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EDITORIAL

NEEDS YOU

By the time you finish reading this article, you will have been hit by three gravitational waves that we could
have measured if we only had the right instrument. The vibrations are passing through the Earth this very
moment, and they are deforming your body as you are reading this. If you are already feeling something,
I'm afraid it’s just your imagination, though. The amplitude of these waves is way below the subatomic level.
The vibrations are so small that we need an enormous measurement device with unprecedented precision to
detect them: the Telescope (ET).

The existence of gravitational waves was predicted by Albert Einstein in 1915. Changes in gravity travel (Photo credit: Jonathan Vos)
through space at the speed of light. If two black holes were orbiting each other many millions of years ago in

a distant galaxy, the changes in gravity would only reach us today. By that time, the gravitational waves are

so small that scientists have tried in vain to measure them for decades. That is, until LIGO (US) made the

first detection in 2015, 100 years after Einstein’s prediction. A signal that sounded like the sound of a water

droplet hidden in noise was later identified as two merging black holes.

We currently have detectors in the US, Italy and Japan, but they are reaching their physical limits. We need a
larger measuring instrument, much larger. Let’s say, a subsurface triangle with 10-kilometer-long arms, 250
meters underground. Vacuum pipes in the tunnels carry megawatts of laser light that bounces back and
forth between extremely precise mirrors. Changes in the laser light will be the sign of the incredibly small
vibrations in spacetime.

The tri-border area between the Netherlands, Belgium and Germany is a potential location for the Einstein
Telescope. The Netherlands took the lead, and together with Belgium, they are now building two prototypes.
The ETpathfinder prototype is being built at Maastricht University. The University of Liege is building a test
set-up for bringing the mirrors to cryogenic temperatures.

Researchers in the three countries are collaborating on a bidbook to demonstrate that the Euregio Meuse-
Rhine (EMR) is the best location for hosting the ET. There is competition, however. Italy wants to build the
ET in Sardinia, and Germany has another candidate site in Saxony. Furthermore, there is a proposal to split
the ET into two L-shaped detectors.

We need your involvement. The technology behind the Einstein Telescope is pushing our technical capabilities
to the limit. Subnanometer instrumentation will be necessary. The largest ultra-high vacuum system ever
will be built. Control systems will stabilise mirrors 10 kilometers away with submicron precision, while
withstanding Earth vibrations ten orders of magnitude higher. The data analysis requires new computer
algorithms and computing power that supersedes our existing supercomputers.

It is important that you are aware of what is being researched for the ET today. Not only to know where the
ET needs your expertise, but also to learn from the new developments and inventions for the ET. Innovations
that are of interest for your company, too.

Jirgen Van Gorp

Business developer Einstein Telescoop at FWO (Fonds Wetenschappelijk Onderzoek - Viaanderen),
and R&D coordinator Einstein Telescope Flanders at VLIR (Vlaamse Interuniversitaire Raad)
mikroniek@tidata.com, www.fwo.be, www.vlir.be
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ON THE UNIVERSE

AUTHOR’S NOTE
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Telescope.
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ROB VAN DER MEER

Spacetime and gravitational
waves

How our sun and earth warp space and time, or
spacetime, is represented in Figure 1 with a green grid. As
Albert Einstein demonstrated in his theory of general
relativity, the gravity of massive bodies warps the fabric of
space and time — and those bodies move along paths

determined by this geometry.

(Image credit: Caltech/MIT/LIGO lab/(T. Pyle))

Einstein's theory predicted the existence of gravitational
waves, which are ripples in space and time. These waves,
which move at the speed of light, are created when
massive bodies accelerate through space and time.
Figure 2 shows the merger of two black holes and the
gravitational waves that ripple outwards as the black
holes spiral towards each other.

(Image credit: R. Hurt (Caltech-IPAC)

Our universe vibrates when black holes or neutron stars collide. These vibrations propagate away
from their origin as gravitational waves. Albert Einstein predicted that distances stretch and contract
almost immeasurably when gravitational waves pass by. The Einstein Telescope (ET) will be a third-
generation gravitational-wave detector and will measure gravitational waves by constantly
monitoring the length of its three detector corridors with sensitive lasers and vibration-free
suspended mirrors. This will enable ET to detect up to a thousand times more gravitational-wave
events than its predecessors in Germany (GEO600), Italy (Virgo), USA (LIGO) and Japan (KAGRA).

