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Executive Summary

Executive Summary

BESSY Il will be a world-leading synchrotron radiation
facility for soft-to-tender X-rays, operated by Helm-
holtz-Zentrum Berlin (HZB). It will offer the German,
European and international user community from aca-
demia and industry powerful experimental capabilities
for materials research, and thereby drive materials dis-
covery to address major societal challenges, in particu-
lar the quest for a climate-neutral society. BESSY I,
integrated in the materials science campus Berlin-Ad-
lershof, will provide unique capabilities for the materi-
als and energy science community.

BESSY Ill will be a fourth-generation synchrotron light
source based on a multi bend achromat lattice, pro-
viding synchrotron radiation of highest brightness and
coherence in the soft-to-tender X-ray region for spec-
troscopy and microscopy at the nanoscale. The elec-
tron energy and ring circumference will be increased
compared to BESSYIl (2.5 GeV and 350 m, resp.) to
meet the demand for a higher flux of tender X-rays,
while maintaining the complementarity to the hard-X-
ray sources PETRAIII/IV and ESRF-EBS. In combination
with advanced undulators and highly automated beam-

lines, photon beams of unprecedented quality will be
available for both high-resolution and high-throughput
studies, including dynamic investigations down to the
picosecond time scale.

The capabilities of a bright photon source will unfold
their full potential for unveiling materials properties by
an efficient link to complementary techniques. There-
fore, BESSY Il will be embedded in the research cam-
pus Berlin-Adlershof and facilitate multimodal studies
with laboratories operated by HZB and partners. A par-
ticular emphasis will lie on the development of special-
ized equipment and sample environment for operando
investigations to study “materials at work”.

A key partner of HZB in the development of BESSY llI
is the Physikalisch-Technische Bundesanstalt (PTB)

that will operate a sector of the new facility. Their glob-
ally unique expertise in metrology and quantitative
materials science will not only enhance the economic
impact of BESSY lll, but also enable the installation of
guantitative measurement capabilities at instruments
beyond the PTB sector, which will permit otherwise un-
attainable insights into materials properties.

The combination of (i) the extremely bright soft X-ray
source, (ii) the integrated research campus and (iii)
the quantitative measurement capabilities will make
BESSY Ill a world-leading facility for materials discov-
ery used by universities, non-university research in-
stitutes and industry.

The scientific focus will lie on fields that contribute to
achieving a climate-neutral, sustainable society (i.e.
green energy production and storage, catalysis and
green information technology) as well as life sciences.
Soft-to-tender X-rays are indispensable in these fields
for the study of electronic properties, which determine
the functionality of materials. Dedicated operando
equipment and an early involvement of industrial col-
laborators will ensure high economic relevance and
innovation potential of the research. The optimisation
of the BESSY lll facility with respect to the focus fields
will be driven by HZB's research groups, its key partners
and the involvement of the user community.

BESSY Il will make full use of the digital capabilities
available at the time of operation, along the whole
chain from photon generation to data collection and
analysis. HZB is committed to plan, to build and to op-
erate the BESSY Ill facility as a gold standard for large
scale research facilities, and to make BESSY Il the
place to be for an international and diverse community
of scientists and technologists.
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1. Materials Discovery at BESSY

1. Materials Discovery at BESSY

HZB Photon Facility Strategy and the
HZB Research Campus

Climate change mitigation and a growing world popu-
lation urgently require a transition towards a globally
sustainable, resilient, and climate-neutral society. Sci-
entific and technological breakthroughs will be key to
improving energy efficiency, ensuring a sustainable
energy supply, and ultimately achieving carbon neu-
trality across all societal domains. As laid down in the
recently published key issues paper for the promotion
of materials research of the German Federal Ministry of
Education and Research¥, materials are a prerequisite
for any technological progress and thus a decisive eco-
nomic factor. Solving this challenge thus requires re-
search and development of new materials and radical
new technologies for renewable, carbon-neutral ener-
gy conversion and energy storage processes as well as
systemic green hydrogen solutions.

For materials discovery and developing tailored func-
tional materials, understanding the electronic struc-
ture and ultimately controlling reaction pathways and
processes are vital. For a wide range of applications, in
particular for energy and quantum materials, the elec-
tronic structure is the key property that determines the
functionality. Due to their ability to probe the electron-
ic, chemical and spin structure, modern microscopic
and spectroscopic methods using soft-to-tender X-rays
that allow in-situ and operando investigations are an in-
dispensable tool for materials research.

The BESSY Il synchrotron radiation source at Helm-
holtz-Zentrum Berlin (HZB) is an internationally leading
facility playing to its strengths in the soft X-ray regime,
with the mission to enlighten and enable materials dis-
covery, develop solutions to the societal challenges of
this century, like Energy, Information and Health, and
enable research and innovation along the entire val-
ue chain. BESSY II's long-term strategic development

is guided by the center’s programmatic research, the
involvement of HZB’s strategic partners, the scientific
environment as well as the BESSY Il user community
as a whole. Within this framework, the areas of catal-
ysis/electrochemistry, energy materials, as well as
quantum and correlated materials discoveries, but also
new bridges between basic research and industry.

BESSY Il has now been in operation for more than 20
years and will be operated until 2035. With a recently
formulated upgrade program BESSY I+ competitiveness
on highest international level will be maintained. For the
years after 2035, its successor source, BESSY lll, needs to
be ready for operation. Maintaining BESSY Il competitive
while bridging to BESSY Ill requires maintenance and
modernization measures as well as the provision of new
research opportunities within the guidelines

. Expanding capabilities in the field of electro-
chemistry and catalysis with the ambition to
provide worldwide leading, industry relevant
experimental possibilities; here, CatLab serves

as a blueprint for the further development,

. Leadership in quantum and correlated materials
by upgrading instrumentation,

. Keeping competitiveness in Life Sciences
by implementing fast and efficient high-
throughput methods,

. Continuously developing and implementing
novel accelerator operation and instrumen-
tation concepts as well as access modes, and

. Maintaining the facility’s leadership as a
key enabler of metrology with synchrotron
radiation and strongly develop and roll out
materials metrology capabilities together
with PTB and BAM.
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HZB has committed itself to become greenhouse gas
neutral by 2035. BESSY Il, as any large-scale infrastruc-
ture, consumes a significant amount of electrical en-
ergy. Dwindling resources, together with rising energy
costs and climate change are all requiring mid- to long-
term strategies for reliable, affordable and carbon-neu-
tral energy supplies. Important steps towards a more
energy-efficient operation of the facility are therefore
essential parts of BESSY II+ and will pave the way to-
wards a sustainable BESSY III.

The BESSY I+ upgrade program - which has been eval-
uated by an external panel of international renewed ex-
perts and leadersin synchrotron science in October 2022
- will not only enable continued outstanding scientific
research and innovation at BESSY Il, but also initiate de-
velopments that are of great importance for the design
of BESSY lll. BESSY lll, integrated in the materials sci-
ence campus Berlin-Adlershof, will provide unique capa-
bilities for the national and international materials and
energy science community by synergetically combining

. a state-of-the-art 4t generation synchrotron
radiation source,

. an integrated facility approach embedded
in the materials research campus at Berlin-
Adlershof, and

. quantitative and metrological materials science
capabilities, which are leveraged by the world-
leading expertise of Physikalisch-Technische
Bundesanstalt (PTB).

The interlocking plans for the BESSY II+ upgrade pro-
gram and the successor source BESSY Ill, which are co-
ordinated in terms of scientific foci and methodological
developments, reflect the strategic relevance for HZB
of the availability of modern soft-to-tender X-ray micro-
scopic and spectroscopic methods at its Adlershof cam-
pus. ¥ Figure 1.1 shows the roadmap for the further de-
velopment of the synchrotron radiation sources at HZB .

This roadmap, aligned with the national Helmholtz-
Photon Science roadmap and the European LEAPS
Strategy for the future development of large-scale re-
search facilities in the field of synchrotron radiation,
fits seamlessly into HZB’s strategic campus develop-
ment which aims at concentrating all research activi-
ties and infrastructures on one site - in Adlershof. In the
medium term, additional laboratory and office space
will be created there, with a focus on internal and exter-
nal networking and the creation of transfer and inno-
vation spaces. Both will contribute directly already for
BESSY Il and are indispensable for BESSY Ill. BESSY Il
will be the key pillar for new materials and technologies
for the entire science and technology park Adlershof.
The realization of BESSY I+, followed by BESSY lil, will
be a lighthouse and an attractor for bright minds from
science and industry to keep Berlin and Germany with-
in a leading European position.

In all campus development projects, HZB is committed
to finding or creating sustainable solutions which are
on the forefront of international developments.

Operation
BESSY I+
2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036
Beamline Transfer
BESSY IlI CDR Project/Construction | Com. | Operation
2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036 | ..

Figure 1.1: Roadmap for the further development of the synchrotron radiation sources at HZB which includes the transfer of beamlines

and instrumentation from BESSY II+ to BESSY I
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2. Mission and Motivation

BESSY Il will become a world-leading facility for soft-
to-tender X-rays enlightening the way for materials
discovery and development of disruptive technologies.
BESSY I, integrated in the material science campus
Berlin-Adlershof, will provide unique capabilities for
the national and international materials and energy
science community by synergetically combining

+ astate-of-the-art 4" generation
synchrotron radiation source,

an integrated facility approach
embedded in the materials research
campus at Berlin-Adlershof, and

quantitative and metrological
materials science capabilities,
which are leveraged by the world-
leading expertise of Physikalisch-
Technische Bundesanstalt (PTB).

Climate change mitigation and a growing world popu-
lation urgently require a transition towards a globally
sustainable, resilient, and climate-neutral society. Sci-
entific and technological breakthroughs will be key to
improving energy efficiency, ensuring a sustainable
energy supply, and ultimately achieving carbon neu-
trality across all societal domains. As laid down in the
recently published key issues paper for the promotion
of materials research of the German Federal Ministry
of Education and Research™¥, materials are a prerequi-
site for any technological progress and thus a decisive
economic factor. Solving this challenge thus requires
research and development of new materials and rad-
ical new technologies for renewable, carbon-neutral

energy conversion and energy storage processes as
well as systemic green hydrogen solutions.

Materials discovery requires dedicated synthesis ca-
pabilities, sophisticated analytical tools and theory
support that enable the understanding and tailoring of
the electronic structure and its dynamics on relevant
length and time scales, often under realistic chemical
and physical conditions for the processing of the mate-
rials (in-situ) or while in operation (operando). The avail-
ability of soft X-ray synchrotron radiation (SR) is key
to this investigation. While complementary hard X-ray
sources such as PETRA III/IV and the ESRF-EBS focus
on the atomic structure of the material, soft-X-rays are
indispensable to provide deep insights in the function-
ality of a material by probing electronic structures and
properties. Already at BESSY I, HZB is pursuing an in-
tegrated approach where investments into beamline
and end station infrastructure as well as synthesis and
complementary off-line characterization capabilities
will create opportunities for new materials discover-
ies. However, as functional materials are increasingly
heterogeneous on nanometer length scales, the inves-
tigation of such materials is often hampered. BESSY IlI
will overcome this limitation and provide previously
unavailable analytical capabilities for the efficient in-
vestigation of very small or inhomogeneous samples
by means of nanoscale studies with high spectral sen-
sitivity. The 4™ generation soft-to-tender X-ray source
will surpass the performance of BESSY Il by orders of
magnitude, especially in terms of spectral brightness,
coherence, and smallest spot size. The new facility will
allow time-resolved, in-situ and operando studies of
materials and devices with full polarization control un-
der real operation conditions, focusing on spectroscop-
icand microscopic methods matched to the desired ap-
plications. Based on these features, BESSY Ill will serve
a broad user community from applied to curiosity driv-
en research.
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Already today, and increasingly in the future, more than
just a state-of-the-art photon beam is required for sci-
entific investigations to have real impact. Our surveys
with experts from different user communities, partner
institutions, and among the HZB scientists showed
that the success of the research relies on multimodal
experimental approaches, consisting of state-of-the-
art, science-driven SR-instrumentation and sample
environments combined with correlative off-line (lab)
methods, complex material synthesis, and (near) re-
al-time data processing in an integrated research envi-

ronment at a materials science campus.

Consequently, BESSY Il will be integral part of the
HZB's Wilhelm-Rontgen Campus Adlershof (WCRC)
and embedded in the Science and Technology Park in
Berlin-Adlershof. At BESSY Ill, users and user consortia
will not only be able to apply for beam time at the SR
source, but also for access to the laboratory infrastruc-
ture linked to BESSY Ill on the integrated campus, thus
significantly accelerating the development of new ma-
terials. BESSY Il will come to life with a rigorous digiti-
zation of the entire scientific workflow, optimized data
acquisition and analysis systems and sustainable data
curation. It will benefit from IT infrastructure coordi-
nation, undertaken on multiple, large scale levels, e.g.
national NFDI, DAPHNE, FAIRmat, ErUM-Data, Europe-
an EOSC, ExPaNDS and global RDA. Active participation
in these coordinated activities will add FAIR value to

scientific data acquired at BESSY Ill. This research envi-
ronment on the WCRC as embedded in the Science and

Technology Park Adlershof will make BESSY lll a unique
and powerful analytical tool for materials research -
a materials discovery facility.

The BESSY Il concept is leveraged by the long-stand-
ing strategic partnership of HZB and the Physikalisch-
Technische Bundesanstalt (PTB). In co-operation with
the Bundesanstalt fiir Materialforschung und -priifung
(BAM), PTB will further expand its activities. Metrological
measurements as conducted by the PTB for quantita-
tive materials science will be implemented at BESSY IlI,
tailored to the structural complexity of advanced mate-
rials down to nanometer length scales for applications
in optics, semiconductor electronics, quantum tech-

11

nology, photovoltaics, energy storage, catalysis, or bio-
technology. This includes the maintenance of a quality
management system as well as measurement standards
traceable to the international systems of units SI. Imple-
menting metrological methods at the BESSY lll instru-
ments allows for a traceable quantitative sample char-
acterization, thus adding unique value for academia,
non-academic research institutions and industry.

Berlin is one of Europe’s leading centers of science and
research, one of the main focus areas being medicine,
medical technology and biotechnology. Through its co-
operation, especially the Joint Berlin MX-Laboratory,
HZB is embedded in the Life Science Campus Berlin.
Targeting the needs of this community, BESSY Il will
provide opportunities to better understand fundamen-
tal biological processes by examining organisms over
multiple spatial scales to bridge hierarchical levels from
molecules to cells to organs. Examples are the struc-
ture of proteins, the biology of diseases, the structure
and function of the nervous system, and drug and ther-
apy development. Nanometrology opens up the way to
measure the size, shape and structure of nanoparticles
in dispersion, e.g., for biomedical applications.

The Science and Technology Park Berlin-Adlershof op-
erated by WISTA is the chosen location for BESSY IIl.
The profile-defining coupling of BESSY Il to the HZB re-
search program, the further expansion of the long-term
collaboration with MPG, PTB and BAM, and the embed-
ment into the Adlershof Science and Technology Park,

Germany’s largest and most successful science and
technology park guarantees the success of this endeav-
or. In Berlin-Adlershof, various research institutes, the
natural sciences departments of the Humboldt-Univer-
sitat zu Berlin (HUB) as well as many high-tech compa-
nies benefit from the inspiring neighborhood and drive
innovation processes. In this stimulating environment,
surrounded by the vibrant setting of Berlin as a city of
science, the BESSY Il facility will become a driver for
the development of new technologies and for enabling
world-leading technology companies. This ensures
worldwide visibility and impact and will stimulate the
further development of Berlin and Germany as a lead-
ing place for high technology and innovation.
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The BESSY Il facility needs excellent and dedicated
people on all levels in administration, in technical and
engineering support, for user operation and scientific
leadership, to guarantee a a worldwide leading posi-
tion. The BESSY Il project in its development and im-
plementation phase offers great perspectives to attract
and develop the needed talents on all these levels. Al-
ready today HZB is very active and forward looking in
the field of developing and attracting a diverse work-
force and to promote women and minorities on all lev-
els of qualifications. This is laid down in HZB's center
strategy and demonstrated by the fact that HZB, as the
first non-university research organization in Germany,

HZB VISION AND MISSION

OURVISION

Our vision of HZB 2030+ is shaping a sustainable
future by developing technological solutions
based on novel materials.

OUR MISSION

We strive to achieve a climate neutral society
through science and innovation. This is why
we drive materials discovery, create new
sustainable technologies and empower the research
community in realising this goal.

2. Mission and Motivation

successfully passed an auditing process and is now
“VIELFALT GESTALTEN” (Shaping Diversity) certified. All
the gained know-how and the established processes

will allow to develop BESSY Il in the best possible way.

