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6. Executive Summary 
The European Spallation Source (ESS) is a multi-disciplinary research facility based on the world’s most 
powerful neutron source. It is one of the largest science and technology infrastructure projects being 
built in Europe today. The construction started in 2014 and the civil works are already 72% complete 
(as of August 2020). The ESS is a greenfield project, built from the ground up and offering significant 
innovation opportunities. The concept of ESS was decided back in 2012 in an inclusive process that 
involved international scientific and engineering teams. The publication of the Technical Design Report 
in April 2013 marked an important milestone, signaling the readiness of the project to move forward. 
  
While the technology journey started several years ago, there have been upgrades along the way to 
take advantage of the new opportunities presented by technological progress. Scientists and engineers 
from more than 100 partner laboratories have been working on updating and optimizing the advanced 
technical design, and at the same time exploring how to maximize the research potential of ESS. 
  
The aim of this report is to introduce a Strategic Roadmap for Technological Upgrades of ESS, following 
the recommendation of the European Strategy Forum on Research Infrastructures (ESFRI) Innovation 
Working Group in ESFRI Scripta Vol. 3, which argues that research infrastructures should “define 
roadmaps and strategic agendas for key technologies for the R&D and construction of future (global) 
research infrastructures based on platforms of significant size.” This roadmap is based on the premise 
that the design freeze presented in the Technical Design Report can act as a reference point rather 
than a fully-scaled delivery. The roadmap also closely examines how some of the technologies 
developed for ESS have impacted innovation and created possibilities to transfer knowledge in 
unexpected directions. 
  
In order to closely evaluate key technical areas at ESS, in-house experts have been interviewed about 
progress, impact on technological challenges, and their views on prospective future advances. This 
process revealed that there is a general interest and need for a Strategic Roadmap that would 
continually monitor technological developments at ESS. It also showed the immense engineering and 
scientific capabilities existing at ESS and the value of their further exploration. 
  
This roadmap first establishes a technology framework based on the agreed technical design. 
Consequently, it describes a number of technology upgrades and technology transfers related to 
various subject matters, thus pointing out the enormous potential of ESS. 
  
There is a selection of key cases described in this report. The list of topics discussed during the 
interviews is much longer than what can be presented in a single roadmap. When preparing this 
document, it has become apparent that it is in the interest of ESS to update the Strategic Roadmap on 
a rolling basis and use it as a catalog of technology and innovation potential. It is therefore proposed 
that an updated version of this report is submitted to the European Commission in autumn 2021. It is 
expected that within just one year, further technological advances will be made and the BrightnESS² 
project will be able to report on their impact. 

7. Introduction 
As one of the largest research infrastructure projects being built in Europe today, the European 
Spallation Source (ESS) offers significant innovation opportunities. The Organisation is committed to 
“contribute to top-level research, technological development, innovation and societal challenges” as 
stipulated in Article 2.2a of the ESS Statutes. To be able to fully deliver on the innovation potential of 
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the facility, to contribute to new knowledge production, and to support EU competitiveness, ESS has 
to continue to build in-house capacity and effectively implement its long-term vision for innovation 
and engagement with industry. ESS also takes into consideration the conclusions of the European 
Strategy Forum on Research Infrastructures (ESFRI) Innovation Working Group in ESFRI Scripta Vol. 3, 
which argue that research infrastructures should “define roadmaps and strategic agendas for key 
technologies for the R&D and construction of future (global) research infrastructures based on 
platforms of significant size.”1 
  
The recommendations for an ESS Innovation Strategy developed under BrightnESS (2015-2018) have 
helped the Organisation to gain a good understanding of the interests, needs and perspectives of 
major actors in the innovation ecosystem of ESS. In order to build on this solid foundation, selected 
activities of the BrightnESS² project are aimed at implementing the Strategy by, for example 
developing a roadmap for technological upgrades at ESS as presented in this report. The roadmap is 
of tremendous value to ESS. Its accomplishment would not have been possible without the EU funding 
for innovation activities provided through the means of the BrightnESS and BrightnESS² projects. The 
roadmap is a living document that will be continually refreshed alongside the technological advances 
at ESS. An updated version of this report will be submitted to the European Commission in autumn 
2021. 
  
There is a huge technical diversity at ESS and the depth of the technologies is also varying, from 
commercial off-the-shelf technology to products pushing the current scientific boundaries, and 
sometimes even beyond. 
  
The remainder of this document has the following structure: 

-          The introduction will further describe ESS as an ERIC and research infrastructure that provides 
neutrons 

-          The baseline for the technical design and ambition will be evaluated 
-          The selected strategic technology subjects will be assessed 
-          The data as an ESS currency will be analysed 
-          Other candidates for innovation and further analysis will be addressed 
-          A conclusion for the road mapping 

7.1. Description 
The European Spallation Source is a Research Infrastructure with the vision to build and operate the 
world’s most powerful neutron source, enabling scientific breakthroughs in research related to 
materials, energy, health, and the environment, and addressing some of the most important societal 
challenges of our time. The ESS will deliver a neutron peak brightness greater than the current state-
of-the-art, thus providing the much-desired transformative capabilities for interdisciplinary research 
in the physical and life sciences. 
  
ESS officially became a European Research Infrastructure Consortium (ERIC) in October 2015. The 
facility is under construction in Lund (Sweden), while the ESS Data Management and Software Centre 
(DMSC) is based in Copenhagen (Denmark). Following the First Science in 2023, the ESS user program 
will start in 2024 on the first instruments. As more instruments come into operation, the user program 
will be expanded and an estimated two to three thousand visiting scientists will come to ESS annually 

                                                             
1 European Strategy Forum on Research Infrastructures (ESFRI) Innovation Working Group (January 2018). 
ESFRI Scripta Vol. 3. Innovation-oriented cooperation of Research Infrastructures. Available at: 
https://www.esfri.eu/sites/default/files/ESFRI_SCRIPTA_VOL3_INNO_single_page.pdf  
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to perform experiments, once all the instruments are fully operational. Most users will be based at 
European universities and institutes, and others within the industry. 

7.2. Activity 
Neutrons are excellent for probing materials on the molecular level. For everything from motors and 
medicine, to plastics and proteins, detailed studies are dependent on how many neutrons can be 
produced by a neutron source. This is a significant limitation for existing sources based on nuclear 
reactors. As a result, scientists and engineers have developed a new generation of neutron sources 
based on particle accelerators and spallation technology, a much more efficient approach. 
  
ESS will provide brighter neutron beams than existing facilities today. A total of 15 instruments will be 
built during the construction phase to serve the neutron user community – Europe today has nearly 
6.000 researchers using neutrons – with more instruments during operations. The suite of ESS 
instruments will gain 10-100 times over current performance enabling neutron methods to study real-
world samples under real-world conditions. The 15 instrument concepts were selected through an 
inclusive process, involving applications from the community and peer-review by scientific and 
technical committees. The final recommendation was made by the ESS Scientific Advisory Committee 
and approved by ESS Council. In the long term, expansion of the suite is anticipated.  
  
To succeed in its mission ESS relies on the expertise of its partners from across Europe, and also from 
other areas of the globe. The European Spallation Source has a large network of laboratories to 
exchange knowledge, personnel, and experience with, and that in many cases will contribute directly 
to the project through In-Kind Contributions (IKCs). These IKCs are expected to finance more than 35% 
of the total 1.843 million € estimated for the construction costs. 

7.3. Impact 
ESS will be an attractive and environmentally sustainable large compound that will make an impact on 
the world’s stage. Before the expected world-scale scientific impact can be realized with the operation 
phase, the construction of the ESS does have a direct economic impact by generating growth and jobs, 
advancing development and fuel innovation potential in the Öresund region and across the EU. The 
realization of ESS enables access to frontier technology, experienced technical and scientific staff as 
well as unique production facilities and technologies, which would otherwise be unattainable. 
  
In addition, the ESS will be a key instrument for addressing the Grand Challenges through novel insights 
on the matter at the molecular and atomic level and applications to energy, carbon sequestration 
methods, health issues at the biology level as well as drug development and delivery strategies, plant 
water-uptake processes of relevance for agriculture, novel data storage materials, and more. 

7.4. Status 
The construction of the ESS facility is approximately 72% complete (August 2020) and the campus 
project is now in its last phase with a planned handover by the end of 2020. The delay on in the building 
construction due to COVID-19 has been relatively small, but when it comes to In-Kind deliveries, many 
production sites around Europe have been closed. The technology impact of COVID-19 still needs to 
be investigated. 

8. The Baseline 
The publication of the Technical Design Report in 2013 represented an important milestone for the 
ESS project, marking its readiness to move forward with construction activities. Shortly afterward in 
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September 2014, the construction of ESS officially started with a ground-breaking ceremony on the 
site in Lund. However, the road to achieving a political consensus on the next European high-power 
spallation source and secure financial commitments with Partner Countries has been long. The neutron 
itself was discovered in 1932 in Cambridge by James Chadwick. During the 1950s, research installations 
in the North American subcontinent developed the early instrumental techniques that used neutrons 
to unravel the atomic structures and dynamics of relatively simple materials. 
  
Cliff Shull and Bert Brockhouse received the Nobel prize in physics in 1994 for this work. A rapid rise in 
technical capabilities culminated, in the late 1960s, in the construction in Grenoble of a purpose-built 
high flux reactor source of slow neutrons. The Institut Laue-Langevin (ILL), as it was named, became 
the flagship of neutron research. In parallel, and with a somewhat different purpose, accelerator-
driven sources of neutrons were also being developed. These facilities were excellent generators of 
fast neutrons that were used to compile a nuclear cross-section database of all the elements and their 
isotopes in order to support the nuclear power industry. The early exemplars of such sources were 
based on electron linear accelerators, which, unfortunately, have significant background problems 
caused by the intense gamma radiation bursts that they generate. 
  
In the late 1970s and early 1980s, scientists began to explore the use of proton-driven neutron sources, 
employing cyclotrons, synchrotrons, and linear accelerators. Proton sources avoid the problems with 
gamma background from which electron sources suffer. Proton sources also hold a significant 
technological advantage over the most intense research reactors because the spallation reaction 
employed in proton machines generates significantly less heat per useful neutron than does a fission 
reactor. In addition, the generation of neutrons in pulses provides peak brightness that far exceeds 
those available from reactors. ISIS, a pro-ton spallation source that was powerful enough to challenge 
the supremacy of ILL, was built near Oxford in the late 1970s. In 1998, the OECD research ministers 
endorsed a Mega Science Forum report recommending that a megawatt-class spallation neutron 
source be built in each of the three developed regions of the world. Over the next five years, alternative 
configurations were studied. 
  
In 2003, following a plenary meeting of some 700 scientists and science policy-makers in Bonn, a new 
concept was put forward for ESS comprising a 5 MW proton linear accelerator delivering a 2 to 3 
millisecond-long pulse to a single target station surrounded by a suite of 20 to 25 neutron instruments. 
This initiative held out the promise of neutron intensities that were a factor of six more intense, per 
megawatt of proton beam power, contemporary existing or planned facilities. The user community in 
Europe endorsed this concept, and it has provided the framework for the ESS design. The decision to 
locate ESS near Lund was taken in Brussels on 28 May 2009, after a competitive process. 
  
450 scientists and engineers from 46 research institutions in 17 countries joined forces to develop the 
technical design of the future European Spallation Source. The completion of the design was a scientific 
and technical milestone of the ESS project, allowing it to move forward with the construction. The final 
technical design of the ESS comprises innovative achievements within many different areas: 
  
The linear accelerator 
The ESS accelerator high-level requirements are to provide a 2.86 ms long proton pulse at 2 GeV at a 
repetition rate of 14 Hz. This represents 5 MW of average beam power with a 4% duty cycle on target. 
The excellent performance of the ESS moderator design will deliver almost the same neutron 
performance at the initial 2 MW accelerators power as originally foreseen at 5 MW. The ESS 
accelerator will be the world’s most powerful proton accelerator, and as such, a technical challenge to 
design. Among the technical novelties is the usage of superconducting spoke accelerator cavities, 
which will be used for the first time in a particle accelerator. Spoke cavities open the possibility to use 
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superconducting technology at relatively low speed, thus making the acceleration of low energy 
particles more energy efficient. 
  