The operating principle of the Einstein Telescope (ET) is
based on interferometry. Laser beams travel through long
vacuum tubes, running back and forth between mirrors
until they recombine and generate an interference pattern
on a photon detector. A passing gravitational wave subtly
stretches space in one direction while compressing it in the
perpendicular direction, making one arm of the detector
slightly longer and the other slightly shorter. The distance
variations are on the order of 10*' m/m, comparable to
measuring an atomic-scale change over a distance from the
Earth to the Sun.

With this method, gravitational waves were first measured
in 2015 and since then about once a week. In order for ET to
increase the number of detections, the aim is to increase the
sensitivity, lower the noise and extend the frequency range
of detectable gravitational waves. For this, several
instrument parts have to be drastically improved, moving
far beyond existing technologies and knowledge. Several of
these challenges will be indicated in this article.

Besides serving the scientific needs, ET will push the
boundaries of today’s technologies into unexplored territory
and in its wake, create opportunities for innovations that
benefit our society and economy.

The construction costs for the ET underground gravitional-
wave detector (Figure 3) are estimated at more than 2.5
billion Euros within a construction period of ten years. As
the infrastructure is expected to be in use for a minimum of
50 years, returning investments in supplies, maintenance
and R&D for upgrades are expected. Three candidate
locations are being studied: the border area of the
Netherlands, Belgium and Germany (Euregio Meuse-
Rhine), Sardinia (Italy) and Saxony (Germany). A location
decision at European level is expected in 2027.
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Artistimpression of the ET underground gravitional-wave detector.
(Image credit: Thijs Balder/Mandarini)

From the broad range of technological challenges posed by
ET, five domains were identified that offer promising links
with Dutch industrial expertise. A dedicated call for
proposals in these fields led to the formation of six Dutch
consortia now advancing R&D for ET. This article presents
their work, supported by the Dutch National Growth Fund
(ET-NGF) and organised and monitored by LIOE.

Vibration-free cooling technology

ET will feature core optics operating at a temperature of 10 K
(-263 "C). The 200-kg mirrors are suspended by very thin
wires. After the initial cooldown, the operating temperature
of the mirrors must be maintained solely through radiation
and conduction via low-stiffness thermal heat links to
ensure that the system is not affected by vibrations from the
cryogenic plant. One important additional step is to use a
cryogenic plant that does not create vibrations.

The first ET-NGF R&D project, “Zero-vibration Sorption
Cryocooler for Einstein Telescope, develops a sorption-
based cryogenic cooling machine in a consortium with
Demcon kryoz, University of Twente (Energy, Materials &
Systems group), and Cooll Sustainable Energy Solutions.

Sensors and precision mechanics

The extremely high sensitivity of the Einstein Telescope can
only be achieved if the mirrors and measuring systems
remain free from vibrations. Vibration dampers must isolate
the installation from all sources of disturbance, in particular
from seismic movements. Horizontal, vertical and
rotational vibrations must be reduced through active and
passive control.

Two projects are working on different aspects of this

challenge:

« The SENVIDET (Sensor Engineering for Noise and
Vibration Isolation and Damping in Einstein Telescope)
project develops several advanced low-noise sensors: two
inertial sensors - a gradiometer and an accelerometer -
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and a fibre-optic interferometer, in a consortium with
Lionite, Demcon high-tech systems Delft, Innoseis
Technologies, Nikhef, Quantified Air, Somni Solutions
and VSL.

o The ICVI (Improved Cold Vibration Isolation for science
and industry) project develops an active vibration-
isolation system with a levitated particle as a silent
reference point, in a consortium with Onnes Technologies,
JPE, Universiteit Leiden, SRON and Nikhef.

Thermal deformations

All effort to optimise the environment of the laser beams
(vacuum, mirror coatings, etc.) is not enough to achieve the
extreme sensitivities required for ET. The losses in the
optical path should reach levels of tens of ppm and this puts
extreme requirements on the wavefront quality of the
propagating beams. Any known and unknown disturbance
in the entire beamline can result in losses. Understanding
and correcting in real time these disturbances is an
interesting challenge.

The ET Merope (MEasuring and Rectifying Optical Phase
Errors) project aims to mitigate thermal effects by studying
the errors from the laser-spot characteristics, followed by
targeted resolution via inference-based modelling and by
employing a deformable mirror to actively correct the laser-
spot quality, through developing hardware and automated
actuator control to keep the human out of the loop. The
consortium consists of TNO, Sioux Technologies, NOVA,
Nikhef, Hoursec, ATG and Demcon high-tech systems
Enschede (Demcon Focal).

