 
of such a source very challenging, and an investigation of 
its feasibility is planned.

In addition to the twister, the removable shielding 
blocks near the moderator present possible locations for 
future moderator upgrades. As previously mentioned, 
the so-called MCB (light red component in Fig. 15) is 
particularly attractive for a secondary UCN source 
placed near the CN source because it is close to the 
spallation center. Thus, a UCN converter placed inside 

the MCB would receive a high neutron flux. 
Additionally, because of its proximity to the high radia-
tion zone, the MCB must be actively cooled; thus, 
a cooling system is already available and could be 
adapted for a new source. Finally, this block is 
exchangeable, and handling devices within the ESS 
infrastructure are already available. Since the heat load 
is considerably lower here than within the twister, 
a UCN source would also be conceivable, and it is 
currently investigated together with WP4 (see Sec. IV. 
C.3). Since this option has the highest heat load of the 
possible locations for UCN and is therefore critical in 
terms of cooling, it will be further investigated by WP5. 
However, the choice for the final location of the UCN 
has not yet been decided.

Another option for the installation of a UCN source 
is offered by the neutron beam port inserts (shown in

Fig. 15. ESS target monolith with highlighting of some of the possible locations of the HighNESS sources, for which engineering 
study is ongoing; see also Fig. 12. Dark red: location for the upper parahydrogen and lower LD2 moderators (twister); light red 
and orange: possible locations for He-II UCN source, i.e., MCB and neutron beam port inserts, respectively. 
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orange in Fig. 15), which can be replaced by a moderator 
insert or a new type of beam extraction system. The 
advantage is that the entire cryogenic infrastructure can 
be installed outside of the monolith. The disadvantage is 
that such an insert can serve only one instrument at 
a time. Further locations for a UCN have also been 
identified, which are explained in more detail in Sec. IV.

V.B. LD2 Moderator for CNs

The biggest engineering challenge for the CN 
source is handling the heat load on the LD2 moderator 
of about Qheat ¼ 57 kW resulting from the spallation 
process of the 5-MW proton beam. A mass flow of at 
least ·m � 3400 g � s−1 LD2 is needed to remove the 
particle heat and to keep the average temperature 
increase, as required, below 3 K. The moderator will 
have a static liquid pressure of p ¼ 5 bars, a moderator 
inlet/outlet temperature of Tin=out ¼ 21=24 K, and an 
average moderator temperature of Tav ¼ 22:5 K. 
Assuming a flow velocity of up to w � 5m � s� 1, an 
inlet/outlet pipe diameter of d ¼ 70 mm would be 
required, which must fit into the existing twister struc-
ture. Several iterations with WP4 led to the following 
preliminary engineering design of the LD2 moderator. 
The moderator vessel will be made of high-strength 
aluminum alloy Al6061-T6, which allows local stresses 
up to Sm ¼ 87 MPa and will be filled with approxi-
mately 34 L of LD2. The cold moderator will be sur-
rounded by a vacuum jacket followed by a light water 
premoderator and a warm beryllium reflector. In addi-
tion, one cold beryllium filter (TBeF � 80 K) is installed 
within the cold moderator vessel on the side facing the 
large neutron-beam window (blue block in Fig. 16).

The fluid guides ensure that flow separation, dead 
areas, and swirls do not occur. The extension rods ensure 
additional mechanical stability since the vessel walls are 
flat and need to be as thin as possible to minimize neutron 
losses. The moderator will be milled and partially elec-
trical discharge machined from a solid block of aluminum 
alloy Al6061-T6, and finally, the cover will be welded to 
the main body with “low-distortion” electron beam 
welding.

In addition to the usual structural and fluid 
mechanics issues, integrability must also be checked 
since the components must be integrated into an existing 
source. Originally, the twister was designed for a total 
moderator volume of about 4 L (2 � 0.65 L for the 
upper moderators and 2 � 1.3 L for the lower mod-
erators). Integrability is critical because the LD2 mod-
erator has a substantially larger volume and thus 
dissipates significantly more heat. Therefore, larger sup-
ply and dissipation cross sections are required. All sup-
ply lines must be routed through the twister shaft. 
However, the diameter of the shaft cannot be increased 
since it is surrounded by nonreplaceable shielding ele-
ments. Figure 17 shows the twister with the upper mod-
erator on the leftmost image; on the rightmost image, the 
integrated volume LD2 moderator is placed in the lower 
moderator plug. The final engineering design of the LD2 
moderator is still in progress and will be completed in 
2023.