The BESSY Il facility will be built and operated in a sus-
tainable manner. To achieve this, all feasible options for
energy efficient and sustainable construction and op-
eration, energy recuperation and on-site energy gen-
eration must be used to keep the carbon footprint as
small as possible. In particular, we strive for the German
Sustainable Building Council (DGNB) or rather BNB cer-
tification for the construction of the BESSY Ill facility.



https://www.stifterverband.org/diversity-audit

3. Strategic Relevance
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3. Strategic Relevance

Materialsand Energy arethe DNA of HZB. With afocuson
energy applications, we research new materials - from
the exploration of fundamental properties of matter
to the discovery of functional materials and concepts.
We develop these materials into devices and scalable
technological solutions. All these steps are based on
the development and operation of state-of-the-art fa-
cilities for our research, our partners and the interna-
tional user community from academia, non-academic
research institutions and industry. Understanding the
electronic structure of materials and ultimately con-
trolling the evolution of reactions and processes is key
to tailoring functional materials and devices. For this,
in-situ and operando microscopic and spectroscopic
methods, as provided by a state-of-the-art soft-to-ten-
der X-ray light source facility, are key enabler. Further-
more, quantitative measurements (“materials metrolo-
gy”) permit a reliable comparison of data from different
techniques and thus strongly increase the informative
value of multimodal approaches if non-simultaneous
(including non-synchrotron) methods are used.

Up to now, HZB’s BESSY Il synchrotron radiation source,
with its focus on the soft X-ray range, is ideally suited to
provide these capabilities to a large and multidiscipli-
nary user community, including the life science com-
munity. More than 1200 user proposal are submitted
per year, resulting in about 800 beamtime campaigns
at the 40 beamlines in user operation, and approx. 500
verified publications per year. The interconnection of
HZB research with user operation provides the basis
for strong scientific support for BESSY Il users, ranging
from the development of special accelerator opera-
tion schemes, undulators, beamlines, instruments and
dedicated sample environments, to the evaluation and
interpretation of the data. BESSY Il is the European ra-
diation standard for synchrotron radiation metrology
and is used by PTB for a fast variety of metrology ap-
plications, especially for industrial users at 7 dedicat-
ed beamlines. BESSY Il has now been in operation for

more than 20 years and will remain in operation until
at least 2035, overlapping with the friendly user oper-
ation phase of BESSY lll. The further development of
BESSY Il requires an ambitious strategic upgrade pro-
gram, for which the areas of catalysis/electrochemis-
try and quantum and correlated materials have been
identified as strategic priorities where investments will
not only create new opportunities for materials discov-
eries, but also new bridges between basic research and
industry. The program will enable continued outstand-
ing scientific work and innovation at BESSY I, as well as
initiate developments that are of great importance for
the realization of BESSY IIl. It will therefore serve as a
scientific and methodological bridge between BESSY II
and BESSY lll. It also seamlessly fits into the strategic
development of HZB’s Adlershof Campus WCRC with
its aim to further develop it into an inspiring research
site, an integrated research campus, hosting HZB’s in-
house research. Additional laboratory and office spac-
es are being created in the mid-term here, with a focus
on internal and external networking and the creation
of transfer and innovation spaces. On the long term,
the new BESSY Ill is a key element for the sustainable
development not only for the WCRC, but for the Sci-
ence and Technology Park as a whole, where it will act,
as BESSY Il has done, as a flagship and attractor for
smart minds from science and business. In summary,
BESSY Ill, embedded in the Science and Technology
Park Adlershof, is pivotal to secure HZB’s leading posi-
tion in the science system, i.e., to

. drive materials discovery and development by
building and operating unique research facilities
for in-house and user community research

. create technologies by completely novel thin-
film approaches for a carbon-neutral society

. continuously innovate and aspire to reach the
next Technology Readiness Level
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. empower the research community by
leveraging synergies in the Berlin-Brandenburg
scientific ecosystem and with the most
innovative partners worldwide.

BESSY Il is part of the “National Strategy for the Fur-
ther Development of Accelerator-based User Facilities
for Research with Photons and in High Electromagnetic
Fields (Helmholtz Photon Science Roadmap)” ?, which
sets out the strategic planning for the development of
the Helmholtz Association’s accelerator-based user fa-
cilities of these fields. This National Strategy is embed-
ded in the planning of other European light sources
through the framework of the League of European Ac-
celerator-based Photon Sources (LEAPS), with the aim
of achieving strong synergies and optimizing necessary
complementarity between Europe’s facilities. Within
this framework, the synergetical combination of a 4™
generation soft X-ray source, embedded in the integrat-
ed research campus Berlin-Adlershof, and leveraged

by the expertise of PTB in the field of metrology sets

3. Strategic Relevance

BESSY Il apart from other light source projects in Eu-
rope, and thus fulfills the strategically relevant smart
specialization of the facility. In particular, it ideally
complements the proposed future hard X-ray photon
source PETRAV, as detailed in the Helmholtz Photon
Science Roadmap, and the ESRF-EBS upgrade of the
ESRF on European level !,

The continuous development of these user facilities
is essential for the international competitiveness of
both these facilities and the scientific community using
them. This has been emphasized in a strategy paper
published in 2020 by the Committee for Synchrotron
Radiation (KFS) - the body elected by the German user
community to represent user interests and being a

partner for strategy developments with the BMBF. The
KFS stated: “German research at synchrotron radiation
sources is world-leading. In order to maintain this posi-
tion, the KFS recommends investments in the further
development of the sources. The KFS therefore sup-
ports the PETRA IV and BESSY Ill projects.”
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4. Scientific Motivation

4.1 From Materials Discovery to
Innovation

HZB strives to achieve a climate neutral society through
science and innovation. We therefore drive materials
discovery, create new sustainable technologies, and
empower the research community in realizing this goal.

Fully in line with the key issues paper of BMBF, HZB is

developing models for an improved collaboration be-
tween academia, non-academic research institutions
and industry and for the accelerated transfer of ideas
into technologies and products. BESSY Il will enable
materials discovery with a key focus on materials, de-
vices and systems that promise innovations for efficient
energy conversion, use, and storage, as well as new
paradigms for information technology. Importantly, it
will cover the whole span from fundamental to applied
investigations to achieve both a high innovation poten-
tial and an efficient transfer into economy and society.
Therefore, a strong emphasis will be on operando inves-
tigations and application- (and thus industry-) relevant
sample environments and processes.

The major benefits of the BESSY Il light source are in-
troduced in ¥Section 4.2, before the scientific motiva-
tion of BESSY Il with respect to the focus areas energy,
quantum and information technologies as well as life
science is discussed in ¥Section 4.3. The relevance of
BESSY Il for metrology as performed by Germany’s Na-
tional Metrology Institute PTB is set out in % Section 4.4.

4.2 Scientific Opportunities by Bright
Soft X-rays

Experiments with soft X-rays are an indispensable tool
for materials research due to their ability to probe the
electronic, chemical and spin structure by spectroscop-
ic techniques or spectral imaging. For a wide range of
applications, in particular for energy and quantum ma-

terials, the electronic structure is the key property that
determines the functionality. Using 4™ generation SR
sources, extremely bright coherent X-ray beams are ob-
tained that enable fast experiments with very high spa-
tial, temporal and energy resolution as well as chem-
ical, magnetic or even orbital angular momentum3
state specificity, relying on full polarization control of
the X-rays. At the same time, brighter X-ray beams offer
a larger flexibility regarding the sample type, size and
environment than many lab-based techniques, thereby
enabling operando and in-situ studies under a broad
range of experimental conditions. Apart from materi-
als science, soft X-ray SR is also very well suited for the
studies in life science, where high spatial resolution and
chemical sensitivity are equally important.

The structural complexity of modern materials, often
containing inherent or tailored nanoscale structural el-
ements, as well as the need to expand the capabilities
of operando and in-situ studies, requires experimental
possibilities beyond those of today’s SR sources. In col-
laboration with its users and partners, HZB has devel-
oped a concept for a successor source that matches the
requirements of the mission-oriented scientific focus
fields. The following paragraphs give an overview of key
technical gains of BESSY IlI.

#high-res-spectro (high-resolution spectroscopy)

BESSY Il will continue BESSY II’s tradition of providing
world-class spectroscopic techniques based on vari-
able, even circular polarization, and further develop
these capabilities by combining them with nanometer
spatial resolution, based on the capability of 4" gen-
eration light sources to focus the probing beam down
to the diffraction limit of the respective X-ray photon
energy (¥Section 6.1.1). Using nano-focussing optics
(\Section 6.1.3), established spectroscopic techniques
such as absorption, photoemission (incl. ARPES) or flu-
orescence spectroscopy will be offered in a scanning
mode, with spot sizes of roughly 10 nm, i.e., a factor
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1000 smaller, and a brightness that is at least 100
times higher than at BESSY 1.

Complementing these capabilities for high spatial reso-
lution, BESSY Il will offer Resonant Inelastic X-ray Scat-
tering (RIXS) with very high energy resolution (1-3 meV
at 1 keV), an order of magnitude better than the high-
est-resolution RIXS beamlines today (¥ Section 6.1.3).

#high-res-imag (high-resolution imaging)

Beyond spectroscopy as described above, microsco-
py and spectro-microscopy with nano-focusing will
be enabled at BESSY lll, e.g., scanning transmission
X-ray microscopy with variable linear and circularly
polarized X-rays (STXM). Driven by life science appli-
cations, a scanning microscope that detects backscat-
tered electrons and employs Focused lon Beam mill-
ing (FIB-STXM) is in development already at BESSYII.
Using BESSY IIlI’s high brightness and coherence, 3D
images with isotropic 10 nm resolution will be rou-
tinely attainable, also for thick tissue specimens.
These high-resolution imaging capabilities will be
embedded in a hierarchical imaging pipeline which is
described in ¥Section 4.3.3 for life science (see also
&Figure 4.4), but have many potential applications
also in other fields.

Furthermore, coherent imaging techniques such
as soft X-ray holography, ptychography and
(Bragg-CDI)

will be enabled, relying on the increase in co-

Bragg coherent diffractive imaging
herence of roughly two orders of magnitude (at
1 keV) compared to BESSYII (\Wsee Figure 6.2). Using
dedicated optics, the total gain in coherence at the fi-
nal focus can be pushed to more than four orders of
magnitude. These coherence-based techniques will
enable imaging with very high spatial (sub-3 nmin 2D,
sub-10 nm in 3D) and high temporal (ps-ns) resolution
at magnetic sensitivity based on polarized light.

#dynamics and processes

Dynamic experiments in a wide range of time scales
will be possible at BESSY IIl. In particular, the possi-
bility to perform dynamic studies (even in operando)
with time scales of order of magnitude from s to s will
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be strongly improved due to the enhanced brightness
and coherence of the source. Also, stochastic dynamics
down to the ps range will become accessible by the co-
herence-based techniques.

Experiments at faster time scales and adjustable repeti-
tion rates will profit from HZB’s expertise in developing
advanced schemes of accelerator operation (Section
6.1.1) which will enable dynamic experiments down to
afew 10 ps or potentially a few ps (rms) in special opera-
tion modes, complementary to FEL and table-top X-ray
sources. The “Transverse Resonance Island Buckets”
(TRIBs) operating mode ¥, recently developed at HZB,
generates a second orbit for an additional fill pattern
which opens up, e.g., the possibility of MHz alternation
of the helicity of the photon beam!™ (M Section 6.1.1).
It could be envisioned to couple TRIBs operation with

a bunch length manipulation scheme based on the de-
velopment of normal conducting higher harmonic cav-
ities. Such a scheme could provide simultaneously two
different bunch lengths, maintaining the needed life-
time for the low emittance beam in combination with
some short pulses in the sub-10 ps regime.

#tender X-ray range

BESSY Il will offer up to 5 orders of magnitude in-
creased flux in the tender X-ray range based on the
larger electron energy of 2.5 GeV (¥ Section 6.1.1), spe-
cialized undulators (¥Section 6.1.2) and the develop-
ment of multilayer grating monochromators (¥ Section
6.1.3). Thus, all resonant techniques will be able to
access absorption edges (also at circular polarization)
that are difficult or impossible to access at BESSY II.
Thisincludes L-edges of 4d elements or M-edges of Lan-
thanides and the technologically relevant 5d element
Hafnium, the K-edges of Si, P and S as well as many bio-
logically relevant ions such as Ca, K, Mg and Na. There-
by, the range of interesting materials that will be stud-
ied at BESSY Ill expands significantly. The increased
fluxin the tender range will also enable better access to
buried interfaces, necessary for layered materials.

#quantitative material science
At BESSY Ill, quantitative material science will be ena-
bled by the partnership of PTB and HZB, yielding highly
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reliable data of materials properties. Apart from using
calibrated instruments, metrological standards also
imply the reproducibility of the sample preparation
process and careful metadata acquisition, elevating
the quality of data made available in FAIR data archives.
Quantitative data sets permit a reliable comparison of
data from different techniques and thus strongly in-
crease the information content of the M#multimodal
approach described below. Moreover, a direct compar-
ison of experimental data to data from simulations or
digital twins is possible, thereby leveraging the poten-
tial of computational materials design for future mate-
rials development.

The machine design of BESSY lll incorporates the re-
quirement for a fully calculable source (M Section 6.1.1),
allowing truly metrological standards at the PTB beam-
lines. Additionally, the close collaboration of HZB and
PTB will facilitate the implementation of quantitative
measurement conditions also at other instruments at
BESSY IIl which will have a decisive impact on the im-
portance of BESSY Il for a broad community from in-
dustry, academia and non-academic institutions.

#high throughput, #automation, autonomous
experimentation

Higher photon flux, a much higher coherence, ad-
vanced undulators and faster detectors at BESSY I
(see WChapter 6) allow for many orders of magni-
tude faster data acquisition than at BESSY II. E.g., full
NEXAFS spectra will be measured within less than a
second rather than several minutes. Additionally, com-
prehensive automation of the entire workflow will ren-
der high-throughput approaches feasible, which are
capable to meet the demands imposed by vast param-
eter spaces of sample compositions and sizes as well
as operational and sample preparation conditions.
Thus, it will be possible to measure hundreds or even
thousands of samples per day with automated spot ad-
justment, a reliable quality of data and minimal loss of
beamtime. In addition, Al methods will support sample
preparation and parameter selection, decision making
during the experiment (\see Section 6.3) and real-time
data analysis during data acquisition. As outlined in
&Chapter 7, autonomous experimentation, combined
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with rapid access modes, is crucial to make SR-based
measurements attractive for industry.

#multimodal experimentation

Multimodal experiments, yielding a thorough material
and process understanding, will be provided in various
forms:

(i) The combination of multiple techniques at the
same beamline, requiring specialized endstations
and/or beamline designs.

(i) Subsequent measurements at different
beamlines and endstations requiring standard-
ized concepts for sample handling and manip-
ulation as well as experimental modules with
specific environments (e.g. high pressure, liquids,
cryogenic temperatures).

(iii) The combination of SR-based and lab-based
techniques, extending the concept of transfera-
ble modules to complementary techniques.

(iv) The combination of experimental and simulation
data enabling quantitative results.

#operando and in-situ studies

The facility will focus strongly on providing dedicated
infrastructures for operando and in-situ studies. Sam-
ples and devices in operation, mimicking realistic man-
ufacturing and operating conditions observed with
spectroscopic and microscopic measurements reveal
device performance parameters. Static in-situ studies
of materials under relevant conditions give access to
the role of compositions, arrangements, and effects of
the external forces. The focus on in-situ and operando
measurements will use specialized instrumentation
and sample environments at the endstation, but also
requires an efficient link of the SR-based experiments
with facilities for synthesis and complementary analyt-
ic techniques as discussed in detail ¥in Section 6.2.
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4.3 Scientific Focus Areas

The focus of BESSY Il is to provide optimal experimen-
tal capabilities for the key research fields:

. Energy, in particular energy conversion and
storage as well as catalytic processes for
chemical energy conversion;

. Quantum and Information Technologies;
. Life Science.

Motivated by examples from current research, the
following subsections illustrate how experiments at
BESSY Il can drive progress in these fields. However,
many scientific areas beyond those described here will
equally profit from the capabilities offered by BESSY I
- including topics which are not yet on the horizon of
today’s research. This is due to the overarching nature
of many of the discussed aspects. E.g., catalysis is an
ubiquitous principle in (bio-)chemistry, and research
on catalysis thus covers a large wealth of topics. Simi-
larly, materials metrology (as detailed in % Section 4.4)
may be applied to very diverse scientific fields, and na-
no-structures are relevant for various classes of materi-
als as well as for biological tissue, as mentioned above
win Section 4.2.

4.3.1 Energy

Energy Conversion and Storage

Motivation: For many years to come, transforming into
and maintaining a sustainable energy economy will be
one of the most urgent global challenges. The press-
ing need to accelerate this transformation will not be
coped with by simply relying on scaling-up of today’s
technologies but crucially requires new, more efficient
concepts for the production and storage of electrici-
ty as well as the carbon-neutral operation of vehicles:
e.g., battery concepts with significantly enhanced en-
ergy densities, improved long-term stability and high
sustainability will be needed, as well as solar cells with
performances surpassing current state-of-the-art pho-
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tovoltaic technologies. Solar fuel generating devices
which directly convert solar energy into chemical fuels
are an additional promising energy storage technolo-
gy that can address the intermittence of solar irradia-
tion and related energy production. Exploring novel
concepts for such applications, based on abundant,
non-toxic, easily manufacturable, and stable materials,
requires a detailed microscopic understanding: Which
physiochemical processes occur within the complex
device structures, e.g., at interfaces? Are these process-
es favorable or disfavorable to the device’s efficiency?
Which mechanisms limit the long-term stability, and
which device structures facilitate recycling? Answering
these questions requires powerful, fast analytical tools
that can observe processes during operation and rapid
feedback loops connecting the analytical experiments
with the synthesis of materials and devices.