The target station concept 
Since the neutrons used for the experiments are produced in the target station, the design of the target 
station is of vital importance to future scientific opportunities and performance. ESS will use a novel 
design for spallation targets, consisting of a solid, rotating tungsten wheel. Since ESS will be the most 
powerful neutron source ever constructed, gradually ramping up to 5 MW, the design of the target 
required a significant amount of design work. The chosen target concept will secure the best scientific 
performance combined with safety and minimum environmental impact. 
  
The ESS neutron instrument suite 
ESS will offer neutron beams of unparalleled brightness and in long pulses, which necessitate the 
development of new technology and approaches in the design of the 15 approved instruments to be 
built during the construction phase and additional ones to be built during operations. The high flux 
and unique time structure, in combination with unmatched instrument flexibility, will make possible 
many investigations that are out of range today. 

9. The Technical Systems 
The basic building blocks of the ESS facility consist of a proton LINAC, a target and a set of instruments. 
Each of these components requires auxiliary support services like electrical power, water cooling and 
air conditioning, cryogenics, active cells for manipulation of activated components, sample 
preparation laboratories for experiments, logistics etc. In addition, offices, laboratories and workshops 

are necessary. 
In the following sections the three main technical areas are addressed: 
 

- The Accelerator (G01) 
- The Target (D02)  
- The Neutron Scattering Systems (D01, D03) 

Figure 1: ESS Map 
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General information has mainly been taken from the “How does it work” section on the ESS webpage. 
This is to provide context and reference for the selected technology upgrade and innovation areas. 
These areas are concluded by a table for overview after each relevant section. 
The table will focus on the “Top 5 Impact on ESS Technology Roadmap: [described topic]” with five 
comments on the current situation and five comments for future expectations. By this approach, a 
“pin” is placed on the technology roadmap. In the future, more “pins” will be placed on this map. 

9.1. The Accelerator 
 

 
Figure 2: Accelerator components 

 
The ion source produces a proton beam. 
Rapidly varying electromagnetic fields heat hydrogen gas in the ion source so that electrons evaporate 
from the hydrogen molecules. The principle is similar to boiling water in a microwave; however, the 
frequency is considerably higher and the effect is stronger. Hydrogen is the simplest element of nature 
and consists only of protons and electrons. Therefore, when the electrons have evaporated plasma of 
protons remains. 
 
The proton beam is transported through a Low Energy Beam Transport (LEBT) section to the Radio 
Frequency Quadrupole (RFQ), where it is bunched and accelerated up to 3.6 MeV. 
 
The protons are guided from the ion source into the accelerator beam line, which consists of beam 

pipes and accelerating structures, both of which are under 
vacuum. 
 
In the Medium Energy Beam Transport (MEBT) section the 
transverse and longitudinal beam characteristics are 
diagnosed and optimised for further acceleration in the 
Drift Tube Linac (DTL). 
 
There are magnets around 
the beam pipes in 
between the accelerating 
structures to focus and to 
steer the beam in the right 
direction. In the 

accelerator closest to the ion source, where the particles travel at a 
low speed, it is necessary to simultaneously accelerate and focus the 
proton beam. 
 
The first superconducting section consists of 26 double-spoke cavities 
(SPK) with a geometric beta value of 0.50. 
 

Figure 3: LINAC Warm Unit 

Figure 4: Spoke Cryomodulator 
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After approximately 50 meters the protons have gained enough speed so they can be accelerated by 
superconducting cavities. These cavities are cooled by liquid helium to -271 °C. 
 
The spoke-cavities are followed by 36 Medium Beta Linac (MBL) cavities with β = 0.67 and 84 High Beta 
Linac (HBL) elliptical cavities, with β = 0.86.  
 
Accelerating structures, which are distributed all along the linear 
accelerator and constitute the majority of its length, kick the 
protons forward by electromagnetic fields. The process can be 
thought of as a surfer on a sea wave, except for the fact that the 
electromagnetic waves accelerate with the beam particles, as 
opposed to sea waves that travel with constant velocity. 
 
After acceleration the beam is transported to the target through 
the High Energy Beam Transport (HEBT) section. 
 
The protons reach 96% of the speed of light before they hit the 
rotating target wheel. The wheel is 2.6 m in diameter and consists of hundreds of heavy metal 
Tungsten bricks encased in a disk of stainless-steel shielding. The unit weighs 11 tonnes and rotates at 
23 1/3 RPMs, about two-thirds the speed of a Heavy Metal LP. The high-speed protons kick out the 
neutrons in a process known as spallation. It is these neutrons that are directed to the ESS instruments 
through a gauntlet of media, guides, optics and filters to be used for scientific research. 
 
Apart from the main functions in the accelerator there are a number of supporting systems to power 
and control the beam modules and instrumentation. 
The immense power requirement comes from 22 klystron modulators and later 11 more, to make a 
total of 33 modulators to support the 5 MW operation. The unique design of these will be described 
later. 
 
A set of diagnostics instrumentations for the ESS proton beam is being developed by the Beam 
Instrumentation Group. These Diagnostics will be essential for the commissioning and operation of the 
LINAC and Beam on Target. As a result, it will be high priority to have all the required instrumentation 
integrated in the EPICS control system. In order to do so, here the list of IOCs to be developed in order 
to control the Diagnostics Instrumentation suite: 

- Beam Loss Monitor (BLM) 
- Beam Current Monitor (BCM) 
- Beam Position Monitor (BPM) 
- Faraday Cup (FC) 
- Wire Scanner (WS) 
- Non-Invasive Profile Monitors (NPM) 
- Emittance Measurement Unit (EMU) 
- Longitudinal Bunch Profile Monitor (LBM) 

 
The accelerator cryoplant (ACCP) is the largest and most complicated of the ESS cryoplants, and mainly 
serves to cool the superconducting RF cavities in the cold part of the LINAC. There are 13 spoke cavity 
cryomodules, nine 9 medium medium-beta elliptical cryomodules and 21 high high-beta elliptical 
cryomodules. Hence spoke and elliptical cryomodules are composed 2 spoke cavities and 4 elliptical 
cavities, respectively. There is also contingency space in the accelerator lattice for an additional 14 
high beta cryomodules that might be required to achieve the nominal beam energy of 2 GeV. All the 

Figure 5: Elliptical Cryomodule 
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SRF cavities operate in saturated 2 K (-271 C) He II baths. Each of the cryomodules also contains a 40 K 
thermal shield and a helium cooling circuit for the RF power couplers. 
 

Top 5 Impact on ESS Technology Roadmap: Accelerator 
Current 
1 Individual systems have been factory acceptance tested and are now making their way to ESS. 
2 The non-invasive beam diagnostics equipment invention has been finalised and a company has 

shown interest in making the invention a product. 
3 Improved specifications for vacuum equipment throughout the complete accelerator are 

established. 
4 Installation of equipment is following the Spatial Integration according to the 3D Master Model 

of the ESS plant layout 
5 Test, installation and integration is running according to plan but COVID-19 will impact (TBD) 
 
Future 
1 Possibility to build test facility as a mini system out of spare parts. This will enable offline 

preparation for test, installation and integration. 
2 Several concepts on how existing equipment can be improved and innovated. A prioritised plan 

will be established. 
3 As analysis data becomes available, the prediction of operational behaviour will enable 

maintenance and update plans. 
4 Commercialisation of the non-invasive beam diagnostics equipment invention is in progress. 
5 According to the increasing operational information flow, further use of Solid-State RF 

technology/IOT equipment will be considered. 
Table 1: Top 5 – Accelerator 

9.1.1. Klystron Modulators 
The European Spallation Source in collaboration with Lund University researchers have successfully 
brought a new high-voltage modulator design to series production. The cost savings and reduced 
footprint for these large machines mean a paradigm shift for the linear particle accelerator (LINAC) 
power supply worldwide. They developed a prototype of the Stacked Multi-Level (SML) Modulator for 
ESS. This innovation has reduced projected costs by 70% and the vast space requirements for these 
high-voltage power packs by 80%, relative to the baseline established in 2010 
 

 
Figure 6: Klystron Modulators location. 
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The LINAC at ESS is required to have capability of delivering a proton beam with a peak power of 
125MW, a pulse width of 2.86ms and a pulse repetition rate of 14Hz. The required klystrons will be 
fed by 33 high power long pulse modulators, each rated for 115kV/100A; 3.5ms/14Hz.  
 
Due to their high-power levels and constraints like cost, footprint, efficiency, reliability/maintainability 
it was impossible to procure a solution already available in the market by the time of decision. 
 
ESS decided to launch an internal R&D project aiming at developing a new class of modulators, 
particularly suited for long pulse and high-power applications. The related topology (SML: Stacked 
Multi-Level) is modular and based on several HV modules connected in series, using High Frequency 
Transformers fed from primary low voltage inverters. To cope with power quality requirements, Active 
Front Ends are used at the first stage of the capacitor chargers.  
A reduced scale prototype, capable of powering one 704MHz/1.6MWpk klystron near to nominal, was 

built and successfully validated on a dummy load 
and on a klystron. The series production of the first 
batch of 12 full scale modulators, capable of 
feeding 4 klystrons in parallel, was outsourced on a 
built-to-print basis. The first full scale unit has been 
tested at full power on a HV dummy load.  
 
Experimental results of both the prototype and 
full-scale unit are impressive and exceeding the 
initial specifications. In a nutshell: 
• Modular concept, allowing the increase of 
rated power by adapting the number of modules. 
Facilitates maintenance. 
• Up to 660 kVA average power possible, 
allowing the supply of 4 x 1.4MW klystrons in 

parallel. 
• Power density in the order of 124 kVA/m2 (~5.6x higher than ESS 1st mod.; ~1.9x higher than ESS 

2nd mod.) 
• Compatible both with PULSED and CW operations and with different types of RF amplifiers 

(Klystrons, IOT’s, tetrodes, etc.); 
• Lower cost due to limited component count and usage of standard LV components into a great 

extent. Less modulators needed for the project (33 in case of ESS). More than 20M€ of savings for 
the ESS accelerator when comparing to best alternative. 

• No active power electronic devices inside oil tanks (facilitates maintenance). 
• Improved efficiency (~92%), due to minimal number of conversions stages. 
• Good pulse quality (~120µs rise time 0-99%, <0.17% flat-top ripple, <1% voltage droop). 
• Good AC grid power quality. AC/DC + DC/DC allow constant power absorption: 

• Flicker-free operation (<0.3%) 
• Sinusoidal current absorption (THD < 5%) 
• Unitary power factor (>0.98) 

 
All in all, now a proved concept where the first modulator is already installed in its final location. 
 
Over the next year the further 10 modulators will be tested and followed by installation. When 
complete, the total of 12 modulators are ready to support phase one of the initial operations. 
 

Figure 7: Klystron Modulator 
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In parallel to the ongoing test and installation, purchasing of the further 5 modulators for the high beta 
section will be executed and with that, phase two is complete and the facility is ready for 2 MW 
operation. 
 
To go to 5 MW operation, further 11 modulators shall be purchased, tested and installed. This will be 
based on a “copy-paste” of the first modulators but with a few considerations on single source 
components and alternatives to these. 
 
From the beginning of the ESS project, the modulators were seen as a high-risk area but now it is more 
or less “mission completed” and due to the maturity, the modulator is a good candidate for innovation 
considerations, both on knowledge and technology transfer. There is no doubt: ESS has created 
something unique and powerful. 
 
The modulators are built by Jema Energy, San Sebastian, Spain, and supplied initially as In-Kind 
contribution from Spain and later as normal ESS procurement. The capacity has been built in a close 
collaboration and the ESS scientists have helped a lot. 
 