V.C. Engineering Design of the UCN Source

The second engineering subproject in the frame-
work of HighNESS will investigate the integrability of 
the UCN source into the existing facility. As discussed 
in Sec. IV.C, currently, neutronic studies are ongoing

Fig. 16. Preliminary engineering design of LD2 moderator. See explanation in the text. 
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to identify the best location for such a source. The 
engineering design will be carried out by WP5 on the 
selected concept.

V.D. Experimental Validations

Two experiments are planned in the near future, 
related to advanced reflector concepts and UCN materials 
under study in Highness:

1. Validation of the reflection properties on CN and 
VCN of ND and MgH2 layers; measurement performed 
in collaboration with the BNC.

2. Investigation of the heat transportability and 
phase stability of 4He in phase-state II (He-II) measured 
at Forschungszentrum Jülich ZEA-1.

These experiments are done in collaboration 
among WP4, WP5, and WP6; since the engineering 
support is given by WP5, they are described in this 
section.

V.D.1. Prototype Experiment of Moderator Using ND and  
MgH2 Advanced Reflectors

This experiment will be performed at the Budapest 
Research Reactor in the second half of 2023. At the 10- 
MW research reactor, a moderator test facility is currently 
under construction in neutron channel 4. The conceptual 

design of the facility is depicted in Fig. 18. The test station 
will allow measuring pinhole images of the moderator and 
ToF neutron spectra.

The moderator setup consists of three interchange-
able vessels filled with a 10-mm-thick layer of ND pow-
der, MgH2 powder and an identical empty vessel for 
background subtraction, respectively, that will be placed 
around a hydrogen cold moderator (Fig. 19). The cold 
moderator is fed by the thermal neutron field diffused by 
a beryllium cylinder located in the line of sight of beam 
channel 4 (see also Fig. 22 in Sec. VI). The moderated 
neutrons of the moderator/reflector assembly are led into 
a 600-mm-long beam guide surrounded by a 5-mm-thick 
ND powder layer. The spectra of the reflector/moderator/ 
guide assembly are measured by a pinhole (“camera 
obscura”) ToF two-dimensional detector setup (see 
Fig. 18). All structures of the setup that are placed in 
the neutron beam are manufactured of aluminum to mini-
mize neutron absorption and activation. The H2 supply 
lines are led into the cryostat system outside the bunker 
where the LH2 liquefaction takes place and a defined LH2 
ortho/para ratio can be generated.

V.D.2. Experimental Investigation of He-II Phase Stability 
Under an Applied Local Heat Load

He-II is one of the two possible materials studied in 
HighNESS for a UCN source at ESS. For the option of

Fig. 17. LD2 moderator integration. 1. Upper moderator plug; 2. upper moderator plug in the moderator support structure; 3. 
moderator plug with LD2 moderator; 4. and 5. moderator plug in the moderator support structure and surrounded by the outer 
reflector, respectively. 
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a He-II converter inside the MCB, because of the close 
position to the spallation target, a high heat load is 
expected. Therefore, an experimental investigation of the 
phase stability of He-II is planned to determine the phase 
behavior and limit value for a locally induced heat load. 
The experimental setup consists of a glass vessel placed 
inside the insulation vacuum of the ZEA-1 laboratory cryo-
stat of Forschungszentrum Jülich. Within the He-II filled 
vessel, an absorber made of black eloxated aluminum foil is 
positioned to be decoupled as much as possible from the 
surroundings (Fig. 20). The absorber is irradiated by a 445- 
nm laser beam with a maximum power of 500 mW. The 
oval-shaped beam sized ,0.05 × 0.2 mm leads to an 
maximum heat load of 50 W �mm−2, which can be depos-
ited into the He-II. The system is observed through a beam 
port window to visually detect a phase change.

V.E. Future Prospective and Tasks of WP5

In the coming months of the HighNESS project, the 
WP5 Team will work on the following tasks:

1. Finalizing the detailed design of the LD2 mod-
erator, including structural-mechanics and fluid-dynamics 
simulations, structural materials selection, manufactur-
ability verification, weldability analysis, definition of 
fluid parameters, cooling process concept design, and 
integrability.

2. Preliminary design of the He-II UCN source 
including materials selection, cooling process concept 
design, and integrability.

3. Manufacturing of ND advanced reflectors for the 
upcoming experiment at the Budapest moderator test 
facility. Support in the implementation of the experiment 
(hydrogen liquefaction, parahydrogen generation, and 
measurement).

VI. ADVANCED REFLECTORS

The goal of WP6 is to study and optimize the design of 
advanced neutron reflectors to increase neutron delivery to 
the instruments. This can be achieved both by wrapping the

Fig. 19. Experimental moderator/reflector/guide setup with interchangeable configurations placed within the neutron beam. 