Approach: Synchrotron facilities provide optimal con-
ditions for experiments that aim at an atomic-scale
understanding of processes under actual operating
conditions, as they yield information on various length
and time scales involved in these processes. The soft to
\t#tender X-ray range is ideally suited to obtain high-
resolution data on electronic structure and chemical
states that are essential for the device’s performance.
For example, SR-based studies of solar cells at BESSY Il
have revealed the origin of interface-related perfor-
mance limitations ¥, the absorber doping mecha-
nism® as well as dynamic and hydrogen bonding
effects on the electronic absorber structure, gener-
ating crucial insights to propose mitigation strategies
as well as material and/or device design optimization
routes. This knowledge advantage has played a signif-
icant role in achieving record-breaking efficiencies for
perovskite tandem solar cells™. In case of batteries,
spectroscopic studies at BESSY Il have, e.g., shed light
on the importance of a solid interlayer on electrolyte
stability™® and identified sulfide movement as a key or-
igin of capacity fading™ (comp. ¥Figure 4.1).

The study of energy devices demands a strong fo-
cus on providing dedicated sample environments for
static in-situ and dynamic w#operando studies, suit-
able for the soft-to-tender X-ray range and being able
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to simultaneously monitor device performance. For
example, reusable generic battery cells that allow for
decent current-voltage curves and an excellent inter-
face for SR experiments will be provided. ¥#Multimod-
al approaches combining multiple techniques, such as
spectroscopy, scattering, and imaging, either at one
beamline, at different beamlines, or combining SR and
offline methods, will play a central role in a thorough
process understanding. Enabling such experiments will
be a central guiding principle for BESSY IIl.

The capabilities of a high spectral brightness X-ray
source will extend the accessible length and time scales
of the processes that may be studied by the availability
of nanometer-sized beams and the decreased meas-
urement time, respectively (M#high-res-spectro, \i#dy-
namics). Thus, processes such as dendrite formation
in batteries, the effect of local inhomogeneity on elec-
tro-catalytic efficiency of solar fuel devices, or charge
carrier dynamics in solar cells can be studied. These
experiments will also strongly profit from the better
access to the M#tender X-ray range, which permits

more significant penetration depth through the sam-
ple environment or into the device, e.g., for the study
of buried interfaces. Furthermore, “#operando experi-
ments that provide “W#quantitative data, as envisioned
for BESSY Ill, will lay the foundation for highly reliable
and robust digital twins, which are expected to play a
major role in accelerated technology development e.g.
of batteries, and will thereby attract industrial collab-
orations.

In device-driven research, the speed of the overall cy-
clic process - encompassing design, synthesis, analyt-
ical measurement, and data analysis - is crucial to un-
fold significant impact in technological development.
Combinatorial approaches, where the composition is
systematically varied over the sample area, will tre-
mendously accelerate the identification and optimiza-
tion of new functional materials, e.g., for photovoltaic
devices (M#high throughput, W#automation). However,
speeding up the overall process for device development
also requires fast access modes, much more accelerat-
ed data analysis utilizing Al, and fast feedback loops to
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material synthesis. The latter will be achieved by a vi-
tal link between the X-ray beamlines and endstations
with on-campus facilities for fabrication, processing,
characterization, and performance testing of devices,
including transfer under UHV conditions if required
(see &Figure 6.10). This will also enable measurements
of layered devices such as solar cells at intermediate
steps of device fabrication.

Devices for energy production or storage must be sta-
ble over longer time scales, i.e., years to decades, to
be economically feasible and environmentally sustain-
able. Thus, SR facilities must provide capabilities to
investigate the long-term performance and possible
degradation mechanisms. This will be achieved by ac-
celerated aging tests and new access modes that allow
the periodic analysis of samples at regular intervals us-
ing an automated cycling system.

Impact: BESSY lll will combine dedicated measure-
ment and sample environment capabilities with ad-
vanced beam properties to enable W#operando stud-
ies of processes in energy devices on a wide variety of
length and time scales, embedded in associated facil-
ities for synthesis and characterization. This will per-
mit fast yet knowledge-based device structure optimi-
zation, e.g., by identifying essential loss mechanisms,
scanning large parameter spaces for the optimal ma-
terial composition, and evaluating degradation mech-
anisms. Thus, novel approaches for energy production
or storage devices, including ideas that are yet to be
proposed, can be efficiently probed for their potential
to be developed into applications.

Catalytic Processes

Motivation: Catalysts are ubiquitous in many fields of
economy, and it is estimated that they contribute di-
rectly or indirectly to approximately 35% of the world’s
GDP[, Since they lower the energy required for an
industrial process, ensure selectivity, and regenerate
their original state after the reaction, they have enor-
mous potential for saving both energy and material
resources. Moreover, efficient catalysts are urgently re-
quired for the production of green hydrogen and its con-
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version into chemicals and synthetic fuels, and thereby
constitute a fundamental component for achieving the
global energy transformation (see also WFigure 4.2).
The quest for finding novel catalysts, tailored towards
high efficiency and selectivity, is therefore one of the
key research questions of the coming decades. Spe-
cific research questions are: can we achieve a deeper
understanding of reaction mechanisms and the key
properties of a material that define its functionality?
What is the nature of the active phase? How can results
from the lab and an SR facility be translated into indus-
trial applications? Importantly, the catalytically active
states form only under reaction conditions, making
Mt#operando experiments indispensable for answering
such questions in catalysis research.

Approach: The application of soft X-ray “#operando
spectroscopy will deliver essential insights into the cat-
alytic active sites interacting with reactants and prod-
ucts moieties as well as their embedding scaffolds,
interfaces or solution environments, due to the capabil-
ity to probe to the electronic structure of (sub)surface
states. Challenges are the generally complex structures
of the active entities and the dynamic and metastable
character of the active sites, requiring experimental ac-
cess to a huge variety of scales, from nanometer and
picoseconds relevant for processes at the active sites
to millimeter and minutes/hours for processes involv-
ing catalyst particles (M#high-res-spectro MW#high-res-
imag W#dynamics). w#Operando investigations using
SR-based methods are well suited to address such chal-
lenges and have therefore led to many important find-
ings in catalysis research in recent years %, one exam-
ple being the identification of the active site in ethylene
epoxidation over silver catalysts at BESSY 1117,

To fully exploit the potential of SR-based experiments
for catalysis research, dedicated instrumentation is
required with respect to catalyst synthesis and sam-
ple environment using complementary facilities. Such
instrumentation is currently being set-up at BESSY Il
and complementary laboratories on HZB’s Adlershof
campus WCRC as part of the CatLab project, operat-
ed jointly by MPG and HZB and aiming for innovations
in catalyst design by using thin film technology. Thus,



4. Scientific Motivation

21

Hydrogen production
v D i
‘ 5 o
{_Ray in Photon out
COZ-Emissions a X-Ray in S
Energy consumption Fodl oy : - \\ /
r carriers v
.': Hydrogen
Fuelsand
chemicals
CATLIK‘B“M
k’oﬂn\‘» 5
Electrolysi Sustainable
IOl electricity Tomorrow
_“_ Chemlcal
| energy conversion
Energy storage
and transport
Figure 4.2: Relevance of catalysis in a CO, neutral energy system (left; illustration from the CatLab project); cells developed for
M#multimodal and #operando catalysis research designed to be used for soft X-ray photoemission (bottom right) and fluorescence
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BESSY Ill will be able to build on the experience gained
over the coming decade to optimize experimental in-
frastructures for catalysis research. The investigation
of electrocatalytic reactions, e.g., the hydrogenation
of CO, ™, requires the development of dedicated elec-
trochemical reaction cells (see also ¥Figure 4.2). Such
cells have been used in a number of studies that eluci-
date reaction mechanisms of catalytic reactions 823,

The combination of various complementary tech-
niques, i.e., a ¥#multimodal approach, is essential for
a detailed atomistic understanding of the complex pro-
cesses in catalysis. BESSY Ill will provide instruments
which combine multiple techniques, e.g. ambient pres-
sure X-ray and absorption spectroscopy to determine
the electronic structure of the outermost surface (soft
X-ray range) and the influence of the near surface region
or the interface between active layer and the substrate
(M#tender X-ray range) combined with structure-deter-
mining methodologies like X-ray diffraction. Addition-
ally, Me#multimodal experiments using different instru-
ments, including non-SR techniques such as TEM or SEM,
will also be enabled by modular reaction cells that can
be employed for both SR and offline measurements. The
combination of X-ray spectroscopy and microscopy pro-
vides complementary information with respect to the
electronic and geometric structure, respectively, which

enables the elucidation of the reaction mechanism. X-ray
diffraction and X-ray based microscopy techniques will
strongly profit from the enhanced coherence of the X-ray
radiation provided by BESSY lil.

Studying the materials under reaction conditions is an
indispensable prerequisite to obtain insights into the
reaction mechanism. Therefore, novel #operando
reaction cells providing the required reaction condi-
tions in terms of feed composition, temperature and
pressure will be further developed. These reaction cells
will enable the investigation of the active metastable
surface states of the catalyst. Their correlation with the
catalytic performance, measured simultaneously, will
deliver insights into the heterogeneous catalytic reac-
tion. All instruments will permit a sensitive determina-
tion of the functionality of the materials, by measuring
the conversion of the educts and the selectivity of the
products. Also the surrounding supporting laboratories
and infrastructure will be well set up for these types of
experiments, e.g., for high gas pressures, and a cou-
pling to the synthesis tools is needed particularly in the
case of thin film samples, where UHV transfer systems
will prevent air exposure.

Impact: BESSY Ill will provide dedicated instrumenta-
tion to study the chemical states in particular of (sub-)
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surface species which are involved in catalytic reac-
tions, and thereby yield an atomistic understanding
of the reactions mechanisms which is only accessible
in W#operando investigations. This understanding will
form the basis for developing and validating novel con-
cepts and materials for a broad range of catalytic appli-
cations. Due to the immense importance of catalysis for
various fields of economy, such research questions will
remain highly relevant for decades to come. Collabora-
tions with industrial partners at an early stage, as e.g.
established in the CatLab project, will ensure afocus on
the large-scale practicability of new concepts.

4.3.2 Quantum and Information Technologies

Motivation: The digital transformation, which affects
nearly all areas of economic and everyday life, is an
indispensable tool to tackle grand societal challeng-
es such as the quest for a sustainable, carbon-neutral
future. At the same time, the rapidly increasing elec-
tricity consumption of information and communica-
tion technology is in itself posing a challenge to the
achievement of carbon neutrality, which implies an
urgent need for disruptive energy-efficient concepts
and the respective materials for computing and data
storage. Can we find materials that enable spin-based,
low-power electronics? Which material classes provide
chances for breakthroughs in quantum and neuromor-
phic computing?

Approach: The key to answering these questions lies
in the understanding of the electronic properties of
candidate materials. Synchrotron-based spectroscopy
therefore plays an important role in the investigation
of the underlying quantum phenomena. For example,
measurements at BESSY Il first demonstrated 3D top-
ological semimetals ?¥ as well as topological surface
states hosted by a magnetic energy gap®?®. In the future,
spatial resolution in the nanometer range will be an es-
sential element of such investigations for two reasons:
To investigate not only materials but (prototype) devic-
es in operation, local access to the electronic proper-
ties is required to capture effects of electronic gating
and voltage gradients over the device . Furthermore,
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the relevant effects in quantum materials typically
occur on very small length scales.

Promising candidates for electronics based on quan-
tum materials are 2D materials and materials based
on artificial heterostructures, since they may display
high robustness (topological protection) and/or high
sensitivity to external stimuli. Their properties can be
tailored, e.g. by strain, magnetic order or ferroelec-
tricity of the substrate or the various layers. Exploring
the potential of such properties will rely on the meas-
urement of electronic surface (or near-surface) states,
where effects such as topological protection become
manifest. Particularly interesting are 1D states which
allow for lossless charge and spin transport. They ap-
pear near edges, e.g. between ferromagnetic domains,
which are only experimentally accessible with spatial
resolution in the low nanometer range. These effects
can be measured by angle-resolved photoemission
spectroscopy with nano-focus (nano-ARPES, “i#thigh-
res-spectro); an example is shown in ¥Figure 4.3. The
measurement of their dispersion by scanning tunneling
spectroscopy is not possible because they are inher-
ently protected from backscattering, making angle-
resolved photoemission the only investigation method,
with nanometer spatial resolution as a prerequisite to
be sensitive to edge states. While photoemission tech-
niques are inherently surface-sensitive, penetration
through a few layers is feasible at higher X-ray energies,

even in an element-specific way.

Inherent spatial heterogeneity may also arise in sys-
tems that are chemically and stochiometrically ho-
mogeneous, if competing phases such as magnetic or
charge order and superconductivity exist. This insight
is a key contribution of soft X-ray research to the prob-
lem of high-Tc superconductivity in cuprate compounds
and other systems with strong electronic correlations.
Room temperature superconductivity at ambient pres-
sure is considered one of the potential achievements
with utmost technological impact. To measure excita-
tions associated with the various ground states will re-
quire very high energy resolution: RIXS with 10° energy
resolution at the Cu L-edge, combined with the spin
sensitivity of polarized soft X-rays, will permit the study
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Figure 4.3: Nano-ARPES for quantum devices (left): This technique would permit to study, e.g., one-dimensional quantum spin Hall edge
states, which cannot be investigated by ARPES so far. Such states appear in the layered topological insulator Bi,,Rh,l, at positions where
the sample has been scratched with a cantilever (see AFM and, as closeup, STM images, from 27). Right: Topological surface states seen by
spin resolved ARPES 9 in a layered spintronic candidate material. Spectra for different spin polarizations are shown in red and green, and

the Dirac cone is displayed in the inset.

of meV-size spin gaps in such systems (M#high-res-
spectro). This will finally fulfill the long-standing dream
to use soft X-ray RIXS as a complementary method to
inelastic neutron scattering for the detection of spin
excitations on relevant energy scales. Thus, interfac-
es and heterostructures with small sample volumes
would become measurable for the first time.

Recently, the possibility to realize neuromorphic com-
puting via nanometer-sized topological textures has
come into the focus of quantum materials research. One
possible concept is based on 2-dimensional skyrmi-
ons, the dynamics of which can be studied using X-ray
imaging with nm spatial and ns to ps temporal resolu-
tion2%, The challenge is in moving away from 2D to-
wards 3D textures which would hugely increase the
level of connectivity that can be realized, and thereby
the achievable computational power of the neural net-
work. An extensive wealth of topological textures is ex-
pected in 3D, one example being hopfions, whose study
will require imaging capabilities of 3D inhomogeneous
samples. To be able to manipulate such structures, their
dynamic response to external stimuli such as electrical
field pulses, spin injection and laser excitations needs
to be investigated. In addition, topological structures

based on ferroelectric rather than spin textures have
been discovered, which are more compact and thus
require imaging capabilities with a spatial resolution in
the few nanometer range?. Such textures and their re-
sponse to stimuli will become experimentally accessible
at BESSY Il using coherence-based imaging techniques
which provide very high spatial (sub-3 nm in 2D, sub-10
nm in 3D) and high temporal (ps-ns) resolution (St,#high—
res-imag, M#dynamics). Full polarization control and es-
pecially circular polarization are absolutely mandatory
for all of these studies. The investigation of layered sam-
ples as well as prototype devices will require an efficient
link of sample preparation and characterization to the
synchrotron-based experiments.

Impact: By providing spectroscopic and imaging tech-
niques with high spatial and spectral resolution as
well as linear and circular polarization of soft-to-ten-
der X-rays, BESSY Il will identify promising candidate
materials for novel computing applications based on
quantum effects. The high brightness of the source will
permit to develop such investigations towards w#oper-
ando studies of prototype devices, thereby taking a fur-
ther step towards the technical implementation of the
materials and associated phenomena.
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4.3.3 Life Science

Motivation: Life science aims to unravel the complex
processes that determine (human) physiology, start-
ing at the molecular level and going up to the whole
organism. Obtaining a sufficiently deep and detailed
knowledge of these processes will enable a precise
understanding of diseases and lead to finely tuned
treatments that result in minimal side effects. For the
example of a viral disease, we might ask: How does the
virus enter a cell? Which molecules are involved, what
are their three-dimensional structures and what is their
role in the process? If we can answer these questions,
we can aim at blocking this step with a drug that specif-
ically targets these molecules, without affecting other
cellular processes.

As the SARS-CoV-2 pandemic has demonstrated
forcefully, humankind is constantly being exposed to
new threats coming from the bacterial or viral world,
where influenza and corona viruses are seen as one of
the most likely causes for future pandemics. Climate
change will furthermore expand the habitat of shuttle
animals which are presently confined to (sub)tropical
regions into Central Europe. Thus, research will need
tools ready at hand that reveal the most important pro-
cesses involved in the diseases and quickly identify ac-
tive substances to block them. Beyond viral infections,
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many diseases such as cancer, heart disease and de-
mentia remain poorly understood due to the complex-
ity of human physiology. A key biomedical challenge
for the future is to connect the underlying molecules
responsible for these different diseases with the high-
er-level functions of the disrupted organism.