Optics and optical metrology

At the end of the vacuum arm tubes, ultra-stable laser
beams are captured in super-polished and coated heavy
mirrors, which form part of a complex optical system. The
laser beams pass through highly precise photonic filters that
stabilise the laser beams and filter out unwanted frequencies
and noise. Additional optical systems serve to control and
stabilise the instrument.

The EINTEL/SPACE-ECHO (Optics Development for
Einstein Telescope in the ET-LF cryogenic environment)
project develops several steps in the mirror production;
acquiring the raw silicon body, the shaping, polishing,
metrology and coating, and acceptance tests in a
consortium with cosine innovations, TNO, Maastricht
University, VSL, NOVA and SRON.

Vacuum technology

To let laser beams bounce undisturbed between the mirrors,
there is a need for 120 kilometers of ultra-high-vacuum
tubes (@ 1 meter, operating pressure < 10-'° mbar). The
mirrors are suspended in 10 to 20 meters high vacuum



towers with a diameter of 3 to 5 meters. The vacuum system
is estimated to be highly time- and cost-intensive, which
requires innovations in design, manufacturing and
installation.

The MACBETH (Manufacturing and Cleanliness of
Beampipe for Einstein Telescope in High-vacuum) project
aims to develop processes for the manufacturing, cleaning,
logistics and maintenance of the beampipe, while using all
cost-saving opportunities without compromising any
requirements on safety, lifetime and cleanliness, in a
consortium with TNO, VDL ETG Technology &
Development, VDL KTI, SBE, Settels Savenije and Nikhef.

Several prototypes developed within these projects will be
tested at ETpathfinder in Maastricht, an international test
facility for ET technologies. The six R&D projects will
continue until June 2027. Companies and knowledge
institutions interested in joining this effort can follow
project updates on the Einstein Telescope — Euregio Meuse-
Rhine (EMR) website or contact the ET-EMR Business Desk
for tailored support and partnership opportunities within
the growing ET ecosystem.

WWW.EINSTEINTELESCOPE-EMR.EU/EN/BUSINESS/
WWW.ETPATHFINDER.EU

Future research directions

With the current projects underway, attention is now
turning to future research and development areas that
can further strengthen ET’s technological foundation.
Building on the progress achieved within the existing
consortia, new opportunities are being identified in
several complementary domains, including:

Lasers

The laser sources must have an extremely accurate stable
wavelength and high stability at a high power output.
Laser sources are already quite common for a wavelength
of 1,064 nm. For ET, new lasers must be developed that
operate at wavelengths of 1,550 nm or 2,090 nm. The
implementation of novel quantum technologies such as
squeezed light sources could be a further innovation
domain.

Advanced control algorithms

ET requires advanced control systems to manage its
thousands of signals and maintain the interferometers at
optimal performance. Current interferometers are limited
by control-generated noise at low frequencies. New
algorithms including Al methods are crucial for
overcoming this limitation.

Civil engineering, simulation and modelling

The underground facility requires advanced tunnelling
techniques and stable foundations to support the heavy
and complex equipment with extreme precision.
Technological advancements are for example augmented
reality for visualisation and computation of ground
motions, and building information modelling (BIM) in civil
engineering.

Data handling and processing

The vast amounts of data generated by ET require
sophisticated data-processing, -visualisation and -storage
solutions. The large amount of potentially overlapping
gravitational-wave detections from ET requires innovations
in data-analysis techniques. Collaboration with experts in
big data, cloud computing and Al could lead to more
efficient data-management and -analysis tools.

R.VAN.DER.MEER@NIKHEF.NL
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TIM WILSCHUT, ANJA BIEBERLE-HUTTER AND MARCO DE BAAR

The pursuit of ‘big science’ frequently necessitates the
development of state-of-the-art systems that challenge the limits
of technology. Budgetary and scheduling overruns are frequent
and substantial and these are commonly regarded as inevitable.
In industry, however, systems engineering has emerged as a
discipline aimed at mitigating uncertainty and improving control
of cost and time in large-scale engineering projects.