Fig. 18. Sketch of the moderator test facility under construction at the beam channel 4 beamline of the 10-MW Budapest 
Research Reactor of the BNC. 
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moderator with CN reflectors, thus increasing the chances 
for neutrons to get moderated further, and by use of 
advanced reflectors in the extraction channel to transport 
more neutrons to the first neutron guide. The findings from 
WP2 and WP3 for the novel materials, which have been 
implemented in the related Monte Carlo software (see 
Sec. II), are essential for the success of this endeavor. 
A plug-in for NCrystal[47] to describe ND SANS has been 
developed in collaboration with WP2 to perform the design 
studies needed in WP6. This plug-in extends the simulation 
potential of the library by modeling SANS through both 
empirical models (i.e., fitting existing experimental data) 
and theoretical models. The capability for directly loading 
additional experimental data has also been implemented. 
The most updated version of the code is available with 
open-source access in the HighNESS GitHub 
repository.[48] The reliability of the code has been exten-
sively tested in different setups simulated in McStas,[22,23] 

and the results are comparable with available experimental 
data. As an example, the reflectometry experiment 
described in Ref. [49] was reproduced in McStas, and the 
results are shown in Fig. 21. (The spike in Fig. 21b is 
caused by the Si window of the sample holder, not included 
in the simulation).

The simulations capture important features of the real 
ND powder, despite the lack of more sophisticated physics, 
like a model for small diamond grains. A more extensive 
discussion on the topic has been presented in Ref. [10].

As discussed in Sec. V, a dedicated experimental 
campaign at BNC is being planned and will entail the 
installation of advanced neutron reflectors both around 
the moderator and in the extraction channel. The candi-
dates for the first location are MgH2 and NDs both at 
room temperature. The differences between these two 
materials are well highlighted in Ref. [36]. Above 
10−4 eV, NDs are almost transparent due to predominance 
of SANS. In the VCN range, instead, NDs’ reflectivity 
rapidly increases to almost 1, even for a small amount of 
powder. On the other hand, the reflectivity of MgH2 stays 
roughly constant around 0.5 in a wide energy range, 
despite the increasing absorption by hydrogen at lower 
energies. In the extraction channel, a thin layer of ND 
powder (e.g., 0.5 cm) is expected to give a significant 
increase on the CN flux.[50] This is mainly due to the 
quasi-specular reflectivity feature exhibited by ND in the 
cold energy range.[51] A sketch of the MCNP model used 
for this study is shown in Fig. 22, and it is based on the 
setup of Fig. 18.

VI.A. Future Prospective and Tasks of WP6

In the following months until the end of the project, 
WP6 will be involved in carrying out the more extensive 
benchmark for the ND plug-in in the experimental setup 
relevant to the HighNESS application. Also, the success 
of the experimental campaign in Budapest will be crucial

Fig. 20. (a) Glass cryostat with absorber foil filled with He-II. (b) View through the beam port window inside the insulation 
vacuum vessel with an impinging laser beam. 
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to build confidence in the modeling capabilities for future 
implementation of advanced reflectors at ESS.

Preliminary simulations using TSL developed within 
WP2 have shown that a gain factor of about 2 in neutron 
counts between 4 and 10 Å could be reached at the 
extraction tube with the combined use of a 1-cm-thick 
MgH2 layer around the moderator and only 0.5 cm of 
NDs around the extraction tube. This experimental cam-
paign will allow for the validation of neutron transport 
calculations in the presented in-pile environment, thereby 
building confidence in the modeling capabilities to be 

used for future implementation of advanced reflectors 
at ESS.

VII. CONDENSED MATTER SCIENCE

The work carried out in WP7 concerns the definition 
and the optimization of the conceptual designs for the 
neutron scattering instruments that will benefit from 
the second moderator cold source designed in the 
HighNESS project. The instruments are designed