Approach: The investigation of the emergence of high-
er-order physiological functions will occupy biomedical
researchers for many decades. It will require not only a
catalog of the interacting components, but also know!-
edge of their spatial distribution within the cell or tis-
sue, combined with integrative computational models
of the process under study. This underlines a long-term
need for abroad palette of differentimaging techniques
that are important for biomedical research 3¢, They
allow detection of different structures and molecules
over a range of spatial scales and penetration depths.
No single method provides all the information required
to understand biological function, and so correlated
W#multimodal imaging will be critical for decades to
comel®s],

Synchrotron radiation will play an important role in
enabling this multi-scale spatial analysis of biological
function, since it provides unique imaging capabilities
across a broad range of resolutions. For example, mi-
cro-computed tomography is used to examine organ
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Figure 4.4: Hierarchical imaging pipeline for life science, illustrated by the study of a viral lung disease *-34.
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structure, X-ray microscopy with 10 nm spatial res-
olution to examine cellular ultrastructure (#high-
res-imag) and high-resolution X-ray crystallography
to examine the molecular structures of the individual
components down to the atomic level. ¥Figure 4.4 pro-
vides an example how these capabilities can be com-
bined and complemented by TEM, available at partner
laboratories on campus, to form a hierarchical imaging
pipeline that can be used for the study of viral diseases.
This example can easily be generalized to other types
of diseases, and similar experimental capabilities can
be employed for the study of healthy tissue, e.g. of neu-
ral connections that give rise to brain functions such as
memory.

Importantly, SR offers the ability to examine specimens
in their native (or at least near-native) state, that is
within cryo-preserved tissue samples not subjected to
any form of chemical fixation, staining or dehydration.
This is a key advantage, since such procedures, which
are a prerequisite for most other imaging modalities,
are well known to induce significant ultrastructural
defects. Furthermore, the natural contrast afforded by
soft X-ray radiation eliminates the need for any a priori
knowledge about which structures of interest should
be stained. An illustration is the identification of ear-
ly stages of coronavirus entry: Here, transmission soft
X-ray microscopy enabled detection of dark-rimmed
vesicles which formed inside of late endosomes within
minutes of coronavirus infection, thereby drawing at-
tention to the late endosomes as a key organelle in viral
uptakel2,

Macromolecular crystallography (MX) enables research-
ers to determine three-dimensional structures of bio-
logical macromolecules and their interaction partners
to atomic resolution. With the advent of the computer
program AlphaFold®", the focus in MX is shifting from
the determination of structures of individual macro-
molecules to the determination of complex structures.
This can be either protein-protein complexes or pro-
tein-small molecule complexes, such as metabolites
of potential drug candidates. Large-scale screening ex-
periments such as the one pioneered at the HZB frag-

ment screening facility will play an ever more impor-
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tant role®. A further increase of sample throughput to
about one sample per minute (#high throughput) will
allow screening of large chemical libraries within short
time periods, e.g., up to 5000 compounds within a few
days (a factor of 50-100 more than at BESSY Il). Com-
bined with automated analysis of the huge experimen-
tal data content (M#automation) such experiments
will significantly reduce the time it takes from an initial
binding hit to the development of a first inhibitor, which
may then be further analyzed for its pharmacological
properties.

While recent developments in cryo electron micros-
copy have essentially taken up most of the structural
work on large macromolecular assemblies and com-
plexes, high resolution experimental structures of in-
dividual components will still only be available via MX.
In particular, it will be necessary to investigate samples
which can only be produced in very small amounts and
which can only be crystallized into very small crystals.
Being able to routinely obtain diffraction data from
crystals with an edge length of 5 um or less will enlarge
the space of viable samples for MX and contribute to a
more complete catalogue of protein structures to be
determined. Such experiments will be performed in a
large variety of sample environments.

Furthermore, while all of the current structural meth-
ods provide more or less static pictures of the mole-
cules studied, evolution of biological processes matter.
Adding relevant time resolution to macromolecular
structures means being able to observe the molecular
M#dynamics in order to create molecular movies, e.g.
of certain enzymatic reactions. This will undoubtedly
deepen the understanding in enzymology and be of
high biotechnological relevance. These approaches, pi-
oneered at XFEL sources, rely on individual diffraction
patterns from very small crystals and require very high

intensity beams.

Impact: At BESSY lll, high-resolution X-ray imaging
and high-throughput macromolecular crystallography
will constitute essential elements of a versatile tool-
box for life science and thereby also strengthen the
highly active local life science community (e.g. MDC,
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Charité, Berlin University Alliance). Using this toolbox
will deepen our understanding of biological processes,
in particular also molecular processes involved in dis-
eases, such that faster and more targeted drug search
becomes feasible. Based on a thorough general under-
standing of such processes and the establishment of
substance libraries, this will also enable not only a very
quick response to the emergence of new pathogens but
also development of drug therapies to treat major dis-
eases such as cancer and dementia.

4.4 Metrology for Innovation

Motivation: Metrological measurements using SR offer
unique characterization tools in the X-ray range, yielding
\#quantitative data with known uncertainty . Such
accurate data sets form an indispensable basis for many
industrial applications and have been gaining relevance
in research since they enable a deeper materials under-
standing and leverage “#multimodal approaches. The
Physikalisch-Technische Bundesanstalt (PTB) has estab-
lished, over the course of several decades, a global lead-

ership position for metrology with SR, offering experi-
mental capabilities specifically tailored to the increasing
demands of industry, academia and non-academic re-
search institutions. Primary source standards for this
endeavor are currently the BESSY Il storage ring (EUV to
X-ray range), where PTB operates eight beamlines, and
the Metrology Light Source (MLS, THz to EUV regime).
Both sources are operated by HZB in a long-standing
and highly fruitful collaboration which shall be contin-
ued for the successor sources of both facilities.

Approach: The first pillar of PTB’s current and future
activities with SR is radiometry, i.e. metrology of elec-
tromagnetic radiation®. This requires the accurate
measurement of the storage ring parameters such as
the electron energy, polarization, the electron current
and the bending magnetic field, and thus needs to be
an elemental part of the planning for the new source.
Besides source-based radiometry, detector-based radi-
ometry with cryogenic electrical-substitution radiome-
tersas primary detector standards has also been estab-
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lished by PTBE? allowing the output signal of any kind
of photodetection system to be accurately calibrated.
Radiometry forms the basis for calibration services and
scientific co-operations with external partners. Exam-
ples refer to the characterization of space instruments
for solar and atmospheric research or to photon diag-
nostics of free electron lasers.

Based on its capabilities in radiometry, PTB offers, sec-

ondly, various measurements for industry at the MLS
and its BESSY Il beamlines. Industrial projects are re-
lated to the development and characterization of X-ray
detectors, e.g. with DECTRIS AG, or optics for X-ray as-
tronomy, in particular with the company cosine and
the European Space Agency ESA, up to measurement
techniques for EUV-lithography. After 20 years of devel-
opment, optical lithography in the extreme-UV (EUV)
at the wavelength of 13.5 nm today forms the techno-
logical basis worldwide for the production of the most
sensitive areas of high-performance components in the
semiconductor industry. PTB accompanies this devel-
opment, which was awarded the German Future Prize
for Technology and Innovation in 2020, with more than
6000 beamtime hours and a funding volume of current-
ly more than 1.5 million Euro per year. While at the MLS
the at-wavelength metrology of optical components is
in the foreground, the work at BESSY Il mainly relates
to the development of new metrological methods for
the characterization of semiconductor nanostructures
in the EUV and soft X-ray range (see “Figure 4.5). When
working with industrial customers and collaborators,
state-of-the-art measurement capabilities are indispen-
sable premises. Therefore, to maintain PTB’s leading po-
sition in metrology for industry in the coming decades,
upgrades of both SR sources used are crucially required.

Materials metrology, the third pillar of PTB’s activities
at MLS and BESSY Il, refers to the metrological char-
acterization of materials and is becoming increasingly
important, not only for applications in optics or sem-
iconductor electronics but also for quantum tech-
nology, photovoltaics, energy storage, catalysis, or
biotechnology. Methods used at MLS are IR spectrom-
etry (SNOM) and photoemission tomography and at
BESSY Il and prospectively at BESSY Il XRR, (GI)SAXS,
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Figure 4.5: Materials metrology for periodic nanostructures: The high-precision reconstruction of a Si;N, grating structure, including
uncertainty analysis, is derived from GI XRF data from BESSY Il and machine learning“?. Better beam properties (photon flux, brightness,
coherence) would permit detailed investigations of more complex structures.

and reference-free XRF. Apart from PTB, also the Bun-
desanstalt fir Materialforschung und -priifung (BAM) is
strongly involved in materials metrology with its own
beamline at BESSY Il, which offers X-ray fluorescence
analysis, micro computed tomography (Micro CT), X-ray
topography, detector calibration as well as reflecto-
metry, and is closely linked to industrial services. Driv-
en by the structural complexity of modern materials,
PTB and BAM advance their methodology towards the
characterization of materials at the nanoscale and in-
creasingly investigate materials under realistic con-
ditions, i.e., M#operando, in-situ or even in-synthesis.
Therefore, the applied methodologies will greatly prof-
it from the availability of smaller focal sizes as well as
higher brightness and coherence of a 4t generation
light source (#high-res-spectro M#high-res-imag).

Materials metrology relies not only on “W#quantita-
tive data from analytical measurements, but also on
a thorough quality management for sample synthe-
sis and characterization including careful metadata
acquisition. Establishing the necessary complementary
techniques and an overarching FAIR data management
system will have high priority for PTB, BAM and the

general user community at BESSY Ill. Such data sets
are ideally suited for the comparison with modelling
approaches, which also form a key component of the
materials metrology strategy. An example of nanome-
trology, combining SR data with machine learning al-
gorithms, is shown in MFigure 4.5, the specific example
being of high relevance for the development of the next
generation of integrated electronic circuits.

Impact: Using BESSY Ill as primary source standard, PTB
will be able to expand its global leadership position in
metrology with SR radiation. The availability of these ex-
perimental capabilities is urgently needed in many fields
of high relevance for the future economy of Europe, in-
cluding semiconductor industry and sustainable energy
technologies. Making use of the advanced source prop-
erties, W#quantitative measurements offered to indus-
try, academia, and non-academic research institutions
will be extended towards investigating complex struc-
tures on the nano scale as well as materials and devices
under real operating conditions. Accurate experiments,
offered by PTB, BAM and also HZB, will unleash the full
potential of ¥#multimodal approaches at BESSYIII.
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Goal: As stated in &Chapter 2, BESSYIII strives to
achieve uniqueness through the triad of combining (i) a
4th generation light source, (i) in an integrated research
campus with (iii) capabilities for metrology and quan-
titative measurements. The first part of the triad is a
world leading 4™ generation soft-to-tender variable po-
larization X-ray source of highest photon beam quality
that covers the requirements of the focus fields: Energy,
Quantum and Information Technologies, Life Science
and - as overarching principle - Metrology. The choice
of the target spectral range and polarization result
from the importance of electron and spin structure for
the scientific focus fields and provides complementari-
ty to the other large-scale research facilities in Europe
(LEAPS) and of the Helmholtz Photon Science Roadm-
ap¥, PETRA IV - focus on structure and crystallography
- and DALI - focus on low energy electrodynamics with
THz rays.

Approach: The main requirement for the accelerator
and undulator design is to increase spectral bright-
ness and coherence in the soft X-ray region to support
wi#high-res-spectro, wi#high-res-imaging, W#dynam-
ics and to improve the performance in the M#tender
range compared to BESSY I, where HZB, PTB, BAM, and
collaborative research groups are currently operating
47 beamlines (38 of them fully parallel). To extend the
beamline offer into the tender regime, an increase of
the ring energy compared to BESSY Il is indicated. Al-
though higher ring energy would be better for coher-
ence and brightness, the investigation of electronic
structures requires methods like angle-resolved pho-
toemission (ARPES) in the VUV range and XAS on e.g.
Li, B, C, N, O in the soft X-ray range, which are indispen-

sable elements for all focus fields as is the EUV range
for the PTB. Hence, as revealed by the WFigures 5.1 and
5.2, the core energy range of BESSY Il must be around
1 keV reflecting an increased demand for experiments
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Figure 5.1: Histograms of
experimental branches for
BESSY Ill as derived from the
science case and a survey
among users (red bars) including
the requests from PTB/BAM
(shaded). Same numbers at
PETRAV (as of 3/2022, courtesy

E § g g 8 § K. Bagschik (DESY)) reveals the
S 8 § [ complementarity of the two

leading light source upgradesin
Germany.
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in the #tender range compared to BESSYIl. Com-
prehensive design studies for the accelerator system
(\see Section 6.1.1) suggest an energy of 2.5 GeV for the
BESSY lll storage ring to take account of the conflicting
requirements. We have developed a tentative scenario
on the basis of expert workshops and internal surveys
which also includes the requirements of PTB and BAM
as well as a certain number of open ports reflecting the
need for curiosity driven research and industry needs
with movable user endstations.

For this purpose, requested beamlines with theirenergy
ranges were sorted into energy bins and compared with
the PETRA IV beamline portfolio treated in the same
way, and Figure 5.1 shows the clear complementarity
of the PETRA IV and the tentative BESSY Ill beamline
portfolio.Indispensableapplicationsat photonenergies
down to the VUV range but also access to hard X-rays as
required by our partners PTB and BAM will be provided
by special insertion devices. Bending magnets (SR-di-
poles) will be designed as primary radiation standard
for M#quantitative purposes of the PTB but e.g. also as
broad band sources for ¥#multimodal approaches for
catalysis Y. In the core photon energy range around
1 keV, BESSY Il will provide highest brightness and co-
herence like other modern 4t generation SR facilities
worldwide (see ¥ Chapter 6) based on multibend achro-
mat (MBA) technology as proposed in ¥Section 6.1.1.
Using this design, 2-3 orders of magnitude (depend-
ing on energy) gain in coherence and brightness from
the source for the majority of applications is predict-
ed. Together with innovative optics and detectors this
will lead to up to even 4-5 orders of magnitude more
X-ray photons on the sample compared to BESSYII.
To realize the demanded in-situ and “#operando ap-
proaches, new concepts of endstations, detectors
(MSection 6.2.1) and sample environment (Section
6.2.2) are being developed. Because the overarch-
ing need for M#multimodal approaches is based on
the combination of SR methods and complemen-
tary lab experiments, the embedment of BESSY I
into a laboratory environment within an integrat-
ed research campus is mandatory. Digitization as
an inseparable component of BESSYIIl will cover
the whole scientific workflow, smart and fast data
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acquisition, automated and remote operation as well
as Al guided autonomous research as described in
W Section 6.3.

Impact: BESSY Il will enable scientific breakthroughs
in the aforementioned focus fields, in materials science
and beyond. Thereby BESSY Ill will continue the suc-
cess story of science with photons in Berlin-Adlershof
over future decades and meet the demands of the user
community for soft-to-tender X-rays clearly comple-
menting the ranges offered by PETRA IV (see ¥Figure
5.1), DALl and EUXFEL on the Helmholtz Photon Science
Roadmap™®. Added value, especially for the German

industry, comes from activities of the PTB at BESSY Il
and the planned upgrade of the MLS. Their “#quanti-
tative methods will establish materials metrology for
ground-breaking new technologies.
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“_ Photon Energy | Main Methods Main Applications

VUV to Hard 5eV-20keV XPS, HAXPES, NEXAFS, STXM Catalysis, Energy
1 XPS, HAXPES, NEXAFS, STXM (Storage, Batteries, Solar Fuels)
DIP 20eV-1.5keV UPS/XPS, NEXAFS, EXAFS, XPS, Energy, Catalysis
UPS, ARPES
Soft & Tender 100 eV - 4 keV PES, HAXPES, TXM, XAS, XPCS Energy (Batteries), Quantum
2 Resonant Scattering, CDI Energy, Quantum
DIP 2- 14 keV Diffraction/ EXAFS/XRF, NEXAFS Energy, Quantum, Catalysis
XUV to Soft 60 eV-1.5keV BEIChem, XPS Catalysis, Chemistry
BEIChem, XPS Catalysis, Chemistry
3
DIP 2-14 keV XRD/ EXAFS, WAXS, SAXS, HAXPES = Quantum, Energy
Quantum, Energy
Magnetic Imaging 150 eV-2 keV Lensless Imaging, X-ray Quantum, Energy
holography, XPCS
STXM, Resonant Scattering,
4 3D mag. tomogr.
DIP 100eV-1.5keV ~ XMCD, XAS with magnetic vector Quantum, Energy, Catalysis
fields Quantum, Energy, Catalysis
XUV Spectroscopy 5-200eV ARPES Quantum, Energy, Catalysis
5 nano-ARPES Quantum, Energy, Catalysis
DIP 80 eV-4 keV NEXAFS, XPS Catalysis, Energy, Quantum
Soft & Tender Imaging 180 eV-8 keV TXM, FIB-TXM Life Sciences, Energy
6 Tender TXM, Tomography Life Sciences, Energy
DIP 20 eV-1.5keV Soft X-ray Dynamics Catalysis, Energy, Quantum
Inelastic Scattering 180 eV-3 keV RIXS Quantum, Energy, Catalysis
7 meV@1keV RIXS Quantum, Energy, Catalysis
DIP 20 eV-1.5 keV Soft X-ray Dynamics open port
Spectro Microscopy 100eV-1.8keV | (S)PEEM, PEEM, Ptychography Quantum, Energy, Catalysis
g nano-ARPES Quantum, Energy, Catalysis
DIP 100 eV-4 keV Broad band soft + tender X-ray open port
spectroscopy
Macromol. Crystallography ~ 5-20 keV X-ray Diffraction Life Sciences
9 X-ray Diffraction Life Sciences
DIP 80 eV-2 keV Soft X-ray spectroscopy open port
Multimodal Spectroscopy 20 eV-8 keV Multimodal Spectroscopy open port
10 Time-resolved spectroscopy open port
DIP 20 eV-3 keV Declined beamline, Multimodal Catalysis
spectroscopy
PTB: PGM/EUV 60eV-1.85keV  Reflectometry/Scatterometry Metrology for Industry
1 Reflectometry/Scatterometry Metrology for Industry
DIP PTB: FCM 1.7keV-11keV  X-ray radiometry/ Metrology
X-ray reflectometry
PTB: PGM/RFA 80 eV-2 keV X-ray spectometry Materials Metrology
1 X-ray spectometry Materials Metrology
DIP PTB: white light 40 eV-20 keV Primary source standard Metrology
BESSY Il
PTB: Tender X-ray 1 keV-10 keV U-XRF/(Gl)SAXS/Ptychography Materials Metrology, Energy
13 U-XRF/(Gl)SAXS/Ptychography Materials Metrology, Energy
DIP PTB: XPBF/ESA 1 keV-3 keV X-ray optics for astrophysics in-line Metrology for
Manufacturing
14 BAMline 5 keV-120 keV Diffraction, XRF, uCT Materials Metrology

Diffraction, XRF, uC

Materials Metrology

Figure 5.2: Atentative but yetincomplete beamline and method portfolio for BESSY Il reflecting the scientific focus fields (Bt Section 4.3) which
are mainly based on methods from the soft-to-tender X-ray range. Successors of BEIChem (XUV to Soft) and EMIL (VUV to Hard) are expressly
aspired. The beamline requests from the PTB and BAM are shaded in light blue. Acronyms of methods see Glossary, (DIP) - dipole beamlines.
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To realize BESSY Il as the world leading facility for
materials discovery, we aim to fulfill the triad of

a state-of-the-art 4" generation
synchrotron radiation source,

an integrated facility approach
embedded in the materials research
campus at Berlin-Adlershof, and

quantitative and metrological
materials science capabilities,
which are leveraged by the world-
leading expertise of Physikalisch-
Technische Bundesanstalt (PTB).