The technology roadmap for the modulators will move in two directions: 

1. For ESS use internally: 
a. Improved quality 
b. Maximised use of COTS/component obsolescence prevention 

2. For external use: 
a. Transfer to other facilities (estimated market of 800 MEUR) 
b. Conversion to constant power (medium voltage – high current) 

i. Can be tailored to known ITER requirement 
ii. Can be tailored to industrial requirements 

c. Sustainable external power interfaced directly to modulators 
i. Local power generation and local consumption 
ii. Sustainability of the ESS project 

iii. Product asset for commercial use 
 

 
Figure 8: Estimated Modulator Requirements 
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Based on the potential, ESS has conducted a proposal for FET Open call under Horizon 2020 program 
with the title “RaDiCal Grid” and the vision of “…enabling a radical change in the electrical power 
generation and distribution networks…contributing to an effective paradigm change in the electrical 
power industry”. The major goal of the project is to create three major global impacts:  

1. An affordable and flexible route towards 100% renewable energy 
2. A rapid electrification in remote areas of the developing world 
3. Creation of new opportunities for start-ups within electricity distribution and renewable 

energy.  
These impacts build on the development of MVDC-systems and compare to the radical shift in 1893 
when Westinghouse and Tesla successfully demonstrated a novel AC-power system that led to the 
electrification of the world. 
 
The proposal is still under evaluation but is nevertheless a good example of diversity of the technology 
roadmap of ESS. 
 

Top 5 Impact on ESS Technology Roadmap: Klystron Modulators 
Current 
1 Completed the high-risk R&D effort successfully and the concept is proven with the first 

installation 
2 The invention can benefit ESS and the member states in many different directions 
3 In parallel to the R&D activity, a matured and trusted vendor for supply is identified and prepared 
4 The designed is compliant with the specification and follow an open solution concept where: 

- Renewable energy can be incorporated and used efficiently 
- Solid state switch mode technology, allowing varying pulse length up to continuous 

operation is a possibility in the design 
5 Test, installation and integration is running according to plan 
 
Future 
1 The further commercial potential will be explored and the first FET open call under Horizon 2020 

has been addressed. 
2 ESS will seek partners for further technology upgrade e.g. possible feasibility study together with 

ITER and maybe other ERICs 
3 Possible spin-out of unique knowledge and competence to a commercial company to maintain 

resources and impact in the field. ESS will support this effort. 
4 Possibility to add to the “Green ESS” identity by enabling external sustainable power. A study 

and concept will need to be identified to plan the way ahead 
5 As the klystron modulators are complete according to ESS specification, further funding for the 

exploitation need to be found  
Table 2: Top 5 - Klystron Modulators 

9.1.2. Dealing with Radiation throughout the vacuum systems 
The environment within the operational ESS technical installation is somewhat hostile with significant 
radiation being present from the iron source to the neutron instruments themselves. 
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Figure 9: The Radiated Environment. 

The Vacuum Section at ESS is concerned with the application of vacuum technology and the radiation 
challenge on the systems, and helping all other groups at ESS, from the technical installations to the 
design of scientific instrumentation. The focus is on the tests and findings related solution for vacuum 
pumps, vacuum instruments and individual components. 
 
At ESS there are many turbo vacuum pumps with specific requirements. The selection and design have 
very much been relying on the team professional experience and recommendations from other 
facilities, both neutron facilities and, to a large extent, on colliders and synchrotrons around the world. 
The latter being more populated, more data and experience has been present for the considerations. 
 
Throughout evaluations at ESS that started back in 2012 it has become clear that the radiation 
environment at ESS is a magnitude worse that the average facility, especially when goring to 5 MW 
proton beam operation. For this reason, the Vacuum Section has been occupied with understanding 
the constraints and with finding alternatives. 
 
There are products on the market that can meet the requirements but they are very expensive and 
the ESS team decided to find alternatives. This has proven difficult and the first tests showed that turbo 
pumps that normally would rest for tens of years would only rest for one year or even just one month 
due to the mix environment (neutrons and x-rays) radiation. On top, the amount of radiation would 
be directly connected to the effect and the prediction models showed an alarming aspect: when 
doubling the effect, the life would be less than halved due secondary factors. 
 
By analysing the radiation effects on the different elements of the pumps, a picture was starting to 
emerge: 

• Polymer elements were often the weakest spots 
• Aluminium less activation and mechanical properties as a metal gasket 
• Normal lubrication for various rotating parts would be dried out by radiation 

 
Based on the analysis, a Request for Information (RFI) was formulated and sent to potential vendors – 
to no avail. After further negotiations, two companies agreed to talk and ESS could learn the go’s and 
no-go’s. 
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Current status is, that several pumps tested on partner’s laboratories have been deemed possible to 
find a Commercial Off the Shelf (COTS) that can satisfy the specification with life with reasonable 
accommodation. The pumps should be avoiding polymers for electrical insulation or vacuum sealing 
and minimize the use of magnets (easily alter on neutron environment) all together. By that a good 
baseline is established for potential pumps that can come into the question for ESS. 
 
The considerations and findings on the turbo vacuum pumps have been important and fruitful, and 
general information and recommendation can now be confirmed by ESS future operation to be spread 
throughout the facility complex. As an example, the 3-4-kilometre pipes on the Neutron Instruments 
to be installed contain no polymers (bunker areas high radiation does) or polymer components where 
a dedicated study was performed with commercially available brand in the market with excellent 
results from cost perspective, the Chopper Group has adopted the specifications for their instrument 
as standard. 
 
Lately there has been a breakthrough on an inexpensive lubricant based on Carbon Graphite that can 
be found on spray bottles or in the food industry. They are proved solutions for dry lubrication on bolts 
and also compatible with vacuum which is hardly any change under radiation and low activation. 
 
In many ways the Vacuum Section has developed in to a material/instruments test centre, located with 
their labs on-site at ESS. In collaboration with Lund University and their new reactor there are a number 
of pumps and material undergoing long term tests. Some pumps have been running in parallel 24-7 
for the past 5 years and a unique comparison between radiated and non-radiated pumps and their 
material can be made. This is providing new knowledge and recommendation for the future that is 
nowhere else to be found. 
 

Top 5 Impact on ESS Technology Roadmap: Radiation 
Current 
1 The design and technologies in turbo vacuum pumps at ESS have been considerably optimised 

and tailored to the hostile radiation environment 
2 An accessible and comprehensive ESS material database for vacuum components has been 

established 
3 Several engineering and manufacturing guidelines have been established for: 

• Standards for vacuum 
• Cleaning components 
• Vacuum welding 
• Materials for vacuum 
• Good practices in the field 

4 The ESS Vacuum documents (handbooks, rules and/or interface) are now the major requirement 
documents for the accelerator, target and instruments and is applicable to all ESS IKC Partners 

5 ESS has established standardised requirements and specifications for material in high radiation 
environments 

 
Future 
1 Contribution to industrial standards for medium to high radiated environments and by that 

defining usable COTS products. Other target industries could be: Nuclear power plants, scientific 
facilities, space applications, etc. 

2 Product referencing for various manufactures i.e. first company has requested permission for 
ESS reference in their specification 

3 Possible spin-out of unique knowledge and competence to a commercial company to maintain 
resources and impact in the field 
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4 Platform for expansion to cover other ESS components in radiated areas where this may be 
appropriate 

5 Seek external funding for the further development, dissemination and scope expansion to share 
and cover a wider technological area 

Table 3: Top 5 - Radiation 

9.2. Integrated Controls System (ICS) 
 

 
Figure 10: Integrated Control Systems 

The ICS for the European Spallation Source is a complex network of hardware, software and 
configuration databases that integrates the operations of all the various parts of the Accelerator, 
Target, Instrument and Conventional Facility infrastructures. It is based on the EPICS framework and 
involve 20 In-Kind Work Packages from 11 Institutes in 9 Countries. The different layers of monitoring 
and control systems and data, calls for a clearly identified architecture and approach to the ICS. 
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Figure 11: ICS Architecture 

The neutron science experiments at ESS and the operation of neutron-producing facilities (accelerator, 
target) rely heavily on a controls and information technology infrastructure. Many complex physical 
processes have to be concerted, such as proton beam acceleration, neutron beam production, and the 
characterisation and conditioning of experimental material samples. These processes depend on other 
enabling processes, such as magnetic field generation, equipment cooling, motion control, supply of 
electrical power and highly sophisticated measurements for their characterisation. The related 
equipment (electromagnets, neutron detectors, cooling systems, etc.) needs to be controlled and 
monitored by operating staff, engineers and researchers.  
 
This is achieved through many different and distributed but interconnected control systems. The 
physical processes and system behaviours throughout ESS, from the ion source to neutron scattering 
characterisation systems, are characterised by a high degree of interdependencies. The operating staff, 
engineers and scientists need tools for the comprehensive supervision, analysis and optimisation of all 
involved systems and processes. This is realised by a homogeneous data communication layer, which 
integrates all technical systems that participate in neutron production and experiments at ESS. This 
communication layer enables all involved systems to exchange data and provides the necessary tools 
for the analysis of information acquired from these systems. The ensemble of these control and 
communication systems is commonly referred to as the ESS’s Integrated Control System (ICS).  
 
The creation of the ESS Integrated Control System requires a team of specialists in many fields, such 
as industrial automation, software engineering, computer science, safety engineering, network 
infrastructure design, electrical engineering, accelerator technology, neutron scattering technology 
and even natural sciences domains. Within ESS, the ICS division is the organisational unit that is 
responsible for the development, operation and maintenance of the Integrated Control System over 
the ESS lifetime. The ICS division covers the core competencies required for this mission and 
establishes the required line organisation. The ICS division develops a consistent and sustainable 
architecture for the control systems and related networks and services deployed in the ESS facility. For 
this, the ICS division engages in ESS in-house standardisation of controls and computing technologies, 
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which range from commercial off-the-shelf products to highly customised devices or even novel 
developments.  
 
During the ESS construction phase, the ICS division executes the ICS construction project, which 
delivers the control system scope for the ESS greenfield facility. The abbreviation” ICS” is in practice 
often used for three different purposes: 

- Technical: the control and communication systems at ESS, 
- Organisational: the ICS division, 
- Managerial: the scope of the time-limited ICS project during the ESS construction phase 

 

 
Figure 12: ICS Elements 

Considering the technology involved in the proposed solution, the ICS division has adopted three 
standardised hardware technologies for implementing the ESS control systems based on performance. 
These three hardware technologies are: 

- MicroTCA 
- EtherCAT  
- Specialised technology for the ESS Timing System 

 
All systems based on these technologies are integrated using the EPICS family of distributed control 
system software for the creation of a facility-wide data communication layer, which integrates all 
technical systems that participate in the neutron production and experiments. 
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Figure 13: ICS Networks 

At the top of the monitoring and control environment, there are still human beings with different 
background and competences, support by Machine Learning and Artificial Intelligence, they are still 
the executive function of operation, safety and security. Here an impression of the main control room 
at ESS: 
 

 
Figure 14: ESS Control Room
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Top 5 Impact on ESS Technology Roadmap: ICS 
Current 
1 System design and architecture is completed. Test systems are running and commissioning is 

ongoing. 
2 Delivery from in-kind partners is in good progress and there is good interaction with the 9 in-

kind partners 
3 There is an established collaboration framework with DESY, Big Science Sweden, MAXIV, ITER 

and others for the exchange of experience and requirements 
4 Very active in communities and conferences of control system development and 

implementation from large scale facilities  
5 ESS is contributing to the EPICS community and the open source development of the EPICS 7 

software. The current chair of the EPICS council is from ESS 
 
Future 
1 Analyse how the ICS elements can best be prepared for the use of AI and Machine Learning (see 

data section of this document) 
2 The aim is to augment ICS with machine learning technology that can continue to evolve as 

technology becomes available 
3 During the commissioning of equipment and systems, data will be collected with the aim to 

lower operation, maintenance and spare part costs as much as possible 
4 The three focus areas of technical advances, machine protection and large-scale integration will 

remain a priority and dedicated effort will be allocated to this 
5 With the complexity and size of the ICS, efficiency in terms of data communication and 

processing remain a challenge and continued effort in overall efficiency will be maintained 
Table 4: Top 5 - Integrated Control System 

9.2.1. Micro Telecommunications Computing Architecture (MTCA) 
MTCA is a modular, open standard for building high performance switched fabric computer systems in 
a small form factor. Because of its modularity and flexibility, MTCA is well-suited for industrial control 
and automation systems. MTCA defines fully redundant system configurations including power 
budgeting, hot-swap, complete component and system management that allows failure detection and 
isolation. This greatly improves system reliability and availability. 
 
High performance signal processing and data acquisition functions are implemented on a custom-
made platform based on the modular MTCA standard. Typical systems in this category contain 
computers in the MTCA form factor that can run EPICS environments. This is complemented by flexible 
and powerful data acquisition and processing engines typically implemented in high density FPGA 
technology. The physical front end to these systems is also modular, typically using the FMC form 
factor for interfacing electronics. 
 