Fig. 21. (a) Probability of neutron scattering from the surface of fluorinated ND powders as a function of the neutron wavelength 
and the scattering angle in the McStas simulation with hard sphere model and (b) in Ref. [49]. The neutron incidence angle on the 
sample is 1°deg. The same color map is adopted for the relevant reflectivity range. 
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considering the potential higher spectral intensity and the 
gains at longer wavelengths that will be offered by the 
sources currently under optimization in WP4 (see 
Sec. IV). The presented conceptual designs in this work 
include two complete alternative concepts for SANS 
instrumentation and a conceptual design for a neutron 
imaging (NI) instrument. A neutron spin-echo instrument 
design is also being carried out, but since its development 
is still in the preliminary stage, it will not be described in 
this paper. The conceptual designs for SANS and NI have 
reached a state of maturity that enables parametric per-
formance studies in connection with the moderator design 
development. The performance of the instruments has 
been tested via Monte Carlo ray-tracing simulations, 
using McStas,[22,23] as well as q-range and q-resolution 
calculations. For the overall optimization of the guide 
systems and optics of the proposed instruments, the soft-
ware package guide_bot[53] will be used; guide_bot offers 
a systematic, fast, and flexible solution for optimization 
processes. For the needs of the HighNESS project, 
guide_bot is being modified and improved, with respect 
to its former version,[53] into a Python-based version. 
Additionally, for the McStas simulations, the WP7 Team 
has developed components for Wolter optics[54–56] that 
are also implemented in guide_bot.

VII.A. Small-Angle Neutron Scattering

A SANS instrument, specifically designed to view 
the lower moderator, offering increased intensity of 
CNs, will be able to measure with longer wavelengths 
and access extended q-ranges. As such, we can access 
larger length scales within samples, potentially overlap-
ping with the length-scale regime of NI without signifi-
cant loss of flux, which is one of the main concerns of 

this flux-limited method. Accessing extended length 
scales and the prospect of using smaller samples could 
be beneficial to research fields such as structural 
biology[57] and superconductivity.[58,59] Current efforts 
to access these length scales, known as very-small-angle 
neutron scattering or ultra-small-angle neutron scatter-
ing, typically suffer from very long counting times and 
employ elaborate instrument concepts designed to com-
pensate for the very low source brightness of neutrons at 
long wavelengths. Overall intensity gains will also allow 
rapid measurements with small beams, and scanning- 
SANS measurements will thus be possible. Hence, 
local features and structural variations throughout inho-
mogeneous samples can be probed. Faster measure-
ments on the other hand, in time-resolved SANS, will 
enable the study of processes and structural transforma-
tions (e.g., reorientation dynamics of anisometric mag-
netic particles).[60] The generally lower source flux at 
long wavelengths can be compensated for by employing 
novel focusing techniques (e.g., Wolter Optics). Wolter 
optics can offer higher flux at the sample position by 
collecting a large proportion of the incident neutron 
beam coming from the moderator surface. Such 
a concept profits not only from the improved CN flux 
but also from the large moderator size available at the 
new moderator.

Based on the above envisioned applications, we have 
accordingly developed two conceptual designs for SANS, 
where the first is a conventional instrument drawing on 
the expected gains in CN intensity. The second concept, 
on the other hand, attempts to utilize novel Wolter focus-
ing optics to additionally fully benefit from the larger 
moderator surface. The first SANS instrument is designed 
based on a conventional small-angle neutron scattering 
(ConvSANS) geometry, with the use of a typical pinhole

Fig. 22. (a) Side cutaway and (b) downstream 3D view of the MCNP model for the Cold Moderator Test Facility at the BNC 
based on CAD files[52] with the insertion of the HighNESS reflectors and extraction system. Blue: steel collimator; gray: lead 
reflector; orange: beryllium disk; pink: liquid para-H2; green: advanced reflectors; purple: aluminum structure. 
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collimator. An overview of the instrument can be seen in 
Fig. 23a.

The collimation maximum length is 30 m, with 
sample-to-detector distances of 3 m (wide angles) and 
30 m (small angles) and a total instrument length of 
80 m. The long collimation offers high angular resolu-
tion, which is also complemented by the high wave-
length resolution due to the instrument length. Two 
benders, one through the monolith wall and another 
one through the bunker wall, are used as short-wave-
length cutoff filters and provide twice out-of-line-of- 
sight curvature to minimize the spallation background 
reaching the detector area. The current conceptual 
design assumes the guide size to be 3 � 3 cm through-
out the whole instrument. A bandwidth double-disk 
chopper is placed in the in-bunker section of the instru-
ment, at 6.5 m from the moderator. An additional pair of 
choppers is placed just beyond the bunker wall, at 15 m, 
to suppress frame overlapping. The detector configura-
tion employed for the current setup is based on 
a “window-frame” design. The front detector, 53 m 
from the moderator, has a 3 � 3-m surface area with 

a 0.1 � 0.1-m window opening at the center. The rear 
detector is located at 80 m from the moderator and has 
a 1 � 1-m surface area.