The pursuit of big science requires the realisation of increasingly complex and
technological advanced systems. In industry, systems engineering has emerged as a
discipline aimed at mitigating uncertainty and improving control of cost and time in
large-scale, highly complex engineering projects. The Dutch Institute for Fundamental
Energy Research (DIFFER) recognises the importance of systems engineering in
developing complex systems and is therefore adapting the associated methods and tools
for developing nuclear fusion power plants and their own research infrastructure. This
article provides an overview of the insights gained in applying systems engineering tools
and methods during the development of a pulsed laser deposition research cluster.

The Dutch Institute for Fundamental Energy Research
(DIFFER) recognises the importance of systems engineering
and advocates the integration of systems engineering
methodologies into big science initiatives. In collaboration
with Eindhoven University of Technology (TU/e) and Ratio
Computer Aided Systems Engineering (Ratio CASE),
DIFFER is therefore adapting these methodologies for the

The pulsed laser deposition research cluster basis realised by Demcon TSST.
(Photo: DIFFER / Bart van Overbeeke)
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development of nuclear fusion power plants as well as for
designing and developing its own research infrastructure for
both the Fusion Energy and Chemical Energy departments.

A recent milestone in this effort is the realisation of the basis of
the pulsed laser deposition (PLD) research cluster for energy
materials, shown in Figure 1. The system architecture,
specifications, and conceptual design for the PLD cluster were
created at DIFFER in close cooperation with the Inorganic
Materials Science group of the Science and Technology Faculty
of the University of Twente (UT). Subsequently, Demcon TSST
created the detailed design and built the PLD research cluster
basis, for which they had won the tendering procedure in
January 2024. Twente Solid State Technology (TSST), founded
in 1998 and part of the Demcon group since 2018, has decades
of experience in designing and building PLD systems and has
been a very valuable and cooperative partner.

The PLD cluster represents the first infrastructure at DIFFER
to be developed using a systems engineering approach,
encompassing all phases from conceptualisation and
tendering to realisation, testing, and commissioning in
cooperation with multiple contractors. In the forthcoming
months, the research cluster basis will be extended with
additional diagnostic capabilities to characterise thin films
during the growth process.

The PLD research cluster was conceived as a user facility for
the development and investigation of metal-oxide thin films
derived from earth-abundant materials. These films are
critical to the energy transition, offering potential
improvements in cost efficiency, performance and durability
across applications such as catalysis, photovoltaics, energy
storage, energy conversion, optics, and microelectronics.

Prior to this initiative, the Netherlands lacked a research
infrastructure capable of supporting the controlled upscaling
of high-quality thin films. Specifically, no facility existed that
enabled precise tuning and in-situ characterisation of
composition, structure and opto-electrical properties in a
reproducible and efficient manner on an industrially
relevant scale. To address this gap, DIFFER and partners
secured a €4.7 million grant from the Dutch Research
Council (NWO) to develop the cluster (see acknowledgement
in the Authors’ note).

The facility comprises of two PLD systems, one for small-area
substrates up to one inch in diameter and one for large-area
substrates up to four inches, a sputtering system for the
deposition of metal layers, and an X-ray photoelectron
spectroscopy (XPS) system. These components are
interconnected via a linear ultra-high-vacuum transfer line,
facilitating contamination-free sample transport.

Pulsed laser deposition (PLD):
principles and capabilities

PLD is a physical vapour deposition technique employed
for the fabrication of thin films. A high-power pulsed laser
beam - typically operating at a wavelength of 248 nm
with a repetition rate of approximately 10 Hz and a pulse
duration of 20 nanoseconds - is focused onto a target
material within a vacuum chamber. The target undergoes
rapid sublimation, and the ejected material forms a plasma
plume that propagates towards a heated substrate, where
it condenses to form a thin film (Figure 2).

The deposition process may occur under vacuum or in the
presence of a reactive background gas, such as oxygen or
nitrogen. Metal-oxide films produced via PLD typically
exhibit thicknesses ranging from 5 nanometer to

1 micrometer. Depending on the deposition temperature
(ranging from ambient to 1,000 °C) and the intrinsic
properties of the material, the resulting films may be
amorphous or crystalline.

Compared to alternative thin-film deposition techniques,
PLD offers superior control over film microstructure and
composition. Parameters, such as porosity, surface area,
stress, strain and thickness, can be finely tuned. The
technique also minimises interface damage and enables
cold epitaxial growth, making it particularly suitable for
multifunctional thin-film applications. Furthermore, the
small target volume required facilitates efficient material
screening, including the deposition of films derived from
naturally occurring minerals.