The MTCA specifications were first released in 2006 by the PCI Industrial Computer Manufacturers 
Group (PICMG®) to establish an open standard for the MicroTCA systems. The primary goal of the 
PICMG specifications was to allow re-use of the existing concepts of an ATCA(AdvancedTCA) system in 
small scale applications. The MTCA specifications support all Advanced Mezzanine Card (AMC) form 
factors, shelf management, intelligent platform management and hot swapping functionality. 
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Figure 15: Micro Telecommunications Computing Architecture 

Supported by the BrightnESS project, ESS has selected the MTCA as a baseline very early and instead 
of starting proprietary development to satisfy unique ESS requirements, ESS got engaged in 
influencing the standards and configurations. So ESS is very active in the community and by involving 
the experts from ICS, it has been possible to address several requirements on standards and 3-4 of 
these are already under implementation. 
 
As an example of an ESS driven change, a 100% increase of the power supply effect has meant a higher 
performance on data amounts and speed. The changes have already attracted other facilities and 
companies in the community and by the focus and approach of ESS, the technology and innovation are 
driven indirectly. By being active in workshops and conferences, ESS has managed to attract other 
branches to the MTCA standards and this will again strengthen the use and development. Recently 
Space Companies have shown interest in their search for COTS equipment where open communities 
bring the technology forward. 
 
For ESS the engagement with the MTCA community has meant access to state of the art and an outlook 
beyond state of the art. By contributing to the community, the impact and payback has been much 
larger than what the ESS budgets could cover. When the ESS suggested improvements are 
implemented in the standards and hence in the MTCA product palette, it is estimated that 80% of the 
requirements are fulfilled and effort can be concentrated on the remaining 20%. 
 
Here an overview of the ESS addressed and appreciated improvements: 

- Increased bandwidth of the backplane 
- More rack slots and more power 
- Increase of power with 100%  
- Ventilation system is improved - increasing flow rather than noisy blowers 
- Increase in standard functionality 
- Higher capacity of control and monitoring channels 
- More data capacity 
- Faster processing 
- Initiated innovation loops with other industries 
- General technology improvement is implemented un a running basis 
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Top 5 Impact on ESS Technology Roadmap: MTCA 
Current 
1 The use and introduction to MTCA has been very successful and the standard solution covers 

more than 80% of the functional requirement 
2 For the specific ESS requirements a large effort is made to get these implemented as standard 

functionality 
3 ESS has played major role in standardisation and promotion of MTCA by actively influencing the 

agenda and priority 
4 The MTCA technology is a proven industry standard and is not innovative as such, but the way 

ESS combine and use the MTCA is breaking limitations 
5 ESS is heavily involved in the MTCA community and has managed to represent the ESS 

requirements in a way so others are interested in their implementation. 
 
Future 
1 ESS will support increased market availability of the MTCA with the ESS functionality in order to 

minimise unit price and risk 
2 China is expected to become a large volume player and this could have an impact on availability, 

price, functionality and sustainability. 
3 The space sector shows interest which will make the user community larger and i.e. minimise 

risk for ESS 
4 As ESS is also involved in the EPICS 7 development where there is an interest for providing pre-

integrated MTCA products from MTCA system vendors 
5 ESS will promote the MTCA principals to be used to standardise other similar environments, such 

as PLC installations 
Table 5: Top 5 - Micro Telecommunications Computing Architecture 

9.3. The Target 
 

 
Figure 16:The Target Location 
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The target is a 2.6 m diameter stainless steel disk containing bricks of a neutron-rich heavy metal: 
tungsten. It weighs almost five tonnes. The wheel rotates at 23.3 RPMs, in time with the arrival of the 
proton beam painted across the exterior of the wheel shroud. The unit is cooled by a flowing helium 
gas system interfaced with a secondary water system. The tungsten wheel is a new technology for 
spallation sources, none of the established target designs being adequate for the higher power level 
of ESS. 

Figure 17: Target Components 

Spallation is the process of producing neutrons by means of a particle accelerator and a heavy metal 
target. The collision of protons and the nuclei of the tungsten target throws off, or scatters, a collection 
of high-energy neutrons. The more neutrons produced in the target collision, the “brighter” the 
neutron source. 
 
The neutrons, which, following spallation, travel at 10% of the speed of light, are then slowed down to 
roughly the speed of sound, an energy level usable by the scientific instruments. 
 
This is achieved using a para-hydrogen and water-based moderator and a beryllium-lined reflector. 
The moderator-reflector system is housed in a replaceable plug and includes cryogenic hydrogen and 
water-cooling systems. 

 
Figure 18: Target Systems elements. 

Once moderated, the neutrons are delivered to the instruments through 42 beam ports radiating from 
the Target Station. 
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The beam extraction system provides intense slow neutron beams through beam tubes going across 
the target shielding. The neutrons are delivered at the surface of the shielding, to be used at the 
neutron scattering instruments. 

 
Figure 19: The ESS Target Monolith. 

The ESS Target Monolith houses the target wheel, moderator, cooling systems and beam extraction 
system. In total it will be 11 metres high and 6 metres in diameter. A mass of concrete and steel 
shielding, it weighs some 6,000 tonnes. 
 
The target will be surrounded by steel shielding in the form of the cylindrical, 6,000-tonne Target 
Station Monolith to prevent unwanted ionising radiation from escaping. 
 

9.3.1. The Target Wheel and Maintenance System 
The 4-tonne target wheel is divided into 36 radial segments containing around 7.000 
tungsten blocks. It is cooled via helium and rotates such that one proton beam pulse will 
strike each segment of the wheel over the course of a single rotation.  
 
The helium coolant passages are integrated into the shaft, as is the drive motor and 
support bearing for the wheel. 
 
Here the general Tungsten design conditions: 

• Max mean stress 100 MPa 
• Operation temp <500°C 
• Accident temp <700°C 
• Max erosion 10g/year 

 
Figure 20: Target 
wheel components 
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Figure 21: Example of tungsten brick populated cassette in one wheel sector. 

The 190-200 tungsten bricks in each sector are separated by cavities for cooling and it is of extreme 
importance to constantly measure if the bricks are in place and by that the cavity enabled cooling. 
 

 
Figure 22: Main target wheel elements. 

Through the design, the wheel lifetime is extended to as much as 5 years and for this reason a proactive 
target maintenance system is necessary. 
 
The target maintenance system 
shall monitor and control each of 
the 36 sector environments, e.g.: 

- Measure the position of 
each brick in X, Y and Z 
position 

- Availability and pressure 
of helium 

- Temperature 
- Radiation levels 

 
Having established the monitoring and control parameters for each sector, the scale-up to the 
interdependent 36 sectors needs to be done, and then, at last, the dynamics of the whole wheel 
rotating in a highly radiated environment. 
 

Figure 23: Cross-section of the target wheel. 
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The technological development for the maintenance 
system is complex: 
- Tow infrared sensors 
- Laser positioning equipment 
- Radiation protection  
 
 
 

 
 
With the target wheel design now frozen and built by ESS Bilbao in Spain, the next generation wheel 
technology and design is already on the drawing board. There are lessons learned on the cavities 
separating the tungsten bricks where a constant gap of 2 millimetres for helium would be ideal. 
 
There are Ph.D. activities to analyse and determine the best solutions under different circumstances. 
Both Karolinska University (S) and Technical University of Denmark are involved as partners for the 2.0 
version of the wheel. 
 
On top of the improved design, the manufacturing methods are also evaluated and the first findings 
suggest that welding should be performed differently and also should be minimised as much as 
possible, as a welding represent weak spot in the hostile environment in which the wheel operates. 

9.3.2. Moderators 
Adjacent to the target wheel, there are two moderators: an “Upper Moderator” above the wheel and 
a “Bottom Moderator” below. They can both be rotated on their shaft and removed from the monolith 
for service or replacement. 
 
The design is to a large extent based on analysis that was carried out during the BrightnESS project 
where a systematic approach to the experimental verification of the compact moderator concept at 
an existing/operating cryogenic hydrogen moderator was performed.  
 
The procedure itself was performed at a real operating cold neutron facility, i.e. the modelling and 
parameter optimization with feedback to the engineering design and to technical solutions in 
fabrication, contributed to the realization of the ESS moderators. 

9.3.2.1. The Upper Moderator 
The upper moderator is a completely new technology based on the ESS “butterfly” design and will 
determine how many neutrons the target station will produce. Two hydrogen moderator cans, 
arranged as opposing “arrows”, and one water moderator can, the X in the centre, contain the 
hydrogen and water media that moderate or slow down the neutrons released from the target. The 
neutrons then enter the beamlines at a speed suitable for experiments. 
 
During the BrightnESS project, the systematic approach in the experimental verification of the compact 
moderator concept at an existing/operating cryogenic hydrogen moderator - for the case of a rector 
neutron source – showed a number of features which are to be considered as important factors 
influencing the design, fabrication and operation of the ESS compact moderator construction being 

Figure 24: Cut-away top view of target wheel. 
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implemented. Very promising experimental results have been obtained, which greatly contributeeds 
to model the ESS moderator features.  
 
The butterfly design is built for ESS by Jülich in Germany but is developed in a true global collaboration 
with SNS, J-Park, PSI and ISIS. With most tests performed and the moderator ready for installation, 
there is not much in terms of technology development at ESS that can be done. Therefore, the work 
package leader will be on a 2-year assignment with SNS in the USA, returning to ESS just prior to first 
science in 2023. SNS is very interested in the butterfly design and by the transfer of knowledge from 
ESS they may be able to make an improved solution in their own spallation source and target station 
design. ESS, on the other side, get access to a functioning system and can gain valuable insight and 
experience with the moderator design in operation. This “ping-pong” model is excellent and shows the 
will to work together for the best of everybody, not least the neutron scientists worldwide. 

 
Figure 25: The Upper Moderator Butterfly design presented to Federal Minister Anja Karliczek (before the Corona breakout) 

In addition to the shape of the modulator, it has been necessary to rethink the optics as the effect at 
ESS is challenging and the high brightness and high heat required new design. The completely new 
design base is coated copper optics inside the monolith and a great deal of development and 
innovation has been necessary. The titanium oxide coated cupper optics are deemed the best solution 
to meet the ESS specification. Both the design and the optics can hopefully be further tested and 
developed at SNS and a new improved version may return to ESS prior to operation. 
 
The new moderator is more generic and will be able to support all 15 planned instruments at ESS. It is 
the hope that the butterfly design baseline will be further developed for many years to come and as 
the moderator lifetime is estimated to 1-2 years, there are scheduled upgrade possibilities already in 
the plan. 
 
The target design is performed with a moderator plug that enables further thoughts and try-outs, 
amongst other a flatter moderator with a 120-degree opening for more flux but less sacrificing 
brightness. The plug is also a part of the exchange plan between SNS and ESS, as the plug was a major 
challenge for SNS and caused operational interference over 10 years. This should absolutely be avoided 



 

 
32 | 

BrightnESS2 is funded by the European Union Framework 
Programme for Research and Innovation Horizon 2020, 
under grant agreement 823867 

brightness.esss.se 
@brightnesseu 

at ESS as there is no “plan B” or optional design. As with SNS the moderator and the moderator plug 
are critical components in the Target. 

9.3.2.2. The Bottom Moderator 
With the development of the new baseline for the upper moderator, it basically covers all the 
requirements for the first 15 instruments built and a test beam line. With all the initial instruments 
pointing to the top moderator, and a beamport system that allows the possibility to extract neutrons 
from above and below the target, the adopted configuration opens the possibility to have different 
types of moderators below the target. By that, other neutron beams of different intensity, or spectral 
shape could be envisaged. This enables a technology upgrade that will provide further scientific 
opportunities to the facility without having the need to build a second target station. 
 
As the top moderator is optimised for brightness, the bottom moderator could be optimised around 
intensity, boosting applications for: 

• Fundamental Physics (n->n oscillations, E.D.M. 
measurement)  

• Imaging 
• Spin-echo  
• Small Angle Neutron Scattering (SANS) 

 
A bottom moderator along these lines does not exist 
and the ESS budgets cannot cover this scientific 
development. For this reason, ESS applied for and won a grant under the Horizon 2020 -INFRADEV-
2019-3 call and the HighNESS project will start in October 2020. 
The structure of the project will make sure that all angles and elements are evaluated and taken in to 
account before the final design is proposed. 
 