A Wolter focusing optics small-angle neutron scatter-
ing (WOF-SANS) instrument makes use of a pair of Type 
I Wolter optics[61] to take advantage of the large mod-
erator surface and to increase the neutron flux at the 
sample position. A schematic of the current instrument 
design can be seen in Fig. 23b. The first Wolter optics 
system is used as a condenser lens, and it is in the in- 
bunker section of the instrument, 6.5 m from the mod-
erator. It consists of 10 nested paired parabolic and 
hyperbolic sections, currently 25 cm in length each, and 
has a focal length of 15 m. At the focal point, 21.5 m 
from the moderator, a circular aperture of 4 mm in 
diameter is used to suppress any out-of-focus rays and 
any neutrons that pass through the condenser without 
reflecting. The second Wolter optics system is used as 
an objective lens. It is located 31.5 m from the moderator, 
and it has symmetric focal lengths, aperture-to-objective 
and objective-to-detector, of 10 m each, with 
a magnification M = 1. As such, the focused beam spot

Fig. 23. (a) ConvSANS instrument layout and (b) WOF-SANS instrument layout. In both (a) and (b), the red lines represent 
scattered neutrons with maximum scattering angles at the edges of each detector. In (b) the blue lines represent the focused 
neutron beam by the Wolter optics. 
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size on the detector center is expected to be 4 mm in 
diameter. The objective lens consists of 10 nested paired 
elliptical and hyperbolic (E-H) sections, also 25 cm in 
length each. The position sensitive detector is considered 
to have a surface area of 3 � 3 m and is placed at a fixed 
position matching the common focus of the E-H mirrors, 
41.5 m from the moderator.

For both instruments, initial evaluation of their 
performance was performed by calculating the 
q-ranges and corresponding q-resolutions, aiming to 
reach q-values below 10−3 Å−1. To do so, reasonable 
wavelength bands were chosen based on each instru-
ment’s available wavelength bandwidths (3.5 and 
6.8 Å, respectively, when operating with the 14-Hz 
source frequency). For ConvSANS, we used a 3-cm- 
diameter source aperture and a 1.5-cm-diameter sample 
aperture and assumed a pixel size of 1 cm. For the 
WOF-SANS, we used a source aperture of 4-mm dia-
meter and a pixel size of 4 mm. For both instruments, 
we chose a minimum wavelength of 7.2 Å. The results 
are given in Fig. 24.

For further evaluation of the instruments’ perfor-
mance, we have done Monte Carlo ray-tracing simula-
tions using McStas.[22,23] For the simulations, we used an 
MCPL[62] input file (MCPL is a binary format storing 
information on the state of a particle (momentum and 
position) and allows for interchanging of trajectories, 
particles, or entire events over different Monte Carlo– 
based simulation programs) as a source, corresponding 
to the lower moderator design with a viewable area of 
15 � 15 cm2. Figure 25 shows the resulting wavelength 
spectra, for both instruments, at the corresponding sample 
positions, with the WOF-SANS configuration having sig-
nificant gains in total neutron intensity at the sample.

VII.B. Neutron Imaging

Neutron imaging is a rapidly evolving real space 
technique probing macroscopic structures with a very 
wide range of applications covering both academic 
research and areas with direct industrial impact. An 
imaging instrument viewing the second moderator 
could provide enhanced performance in a complemen-
tary regime of applications with respect to the under- 
construction ODIN instrument,[63] in particular, for large 
industrial samples. The large viewable area of the mod-
erator will allow for a larger and potentially more uni-
form field of view while the expected higher intensity in 
wavelengths above 5 Å can greatly increase, for exam-
ple, the sensitivity of polarized NI, extending the range 
of accessible three-dimensional (3D) magnetic field 

distributions to lower fields and local electric currents. 
The long-wavelength regime will also greatly improve 
quantitative high-resolution imaging with neutrons, as 
the signal is not affected by diffraction, which is other-
wise unavoidable from some structural materials.

Accordingly, the NI instrument is designed based on 
a conventional NI pinhole geometry, which enables opti-
mum beam homogeneity. The total length of the instru-
ment is not fixed; however, it will be kept rather short. 
A short instrument will not require a neutron guide and 
therefore will profit from a more uniform beam, which is 
essential for the best image quality. With the use of 
a movable sample-detector configuration, the length can 
be adapted, and along with adjusting the size of the pin-
hole, resolution, size, and flux can be traded flexibly. 
With the large homogeneous field of view, high intensity, 
and only very moderate wavelength resolution, the instru-
ment will well complement the currently constructed 
instrument ODIN at ESS. A schematic of the NI instru-
ment can be seen in Fig. 26.