Recent advancements have extended PLD’s applicability
beyond the laboratory, enabling commercial-scale
fabrication of wafers up to 30 cm in diameter. PLD
complements other deposition methods such as
sputtering (optimised for
metallic films), atomic
layer deposition (ALD,
ideal for ultra-thin
conformal coatings), and
plasma-enhanced
chemical vapor
deposition (PE-CVD,
suited for thicker films).

2

Plasma plume inside the small-area PLD chamber.
(Photo: DIFFER / Bart van Overbeeke)
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Both PLD chambers are equipped with a comprehensive suite
of in-situ thin-film characterisation tools and auxiliary
systems designed to monitor and control the deposition
process and the resulting thin-film properties. These include
reflective high-energy electron diffraction (RHEED) for
assessing growth modes and crystallinity, spectroscopic
ellipsometry (SE) for probing dielectric and optical
properties, and an optical tensile sensor (OTS) for measuring
substrate curvature for residual stress measurements.

A low-angle energy-dispersive X-ray spectroscopy (LA-EDS)
module is currently under development in collaboration with
Sioux Technologies to enable in-situ compositional analysis.
Second harmonic generation (SHG) is being evaluated for its
potential to characterise ferroelectric properties, while optical
emission spectroscopy (OES) will be added to analyse the
plasma during ablation.

In addition to diagnostic instrumentation, the cluster
integrates a wide array of auxiliary systems, including
vacuum and gas-handling equipment, substrate and target
manipulators, heating elements, UV laser optics, sputter
sources, power supplies, safety interlocks, loading and
unloading mechanisms, substrate in-vacuum storage, and the
requisite control hardware and software.

In total, the cluster comprises several hundred components,
ranging from large commercially available modules, such as
the XPS system, to semi-custom and fully bespoke designs.
One example of the latter is a custom-designed hexapod
substrate stage for heating and 6-degrees-of-freedom
movement of four-inch substrates.

The large-area PLD system with a custom hexapod stage for 6-degree-
of-freedom in-vacuum motion of a 4" wafer. The watfer is positioned face
down, 2.5 cm above the centre of the vacuum chamber. The stage was
conceptualised at DIFFER, while Demcon TSST and Symétrie made the
detailed design and built it. (Photo: DIFFER / Bart van Overbeeke)
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Conventional systems engineering practices advocate a top-
down design approach, beginning with the definition of high-
level functional requirements. In our experience, however,
this approach does not align well with the mindset of
researchers who typically have a background in physics or
chemistry. That is, they tend to have a bottom-up perspective.
Their focus is typically directed towards the physical
phenomena they aim to induce, observe and control, and the
specific components required to facilitate the experiments.

From the researchers’ standpoint, this approach is pragmatic.
During the initial design phase, their primary objective is to
secure funding through competitive proposals that emphasise
scientific merit and provide reasonably detailed cost
estimates. A comprehensive overarching system architecture
and a conceptual design is not expected at this stage. Hence,
creating such a design could result in a significant sunken
cost if the funding is not granted.

Nevertheless, estimating the cost of a novel, potentially first-
of-its-kind system is inherently challenging. Researchers
therefore rely on known components - identified through
prior experience or literature — that are suitable for their
intended applications. These components are typically highly
specialised, available from a limited number of suppliers, and
function reliably only under specific conditions.
Consequently, a bottom-up integration strategy often feels
more intuitive and manageable.

However, the absence of an overarching system architecture
and conceptual design in bottom-up approaches can lead to
significant integration challenges. The reconciliation of these
two paradigms — top-down and bottom-up - is essential in
applying systems engineering to big science projects and
reduce budget and schedule overruns.

For a systems engineer it is essential to dive into the details
and quickly obtain a basic understanding of the physics of
interest and the working principles of the various diagnostics.
Otherwise, it is impossible to ask the right questions to figure
out what the researchers want, what they truly need, what the
critical performance parameters are, and how the various
ideas can be integrated and addressed within an overall
system architecture and conceptual design.

As such, as a systems engineer you have to constantly switch
between a bottom-up perspective, in which you have detailed
discussions on physics and working principles of individual
components, and a top-down perspective in which you try to
create an overall system architecture and conceptual design
that meets all needs and requirements.