 
Figure 27: HighNESS Project Work Package Structure 

The high-intensity moderator shall be able to (1) deliver a larger total cold neutron flux, (2) provide 
high intensities at longer wavelengths in the spectral regions of Cold (4-10 Å), Very Cold (10-40 Å), and 
Ultra Cold (several 100 Å) neutrons, as opposed to Thermal and Cold neutrons delivered by the top 

Figure 1: Neutron Scattering Figure 26: Neutron Scattering 
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moderator. This shall offer both unprecedented brilliance, flux, and spectral range in a single facility, 
making ESS the most versatile neutron source in the world.  
 
There are severe material challenges that need to be addressed as such a moderator has never been 
built before. There are candidates, but all options need to be analysed and qualified by simulation and 
actual measurements: 

- For some materials there are already some data available (nanodiamonds, MgH2)  
- For other materials there is very little information 
- For other materials the cross section can be sample dependent 
- Where information is missing, experimental measurement will be performed 

 
There are several partners involved in the project and collaboration is very important to collect all the 
knowledge and competence. 

- PSI in Switzerland 
- ILL in France 
- University of Milano Bicocca 
- University of Stockholm 
- DTU in Denmark 
- FZJ in Germany 
- Mirrotron in Hungary 

 
Top 5 Impact on ESS Technology Roadmap: The Target Moderators 

Current 
1 A comprehensive exchange of resources and knowledge between ESS and SNS is in place so the 

moderator development at ESS can be evaluated and discussed with a live facility 
2 As part of the exchange, the moderator plug will also be evaluated and tested as possible, as is 

the case for the new titanium oxide coated cupper optics 
3 The HighNESS project got approved by EC and is about to kick-off 
4 There is a strong consortium in HighNESS, with the leading neutron facilities and universities on-

board 
5 There is a unique technology opportunity at ESS to focus on brightness with the upper moderator 

and on flux with the bottom moderator 
 
Future 
1 ESS will further support the technology revolution of high brightness neutron moderators for 

the future solutions. 
2 The HighNESS project will address a lot of material issues and challenges and by that support the 

selection of the best concepts for high flux moderation and also towards the development of a 
VCN (Very Cold Neutron) moderator. 

3 The relationship between facilities is strong, but with the ESS initiatives the new technology 
developments can be coordinated and qualified. 

4 As ESS is moving closer to operation there is encouragement to open up for further external 
collaboration so more can use the ESS components and by that providing minimisation of 
technology risk for ESS. 

5 The unique ESS moderator solutions should be promoted and communicated worldwide. 
Table 6: Top 5 - The Target Moderators 
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9.4. Neutron Scattering Systems (NSS) 
 

 
 
Figure 28: The Neutron Scattering Systems 

The instrument suite of the European Spallation Source will be versatile and serve several different 
scientific communities. Developed and built by teams across Europe, each of the instruments is 
designed to be world-leading from day one. 
 
The 15 instrument concepts were selected through an inclusive process, involving applications from 
the community and peer-review by scientific and technical committees. The final recommendation 
was made by the ESS Scientific Advisory Committee and approved by ESS Council. Expansion of the 
suite up to 22 instruments is anticipated, and the facility is designed to accommodate even more in 
the future. Following installation, commissioning of the first instruments will start in 2022, and the 
user program for the earliest instruments is set to open in 2024. 
 
Due to the world unique ESS broad pulse, all ESS instruments are novel designs using state-of-the-art 
neutron optics, choppers, motion control and detector systems as key instrument components. With 
the instruments being built by external organisations and consortia, the focus is very much on the 
technical and operational integration.  
 
The following instrument components are developed to maximise innovation and technology upgrade 
possibilities as much as possible: 

- Chopper Systems 
Devices designed to periodically interrupt the neutron beam for a well-defined duration. They 
act as a sort of neutron switch and can, individually or in groups, be configured to perform a 
number of functions to condition neutron beams for scientific uses. 

- Detector Systems 
The Detector Group has been focusing on the development of Boron-10 detectors to replace 
helium-3 based detectors. Further details are provided in the following section. 

- Motion Control & Automation 
Motion Control is the local control system for the motorisation of movements of instrument 
components. 

- Neutron Optics & Shielding 
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Standards in the design features and processes of neutron optical components in harmony 
with background minimisation are essential to obtain maximum return on investment for the 
instrument suite at ESS. 

 
Given the world-leading neutron brightness at ESS, a key technological challenge realised early on was 
the development of neutron detectors which can deal with the unparalleled neutron intensities 
expected at ESS instruments. After providing an overview of the ESS instrument suite, the remainder 
of this chapter will focus on the detector challenge. 

9.4.1. Instrument suite 

 
Figure 29: Instrument suite 

The initial instrument suite at ESS is divided in to four groups: 
1. Diffraction 
2. Engineering and Industrial 
3. Large-Scale Structures 
4. Spectroscopy 
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9.4.1.1. Diffraction 
 
DREAM - Bispectral Powder Diffractometer 

 
Figure 30: DREAM -Bispectral Powder Diffractometer 

DREAM is a versatile neutron powder diffractometer that will enable new physics and chemistry 
research, serving areas such as nanoscience, energy and battery materials, and complex magnetic 
structures. The instrument utilises favourably the long pulse and unprecedented peak brightness of 
the ESS by pulse shaping choppers and by viewing both thermal and cold moderators, which results in 
a particularly flexible choice between high resolution and high intensity. 

- Crystallography: broadly defined as an identification of the crystal structure of powders and 
single crystals. 

- Magnetism: studies of complex magnetic structures, weak magnetic moments, multiferroics, 
magneto-elastic coupling, etc. 

- Materials Science: studies of organic-inorganic hybrids, transition metal chalcogenides, 
thermoelectric materials, additively, etc. 

- Hard Condensed Matter: studies of metal oxides, perovskites, superconductors, metal-organic 
frameworks. 

- Energy Storage and Research: studies of layered oxide compounds, novel cathode and anode 
materials, fuel cells, catalysts, etc.  

- Nanoscience: studies of magnetic nanoparticles, dumbbell nanoparticles and Janus 
nanoparticles. 

 
HEIMDAL - Hybrid Diffractometer 

 
Figure 31: HEIMDAL - Hybrid Diffractometer 
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HEIMDAL is an optimised thermal-neutron powder diffractometer (TNPD). The chopper setup of 
HEIMDAL allows the instrument to be run in a high-flux mode for fast data acquisition, or in a high-
resolution mode for very precise crystallographic studies of complicated structures. The research areas 
in which HEIMDAL will excel can be divided into four different groups: 

- Light elements and energy-related materials 
- Composites, scaffolds or matrix-embedded systems 
- Phase transition and nucleation 
- Materials with magnetic properties 

 
MAGiC - Magnetism Single-Crystal Diffractometer 

 
Figure 32: MAGIC - Magnetism Single-Crystal Diffractometer 

MAGiC is a polarised time-of-flight single-crystal diffractometer dedicated to the study of magnetic 
properties in both applied and purely fundamental systems. Its development and construction are 
supported by a French/German/Swiss consortium, relying on a mesh of unique and complementary 
technical and scientific expertise. 
 
MAGiC has been designed with polarisation in mind and will deliver a permanently polarized neutron 
flux on both the cold (2-6 Å) and thermal (0.6-2.3 Å) spectra across a wavelength band of 1.7 Å at the 
sample, positioned 160 m from the ESS target. State-of-the-art neutron optics and choppers 
technology, combined with the latest developments in the field of solid-state super-mirrors 
polarization analysis, will offer to the end users the brightest polarized beam (4x109 n/s/cm2) on a 
flexible instrument, expanding the horizon of neutron diffraction towards low volume samples and 
quantum magnets. 
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NMX - Macromolecular Diffractometer 

 
 
 
 

The NMX Macromolecular Diffractometer is a time-of-flight (TOF) quasi-Laue diffractometer optimised 
for small samples and large unit cells dedicated to the structure determination of biological 
macromolecules by crystallography. The main scientific driver is to locate the hydrogen atoms relevant 
for the function of the macromolecule. 
 
The ESS NMX instrument will transform neutron macromolecular crystallography into a technique that 
answers a significantly larger number of hydrogen-related questions in biomolecular science than 
before. 
  

Figure 33: NMX - Macromolecular Diffractometer 
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9.4.1.2. Engineering and Industrial 
 
BEER - Engineering Diffractometer 

 
Figure 34: BEER - Engineering Diffractometer 

The time-of-flight materials engineering diffractometer BEER built by the partners Helmholtz-Zentrum 
Geesthacht (HZG) from Germany and the Nuclear Physics Institute, CAS (NPI) from the Czech Republic 
offers new opportunities for investigation of deformation mechanisms, microstructure evolution and 
phase transformations in materials developed for high-tech industrial applications in situ under real 
processing or operating conditions. The high ESS flux combined with the novel beam modulation 
technique will allow non-destructive mapping of residual strains in construction components with 
unprecedented speed. 
 
New opportunities will be offered to material engineers for following micro- and nanostructures, 
textures, and internal stresses evolving at industrially relevant temperatures, strain rates, and 
complex loading conditions to investigate and develop thermomechanical processing procedures as 
well as deformation mechanisms during service conditions. 
 
ODIN - Multi-Purpose Imaging 

 
Figure 35: ODIN - Multi-Purpose Imaging 
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ODIN is a multi-purpose imaging instrument intended to satisfy a wide range of scientific needs in a 
variety of fields such as engineering materials and components, geo-science, palaeontology and much 
more. It will provide spatial resolutions down to the µm-range enabled by the high brightness of ESS 
coupled with ongoing advances in detector technology. The pulsed nature of the source will give access 
to wavelength-resolved information, yielding a qualitative informational advance over current state-
of-the-art. The full scope capability offers its users a variety of imaging techniques for the 
characterisation of objects with applications in virtually all natural science disciplines. 

- Energy research and environment – e.g energy storage devices (batteries, fuel cells etc.), 
catalysis, nuclear energy materials. 

- Magnetism and condensed matter research – e.g high density data storage materials, energy 
efficient magnetic materials, etc. 

- Engineering materials – study of strains, stresses, textures and microstructures deep in metal 
components. 