In the above setup, we can define the L=D ratio with 
L being the distance between the aperture and the sample 
and D the aperture diameter. This ratio gives the geo-
metric resolution of the configuration as it determines the 
image blur, d ¼ l=ðL=DÞ, in the detector plane, where l is 
the distance between the sample and the detector. With 
L = 16 m and D = 3 cm, L=D = 533.3. This can be further 
improved by either reducing the aperture size or increas-
ing L. However, experimental, and thus resolution, 
adjustments should be made considering implications on 
flux and vice versa. Simulations with different L=D were 
performed using McStas, using the same source MCPL 
file as for the SANS instruments. Selected examples of 
resulting fields of view are given in Fig. 27.

VIII. FUNDAMENTAL PHYSICS

In WP8, the possibilities of the high-intensity neutron 
source for experiments in fundamental physics are inves-
tigated. The work is mostly dedicated to the design of the 
NNBAR experiment.[4] This experiment would exploit 
the neutron flux available from the newly designed 
lower moderator to search for the baryon number violat-
ing process of a neutron n converting to an antineutron n. 
A key aim is to obtain a sensitivity that is three orders of 
magnitude greater than the one achieved in the last search 
with free neutrons.[64] The experiment comprises neutron 
focusing and transport in a magnetically shielded region 
to a carbon target that is surrounded by a detector that can 
observe the annihilation between an antineutron and
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a target nucleon. The antineutrons will annihilate and will 
be detected via their multipion and photon decay 
signature.

VIII.A. Overview of Experiment and Reflectors

In Fig. 28, a schematic of the planned experimental 
setup of the NNBAR experiment at ESS is shown. 

Neutrons leave the moderator and traverse the LBP, 
which was specially designed for the NNBAR experi-
ment. The LBP covers three regular ESS beam ports, 
corresponding to a size of 105� 70 cm2 at a distance of 
2 m from the moderator. It will thus allow the NNBAR 
experiment to use a large fraction of the solid angle, 
leading to a high intensity of the CN beam. A reflector 
is placed in the region behind the LBP’s exit to focus the

Fig. 24. (a) The q-ranges as a function of wavelength for ConvSANS and WOF-SANS, calculated using a minimum wavelength 
of 7.2 Å and for both 14- and 7-Hz modes of operation. (b) The q-resolution as a function of scattering vector q. 
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neutrons in the direction of the detector located upstream. 
Having passed the optics, neutrons travel in a magnetic 
field–free region toward a distant carbon target. The 
target is surrounded by a detector to observe a baryon 
number annihilation signal of an antineutron with 
a nucleon in a carbon nucleus. The moderator-to- 
detector distance is foreseen to be 200 m.

An option for the reflector that is considered in the 
project is in a nested arrangement of neutron mirrors as 
proposed in Refs. [46] and [65]. The arrangement utilizes 
the general property of an elliptical-shaped mirror where 
rays that are sent out from the first focal point are 
reflected to the second one. If the outer layer of such 
nested elliptical guides is given, the inner layers can be 
constructed in a recursive manner such that the layers will 
not shadow themselves. In the sketch of Fig. 29, the 
principle is shown. A straight line from the source posi-
tion M to the end of the optics from the layer with index 

n defines the optimal starting position of the next 
layer nþ 1.

Different layouts of the nested reflectors that are 
symmetrical around the axis-in-flight direction are possi-
ble. These are (a) a mono planar system, (b) a double 
planar system, and (c) a cylindrical system. In Fig. 30, 3D 
renderings of the different types are shown.

To simulate the transport capabilities of the different 
reflector geometries, a method for an automated creation 
of the components has been developed. From a set of 
given parameters (focal distance, starting point, length, 
etc.) that define the geometric constraints, the compo-
nents are generated and can be used in McStas[22,23] 

simulations.
An alternative to the elliptical-shaped reflectors are 

Wolter optics[61] systems. These are a full family of 
mirror layouts and consist in the case of our application 
of two segments in a hyperbolic and elliptical shape. The 
segments are constructed in a way so that they fulfill the 
Abbé sine condition[66] in good approximation. Such 
optics produce sharp and aberration-free images. Their 
suitability for an NNBAR experiment will be studied in 
the next months of the HighNESS project.

VIII.B. Beamline Simulations

While the LBP is of fundamental importance for 
reaching the sensitivity goals of the NNBAR experi-
ment, it will also transport a large number of fast 
neutrons and spallation background beyond the target 
monolith. The NNBAR beamline will therefore have to 
be heavily shielded, especially the first few meters 
exterior to the target monolith. This includes reinforce-
ment of the bunker roof in the region around the 
NNBAR beamline as well as additional shielding
inside the bunker.