A thorough analysis of the possibilities of an in-tunnel
upgrade of BESSY Il to a 4™ generation SR source has
shown, that neither the required beam parameters
in terms of energy and electron beam emittance, nor
the capacity request in terms of number of available
straight sections for the integration of insertion devic-
es, can be fulfilled. In addition, as the radiation shield-
ing of BESSYII is a monolithic concrete block being
integral part of the BESSYII slab, any necessary mod-
ification of the radiation shielding to gain flexibility
in the machine design would result in unacceptable
long shutdown times without any usable photons of
minimum 3 years. This is especially unacceptable in
view of PTB’s obligations with regard to its legal man-
date of providing metrology applications to support

industry.

Figure 6.1: Emittance
landscape of existing light
sources and upgrade plans
worldwide. Dark blue:

3 generation sources in
operation; Orange: existing
4th generation facilities;
Red: upgrade proposals
based on MBA technology.
Light blue: upgrades based
on latest MBA designs; big
diamond: BESSYIII.
(adapted from R. Bartolini,
2022).
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This new light source must support the scientific focus
fields described in Y¥Chapter 4 and must be within the
parameter ballpark of worldwide discussed upgrades
of SR-facilities depicted in MFigure 6.1. Such a globally
competitive soft-to-tender X-ray large-scale facility can
only be realized as a green-field facility complementing
the surrounding WCRC campus environment of the HZB
in Berlin-Adlershof.

The required new quality of such a flagship project can
only be achieved if three technical areas are optimized
to state-of-the-art technologies: photon beam genera-
tion, experimental instrumentation and infrastructure
as well as digital tools for data management and auto-

mation.

Generating photon beams of
unprecedented quality

The scientific motivations presented in % Chapter 4, but
especially #high-res-spectro, M#high-res-imag and
“#tdynamics ask for unprecedented photon beam qual-
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ities, which can only be provided by a 4™ generation
light source tailored for the soft-to-tender X-ray range.
Further design criteria are (i) diffraction limited radia-
tion at a photon energy of 1 keV and (ii) highest spectral
brightness at 1 keV on the first harmonic of the undula-
tors because this matches the photon beam emittance
to the low electron beam emittance and promises high-
est polarization degree for elliptical insertion devices.

When it comes to the accelerator parameters, our ap-
proach is based on a contemporary MBA design and
innovative magnet technology that lays the foundation
for BESSY Ill to approach or even exceed the parame-
ter ballpark of current and future upgrades worldwide
(\see Figure 6.1) keeping our light source competitive
for the next decades and further scientific challenges
to come. Details of the lattice design development and
its technical subsystems as well as intriguing new accel-
erator physics concepts will be discussed in detail ¥in
Section 6.1.1.

Based on the very low emittance of the electron beam,
we will generate the photon beam with innovative
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undulator concepts described in “Section 6.1.2, like
double period devices (DOPU) as well as in-vacuum un-
dulators CPMU, IVUE that fully cover the energy range
demanded in &Figure 5.1 at highest possible spectral
brightness and coherent flux, see ¥Figure 6.2. Howev-
er, in all focus fields the requirement for variable linear
and circular polarization is mandatory, so that the ma-
jority of IDs must be elliptic. Arrows in % Figure 6.2 con-
necting spectra from elliptical undulators of BESSYII
and BESSY lll indicate here up to 2 orders of magnitude
gain in transverse coherence at 1 keV and up to 3 orders
spectral brightness enhancement in the W#tender X-ray
range. This regime has been widely uncharted territory
so far at BESSY Il e.g. for 4d (L-edges) and 5d (M-edg-
es, e.g. Hf) element spectroscopy for quantum devices
(\see Section 4.3.2) as well as Sulfur K-edge spectros-
copy to understand batteries in W#operando as shown
win Figure 4.1.

Only a proper transport and final shaping of the pho-
ton beams by tailored soft-to-tender beamlines based
on innovative monochromators and optic concepts,
that preserve the polarisation state, enables users to
benefit from a next generation electron storage ring.
Our approach to achieve that, supported by full M#au-
tomation of controls, diagnostics, Al and modern data
management, is described in ¥Section 6.1.3 by a se-
lected example (M#high-res-spectro). A glimpse into
state-of-the-art X-ray optics for even further orders of
magnitude higher transmission in the \#tender regime
is also shown there. State-of-the-art beamlines tailored
for such high performance will lift particularly high end
imaging with coherent beams (#high-res-imag) to a
new level but will also boost, by more photons, W#op-
erando techniques as well as M#high throughput mate-
rials discovery.

Experimental instrumentation and
infrastructure

Experiments at a future large-scale research facility
such as BESSY Il will differ significantly from today’s
status. Even in the early years of BESSY Il (1999) user
groups arrived with trucks loaded with endstations
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which were prepared at the home institute and then
used for 1-2 weeks at a beamline. Ever since the sit-
uation has completely changed and will continue to
change even more dramatic in the next decades. The
reason is the enhanced complexity of the experimen-
tal questions, the setups and its technical challenges
as well as the generally required much higher data ac-
quisition speed. This has significant impact on the in-
strumentation itself, which e.g. for nano-foci, includes
highly stable components controllablein UHV at the na-
noscale (e.g. diffractive, refractive or capillary focusing)
together with active feedback systems to stabilize the
X-ray (or laser beams - “#dynamics) and automated
sample positioning on the nanoscale (M#automation).
In sum, all this requires highly specialized fixed endsta-
tions and high-end detectors, a tailored but versatile
sample environment and also surrounding - beam-
line-near - as well as complementary laboratories for
the preparation or the execution of “#multimodal
studies (\Wsee Section 6.2). All this will lift both, the de-
sign of the experimental infrastructure and the seismic,
acoustic and thermal stability requirements to a new
technical level compared to third generation sources.
Such challenging issues beyond the machine will be
best addressed in the context of the construction of
an integrated research campus embedded in the ever
growing high-tech environment of the science campus
Berlin-Adlershof (WISTA) as discussed ¥in Section 6.2.

Data and Automation

The digitization pillar of BESSY lll endorses three as-
pects of experimentation

(1) Automated and remote: covers IT environment
for basic device control, data acquisition and
handling, scientific computing. High standards
of availability, reliability, ease of use, fundamental
to these operation modes are mandatory for all
components to be integrated or adapted.
Experimenting remotely will hardly mean any
disadvantage.
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(2) Smart and autonomous: manual, simple raster
scans are no more adequate to vast parameter
spaces, faint signals or rare events. Intelligent data
acquisition will utilize various knowledge sources
to detect regions of interest rapidly and safely. Ro-
bust data analysis and -evaluation will justify trust
in complex automated sequences and decisions
no more supervised by humans.

(3) Data quality and quantity: Sample complexity and
tiny structures push predictions of simulations
and machine learning beyond validity limits. For
decisive hypotheses verification the 4™ generation
light source beam is required. Detailed, precise and
#quantitative quality data have to be acquired to
provide the urgently needed unambiguous ground
truth, in large and dense FAIR databases.

For implications of (1)-(3) on data management and
automation Wsee Section 6.3. On the general level of
digital HZB, material research at BESSY Ill can leverage
the achievements of the ubiquitous digital transfor-
mation process of the society. For material design and
characterization, relevant data pools are already well
orchestrated-*4 available to research institutes and
industry. To analysis and planning they add data-driv-
en models and guidance by physical understanding.
For BESSY Il it is relevant, that HZB is well embedded
into this rapidly growing global digital infrastructure,
see WFigure 6.9 (overarching red text). Distinction of
the domain specific IT infrastructure, as described in
Section 6.3, from the hosting general IT helps to define
project scope and phases.

6.1 Generating Photon Beams of
Unprecedented Quality

6.1.1 Accelerator Systems

Goal: The primary objective for the accelerator sys-
tems is in first order to develop a concept of an elec-
tron storage ring and its radiation sources, i.e., bending
magnets and insertion devices, which will deliver the
SR parameters requested by the scientific motivation,
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summarized in %Chapter 4 and 5. Absolutely manda-
tory is the request to provide highest brightness at 1
keV photon energy with diffraction limited radiation
and free choice of polarization state (see ¥ Figure 5.1
wt#high-res-spectro, Wi#high-res-imag, i#tender) and
to keep the requested beamline capacity, listed in de-
tailin the beamline portfolio (see &Figure 5.2). An over-
arching goal, but also limiting boundary condition for
our greenfield concept, is to keep the footprint, i.e. the
circumference, of the accelerator systems reasonable
small in order to make it fit on the only accessible and
suitable free site in Berlin-Adlershof to stay embedded
in Germany’s most successful Science and Technolo-
gy Park Adlershof. Secondary goal of the storage ring
design is to keep to some extent BESSY’s flexibility,
based often on non-linear beam dynamics, and com-
bine it with the more restrictive MBA structure, to allow
for proof-of-principle experiments and/or advanced
operation modes to support W#dynamics studies as
it is done at BESSY Il and MLS. Different from other SR
facility upgrades is the essential aim to provide radia-
tion sources usable as a primary radiation standard
for W#quantitative metrology purposes, satisfying the
needs of the PTB. In times of climate change and pri-
mary energy shortage due to geopolitical tensions, it
goes without saying, that sustainability and an energy
efficient layout are overall objectives for the design of
the accelerator systems.

Expertise: HZB’s expertise for design, construction and
reliable and efficient operation of large-scale research
facilities is successfully proven by BESSY I, BESSYII
and the MLS. Moreover, the eagerness of improving the
running facility as a whole, but also individual hard-
ware components as well as exploring the facility’s
beam physics limits set the base for quite a few pio-
neering developments within the field of storage ring
based SR-sources. This lays the foundation, not only for
HZB’s worldwide reputation, but also for the concept of
BESSYIII.

For example, HZB developed in the 2000ies in an EU
wide collaboration the 500 MHz EU-HOM-damped cavi-
ty], now commercial available from from RI Research
Instruments (RI) under license from HZB, which is used
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by many 3 generation light sources and also foreseen
at many MBA upgrades. Within SEAlab & Supralab, see

WFigure 6.11, the fruitful collaboration, especially with
RI, continues also on superconducting RF systems.

The introduction of top-up injection, not initially
planned for BESSY I, lead to the development of a
very robust radiation protection concept®® and high-
est injection efficiencies of 95% and above ™. First ex-
perimental studies of a non-linear kicker injection®
pushed the idea of transparent off-axis injection, which
was realized at MAX IV and SIRIUS and will become an

often chosen injection concept at 4" generation light

sources.

Operation and development of BESSY Il and MLS al-
ways supported integration of timing capabilities™
by exploring non-linear operation regimes as low-a or
TRIBs operation. Short pulses have been made acces-
sible by femtoslicing® down to 100 fs (FWHM) pho-
ton pulse length or low-a operation with 1 ps to 15 ps
electron bunch length™s) pioneered at BESSY 1154, The
MLS®2 developed by HZB, is the first electron storage
ring optimized for low-a operation and its flexibility
allowed, just recently, a first proof of principal exper-
iment of steady-state micro-bunching (SSMB)®3. The
VSR concept > aims for simultaneous generation of
short and long electron bunches by introducing a beat-
ing scheme with higher harmonic RF systems, which
are currently under development in two hardware pro-
jects, one as normal conducting cavity system®® and
the other as high-gradient cw superconducting one".

For timing experiments, the pulse repetition rate is
a crucial parameter. At BESSY Il different separation
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schemes have been developed to provide different
repetition rates, e.g., a fast rotating photon beam
chopper®® or the pulse picking resonant excitation
scheme®. The latest and most promising development
is the TRIBs operation, which generates a second stable

orbit for storing an additional, flexible and adjustable,
fill pattern 5064, Pioneering proof-of-principle experi-
ments have shown that TRIBs allow for completely new

experimental capabilities, as MHz helicity flipping of
X-rays from an undulator ™, opening new possibilities
for XMCD experiments. A first successful proof-of-prin-
ciple test®-%4 at the 330 pmrad 7-MBA 3 GeV MAX IV ring
motivates to investigate TRIBs as an operation mode
for BESSY 11113,

Approach: The main target parameters for the BESSY Ill
storage ring are listed in WTable 6.1 and compared to
BESSY Il

In order to fulfill the request for highest brightness at
1 keV, delivered by the 1t undulator harmonics, and a
broader span of photon energies into the tender X-ray
region, the beam energy must rise from 1.7 GeV to 2.5
GeV (see WFigure 6.2). This increase in energy is also
beneficial for our strategic partners BAM and PTB which
requires access to hard X-ray beams. In addition, the
emittance must decrease from 5 nm rad to 100 pm rad
to provide diffraction limited radiation up to 1 keV pho-
ton energy, which can only be fulfilled with a state-of-
the-art MBA magnetic lattice. Due to the available space
on the envisaged site, only 350 m of circumference, i.e.
22 m length for one section, is available, which makes
the design a challenging task. Due to the capacity re-
quest for IDs, see beamline-portfolio in MeFigure 5.2, a
16-fold periodicity is needed and in addition each sec-

Energy 2.5GeV
Emittance 100 pm rad
Circumference ~350m

# of straights 16 with 5.6 m
Stored current 300 mA (500 mA)

1.7 GeV

5nm rad

240 m

16 with 5.0 m

300 mA

Table 6.1: Main objectives of BESSY Il and main parameters of BESSY II.
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tion should provide at least one additional bending
magnet source up to 20 keV. Two of the 16 straights will
be used for injection and the RF system, so that 14 are
left forinsertion devices. A straight length of 5.6 mis de-
fined to enable installation of long undulators to push
the flux and the brightness at dedicated beamlines and
for double undulators and double canted undulators,
as implemented with the EMIL setup at BESSY Il, to pro-
vide multiple source points for ¥#multimodal studies.
A stored average current of 300 mA is the baseline de-
sign, but within detailing on radiation safety, imped-
ance budget, vacuum system and RF system dimen-
sions an increase to 500 mA could be envisaged.

First attempts in lattice design, like a 16-period 9MBA
based on the ALS-U design or a 18-period 5MBA result-
ed in very ambitious magnetic specifications, which
have triggered a discussion about the hardware lim-
its and technical realization. Within the conceptual
design phase CDR, the decision has been made to fol-
low a more conservative ansatz for the whole acceler-
ator complex and rely on already existing or reliable to
scale accelerator technology and concepts. It will be
upon the subsequent CDR/TDR phase to assess the
technical risks and redefine the technical ambitions,
which could enable lattice improvements.

For BESSY lll, the fundamental RF system will be real-
ized with up to six 500 MHz EU-HOM-damped cavities,
providing 2 MV to 3 MV total voltage compensating the
energy loss per turn of about 0.350 MeV in bends, giving
an energy spread of 0.9 x 1073. It will provide sufficient
overhead for energy acceptance, redundancy for relia-
ble operation and for the additional ID losses, expect-
ed to be up to a factor two higher than with the bare
lattice. Defined by the fundamental RF system and the
momentum compaction factor a of the lattice, which
was chosen not to be less than 1.0 x 10 for stability
reasons, the zero current bunch length is expected to
be around 10 ps (rms). Using a normal conducting ac-
tive HHC system at 1.5 GHz, currently under develop-
ment by a collaboration of ALBA, DESY and HZB®9, it is
foreseen to lengthen the bunches by a factor of 3-5 to

increase Touschek lifetime and to mitigate impedance
issues. All cavities will be driven by reliable individual
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solid state amplifiers with an integrated digital-low-lev-
el RF system.