- Geology, earth and agricultural sciences – structural information in rocks, sands and soil. 
- Soft matter and biology – e.g study microstructural details and transitions in biology along 

with soft matter investigations 
- Archeology, Paleontology and Cultural heritage – enhancement of today’s capabilities 
- Routine Non-destructive Evaluation of Material Reliability – e.g study of component failure 

and improved welding processes 

9.4.1.3. Large-Scale Structures 
 
ESTIA - Focusing Reflectometer 

 
Figure 36: ESTIA - Focusing Reflectometer 

Ἑστία, Greek goddess of the hearth (lat.: focus) and first born of the Olympians, is the eponym of the 
vertical sample reflectometer at ESS. The Estia instrument will probe surfaces, thin films and layered 
systems, revealing structure and magnetic phenomena. Named for its unprecedented focus, Estia will 
be able to address complex systems available only in small quantities. The science has visionary 
applications for society, including spintronics and novel IT materials: 
- Layers with exchange-bias effects between ferro- and anti-ferromagnets 
- Multiferroic materials with simultaneous magnetic and electric order 
- Ion diffusion in solids as that of Lithium in battery materials 
- Gas condensation on cold surfaces, e.g. formation of spontelectric films 
- Cell membrane shape changes due to electric field 
- Ordered magnetic nanoparticles with considerable dipole-dipole interaction 
- Magnetic layers with strong spin-orbit coupling producing e.g. Skyrmion vortex states 
- Artificial spin-ice systems with macroscopic magnetic frustration 
- Self-assembly of surfactants, polymers and proteins at solid and solid-liquid interfaces 
- Rearrangement processes in thin films: e.g. interdiffusion, inter-layer movement 
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- Encapsulation and release of components in e.g. plastics, polymer blends, drug delivery 
- Switchable materials that respond to external stimuli (chemical, electrical, magnetic, optical) 
- Surface reactions e.g. enzyme catalysis, oxidation, surface functionalization etc. 
- High-throughput screening of e.g. biological/medical samples or industrial conditions 
 
FREIA - Liquids Reflectometer 

 
Figure 37: FREIA - Liquids Reflectometer 

Understanding surface chemistry and the properties of layers and buried interfaces is a key challenge 
in life science and soft matter research. Examples include biological membranes, drug delivery 
systems, cosmetics and food. Neutron reflectometry is well suited to probing interface systems, and 
FREIA is a reflectometer optimised for soft condensed matter and life sciences. Both the structure and 
kinetics in thin film samples are of interest, particularly during their formation and in response to 
environmental changes. FREIA will allow experiments to be carried out without moving the sample, 
meaning that fast simultaneous measurements can be made over a very broad structural range to 
follow dynamic processes, such as chemical reactions, deposition of coatings and 
encapsulation/release from smart materials. 
- Self-assembly of surfactants, polymers and proteins at solid and liquid interfaces 
- Rearrangement processes in thin films: e.g. polymer interdiffusion, inter-layer movement (e.g. 

lipid flip-flop)  
- Encapsulation and release of components in e.g. plastics, polymer blends, drug delivery and 

implant materials, etc. 
- Switchable materials that undergo structural changes in response to external stimuli 
- Surface reactions that involve change in the film structure or chemical composition, e.g. enzyme 

catalysis, oxidation etc. 
- Time-of-flight (tof) neutron reflectometry offers the possibility to record a range of Q-values 

simultaneously 
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LoKI - Broadband SANS 

 
Figure 38: LOKI - Broadband SANS 

LoKI is a small angle neutron scattering (SANS) instrument that will enable scientists to answer the 
challenging materials science questions of tomorrow in fields from health and aging, to sustainability 
and energy security. One of the first instrument concepts to be proposed and moved into construction, 
LoKI will be part of the early science programme at ESS. 
 
Small angle neutron scattering (SANS) is a technique that is applied across a spectrum of scientific 
disciplines, with users from chemistry, physics, biology, materials science, engineering and 
geoscience. LoKI is designed primarily with the needs of the soft matter, biophysics and materials 
science communities in mind and the trend in all of these fields is towards complexity and heterogeneit.
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SKADI - General Purpose SANS 

 
Figure 39: SKADI - General Purpose SANS 

The Small-K Advanced DIffractometer SKADI is a versatile small-angle neutron scattering (SANS) 
instrument, which will enable scientists to perform a wide range of investigations on topics requiring 
small scattering angles to access long-length scales. The scientific areas targeted by SKADI include 
investigations of smart materials, biological and medical research, magnetic materials and materials 
for energy storage, as well as experiments on nanomaterials and nanocomposites or colloidal systems. 
These experiments promise a high potential impact on science and society. To maximise the societal 
applicability of these studies, SKADI is designed to accommodate in-situ measurements with custom-
made sample environments to provide “real-world” conditions. 
- In Situ Chemical Reaction – Being located at a high-flux source gives SKADI the possibility to reach 

down to timescales that were previously. 
- Stroboscopic Investigations of Magnetic Liquids – Magnetic liquids are liquids in which magnetic 

nanoparticles are dispersed.  
- Highly concentrated solutions often form superstructures (Quasi-crystals) of the dissolved 

particles.
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-  

9.4.1.4. Spectroscopy 
 
BIFROST - Extreme Environment Spectrometer 

 
Figure 40: BIFROST - Extreme Environment Spectrometer 

BIFROST will explore the intricate physics of magnetism and superconductivity, with applications in the 
IT and energy materials of tomorrow. It will also be used in geoscience and functional materials. It will 
do this with neutron spectroscopy, the main tool for investigating low-energy dispersive dynamics in 
single crystals. 
- Excitations in unconventional superconductors: Weak spin fluctuations in the high-TC cuprates, 

nesting vectors in pnictides, etc. 
- Excitations in frustrated magnets: Many frustrated magnets have reduced moments and/or 

intrinsic disorder 
- Low dimensional magnets/quantum magnets are systems with the main dispersive features 

residing in a single scattering plane 
- Strongly correlated electron systems exhibiting charge order and spin density waves. 
- The study of materials under extreme pressure in geoscience with the high flux, screening of 

background from sample environment  
- Functional materials of interest have many different phases and the fast acquisition rate makes it 

ideal for parametric studies. 
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CSPEC - Cold Chopper Spectrometer 

 
Figure 41: CSPEC - Cold Chopper Spectrometer 

CSPEC will be used in a wide variety of scientific applications, spanning the life sciences, functional 
materials and chemistry. Its key capability is to follow kinetic events in situ or in operando, enabled by 
very high flux. CSPEC is a direct geometry time of flight spectrometer developed as a German/French 
collaboration between FRM II and LLB. 
 
Its key capability is to follow kinetic events in situ or in operando, enabled by very high flux. It will 
probe the structures, dynamics, and functionality of large hierarchical systems as they change or 
operate. Hierarchical systems include liquids, colloids, polymers, foams, gels, and granular and 
biological materials as well as the ever complex low-energy dynamics of energy materials and 
emergent magnetic behaviour. Unlock the principles that steer the organization of atoms into 
complex matter, and we can develop and improve functional materials for solving societal challenges. 
 

MIRACLES - Backscattering Spectrometer 
 

 
Figure 42: MIRACLES - Backscattering Spectrometer 

 
MIRACLES will be the time-of-flight backscattering instrument of the European Spallation Source. 
Revealing dynamic processes over a wide energy range, it will serve life science, polymer science, 
energy materials, magnetism studies and much more. The configuration of the long time-of-flight 
primary spectrometer and the large backscattering secondary spectrometer will give unprecedented 
energy resolution in accelerator-driven neutron source spectrometers, with an outstanding 
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performance and versatility due to the flexibility of tuning energy resolution from a large dynamic 
range and performing quasielastic and inelastic neutron scattering experiment (QENS and INS) in a 
wide collection of operation modes. 
 
Life sciences, molecular dynamics and water dynamics – Degenerative diseases: Alzheimer, Parkinson, 
cancer, protein dynamics and enzyme, catalysis. Pharmaceutical studies: drug implementation/delivery 
Energy sciences – Fuel cells and H2 storage (hydrides), Proton diffusion in MOFs, Catalysis 
Polymer sciences – Viscoelasticity, Morphology-performance connections in e.g. organic electronic 
devices 
Climate change – Ice formation, Portland-alternative cements (water dynamics) 
Next-generation magnetic materials – Molecular nanomagnets, Spin dynamics in novel magnetic 
materials (spin ice, large SOC) 
 

T-REX - Bispectral Chopper Spectrometer 

 
Figure 43: T-REX - Bispectral Chopper Spectrometer 

T-REX will probe mainly single crystals of low dimensional, topological and frustrated materials, 
quantum magnets, high temperature superconductors, multifunctional oxides, molecular magnets and 
functional materials, such as catalysis metals, ion-transport materials, fuel cell membranes, 
nanomaterials, thermo-electric and magneto-caloric materials. These have potential societal 
applications in fields such as sustainable energy solutions, minimizing pollution, and water purification. 
 
Studies of excitations in quantum condensed matter strive to explore the energy range from several 
tenths of μeV, for the determination of small energy gaps, to several hundreds of meV, for studies of 
e.g. excitations in the parent compounds of high Tc superconductors or excitations into the Stoner 
continuum. 
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VESPA - Vibrational Spectrometer 

 
Figure 44: VESPA - Vibrational Spectrometer 

VESPA is a neutron vibrational spectrometer, and as such it will be used in an extremely wide range of 
chemistry, physics and materials science as well as their applications. VESPA will access scientific 
domains out of reach for the other ESS instruments. A thermal instrument such as a vibrational 
spectrometer may seem an illogical choice to present to a neutron facility that is optimised for cold 
neutrons. However, the ESS brilliance into the thermal range is sufficient to easily match the leading 
neutron vibrational spectrometers in intensity and resolution in the so-called “fingerprint region” (60-
220 meV), a range most important to identify functional groups. This represents a huge scientific 
opportunity for the ESS especially in the area of in situ measurements for catalysis and renewable 
energies not only for basic but also for applied scientific research. 
 

 
Figure 45: VESPA Research Areas 

9.4.2. Detectors 
The ESS Detector Group has been working on detector development since 2010, with extensive 
collaborations throughout Europe. These collaborations enable ESS to both build up detector 
development competence to support ESS during the Construction Phase, and to develop capacity in 
Europe to provide detectors for ESS. In general, there is a capacity gap for neutron detector production 
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across all neutron facilities worldwide, but the goal of the Detector Group is first and foremost to 
develop solutions that cost-effectively meet the needs of the ESS instruments. 
 
Based upon the requirements of the 15 instruments described above, detector technologies are being 
developed to satisfy each instruments’ needs. The tailoring of the detector design is not only 
constrained by the instruments themselves, but also the helium-3 crisis and the economy associated 
with it. 
 
The BrightnESS project contributed significantly to the detector design and development, by 
conducting the characterisation of different detector types. In addition, the project analysed the 
detector electronics chain describing the completion of a readout electronics chain for the NMX 
prototype detector, that was developed jointly by ESS and CERN during the project. 
 

 
Figure 46: Large Area Multi-Grid detector 

The completed milestones and outcomes of the BrightnESS project, demonstrated a significant 
technical risk reduction to the ESS project. The risk related to the ESS detectors could be redefined 
from being an extraordinary technical risk to being a regular technical risk - the risk that is applicable 
to any other normal technical component. 
 
During the period of the work related to the experiments and the simulations needed to successfully 
reach the milestones, all ESS In-kind partners were encouraged to collaborate in an open and friendly 
manner. Ensuring that all the involved sides felt like full-fledged partners increases the sustainability 
of the project and its impact. 
 
Furthermore, the people contributing to the ESS project - at all levels of seniority - were continuously 
trained to increase the competence and skills necessary to carry out various tasks. This was particularly 
done at a junior level, involving Masters, PHD, and summer students to contribute to day-day work as 
a result of which the resources of competent and trained personnel were secured for the future. 
 
A strong focus on openness and information sharing (from most of the software being open-source to 
an extensive hands-on help from more experienced colleagues) maximised the benefits for the ESS 
project as a whole. 
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In the BrightnESS project focus were two main technology areas: 
- A natural and enriched Gadolinium converter design 
- A Boron-10 based converter design 
 
Under WP 4.2 the Gadolinium (G155/157) converter was analysed for compliance, mechanical 
properties and technical challenges. Simulations and first measurements demonstrated that the 
Gadolinium converter will be able to successfully tackle the position resolution challenge. However, 
the simulation of the relevant properties was only partially reliable. The technical challenge of welding 
Gadolinium material is still novel but a mechanically reliable and affordable cathode can be produced. 
Based on the findings, it was concluded to revisit the possibilities with Gadolinium based converters at 
a later stage when ESS is operational. 
 
Based on this work and effort ESS has taken an extraordinary technology position and want to be the 
intensity frontier by developing World Class Detectors Using Boron. The first attempts to use boron-
10 for neutron detection were made in the 1970s and the EU supported BrightnESS project was 
delivering critical results for the development of such detectors. 
 
The work on Boron-10 based converter design in BrightnESS WP 4.2 was a collaboration between ESS, 
Hungary’s Wigner Research Centre for Physics, and Lund University (LU), in Sweden, and was funded 
through the European Commission’s Horizon 2020 Research and Innovation Programme. The project 
took its point of departure in the use of boron-10 as the detector’s converter rather than the standard 
helium-3 gas used for most neutron detector applications worldwide. 
  
The effort was divided into 3 main technology areas: 

• Detector for Reflectometry (Multi-Blade Detector) 
• Large-Area Detector (Multi-Grid Detector) 
• Detector for MacroMolecular Chrystallography (Gd—GEM detector for NMX instrument)  

 
The success of the programme is perhaps best exemplified by the fact that a MultiBlade detector has 
just been adopted as the detector design being using on the AMOR instrument at PSI, which started 
commissioning in September 2020. Interest has been expressed by many other facilities. 
 