Fig. 25. Wavelength spectra at the sample position, as 
simulated with McStas, for ConvSANS and WOF-SANS. 

Fig. 26. Neutron imaging instrument layout. 
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To investigate the amount of additional shielding 
needed inside the bunker, a model of the NNBAR beam-
line was created using the CombLayer software 
package.[67] CombLayer allows for the production of 
geometries suitable for several radiation codes such as 
PHITS or MCNP. In this case, simulations were carried 

out using MCNP6.2.[68] The MCNP model is shown in 
Fig. 31a. Apart from NNBAR itself, the neighboring 
HEIMDAL[69] beamline was also included. Figure 31b 
shows a simulated dose map without additional shielding 
of the NNBAR beamline. In this case, the dose rate in the 
proximity of the beamline exceeds 100 Sv/h. This not

Fig. 27. Detector images from Monte Carlo ray-tracing simulations for different L=D (a) by either changing the aperture size with 
constant detector distance or (b) by changing the detector distance with constant aperture size. 

Fig. 28. Schematic of the NNBAR experiment (not in scale). The moderator-to-detector distance is foreseen to be 200. The 
annihilation target is of radius 1m. Vacuum tube and magnetic shielding are not shown. 
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only would be a problem for experiments at neighboring 
beamlines but also exceeds the dose rates that the bunker 
walls have been designed for. However, as shown in 
Fig. 31c, 40-cm-thick walls of heavy concrete are suffi-
cient to reduce the dose rate to � 1 Sv/h, which is the 
level of radiation emitted inside the bunker by the stan-
dard ESS neutron scattering instruments (as shown in 
Fig. 31c where the radiation emitted by the HEIMDAL 
instrument is around few Sv/h). Additional beamline 
simulations are currently under preparation, including 
simulations of the bunker roof and the NNBAR guide 

shielding outside the bunker. For variance reduction, 
these simulations will make use of a specially developed 
sampling method based on probability density evaluation 
and duct-source biasing.[70] This will allow for the com-
pletion of these simulations with high statistics while 
preserving correlations between positions, angles, and 
energies of neutrons emerging from the LBP.

VIII.C. Beam-Induced Background in Detector

The background coming from the LBP will also be 
a challenge for the NNBAR detector. While the principal 
background for the last search with free neutrons was 
caused by cosmic rays,[64] the search also observed sub-
stantial beam-induced background that required mitiga-
tion efforts to suppress. Lithium plates were deployed 
around the experimental area to absorb neutrons. An 
important irreducible background arose from gammas 
produced from neutron capture at the carbon target.

A Geant-based framework has been developed to 
study beam-induced backgrounds in the NNBAR experi-
ment. The detector and general software framework of 
the experiment are described elsewhere.[71–72] The

Fig. 30. Types of nested optical components: (a) mono planar, (b) double planar, and (c) cylindrical. 

Fig. 29. Schematic of elliptically shaped neutron mirrors 
in a nested arrangement. M and M 0 are the common focal 
points of the ellipses that form the individual layers. 
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detector comprises tracking, silicon along with a time 
projection chamber, a scintillator, and lead-glass 
calorimeter.

A weighted sample of around 440 000 simulated 
neutrons, as focused by differential reflectors[5] and 
that arrive at the detector area, has been studied. 
Figure 32 shows the properties of neutrons arriving 

at the detector area at a distance of around 195 m 
from the reflector and that are further propagated to 
the carbon target at 200 m. The data were split into 
eight simulated pulses. To match the region in which 
the reflecting simulation is reliable, a kinetic energy 
of less than 0.1 eV is taken. The plots show the 
buildup of a flat, pulse-independent asymptotic region 
of slow neutrons.

A key concern in the design of the experiment is 
the flux of photons from neutron capture and inelastic 
scattering at the carbon target and the surrounding 
infrastructure (e.g., beam pipe). In addition to provid-
ing a continuous low-energy “pile-up” background, in 
the worst case, this can mimic the signature of an 
antineutron annihilating in the target. Mitigation 
efforts must therefore be taken. A full optimization 
of neutron absorption and background suppression 
options is being undertaken. An example of this is 
the coating of the insides of the beam pipe with 
neutron absorber plates. Figure 33 shows the intensity 
(number of photons per millisecond) exiting the beam 
pipe and entering the detector for the case where no 
absorber coating is used and a coating with 6Li is 
used. As the plots show, the photon yield is substan-
tially reduced.