A well mature off-axis TopUp injection scheme, based
on a 4-kicker or non-linear kicker injection scheme,
is foreseen for BESSY IIl, setting strict demands on
the dynamic aperture of the lattice. The injector sys-
tem will be composed of a triode-gun at 100 keV with
pulsed grid modulation for flexible bunch pattern gen-
eration, a 100 MeV to 150 MeV pre-accelerator injector
LINAC with individually powered 3 GHz LINAC sections
for redundancy and a low emittance, fast ramped 1 Hz
booster synchrotron, placed in the same tunnel as the
storage ring.

For the magnet optics design of the main storage ring
the magnet specifications, listed in W Table 6.2, have not
been driven to technical limits and are based on state-
of-the-art conventional iron yoke electromagnet tech-
nology for multipoles. Wherever possible, permanent
magnets or hybrid magnets will be used, which are cur-
rently under investigation®, e.g., within the PerMaLIC
collaboration of LEAPS. The inner vacuum pipe diame-

ter of 18 mm, in order to have good pumping capabil-

homogeneous dipole magnet <13T

combined fct. bend (2 pole) <0.8Tand 15T/m

combined fct. bend (4 pole) <0.8Tand30T/m

quadrupole <80 T/m
sextupole <4000 T/m
minimum spacing (yoke to yoke) 0.1m
bore diameter 25 mm
innervacuum pipe diameter 18 mm

Table 6.2: Technical limits for magnets used in the magnet
optics design.

ities, the integration of in-situ bake-out capabilities,
the thermal load distribution, and a reasonable imped-
ance budget, defines the minimum bore diameter of
25 mm of the multipole magnets, allowing for suffi-
ciently strong gradients. The vacuum system in general
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will be based on NEG coated vacuum chambers with lo-
calion-getter pumps at highest gas loads, i.e., mainly at
the synchrotron radiation absorbers.

Sticking to the technical limits and keeping the circum-
ference of ~350 m a 6-MBA compared to 7- or 8-MBA
seems to be the best solution with respect to emittance
and the momentum compaction factor. In order to de-
liver a robust design with good control of non-linear
beam dynamics, also with regards to a possible TRIBs
operation close to a 3“resonance, we chose the High-
er Order Achromat (HOA) approach, strictly fixing the
phase advance between the two chromatic sextupole
families within the MBA unit cell 4,

A special request for the optics design for BESSY Ill is
the integration of radiation sources, usable as primary
radiation standard for the PTB, i.e., an absolute calcu-
lable, predictable and traceable radiation source for
metrology purposes w#quantitative. For that the de-
flecting magnetic field around the source point must
be known to highest precision and be accessible for
NMR probe measurements. As the measurement sen-
sor itself requires spatial dimensions of (10x10x10)
mm? volume, a purely homogeneous magnet field is
required for this volume and at the source point along
the orbit of the electron beam. This is best realized with
a purely homogeneous dipole magnet, which must be
included in the lattice. Due to symmetry reasons, we
decided to include the homogeneous metrology bend
right from the beginning in the MBA structure to have
16 completely symmetric cells as starting point. In
principle, then there are two configurations, shown in

&Figure 6.3, how the metrology bend can be imple-
mented in a MBA structure.

In the upper configuration the separated function (ho-
mogeneous) bend (SF) is placed at the beginning and
end of the MBA structure as matching bend. The inner
unit cells of the MBA structure are set up with combined
function bends (CF) with vertical focusing as mainly
used in most MBA unit cells. In the lower drawing the
configuration is swapped. The inner unit cell bends
are homogeneous SF bends, and here an additional
quadrupole is used for vertical focusing and the outer
matching bend is realized as CF bend. The three basic
blocks of a MBA lattice, the MBA unit cell, the disper-
sion suppression cell and the matching cell, have been
studied carefully and set up under the same boundary
conditions for both lattice types and then finally com-
bined to a robust sector cell with reverse bends realized
as transverse displaced quadrupoles®®¢. An interest-
ing result is that the integrated sextupole strength for
the SF lattice, and so the sextupole length, is reduced
by 50% compared to the CF lattice due to more favora-
ble B functions and dispersion at the sextupoles. Both
lattice variants are nearly equal in total section length
and fulfill the demands, stated in ¥ Table 6.1.

First evidences indicate that the SF lattice, shown in
WFigure 6.4, with homogeneous bends in the MBA
unit cell is more robust in respect to non-linear beam
dynamics and therefore provide higher lifetime, allow
for better injection and eases the integration of the me-
trology bend and the bending magnet sources. With a
field strength of 0.65 T the critical energy of the homo-
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geneous bends will be at 2.7 keV, which suits the PTB
very well, because it is similar to the metrology bend-
ing sources at BESSY Il with 2.5 keV. Another option cur-
rently under discussion is to replace some of the homo-
geneous bends by longitudinal gradient bends, which
could push the critical energy to higher photon ener-
gies. For example, a field strength of 2.2 T will result in
a critical energy of 9 keV, better matching the catalysis
& energy scientific needs. However, the impact of longi-
tudinal gradient bends on the beam dynamics and the
overall lattice parameters need to be studied carefully.

Based on the here presented magnet parameters and
technical specifications, we are convinced that within
the detailing technical design process of the CDR phase
of the project, we will be able to maintain the com-
petitive performance parameter of our lattice. All the
overhead which will remain available in this process,
we than can either use to target a even higher perfor-
mance or to use it for the most sustainable and energy
efficient machine design.

We decided to set equal and low By, By-functionsin the
straights to guarantee phase space matching between
photon and electron beam emittance and keep the op-

tion for round beam operation, which will reduce further
the zero current equilibrium emittance by 2/3 down to
ca. 70 pm rad with smallest spot sizes of 15 um. Next
planned steps are the analysis of collective effects as
for example, intra-beam scattering, which could limit
the reachable emittance, an adaption of the lattice for
injection and a tolerance analysis including magnet
and girder misalignment and magnetic field tolerances.
The aim is to setup a framework for simulated commis-
sioning. Therefore currently an online model and digi-
tal twin development is ongoing at HZB to improve the
data handling and convert processes®® % towards full
#automation).

Impact: The concept for the accelerator complex, es-
pecially for the storage ring with its radiation sources,
fulfills the demands raised by the scientific motiva-
tion described in WChapter 4. As shown in ¥Figure 6.1,
BESSY Il will be in the forefront of 4" generation low
emittance light sources in the soft-to-tender spectral
range. It will deliver up to three orders of magnitude
more brightness and allow for 10 nm foci on the sample
- 3 orders of magnitude smaller compared to BESSY II.
In addition, BESSY Il will come with special features
like the metrology sources for the PTB or bending
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Figure 6.5: View inside the
CPMU17 during the magnet
field measurements. The
magnet structure on the
left side and the in-vacuum
measurement bench on the
right side are shown.

sources from ~10 eV to the 20 keV regime. If desired a
2" stable orbit option by TRIBs for timing and other ex-

periments can be integrated.

6.1.2 Undulators and Photon Sources

Goal: BESSY Il aspires to make a broad spectrum of
photon energies available to users, with a core range
from soft-to-tender X-ray energies. Furthermore, full
polarization control is being requested for ever higher
photon energies. The goal is to design and build inser-
tion devices (IDs) that will provide each beamline with
a high flux, high spectral brightness and coherence tai-
lored to their experimental requirements.

Expertise: HZB has a long and successful history in
designing and developing innovative ID solutions, in-
cluding APPLE-1l devices, and the Cryogenic Permanent
Magnet Undulator (CPMU) for the EMIL beamline!™,
The present culmination of expertise in the Undulator
Group is the successful construction and measure-
ment of cryogenic in vacuum devices, bringing cutting
edge mechanical, electrical and cryogenic engineer-
ing together with state-of-the-art magnetic materi-

al science and magnetic measurement techniques

(&Figure 6.5)l"*-8 This drive for innovation continues
with the development of an in-vacuum elliptical undu-
lator (IVUE32), currently under construction for BESSYII
[77-80] The successful development of this technology will
release the potential for BESSY Il to offer polarization
control across a broader energy range. Active research
and development activities such as for the IVUE32, often
undertaken in collaboration with partners from across
industry, academia and non-academic institutions, illus-
trate that the Undulator group is well placed to contrib-
ute to the success of the next incarnation of BESSY.

Approach: The tentative beamline portfolio presented
in the previous chapter, needs a corresponding like-
wise tentative ID portfolio, illustrated in ¥Figure 6.6,
that covers a very wide photon spectrum, ranging from
photons of a few eV to 120 keV. This energy range, even
at the challenging margins, will be covered at BESSY IlI
through the use of a wide variety of established and de-
veloping ID technologies:

. CPMUs for the tender X-ray range;

. APPLE-II devices for the soft X-ray range;
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Photon Energy (eV)

1 VUV to Hard 5eV-20keV UE80 + CPMU21

2 Soft and Tender 100 eV - 4 keV IVUE 42-24 (DOPU)
3 XUV to Soft 60eV-1.5keV u70

4 Magnetic Imaging 150 eV -2 keV IVUE42

5 VUV Spectroscopy 5eV-200eV UE140 or UE150

6 Soft and Tender Imaging 180 eV - 8 keV IVUE38

7 Inelastic Scattering 180 eV -3 keV IVUE42

8 Spectro-Microscopy 100 eV -1.8keV UE56

9 Macromolecular Crystallography 5 keV - 20 keV CPMU18

10 Multimodal Spectroscopy 20 eV -8 keV UESO + IVUE24

Figure 6.6: Example of tentative IDs for BESSY Ill beamlines and expected spectral brightness: U are planar devices, UE are APPLE-II
devices, CPMU are cryogenic planar in-vacuum devices and IVUE are in-vacuum APPLE-II devices. The period length is specified in
the name of the device in mm. The minimum gap for all in-vacuum devices (IVUEs and CPMUs) is 6 mm. The actual minimum gaps and
lengths of BESSY II- IDs are used. A minimum gap of 13 mm is assumed for UE80. CPMU21 is 3.5 m long. All other IDs of BESSY lll are
assumed to be 5 m long
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. APPLE-KNOT or APPLE-LEAF type undulators
for the VUV and soft X-ray;

. Novel Multi-Period Undulators for beamlines
that require access to the very broadest
spectrum BESSY Il is able to offer.

Photon energies from a few tens of eV up to the soft
X-ray range can be covered by planarand APPLE-Il un-

dulators, such as U70 and UE56 or UE8O. In-vacuum
APPLE-Il undulators, such as IVUE42 and IVUE38, with
a minimum gap of 6 mm can provide photon energies
from the soft X-ray up to the tender X-ray range. The
core tender X-ray range can be accessed via CPMUs,
such as CPMU21, CPMU17 or CPMU18. Detailing of the
needed solutions to extract the high radiation power
will take place within the CDR and TDR phase of the
project, when the respective beamline design and the

needs on photon energy range is more mature.

Extremely low energies even below 10 eV at BESSY llI
will require high-K undulators, which will radiate a great
deal of power. APPLE-KNOT or APPLE-LEAF undulators
direct the majority of this power away from the undu-

lator axis, even in linear operating modes. This allows
the majority of the heat load from these devices to be
absorbed by apertures around the undulator axis [8-%3,

Multi-Period Undulators can cover the energy range from
100 eV to several 1000 eV with a variable polarization.
Multi-Period Undulators refer to undulator structures
that contain multiple undulator magnet arrays arranged
side-by-side. These arrays can be moved side-to-side, so
that the appropriate period length can be chosen 48,
For the purposes of BESSY Ill, a Double Period Undulator
DOPU should suffice. For example, a DOPU with period
length 42 mm and 24 mm can cover the energy range re-

quired for M#multimodal energy research.

In M Chapter 4 a strong case for multimodal beamlines
is laid out. This demand can be fulfilled with two undu-
lators installed consecutively into the same straight, in
a similar fashion to the EMIL straight at BESSY Il, which
requires correspondingly long straight sections. Cool-
ing and interlock concepts to protect small vacuum
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chambers and beamline components will be carefully
adapted inthe CDR and TDR phase based on operation-
al experience with the EMIL straight section and high
power wigglers at BESSY Il. Apart from the strong re-
quirement of the PTB, there are several other requests
for bending magnet sources from the catalysis, energy
and quantum communities (Msee Figure 5.2). Accord-
ingly, at least one dipole per MBA cells is planned as
photon source (¥see Section 6.1.1). The request of BAM
and PTB for photon energies from 5 keV to 120 keV can
be met with a WLS with a magnetic field corresponding
to a critical photon energy of 30 keV.

Impact: The undulators are part of the essential infra-
structure of a future BESSY Ill and are an indispensa-
ble prerequisite for achieving its scientific goals. The
continuing development work for in vacuum elliptical
undulators and double period undulators strengthen
the leading role of HZB in the field of permanent mag-
net undulator design. Our history of collaboration with
industry an academic partners illustrates our commit-
ment to technology transfer following developments in
the field of undulator design.

6.1.3 X-ray Optics and Beamlines

Goal: In order to fulfill the needs of the BESSY IIl users
and of their research, the beamlines have to transport
the light from the source to the experiment with as high
transmission as possible while simultaneously deliv-
ering all required properties. This includes common
parameters such as photon energy, photon flux, band-
width and state of polarization as well as spot size on
the sample. All of these parameters will have to be fully
remotely controllable and the state of the beamline as
well as that of the delivered photon beam will have to
be included seamlessly into the (meta-)data of the user
experiments. In combination with an automated and
protocolled beamline quality assessment with sophis-
ticated (online) diagnostics®, this lays the ground for
FAIR data collection and open science.

Expertise: We can built on the excellent expertise of
the HZB in X-ray optics®” and beamline design and
construction which has been gathered since the set-up
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and operation of the BESSY Il beamlines. In particular,
the collimated plane-grating monochromator (cPGM)
based beamlines ®® have a proven track record for ro-
bust and flexible operation simultaneously providing
state-of-the-art performance. Taking full advantage of
our X-ray optics design and metrology capabilities®as
well as our unique grating production facility at HZB®®
we have developed new multi-layer optics (mirrors and
gratings) allowing to extend the operation range of the
cPGM with exceptional efficiency up to 5 keV®, Current
investigations show that the photon energy limit can be
extended to even higher energies while providing simi-
lar or higher photon flux as compared to double crystal
monochromators (DCM) with a new multi-layer optics
based cPGM design.

Rational beamline design strongly relies on photon
source and beamline ray-tracing simulation tools.
HZB is developing the corresponding software since
decades. It is utilized all over the world and current
developments include a refactoring based on modern
cross-platform industry standards towards an open-
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source code. The corresponding speed-up of the simu-
lations fosters the integration of Al methods for general
beamline design optimization which is currently inves-

tigated in collaboration with DESY.

Approach: Based on the needs of the scientific focus ar-
eas in WSection 4.3, one can group the tentative beam-
line portfolio of BESSY Ill (Msee Figure 5.2) into the
l”, ”»

roughly similar quantities:

main categories "classical”, "tender” and ”special” with

Beamlines covering the “classical” soft X-ray
range (approx. 100 eV to 2,000 eV)

Beamlines which are geared more towards the
tender X-ray range (up to 5 keV)

”Special interest” beamlines demanding the
broadest possible photon energy range or
require very special conditions such as extreme
spatial or energy resolution.
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Figure 6.7: Scheme of the energy storage research micro-focus beamline for photon energies 100 eV to 4,000 eV.
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The soft X-ray beamlines at BESSY Il will be based on
the proven cPGM design. For the tender X-ray range,

multi-layer optics will serve soft-to-tender X-ray needs
with one monochromator design that allows the users
to benefit from increased capabilities and flexibility.
This also gives enormous benefits for standardization
by streamlining the portfolio of beamline designs and
associated components. Beamline components will be
considerably improved in terms of stability and repeat-
ability compared to BESSY Il and serve as standardized
building blocks wherever possible.

Further dedicated components will realize the third
category of beamlines where extreme performance for
high-end applications has to be reached or complex
“two-color” operation (similar to EMIL nowadays®?)
is desired. The space available at BESSY Il will allow
long (90 m) beamlines necessary e.g. for providing few
meV bandwidth at 1 keV photon energy with still suf-
ficient photon flux (#high-res-spectro). For the hard

X-ray beamlines (well beyond 8 keV) a standard DCM
would still be the option of choice especially for ap-
plications where high photon energy resolution is key.
Our concept for an energy storage research beamline

(M Figure 6.7) serves as an example which address-
es the scientific need for an extended photon energy
range including tender X-rays by a modified cPGM de-

sign utilizing multi-layer optics. By simply adding a sec-
ond multilayer coating in addition to the standard gold
coating for both the pre-mirror as well as the blazed
grating, the corresponding photon flux gains more
than two orders of magnitude (% Figure 6.8) allowing to
perform ”proof-of-principle” experiments up to 3 keV
already at BESSY Il. For the BESSY Ill beamlines even
higher throughput is anticipated (by special IDs and
adapted optics e.g. lower angles of incidence) allowing
to utilize high photon flux even beyond 4 keV for M#high
throughput experiments.