The Detector Group has direct access to a number of lab facilities: 

- Utgård 
790 m2 workshop and laboratory in an industrial warehouse space, which is shared 
between the Detector Group, Scientific Activities Division (SAD) and the Integrated 
Control System Division (ICS). The facility is used to test and develop equipment and 
prototypes to be used in the construction of ESS. 

- V20 Teas Beamline 
Provides real-world conditions for ESS and its partners to test engineering and 
scientific concepts in the development of instruments and their associated neutron 
technologies. 

- The source Testing Facility 
At Lund University is a laboratory to test detectors and prototypes. It is a collaboration 
between the ESS Detector Group and The Department of Nuclear Physics of Lund 
University. 

- Detector Coatings Workshop 
An in-house production facility that ESS has established in Linköping, Sweden. This 
facility carries out the manufacturing of 10B4C coatings needed for the construction 
of 10B detectors, supplying high quality neutron converters.  
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There was also the development of a framework and the necessary tools to be able to simulate 
detectors in detail, possible now for the first time for neutron detectors. This allows the future 
development process for neutron detectors to be sped up by allowing some of the prototyping done 
with performance simulations. 
 
On top, the Detector Group has worldwide access to further facilities via partners. 
 
The achievements on the boron-10 based detectors are unique and apart from solving the ESS specific 
challenges, there is a huge potential to disseminate technology and knowledge to other facilities and 
industry. 
 

Top 5 Impact on ESS Technology Roadmap: Instruments and Detectors 
Current 
1 A lot of technology development has gone in to the development of the Boron-10 based 

detectors to meet both the count rate challenge at ESS and the reduction in availability of 3He 
detectors. 

2 Together with the Boron-10 challenge, different detector types needed to be considered 
•    Detectors for Reflectometry - very high count rate with high resolution 
•    Large-Area Detectors for Spectroscopy - high efficiency and low noise over large surface 

3 The technology achievements within both Boron and Gadolinium based converters are 
recognised worldwide and other facilities show great interest. 

4 Many sample environment systems are considered and will be built tailored to the nature of the 
different instruments requiring new developments 

5 Automation and remote control of experiments driven by throughput and reproducibility 
requirements, but also by lowering environmental impact of travel to the facility. 

 
Future 
1 Dissemination of the detector technologies will help to create supporting communities around 

the world 
2 The build labs and competence at ESS will be commercially explored so further technology 

developments can be performed 
3 Further technology iterations of the Boron-10 detectors will be considered and tailored to 

available components and material 
4 Many instruments and sample environment systems have overlapping technology and 

functionality, and synergies will be explored 
5 The level of generic technology developments will be considered so the highest possible 

interoperability between instruments can be achieved together with minimised maintenance 
costs 

Table 7: Top 5 - Instruments and Detectors 

10. The data 
The currency of ESS technology is data and the most basic definition of data science is that it involves 
the collection, storage, organisation and analysis of massive amounts of data. At ESS the vast amounts 
data can be shred in to two categories: 

- Monitoring and control data from the complex facility 
- Scientific data from the many different instruments and experiments 
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From an innovation perspective this division makes sense as the scientific data is the product that can 
be disseminated and exchanged, both in raw and processed form. The monitoring and control data are 
more insurance of the operation, safety, security, maintenance, access, etc. 
 
Yet for both categories, a deep understanding of the structures, interdependencies and evolvement is 
important. In recent years, data science has become less and less about the data itself, and more about 
the technology and tools used to interact with it. Advanced solutions like AI, machine learning and 
robust analytics tools make it possible not just to process and understand massive stores of 
information but at unprecedented speeds. The tools are often so powerful you don’t need to know 
how to programme to use most of them, and if programming is necessary, open environments and 
generic solutions will help support the effort. 

 
Figure 47: Data Science collage 

10.1. Scientific Data 
The Data Management and Software Centre (DMSC), located in Copenhagen, Denmark, designs, 
develops and supports the ESS scientific data pipeline, including experiment control, data acquisition, 
data curation, scientific web applications, data reduction, data analysis and modelling, data systems 
and data centre operation. 



 

 
52 | 

BrightnESS2 is funded by the European Union Framework 
Programme for Research and Innovation Horizon 2020, 
under grant agreement 823867 

brightness.esss.se 
@brightnesseu 

 
Figure 48: DMSC at COBIS in Copenhagen 

 
The DMSC is proponent of FAIR data (Findability, Accessibility, Interoperability, and Reuse) and 
collaborative open source software development. 

10.1.1. The Computing Centre 
The interim Computing Centre at DMSC is a Danish in-kind contribution to ESS. The Computing Centre 
is currently in both an operational and a design phase, and its mission is therefore twofold: 

- To provide various IT and in particular scientific computing services for the planning and 
construction phases  

- To develop expertise in areas relevant to the future data management and software centre. 
 
The primary activity is the operation of the high performance computing cluster, which is used by 
scientists who rely on computer modelling in order to support the design of the facility and consists of 
two main parts: 

- High performance scientific computing cluster 
- High performance storage and backup system 

 
The current activities also involve more traditional software development support and infrastructure 
services, and include: 

- Environments for software development 
- Data centre IT infrastructure 
- Hosting of various IT pilot projects 
- Technical user support 

10.1.2. The Cluster 
The cluster consists of the following components: 

- 65 compute nodes with a total of 892 cores 
- 146TB of storage of which 66TB is fast parallel storage 
- A management network, used for maintenance 
- A InifiniBand network, implementing the interconnect between nodes, and between the 

nodes and the storage system 
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- A batch-system for handling jobs 
 
The nodes of the cluster are divided into 3 different queues each of which is made up of different 
hardware: 

1. The Express Queue 
2. The Short Queue 
3. The Long and Very Long Queue 

 
The cluster's storage systems provide a total of 146 TB of storage. These 146 TB is provided by two 
storage systems: 

- 66 TB fast parallel storage accessible through the Lustre distributed file system. The storage 
servers are connected to the InfiniBand network, and the file system is mounted on all 
compute nodes. 

- 80 TB of slower ZFS based storage available for the nodes by means of NFS over ethernet.  
 
The cluster has a suite of software available for use in scientific computation, as well as a batch system 
for controlling the cluster resources. These systems are mainly based on open source.  

10.1.3. DMSC Status 
At DMSC state of the art technologies make the basis for the built up of the ESS science service 
organisation. The task is so complex that it is not possible nor feasible to build proprietary technology 
to meet the requirements and the strategy is to use what is available, understand to deepest level 
possible and try to influence the functionality. 
 
As mentioned in the introduction, data science has become much more involved with interacting with 
data and using the existing tolls, and this is what DMSC is doing. At the forefront of, and also relying 
on, open source and generic structures, DMSC is not writing its technology roadmap but it is merely 
following the general roadmap, that is evolving faster that ESS and DMSC could ever do on their own. 
 
However, it is necessary for DMSC to act in the international fora and to influence communities as 
much as possible, so the open and generic tools and environments can meet the ESS requirements. 
For this reason, ESS and DMSC is very involved in the European Open Science Cloud (EOSC) as a 
platform for the ESS activities and development. DMSC has completely adopted the EOSC principals of 
Open Science, Open Data, and Open Scholarship, making European Policies to Make Science Fit for the 
Twenty-First Century. Recently ESS has applied to be a full partner to the EOSC organisation and the 
ESS General Director is on the executive board representing the ERICs. 
 
Based on the FAIR principals and the scientific demands, DMSC “goes with the flow” on a platform and 
environment that is dictated by the financial industry and conglomerates like Google and Facebook. In 
preparation for the future, the scientists with laptops and their own Matlab programmes, are no longer 
in the equation. The Big Data, AI, virtual labs, extensive simulations, virtual reality, mega clouds, 
distributed processing, etc. are just some of the themes that need to be covered by DMSC. 
 
DMSC is acting in this environment with the aim to combine and translate functions and technologies 
to the tools and services required by the users of ESS. These users should also be industry and “less 
than expert” users and for that intelligent programs are needed. This has not been a strong-point of 
scientific facilities in the past, so new ways need to be explored. 
 
It is the hope that this exploration can be done in collaboration with other facilities as they all have the 
same challenge and hopefully there will be real funding to address: 
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- Artificial Intelligence  
- Remote access 
- Automation 
- Virtual labs 
- Validity and Quality Assurance 
- Etc. 

 
Top 5 Impact on ESS Technology Roadmap: Scientific Data 

Current 
1 The technology development is based on the highest possible use of open source frameworks 

and open source development 
2 The state of the art technology is analysed for deep understanding and it is applied in the best 

way possible 
3 Some technologies have shortfalls and ESS is trying to address these in open forums and 

dedicated communities 
4 By adhering to the FAIR data principles for data management and curation and actively involving 

ESS in the FAIR data community (Findable, Accessible, Interoperable and Reusable Data) effort 
is spent to ensure data quality, standardisation and curation is applied to ESS scientific data. 

5 Through the involvement in EOSC (European Open Science Cloud), ESS is again following set 
technology principals as well as influencing them to meet ESS requirements 

 
Future 
1 AI shall be considered in relation to the scientific data, its processing, distribution and 

accessibility. 
2 Remote access has moved up on the priority list due to Covid-19, new ways to access 

infrastructure and perform remote experiments should be considered 
3 In addition to and connection with the remote access, increased levels of automation and 

contingency could be considered 
4 With (open) access to data and data service via the EOSC ecosystem that promotes federation 

and portal based access to services, a virtual research environment incorporating this and a 
significant level of atomistic modelling and simulation could be considered, as this would 
increase the efficiency of the scientific workflow of ESS, and hence reduce the time to 
publication.  

5 By applying state of the art technology, effort could be spent on following the general technology 
development and to transfer whatever is necessary to the ESS technology platform 

Table 8: Top 5 - Scientific Data 

10.2. Control Data using Artificial Intelligence and Machine Learning 
Because of new and emerging computing technologies, artificial intelligence (AI) and machine learning 
(ML) today is not like machine learning of the past. It was born from pattern recognition and the theory 
that computers can learn without being programmed to perform specific tasks; researchers interested 
in artificial intelligence wanted to see if computers could learn from data. The iterative aspect of 
machine learning is important because as models are exposed to new data, they are able to 
independently adapt. They learn from previous computations to produce reliable, repeatable decisions 
and results. It’s a science that’s not new – but one that has gained fresh momentum. 
 
While many machine learning algorithms have been around for a long time, the ability to automatically 
apply complex mathematical calculations to big data – over and over, faster and faster – is a recent 
development. 
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Figure 49: Artifical Intelligence & Machine Learning 

10.2.1. Intelligent Control Systems 
When neutron production starts in 2023, ESS will be one of the most technically complex and advanced 
systems in Sweden. With an estimated number of 100 000 devices and 1.6 million process values in 
the ESS control system, it is realised that the high-level requirement of 95% availability for the facility 
will be very challenging. The integrated control system will play a key role to reach this goal and this is 
a strong motivation to explore machine learning technologies to improve efficient and reliable 
operation of the ESS machine. ESS has therefore initiated a control system machine learning (CSML). 
 
When the CSML project started, it was considered if AI and machine learning is just a hype. And indeed, 
the interest in the field is overwhelming. However, a year and a half into the project, it has become 
obvious that artificial intelligence, in particular machine learning, will radically change the way science 
facilities and industrial processes are operated. 
 
Research facilities have some of world’s most technical advanced and complex systems, with LHC as 
the most technical advanced machine ever built by mankind. The ESS facilities therefore have an 
enormous potential to contribute to the development towards autonomous process industries, in line 
with industry 4.0. 
 
Accelerator-based research facilities are made up of a large number of diverse systems and disciplines, 
covering for example water cooling, vacuum, power distribution, timing systems, information 
technology, networking, microwaves, cryogenics among others. These systems are integrated and 
controlled by a central control system that integrates the whole machine and acts as the “brain” of the 
machine.  
 
The development of accelerators and complex control systems have traditionally been driven to the 
state of art by the rich community of accelerator-based research facilities. However, the development 
in AI in these communities has only recently started to take off. The first dedicated workshop for 
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machine learning in the controls and accelerator community were held in 2018 [44]. Thereafter the 
advancement has been rapid. Already at the 2nd workshop (section 2.3.1.7) in the beginning of 2019 
the first results were presented.  
 