IX. COMPUTING INFRASTRUCTURE

The objectives of WP9 are to provide the 
required scientific computer infrastructure for the 
simulations needed in the HighNESS project and to 
offer the tools developed available as cloud resources. 
Two simulation software packages need to be pro-
vided, namely, McStas and NCrystal, for thermal 
neutron transport.

In the first 2 years of the HighNESS project, the 
focus has been on providing computational resources for 
the participants, providing the functionality required. 
This has taken the form of (1) on-boarding users from 
the HighNESS community on the ESS Data 
Management and Software Center (DMSC) scientific 
compute cluster, (2) providing storage capacity on the 
ESS scientific computer systems for HighNESS relevant 
data, (3) keeping the McStas software up to date on the 
ESS DMSC scientific computer cluster, and (4) enabling 
the possibility for running Jupyter notebooks as a batch 
job on the DMSC computer cluster. Aside from provid-
ing basic computational capacities for the HighNESS 
project, an effort has been undertaken to develop 
a proof-of-concept cloud solution for McStas simulation

Fig. 31. (a) Model of NNBAR beamline created in 
CombLayer. (b) Dose map from MCNP simulation of 
NNBAR beamline without additional shielding. (c) 
Dose map from MCNP simulation of NNBAR beamline 
with 40 cm of heavy concrete as additional shielding. 
Dose rates are given in µSv/h. 
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using JupyterHub. This has been achieved by utilizing 
a service put in place as part of the PaNOSCc project, 
namely, the e-learning platform pan-learning.org. In 
pan-learning.org, a training course can encompass the 
possibilities for performing limited-size McStas simula-
tions, and a special course has been set up for 
HighNESS providing the possibility for HighNESS 
users to perform such simulations proving the viability 
of using JupyterHub as a framework for the cloud ser-
vices to be provided. Such JupyterHubs must be pro-
vided as a more independent service than what is 
available in the pan-learning platform and need to be 
connected to sufficient computational capacities, which 
is not the case for pan-learning at moment.

X. CONCLUSION

In summary, in the first 2 years of the HighNESS 
project, many results have been achieved in the different 
WPs. Thanks to the work carried out in WP2, WP3, and 
WP6, it is now possible to use advanced reflector mate-
rials in the neutronic simulations of the HighNESS 
moderators. The neutronic design of the CN source has 
been finalized by WP4, and it is now being studied by 
the engineering work package (WP5). Several designs 
for the UCN sources are now under evaluation as well as 
options for a VCN source. Different neutron scattering 
instrument concepts have been proposed by WP7. For 
fundamental physics, the NNBAR optics system has 
been designed, and background studies are currently 
being carried out. Several developments are still 
ongoing and will be part of the Conceptual Design of

Fig. 32. (a) Kinetic energy versus arrival time. (b) Intensity (number of neutrons per second) versus arrival time. The dashed 
vertical lines represent the reset of the ESS clock. 

c 2Photon and Neutron Open Science Cloud https://www.panosc. 
eu/.
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the ESS upgrade, which is the final objective of the 
HighNESS project.

Acronyms

BNC: Budapest Neutron Center

CN: cold neutron(s)

ConvSANS: conventional small-angle neutron scattering

DMSC: Data Management Software Center

DOS: density of states
E-H: elliptical and hyperbolic

ESS: European Spallation Source

FOM: figure of merit

He-II: superfluid helium

ILL: Institut Laue-Langevin

LBP: Large Beam Port

LD2: liquid deuterium

MCB: moderator cooling block

ND: nanodiamond (particles)

NI: neutron imaging

NNBAR: neutron-antineutron oscillation experiment

PSI: Paul Scherrer Institut

SANS: small-angle neutron scattering

Fig. 33. The intensity of photons (number of photons per millisecond) entering the detector. (a) No coating of the detector area. 
(b) Coating with 6Li. The dashed vertical lines represent the reset of the ESS clock. 
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SD2: solid ortho-deuterium

TDF: deuterated tetrahydrofuran

THF: tetrahydrofuran

ToF: time of flight

TSL: thermal scattering libraries

UCN: ultracold neutron(s)

VCN: very cold neutron(s)

WOF-SANS: Wolter focusing optics small-angle neu-
tron scattering

WP: work package

WP1: Work Package 1

WP2: Work Package 2

WP3: Work Package 3

WP4: Work Package 4

WP5: Work Package 5

WP6: Work Package 6

WP7: Work Package 7

WP8: Work Package 8

WP9: Work Package 9

WP10: Work Package 10

3D: three-dimensional
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