Al-methods for all beamline aspects (design/simula-
tion, construction, set-up, commissioning, operation
and maintenance) are currently intensively investigat-
ed to cover two ”Digital Twin” aspects of the BESSY IlI
beamlines: (a) improved understanding by bridging the
gap between theory based description and real behav-
ior, providing surrogate models that can do realistic
predictions and (b) support operation by intelligent
re-alignment procedures and good virtual beamline
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representations, which also provide (remote) training
and experiment preparation capabilities to the users.

Impact: Research applications at BESSY Ill will benefit
from the fact that the proposed beamline design stand-
ard, the improved cPGM design with the multi-layer op-

tics option, is able to cover the requested core photon
energy range, soft-to-tender X-rays (see Figure 5.1).
A common beamline design that allows to fulfill the
needs for both high-resolution spectroscopy as well as
high-resolution imaging, being particularly demanding
in terms of coherence preservation along the whole
beamline up to the sample, will also be a very strong
benefit for all other anticipated research applications
at BESSY Ill. For these the required stability (on short
and long time scales) and the necessary complete un-
derstanding of X-ray optics is a base requirement for
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predictable and repeatable measurement conditions
which are highly relevant e.g. for automated #high
throughput sample screenings calling for high sensitivi-
ty paired with low quantitative uncertainty.

6.2 Experimental Instrumentation and
Infrastructures

Following the requirements for scientific discovery at
BESSY 1l described in %Chapter 4, especially the idea
of a material discovery facility, infrastructure has to be
provided that goes far beyond what a single piece of
data acquisition equipment can do. The path we want
to follow with the concept of integrated research is
schematically described in %Figure 6.9 and explained
in the following subsections.

Digitalisation, FAIR d
aty

2 Al .
SAMPLE Elidley

™ Endstation
& detectors

scientific data of sustainable quality (red text).

Support labs
on-site BESSY Ill

Complementary
facilities at HZB

Complementary
facilites in Adlershof

Berlin Science Region

Global Collaborators

Figure 6.9: The envisaged research environment at BESSY Il in a simplified sketch. Support labs and characterization toolsets
augmenting the light source capabilities will be provided inside the integrated research campus (blue ellipses), complemented by
Adlershof campus facilities, science environments of Berlin and international partner labs. Sample environment (white arc) is

the overarching activity for organizing #multimodal approaches. Rigorous digitization will create a productive working style and




6. Technical Realization and Readiness

High brightness X-ray beams from the source are in-
cident on the sample within an endstation (dark blue
area in &Figure 6.9), which in the soft-to-tender X-ray
region is usually a complex UHV chamber equipped
with sample manipulation capabilities, load-locks,
spectrometers (electrons, photons and ions) and tai-
lored detectors (MSection 6.2.1). The endstation al-
ready contains components of an overarching sample
environment that provides desired physical and envi-
ronmental parameters and standardized components
for sample transfer (see W Section 6.2.2).

In the immediate vicinity of an experiment, we provide
beamline-near support labs that are indispensable for
combinatorial approaches (M#multimodal, W#oper-
ando, “W#in-situ) to material discovery. Already exist-
ing blueprints for this kind of labs are BEIChem®* and
EMILB? at BESSY Il. In addition, general on-site support-
ing labs that can be used by the different focus fields
(see WSection 4.3) such as Physics Labs (for experi-
ment preparation, vacuum), Detector Labs (detectors
and electronics), Chemistry labs (catalysis, energy, life
sciences) and Bio labs (life sciences). These are planned
as commonly usable facilities near the beamlines and
endstations with on-site support from lab specialists.

The entire chain for the realization of W#multimodal
approaches will be completed by complementary facil-
ities embedded in HZB’s research campus and farther
by surrounding complementary facilities in Adlershof
offered by our partners (e.g. cryo-EM at HUB). Like in-
dicated in WFigure 6.9, the sample environment (% Sec-
tion 6.2.2) is an overarching activity organizing the way
of the sample among different labs inside the integrat-
ed research campus (see ¥ Section 6.2.4) accompanied
by rigorous digitalization of all relevant components.
Further added value will be generated by close collabo-
ration within the science campus Berlin-Adlershof, the
Berlin-Brandenburg region (TUB, FUB, the Universities
of Potsdam and Cottbus) and global collaborations

within LEAPS and facilities overseas out of the global
SR-facility pool.
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6.2.1 Endstations and Detectors

Goal: Owing to the complexity of experiments for ma-
terials discovery at a 4" generation light source and
challenging UHV, stability and sample environment
requirements, mainly permanent endstations adapted
to the beamline, but also a few mobile endstations to
be deployed at different beamlines, will be provided
by HZB and within joint projects with collaborators.
BESSY Il will offer some open ports for external user
endstations and for new ideas to come.

Expertise: The expertise for construction, operation
and further development of experiment endstations at
HZB is based on decades of experience in the operation
of BESSY Il and the cooperation with our partners, in-
dustry and the user community and ranges from THz
to hard X-rays with a strong focus on UHV-based setups
for soft X-ray applications. As of 2022, BESSY Il already
provides 55 endstations including 9 flexible setups that
can be used at different beamlines at currently 6 open
ports and with different methods®. Examples for per-
manent endstations which are adapted to the beam-
line, the undulator and special modes of the storage
ring are e.g. ARPES 13 and 128¢/ MAXYMUS (STXM)®7,
(S)PEEME8 DYNAMAXE? as leading instruments in the
quantum and information technology focus area. Being

once a trailblazer in lensless imaging (see WRef.[100]),
BESSY Il in-house and external users are yet limited in
sufficient coherent flux to catch up recent progress at
the emerging 4™ generation sources, see &Figure 6.1.
The BESSY Il soft X-ray microscope TXM has excelled for
life sciences and the Energy Materials /n-situ Laborato-
ry (EMIL)"™ combines soft and hard X-ray spectroscopic
methods as a blueprint for future multimodal SR exper-

iments.

While hard X-ray detectors are readily available now
and not even particularly expensive, the low energy
of soft X-ray photons will make these devices always
more delicate. Using these for quantitative science will
for the foreseeable future require great care and exper-
tise in choosing the right detection and amplification
scheme for the experiment, calibrating detectors and
regularly keeping track of their performance. Despite
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HZB has not been developing detector hardware in the
past it provided beamline and tools to test them. Long
term experience exists at the PTB to quantitatively cali-
brate detectors in the soft and hard X-ray range, e.g. for
space missions (ESA and NASA) and industry (DECTRIS)
(see WSection 4.4). There are collaborations of HZB

and renowned well established detector groups (DESY,
KIT, CERN) within the Distributed Detector Lab (DDL) to
characterize soft-to-tender X-ray Detectors at BESSY II.

Approach: Our approach is to further improve perma-
nent endstations developed over years at BESSY Il and
PTB/BAM, develop new ones and transform them into
fully automated high-stability facilities at BESSY I
with flexible sample environments and best possible
adaptation to dedicated beamlines at BESSY lIl.

Prominent examples from the focus area quantum and
information technology in %Section 4.3.2 are 1D states
between ferromagnetic domains which can be only
measured by nano-ARPES as depicted in ¥Figure 4.3. To
address this at BESSY Ill, HZB is going for a high resolu-
tion beamline in the soft X-ray range (e.g. cPGM based,
see WSection 6.1.3) and an endstation featuring nm refo-
cusing capabilities e.g. with reflection zone plates (RZP)
developed at HZB and a high resolution electron analyzer
like at the ARPES 13 and 12 endstations 1% at BESSY II.
As mentioned in %Section 4.3.2, topological structures

require imaging capabilities with a spatial resolution in
the nanometer range and high time-resolution. Such
textures and their response to stimuli will become ex-
perimentally accessible at BESSY lll using imaging tech-
niques which provide very high spatial (sub-3 nm in 2D,
sub-10 nm in 3D) and high temporal (ps-ns) resolution. A
recently launched new team at HZB 2 to visualize com-
plex spin states and electronic textures under realistic
"\e#operando” conditions is aiming at developing such
coherent imaging approaches for BESSY Il anticipating
the orders of magnitude higher coherent flux, see W Fig-
ure 6.2, compared to the pioneering experiments%,

Approaches in #operando nano-spectroscopy with
electro-chemical cells for catalysis (see ¥ Section 4.3.1)
are pursued on the way to BESSY Il e.g. the MYSTIIC
endstation, a new soft X-ray STXM endstation at EMIL

6. Technical Realization and Readiness

based on the world leading STXM magnetic imaging
MAXYMUS endstation®7at BESSY II.

Driven by life science applications (see % Section 4.3.3),
a novel scanning X-ray microscope endstation that de-
tects backscattered electrons and employs Focused
lon Beam milling (FIB-SXM) is in development. Using
high brightness and coherence, 3D images with isotrop-
ic 10 nm resolution will be routinely available that can
be used also for W#high-res-imag in all other focus are-
as. Never before seen M#operando insights are expect-
ed employing TXM for battery materials (see % Section
4.3.1 and &Figure 6.1) in the \#tender range!®, where
the gain in flux can be up to 5 orders of magnitude:
3 orders from the ID (MFigure 6.2) and 2 more orders
from the novel multilayer-coated gratings as revealed
by \Figure 6.8.

When it comes to detectors, the approachis to continue
existing collaborations within the Distributed Detector
Laboratory DDL, LEAPS and global collaborators ensur-
ing access to the latest sensor technologies for the start
of BESSY Il operation. On the route to BESSY lll, HZB
will provide infrastructure for testing and characteriza-
tion of detector systems with a focus on soft-to-tender
X-rays and BESSY Il undulators and beamlines acting
as multitools for a W#quantitative characterization of
detectors together with the PTB. Within the DDL collab-
oration, HZB is establishing a photon test beam facility
with a dedicated test station for soft X-rays.

Impact: Permanent and well adapted fully automatized
experiment endstations will increase the performance
of most of the experiments, e.g. a permanent X-ray ho-
lography endstation or nano-ARPES for W#high-res-im-

agand \W#high-res-spectro, respectively. This will lower
access barriers for inexperienced users and industry,
who are just interested in answers to their scientific
questions performing SR experiments but do not want
to invest in learning instrument specifics or own equip-
ment.

Detector activities on the way to BESSY Il will result in
higher image resolution and sensitivity for key methods
like CDI, PEEM, TXM, RIXS, RXS etc. in the soft-to-tender
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X-ray range and enable new levels of #high-res-imag
and #dynamics studies as well as ¥#operando imaging
and metrology (#quantitative). Novel detectors will
preserve the higher brightness from the machine and
enable on-chip signal analysis and fast data manage-
ment + Al (\#automation) as well as M#high throughput
and to manage huge amounts of data by smart reduc-
tion concepts.

6.2.2 Sample Environment

Goal: Sample environment for BESSY Il experiment
endstations and for the laboratories of the complemen-
tary facilities at HZB will play a crucial role for the sci-
entific program of BESSY Ill. The overall goal here is to
enable excellent scientific research at BESSY Il by pro-
viding outstanding and tailored sample environment.
In addition, we will maximize the use of the available
beamtime by fast #high throughput and automated
(\#automation) sample environment. Industrial coop-
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eration and applied research will be fostered by sam-
ple environment solutions that enable investigations
of components under realistic conditions and reflect
the specific needs of our industrial users. The concept
of the integrated research campus for BESSY Il will be
supported by standardized and modular sample envi-
ronment interchangeable between end stations and
complementary laboratories. Complex scientific top-
ics such as advanced Bt#operando, complementary in-
situ and M#multimodal studies profit from this integrat-
ed approach, for example in energy and catalysis relat-
ed research, as presented in ¥Section 4.3.

Expertise: Developing and implementing excellent
sample environment for neutron investigations and SR
experiments has been a long time focus point at HZB. A
dedicated sample environment group with broad expe-
rience on the wide spectrum of scientific fields as well
as in developing versatile and more demanding experi-
mental environments for soft-to-tender X-ray methods

in operando
in situ / multimodal
special (extreme)
parameters
automated
transfer

.i “
G\ automation S

Endstation

@ sample O modular sample environment . experiment module

Figure 6.10: Integrated sample handling spanning complementary laboratories and BESSY Il end stations. Standardized sample
environment modules enable material transfer. Exchange of complementary data adds process tuning capabilities to the workflow.

Laboratory
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has been formed at BESSY Il. Available expertise covers
e.g. in-situ and #operando sample environments for
electro-chemical and catalytic experiments, #auto-
mation and nano-positioning for &#high—res—imag, but
also extreme sample conditions like temperature, fields
or pressure. New interchangeable sample environment
modules for standardized soft X-ray endstations has
been established for “#multimodal experimentation
in the framework of the Berlin Joint Lab for Electro-
chemical Interfaces (BEIChem)®. Tailored M#operan-
do electro-chemical devices and sample environment
infrastructure for optimization of battery cells has been
built up. Novel reactor cells for gas catalysis based on
micro-electro-mechanical systems (MEMS)-nanore-

actor technology®! are in development to combine
high pressure catalysis with soft X-ray absorption spec-
troscopy for CatLabl¥ and Care-O-Senel®l, Within
international projects and collaborations with various

European photon sources (LEAPS), the HZB sample
environment group plays a pivotal role in the develop-
ment of new sample environment standards and novel

equipment.

Approach: Our focus will be on state-of-the-art in-situ
and W#operando sample environment for soft-to-ten-
der X-ray investigations. We intend to combine a high
degree of standardization with M#high throughput and
complete W#automation. Standard sample holders
and advanced sample environment modules, like ge-
neric battery cells as well as “#operando reactor cells,
will be integrated into automated investigation routes
(see &Figure 6.10). One branch of these routes is sam-
ple preparation, characterization and measurement
of complementary data in the laboratory. Automation
there might include commercial solutions . The oth-
er branch covers X-ray studies at dedicated BESSY IlI
end stations. There cutting edge technology, e.g. na-
no-positioning or extreme unique sample conditions,
is required. Overall data exchange will be in standard
format, e.g. NeXus, HDF5. Continuous sample tracking

and FAIR metadata standards will be an integral part of

all sample environment equipment.

Complete “sample processing” at the instruments cov-
ers sample identification, even fabrication, end station
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and off-line measurements and all-in data analysis ca-
pable of closed loop feedback optimization. To support
time and spatially resolved experiments (M#dynamics,
&#high—res—imag), we will provide fast and precise po-
sitioning in the nanometer range. For experiments re-
lated to quantum and information technology research
(see WSection 4.3.2), where extreme temperature and
magnetic field environments are relevant, we will shift
limits and extend today’s available parameter space.

Impact: Standardized sample preparation and han-
dling procedures, complementary in-situ measure-
ments, and automation robots will raise key investiga-
tions, i.e. in catalytic reactions (see WSection 4.3.1) or
electro-chemical processes, on a superior level of rap-
id exploration. The establishment of more and better
possibilities for X-ray investigations under W#operando
conditions is bridging the gap between fundamental
science and applications. Joint developments with in-
ternational and industrial partners will further push in-
ternational standardization for the benefit of the world-
wide SR-user community.

6.2.3 Supporting Labs and Complementary Facilities

Goal: To round off the M#multimodal approach,
BESSY Il will provide access to beamline-near and on-
site support labs, that host many basic material synthe-
sis and characterization techniques as well as highly
advanced laboratory-based instrumentation. These
will allow extensive sample preparation and pre-char-
acterization prior to SR based experiments. Even more
important will be the opportunity of investigations
with advanced complementary techniques in addition-
al complementary facilities at HZB and on the Adlershof
campus (see ¥Figure 6.9) that accompany related ex-
periments at BESSY llI.

Expertise: Apart from supporting labs (beamline-near
and on-site) at BESSY ll, HZB is already operating a
number of CorelLabs, that will serve as blue-print for fu-
ture complementary facilities related to BESSY Ill. The
X-ray CorelLab provides a variety of X-ray diffraction
instruments for thin film, (micro-)structure, texture,
and residual stress analysis, as well as radiography and
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tomography, partly utilizing advanced metal jet X-ray
sources. The quantum materials CoreLab provides in-
strumentation for solid-state synthesis, single-crys-
tal growth, and the study of electric, thermodynamic,
and magnetic properties at a range of temperatures
(0.4 K-800 K) and high magnetic fields (up to 14 Tesla).
The CorelLab for Correlative Microscopy and Spectros-
copy (CCMS) is dedicated to support research projects
by means of state-of-the-art electron, ion and light mi-
croscopes. And finally, the Energy Materials In-situ Lab-
oratory (EMIL)™, located directly at BESSY II, combines
soft-, tender- and hard X-ray spectroscopic methods
with a variety of synthesizing, preparation and charac-
terization methods and allows both simultaneous in-si-
tu and W#operando measurements.

Approach: A state-of-the-art suite of beamline-near
and on-site supporting labs as well as complementary
facilities (CoreLabs) will be provided for BESSY Il us-
ers. Moreover, by demand of partner institutions and
the users, highly dedicated lab instrumentation will be
supplied and be a part of the experimental campaigns.
As an example from “Section 4.3.2, materials for future
quantum and information technology will be nanome-
ter-sized structures, prepared with advanced lithogra-
phy techniques from 2D layered precursors. Develop-
ment of such structured materials would greatly benefit
from corresponding sample preparation facilities being
available on-site. Necessary characterization techniques
to be supplied would be suited scanning probe micros-
copy SPM and electron microscopy, the latter preferably
combined with Lorentz microscopy and electron energy
loss spectroscopy EELS, indispensable tools also for ma-
terials and metrology applications.