While the number of conference papers on AI and machine learning in machine controls only recently 
have started to grow exponentially, they have been in routine operation for more than two decades 
on the experimental side of the same facilities to process and analyse enormous volumes of 
experimental data. These technologies are now pouring over to the machine side of the research 
facilities, accompanied by the rapid developments in AI in other fields, such as natural language 
processing, image analysis, gaming, robotics and trading. The conclusion is that the combination of 
complex machines, large volumes of data together with the rich tradition in AI, math, physics, 
engineering, open source developments and collaboration will revolutionize the way machines are 
operated. 

10.2.2. Collaboration is key 
Collaboration will be crucial in realizing the AI potential. Therefore, the first scope in the CSML project 
is to form a research collaboration between ESS, other accelerator-based research facilities, industry 
and universities with focus on AI in complex control systems.  
The CSML collaboration is organized according to the following principles: 
- The collaboration is focused on machine learning applied to complex control systems. 
- Parties contribute with their own resources during the four-year time frame of the CSML project. 

ESS apply for external funding to finance the activities, as there is no remaining room in the 
construction funding allocated to ICS to initiate new in-kind activities. 

- Parties take advantage of the complex machine, the data, the problem formulations and working 
together to make the machine “intelligent”. 

- The collaboration should have a balance between research facility, industry and university faculty. 
 
During the first year the focus has been on creating a network outside of the normal comfort zone, 
which is the rich community of other accelerator-based research facilities. This has been a success: The 
interest in the field is overwhelming and it has been straightforward to find truly interested parties 
and external funding.  
 
There is now an active collaboration based in Lund. With an excellent University, two large-scale 
international research centres, a rich tradition in innovation and entrepreneurship, as well as a 
collaborative spirit, Lund is an ideal place for research and development in this field. Two projects have 
already been funded by Vinnova and one post-doctoral student has been awarded a grant to carry a 
study at the Department of Automatic Controls at Lund University using data from the ESS Control 
System.  
 
During this second year the collaboration is extended into other regions with focus on accelerator-
based research facilities. A workshop between ESS and DESY will take place in the beginning of 
September with the aim to form a tight collaboration between the control system divisions around 
machine learning.  

10.2.3. The ESS Control System Data Lab 
In all ML projects, it is critical to have access to large amounts of well-organized data to feed the 
learning process. The exploding achievements in AI over the past decade is primarily due to access to 
data and increasing computing power.  
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The ESS control systems will generate at least an order of magnitude larger volumes of control system 
and automation related data than typical existing, large industries. This rich mix of data will range from 
typical industrial process control systems to state-of-the-art control and data acquisition systems. 
 
Under the slogan “Data is the new oil”, many businesses try to collect and store as much data they can 
from their customers, products, and public sources. However, with the insight that there are costs 
related to collecting and annotating data, as well as increasing legal requirements to protect the 
privacy of data sources (e.g. GDPR), the need to reduce costs for data has arisen. Sharing data between 
research facilities could reduce cost. Shared data could also act as a lubrication in collaborations.  
Currently, accelerator facilities work on different problems and exchange experiences at workshops 
and conferences. It is our belief that development within machine learning can be accelerated if 
laboratories start to work on the same problems using the same data, in order to cross-check and 
benchmark their results. This will also enhance the development of common standards for annotating 
and sharing control systems data. 
 
ESS Control System Data Lab is a Vinnova (S) funded project coordinated by the department of 
Computer Science at Lund University. The objective is to explore how to make data from the integrated 
control system at ESS available for research and innovation. This pilot study will focus on three areas:  
1) Intellectual property rights and licenses for the control system data in the same manner as in open 
source software.  
2) Means to select, format and reduce the amount of data to make it useful within collaborations.  
3) Prepare for the next step to build a control system data lab. 
 
 

Top 5 Impact on ESS Technology Roadmap: Monitoring and Control Data 
Current 
1 With about 1,6 million control signals in the ESS integrated control system and very high data 

volumes, artificial intelligence (AI) and machine learning (ML) become viable and interesting 
technologies 

2 The investigation of appliance of AI and ML is performed in collaboration with other facilities, 
namely MAXIV and DESY 

3 In order to further develop a common understanding of the ESS challenge, a Vinnova funded 
pilot study for an ESS Data Lab is being executed 

4 The study partners shall enable access to the latest technology and knowledge: GoalArt (private 
AI company), Lund University and Big Science Sweden. 

5 By knowing the complexity and scope of the challenge at ESS it has been possible to create 
interest from AI and ML scientists to see ESS as a “living lab” for these studies 

 
Future 
1 ESS will be instrumental in more facilities working together on the same problem by working on 

the same data 
2 Further collaboration agreements will be established and ESS hope to contribute to an emerging 

control system AI and ML community 
3 Open collaborative data platforms should be selected so datasets can be shared and evaluated 

in different contexts 
4 The sharing of data is a necessity for collaboration on scientific challenges between facilities 
5 Data becomes the common denominator and there is a plan to use real monitoring and control 

data from DESY to validate the ESS systems 
Table 9: Top 5 - Monitoring and Control Data 
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11. Other innovation areas 
The previous sections of this document have looked at prioritised Strategic Technology candidates but 
there are also identified a number of emerging areas of interest. It is the aim that this document will 
be transformed in to a dynamic Strategic Technology Roadmap to be iterated to include further 
candidates as they surface and mature. 
 
The “suspects” to become Strategic Technology candidates are the following:  

11.1. Multi-Beam Inductive Output Tubes  
As a potential means to reduce electrical consumption, ESS has supported the development by 
industry of prototype Multi-Beam Inductive Output Tubes (MB-IOT), a type of power-efficient Radio 
Frequency source for the LINAC. During their test at CERN, both prototypes successfully reached the 
expected efficiency which would lead to typical power savings of 2 to 3 MW of the 19 MW of power 
required to drive the ESS accelerator. These encouraging results confirm the interest of MB-IOTs for 
the community of accelerator designers and its future projects. 
 
For ESS, this is the case of the second half of the high beta section of the LINAC which will be equipped 
after 2026. For the first part of the high beta LINAC however, klystrons represent a lower risk and 
remain very attractive because of their immediate availability. The Multi-Beam Inductive Output Tubes 
are candidates for further exploitation. 

11.2. Spoke Cavity Technology Validated 
The use of spoke cavity technology to accelerate protons has been achieved in laboratories, but the 
ESS LINAC will be the first to integrate it on a large scale. What it means for ESS is that the Accelerator 
will enter into its superconducting stage at a lower energy than any existing LINAC, with 97% of the 
proton beam acceleration speed achieved in a superconducting environment. 
 
After integration, test and commissioning this design can be a good candidate for Strategic Technology 
transfer to other facilities and industry, where appropriate. 

11.3. Energy efficiency  
The European Spallation Source abides by its commitment to both the public and the European 
scientific community to create sustainable science in the interest of society with minimal 
environmental impact. The ESS project has contributed to the development of innovative technologies 
already during the design and construction phase. The activities of BrightnESS2 aim to further increase 
the innovation capacity of the Organisation and bring existing technologies closer to the market. 
 
The ESS facility will be powered by renewable energy in the form of commercially available electricity 
that carries an accredited Green label. The power required to run the linear proton accelerator (LINAC) 
at ESS, which will be the most powerful in the world, with 5 MW average beam power and 125 MW of 
peak power, will account for greater than half of the facility’s roughly 270 GWh of annual energy needs.  
 
The European Spallation Source is committed to not only recycle the surplus energy from its operations 
but also do it under a scope that is responsible. The total amount of surplus energy is estimated to be 
254 GWh annually and consists of hot water that is a result of the cooling process in the facility. In 
order to optimise heat recovery efficiency, the cooling system is calculated to operate at three 
temperature levels: 30°C, 55°C and 80°C where the high-temperature waste heat can be transferred 
and recycled directly into a district heating network. The lower temperatures are suitable to be utilised 
in food production systems. For the medium and low temperatures of waste energy ESS holds a unique 
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possibility to set a new standard on how to recycle energy. A successful development would certainly 
connect ESS with its environment in an unexpected, although natural, way and contribute to a social 
and economic sustainability that goes beyond the walls of the facility. 
 
As the system becomes operational, concepts can be developed and grants can be applied for in order 
to mature technologies to be used for energy efficiency. 

11.4. Neutrinos 
ESSnuSB is a European Design Study project financed by the European Commission. It is composed of 
15 participating institutes/organisations from 11 countries. The project was initiated by the COST 
networking Project titled: “EuroNuNet“. The activities of both projects, ESSnuSB and EuroNuNet are 
tightly intertwined.  
 
The basic idea is to use the non-pulse time of the 5 MW beam and in that time frame to produce 
neutrinos. The goal is basically to explore the origin of the universe. 
 
After the Big Bang, matter and antimatter were produced in equal quantities through materialization 
of the huge energy released. Observations show that today, however, there is a nearly total absence 
of antimatter in the Universe. The occurrence of Charge-Parity Violation (CPV) is a necessary condition 
for an explanation of this absence. CPV has already been observed in the quark sector but the 
measured amount is insufficient to explain the observed matterantimatter asymmetry. Recent 
neutrino oscillation measurements indicate that the discovery of neutrino CPV becomes an important 
candidate to explain the observed matter dominance in the Universe. The goal of ESSnuSB project is 
to discover and measure neutrino CPV with unprecedented sensitivity. The ESSnuSB concept takes 
advantage of two outstanding opportunities: 
 

1. The first is the construction in Europe of the European Spallation Source, ESS, the world’s most 
intense proton source, with a beam power almost one order of magnitude higher than any 
other accelerator. 

 
2. The second is the recently measured unexpectedly large value of the oscillation mixing angle 

θ13. The latter fact implies that to obtain maximum sensitivity, the neutrino detector shall be 
placed at the second neutrino oscillation maximum, not at the first as implemented by the 
other proposed experiments. The Garpenberg mine in Sweden, in which it is proposed to 
install the underground neutrino detector, is situated at a distance from ESS that corresponds 
to the second maximum. 

 
The goal of the Design Study is to organize European physicists and accelerator engineers in co-
operation with the ESS Laboratory and the Garpenberg Mining Company to study and produce a 
Conceptual Design Report for the ESSnuSB project. 
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12. Conclusion 
Producing this BrightnESS2 delivery 4.2 has been a journey, starting from where the first technology 
roadmap was layed out back in 2012, with a detailed design specification manifesting the direction in 
2015. While addressing the various technical areas it became clear that it was needed to follow the 
path through duuring the different interviews that were performed. This was good for capturing the 
opportunities and for understanding the backgrounds, but it also meant that the previous section got 
more technical than anticipated. 
 

  
Figure 50: ESS employees and in-kind partners organised as the NSS layout 

It was deemed important to capture as much as possible so the content of this document can actually 
act as a Technology Roadmap going forward. The encouragement is big and an effort will be spent for 
bringeing as many technology transfers nd updates to a maximum impact. 
 
It is certain, that even though ESS is still under construction, there are many scientific and technological 
developments that can be elevated and explored further as Strategic Technology candidates. A further 
detailed roadmap for each technology or bundles of technologies can be made in respect to the main 
scientific focus of the organisation. 
 
With the challenges of integrating the diverse technologies being developed by in-kind partners and 
sub suppliers being influenced by the COVID-19 situation, the Strategic Technology road mapping will 
be supported in the best way possible. 
 
With Horizon Europe around the corner and the European Innovation Council’s Equity Fund for high-
impact innovation, there is a good outlook for RI innovation funding all the way from idea to actual 
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impact. As has been the case with the HighNESS project and also ESSnuSB (European Spallation Source 
Neutrino Super Beam), it is the hope that it will be possible to apply for specific funding through 
national and EU programmes so it can be made possible to explore the vast opportunities derived from 
all the technological development at ESS. 
 
The innovation and industry function is prepared to take the lead in these prioritised areas and find 
collaboration partners for the exploitation and execution.  
 
The primary task is still to complete and commission ESS as a leading scientific neutron spallation 
source, but while doing that it should be made possible to create value and impact from the technology 
development, wherever it is possible and make sense. 
 
This document satisfies the delivery D4.2 of the BrightnESS2 project but it is decided to keep the 
document as a baseline for technology upgrade possibilities and innovation candidates. We wish to re-
apply this document in an updated version during autumn 2021. 