Comparable facilities will be made available for the
systematic development of new materials, specifical-
ly those which are relevant, e.g., for energy storage or
green hydrogen production. Here, it is important to
provide on-site facilities for synthesis as well as equip-
ment for electro-chemical experiments and off-line
testing. For imaging of device prototypes, X-ray radiog-
raphy and tomography instrumentation based on met-
al jet hard-X-ray sources will be provided. In each case,
standardized sample environment and sample transfer
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to the BESSY Ill based analytics will support fast feed-
back loops for Mi#high throughput combinatorial mate-

rials and device optimization.

In any case, the detailed and reliable characterization
of complex materials requires the combination of dif-
ferent complementary methods with and without
synchrotron radiation on a common metrological ba-
sis (Sl traceability), which will be further developed in
cooperation with BAM and PTB, and thus an advanced
on-site laboratory infrastructure for sample prepara-
tion and characterization. In the field of catalysis from
WSection 4.3.1, first steps towards integrated research
have already been taken by the recently started Cat-

Lab [ project of HZB and MPG. Here, a novel synthesis
approach based on thin-film technology requires dedi-
cated on-site deposition tools with vacuum transfer to
the experiment for in-situ investigations by techniques
like XPS and XAS, accompanied by X-ray diffraction and
electron microscopy at on-site labs.

The present MX activities at BESSY Il may be regarded
as an already long working, successful example for in-
tegrated research, with its highly efficient interplay of
protein crystal synthesis, automatized sample selec-
tion and molecular structure determination based on
international standardization. As mentioned in ¥ Sec-
tion 4.3, the latter is the final step of a hierarchical im-
aging pipeline in health and life science investigations
discussed in ¥Section 4.3.3, that step-wise covers res-
olution length scales between a few microns (e.g., im-
aging of organs) and sub-nm (molecular assemblies).
While BESSY Il will provide X-ray microtomography,
cryo-X-ray microscopy, and MX, the full imaging pipe-
line will be accessible on-site by including lab-based
cryo-fluorensence microscopy and cryo-electron mi-

croscopy into a successor of the present CCMS CorelLab.

Impact: HZB will offer a wide suite of supporting labora-
tories and complementary facilities inside the research
campus that will support users of BESSY Il in the full
process of sample and materials synthesis, pre-char-
acterization, and extensive investigation by lab-based
experimental techniques complementary to the SR-
based studies. This integrated approach will optimize
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Figure 6.11: Schematic illustrating the SR-light source as part of the integrated research campus of the HZB and partners (dark and
light blue dots) in Berlin-Adlershof. The embedding into the Science and Technology Park Adlershof enables networking with scientific
on-site partners, more than 150 relevant high-tech companies (sketched by red dots) and a variety of scientific institutions (grey circles)
in the Berlin-Brandenburg science region. SEAlab and Supralab are facilities for superconducting accelerator R&D at HZB.

the efficiency of any of the research fields pursued at
BESSY IlI. It will therefore help speeding up innovation
cycles which are necessary to address the pressing
global challenges.

6.2.4 Research Campus

Goal: HZB currently operates two sites: the Lise-Meit-
ner Campus LMC in Wannsee and the WCRC in Adler-
shof, with a strong renovation backlog and moderniza-
tion delay in Wannsee combined with space potential in
Adlershof. The HZB campus strategy is to relocate and
concentrate its research focus and infrastructures from
the LMC to the WCRC in Adlershof. The aim is also a de-
velopment of the LMC for scientific research and knowl-

edge transfer and gradually opening the site for third
parties if necessary. The new light source BESSY Il as
the flag-ship project in Adlershof will be embedded in
a dedicated laboratory environment near to the beam-
lines, which is complemented by a suite of material
research infrastructures operated by HZB and its part-
ner institutions PTB and BAM forming an integrated

research campus within the Science and Technology
Park Adlershof. In-house and external users can apply
for beam time at the SR source, but also for access to
additional HZB and partner infrastructure linked to
BESSY Iil.

Expertise: Within the recent years, HZB has already
gradually developed towards an integrated research
campus within large projects like EMIL®Z, CatLabR¥
and also in close networking with the stakeholders PTB
and BAM, which directly share large laboratories with
BESSY Il (see WFigure 6.11). The PTB laboratory at HZB
and the MLS follow up on the experiments™ on black-
body radiation performed in Berlin more than 120 years
ago. The combination of a National Metrology Institute
(#quantitative) and a modern SR source remains unique.

Already with the start of the BESSYII project in 1993 at
the science site Adlershof, numerous high-tech compa-
nies and in the course of the 1990s-2000 the natural
science departments of the HUB as well as several Lei-
bniz Institutes as MBI, FBH, IKZ and the Helmholtz part-
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ner DLR have settled here (see light blue dots in WFigure
6.11). All of them are having strong ties with HZB in joint
projects, exchange of expertise and personnel as well
as technical support. With the construction of BESSY Il
and the commissioning in 1999, more companies in Ad-
lershof (e.g. red dots in ¥Figure 6.11) started a strong
networking with BESSY Il. Since the foundation of HZB
in 2009, there are more than 12,000 registered order
transactions of HZB with ca. 150 companies located on
the WISTA campus and intense networking activities
take place. Some of these companies are today global
players in their fields, like FMB, BESTEC and others, see
 Chapter 7.

Approach: Our approach is to further develop the exist-
ing campus WCRC in Adlershof and to integrate a green-
field facility BESSY Ill as flagship project to this campus
as a key infrastructure. With Metrology as one pillar of
the above mentioned triad and the direct embedding
of Germany’s National Metrology Institute (PTB) at
BESSY Il is worldwide unique. The Adlershof campusiis
located in the southeast of Berlin, near to Berlin airport
BER (30 min by public transport) and 45 Minutes away
from Berlin central station. The campus is embedded
in an excellent transport infrastructure and thus offers
the wide scientific landscape as well as non-scientific
advantages of direct connection to the diverse metrop-
olis. There are potential sites available where the foot-
print of the accelerator complex according to the ten-
tative design in ¥ Section 6.1.1 will fit in and even more
laboratories can be integrated with potential further
use of the BESSY Il accelerator building after the transi-
tion to the new source BESSY Ill. The approach follows
HZB’s strategic campus development that the WCRC
will further evolve as an integrated research campus
with focus on materials discovery, hosting all of HZB’s
in-house research. Research activities from the LMC in
Wannsee will be relocated to Adlershof. Additional lab-
oratory and office spaces on the WCRC will be created
with a focus on internal and external networking fully
in line with the WISTA strategy for the future of the Sci-
ence and Technology Park Adlershof as a whole.

Impact: HZB and various research institutes, the nat-
ural sciences departments of the HUB as well as many
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high-tech companies on the Science and Technolo-
gy Park Adlershof mutually benefit from the inspiring
neighbourhood and will keep driving innovation pro-
cesses. The realisation of a BESSY Il facility on the
WCRC in Adlershof will also strengthen and support

the strategy of the WISTA to further develop science

in Adlershof (MFigure 6.11) virtually along radial lines
with strong connections to surrounding local centres
of scientific and technical aggregation. BESSY Ill, with
its integrated research capabilities, will certainly add
attraction to Adlershof and raise respective interest of
new partners. This way, HZB maintains and extends a
unique science site in the German capital for the energy
transition, quantum computing and other challenges of
the future to come.

6.3 Data and Automation

Goal: Digital tools, perfectly tuned to the specific de-
mands of the scientific focus areas, are required to
fully exploit the new facility. M#high throughput op-
timized experimental conditions and #automation
preventing human errors minimize time to innovation
and save resources. HZB is committed to interweave
all data streams, linked with the operation of the light
source, the experiments and the complementary facili-
ties. Sample tracking, experimental conditions and se-
quences, data analysis and decisions, published results
and curated FAIR data sets, will be covered and availa-
ble to machine learning (ML) analysis.

Ubiquitous connectivity and high quality of service
(QoS) will be provided everywhere to allow for reliable
remote, automated and autonomous experimentation.
Acquiring complete W#quantitative validated meta
data describing experimental settings from X-ray en-
ergy, intensity, polarization, via instrument set-up like
focal spot, timing, mechatronics, to sample life cycles
tracked from synthesis, preparation to positioning, am-
bient and W#operando conditions will initially mean
higher costs for hardware and installations, but will
pay off in sustainable operation and allows to guaran-
tee the necessary data veracity. Ultimately the digital
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Figure 6.12: Sketch of the automation framework Bluesky *° as a rich experiment control software ecosystem. Features
include ophyd, a device abstraction layer overcoming the flat EPICS data model, bluesky, a run engine covering experiment design,
data acquisition, -analysis and -handling flow control and databroker, providing native connectivity to nearly any

extending python based scientific toolkit.

environment for BESSY Il needs to be qualified for a
continuous curation of ground truth data, providing a
unique, valuable, and reliable repository of FAIR data,
given back to the funding society.

Expertise: BESSY, as well as the PTB, participated early
onin EPICS, today a well known international, lab span-
ning controls collaborations. Cooperation of this ever
renewing, globally distributed group of open mind-
ed, helpful experts on the best technology of its time,
boosts every participant’s potential and has a compel-
ling standardization effect. BESSYIl and MLS controls
groups still benefit from the innovative power of today’s
projects of scale, like ESS, ITER, LCLS II. Around 2019 a
new collaboration, called Bluesky %1% emerged from

the five US light sources and spreads around the globe.
The Bluesky python ecosystem (M Figure 6.12) is a pow-
erful match to the controls requirements of beamlines
and instruments, well suited to adaptive experimen-

tal data acquisition. Remote workflow management
is supported by Tiled, a data access and manage-
ment extension of the Bluesky constituent databroker,
see WFigure 6.12. Adaptive Bluesky supports auton-
omous decision making. HZB has been an early Euro-
pean Bluesky adopter and is now a full member of the
rapidly evolving global collaboration. HZB is strong in
modelling the source, accelerator to beamline, improv-
ing operations with reinforcement learning, and deep
learning surrogate models with reverse mapping ML
methods.

Approach: The BESSY Il control system, diagnostics
and data acquisition hardware will form a distribu-
ted, fine-grained architecture, that accommodates the
abundance of sensors, actuators, motors, robots and
complex subsystems, required by the highly autono-
mous, remote controlled operation®!4, Components
range from system on chip (SoC), front end, signal con-
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position, focus,
energy, polarization
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Figure 6.13: A schematic of autonomous experimentation balancing exploration, i.e. learning the landscape of the parameter space,
approaching the objective function, and exploitation, i.e. attempting to rapidly achieve relevant results, trying functions as optimized.
Sample model development and uncertainty removal are best guided by simulations and checked against FAIR data bases.

detector image

ditioning units, desktop and edge computing set-ups
capable of near real time data analysis, to computer
center rack systems, hosting a variety of virtual instan-
ces (Docker, Kubernetes, etc.), resource balanced with
external cloud services. Since vast requirements on
IT resources easily exceed HZB capabilities, BESSY IlI
concentrates on performance critical installations at
the instruments, and rely on shared, federated storage
and compute infrastructures, emerging from DAPHNE-
4-NFDI, ErUM-Data, ExPaNDS, EGI. Affiliation to these
community approaches provides guard rails to best

practices, supports exchange of solutions, while limit-
ing back bounces from the IT infrastructure resource
consumption on the carbon footprint. In protection of
health and assets, safety (SIL), industrial control (ICS)
and cyber security standards will be applied.

To make the best out of the digital toolbox, compo-
nents need to be orchestrated and optimized on the
applications, specific for BESSY Ill W#high-res-spec-
tro, Mi#dynamics, W#operando, M#multimodal™¥ etc.

instruments. Integration, synchronisation and protec-
tion capabilities are guaranteed by software, timing and
security interlock frameworks, provided by BESSY Ill. In
addition, data access and manipulation software have
to fulfill data policy standards and user experience ex-
pectations. Scientists taking advantage of the LEAPS
light sources complementary opportunities, swapping
facilities as experimental approaches change, want to
be familiar with common data handling and portable
and secure facility access interfaces.

Digital twins in its various forms (trained data, simula-
tions, hardware substitution) and functions (integrity
checking, process tuning, teaching, preparation and
training) will be essential to the BESSY Il software in-
ventory and corner stone to robust operations.

High beam intensities focused on tiny spots easily
destroy samples under study. Parallel data capture,
via large and fast area and multi-channel detectors,
will optimize processes and minimize beam time on
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target. Facilities have to tame the resulting data deluge,
but scientists need to be certain, that intelligent data
reduction discards only noise and background and
signals are safely detected *4 %%, Recent detector de-
velopments merge photon counting and charge inte-
gration into incremental digital read-out, enabling trig-
ger-less, zero-suppressed image read out™¥, handling
very high photon fluxes in the detector and relaxing
HPC data analysis.

Moreover, relevant signals must not be overlooked by
autonomous adaptive processes, involved in tuning
from coarse to fine, and reaching for high exploration
speed. Multi-lenghtscale modeling, FAIR knowledge
data bases, Al methods of decision making ™ will pro-
vide good predictive reasoning, the base for reliable
#high throughput. Smart parameter scans (Figure
6.13) will be made available and tailored to e.g. “#mul-
timodal applications, for a W#quantitative example see
WFigure 4.54%, In comparison with brute force meth-
ods, relevant sample states, compositions or orienta-
tions are more likely found 118119 by this methodology,
even under “#operando conditions. Closed loop auton-
omous workflow that includes self-driving labs 2%, e.g.
in the synthesis and characterization part sketched in
Figure 6.10, will further accelerate targeted discovery

of materials.

Impact: Digital means are key to optimal use of availa-
ble beam time, saving operational costs. Cutting down
unproductive dead times maximizes accessibility to
the precious facility. Intelligent autonomous experi-
mentation reduces the turnaround time from idea to
scientific verification and demonstration of innovative
applications. Al supported sample synthesis and han-
dling reduces valuable material spending. A big share
on digital tools within the overall project plan elevates
sustainability of the facility significantly: most valuable
in terms of relevance and longevity of scientific data
acquired. A high degree of automation has a democra-
tizing effect on science made available by this new light
source. Costly expert training on instrument specifics
is no more prerequisite for access to state-of-the-art
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X-ray experiments. Common remote operation tools
and a familiar user access experience brings facilities to
the scientists, saving travel time and energy.
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7. Opportunities for Economy

and Industry

Goal: Achieving direct economic and technological
impact in key areas for climate neutrality requires a
significant acceleration of innovation. This demands a
deep integration of disruptive materials research and
industrial technology development through establish-
ing long-term strategic partnerships with industry part-
ners. BESSY Il aims at facilitating accelerated innova-
tion cycles in three sectors as in ¥Figure 7.1.

Firstly, BESSY Il will push the envelope in technological
development during the construction phase, creating nu-
merous opportunities for joint developments between
HZB and industry. Secondly, the tailored lab environment
and unique facility capabilities will attract leading indus-
trial companies, making BESSY Il an easily accessible
and valuable tool for industry. Third, BESSY Ill will facili-
tate the establishment of longterm partnerships between
HZB and industry in joint R&D projects to boost technol-
ogy transfer and to enable the generation of start-ups.

Expertise: During the BESSY Il construction and op-
eration phases local SMEs, e.g. FMB, SPECS, BESTEC,
grew to hidden champions and leaders in their market

segment. Those companies have benefited from devel-
opment partnerships and the opportunities to provide
high-tech equipment to be operated successfully at
BESSY Il. The most prominent example of an industri-
al impact of BESSY Il is the rise of a small technology
firm FMB to the major international players in vacuum,
beamline and endstation technology.

BESSY Il regularly serves industrial users, in particu-
lar for drug development, residual stress analysis, de-
velopment of photoresists for lithography processes,
surface hardening or analysis of semiconductor de-
vices. Moreover, HZBs partner PTB uses BESSY Il to

serve their various industrial customers (e.g. Zeiss SMT,
ASML, DECTRIS) in metrology material purity analysis
and radiometry. A prominent example is the develop-
ment of resists and optics for EUV-lithography enabled

Technology
development

Transfer of
technology and
knowledge

Figure 7.1: The three sectors of
opportunities for economy and
industry.
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by our strategic partner PTB within their cooperation
with Zeiss SMT and ASML. EUV-lithography is now the
most advanced manufacturing technology for the fab-

rication of microprocessors.

BESSY Il enables a dynamic ecosystem for innovation.
Examples are X-ray microscopy development (Axilon
AG), special sample holders for protein crystallography
(Jena Bioscience GmbH and a spin-off, Crystal Factory
Growth Biotech UG) or optical metrology (Zeiss SMT)
either in R&D cooperation or licensing of patents. HZB
also advises companies and provides them with know-
how, e.g. through licensing agreements with Research
Instruments GmbH (RI) and Vacuumschmelze GmbH &
Co. KG, together with SEAlab and Supralab as test-beds
for advanced superconducting RF components. During

the years 2010 to 2020, user research and development
at BESSY Il resulted in 281 patents granted to BESSY Il
scientists and technicians and 420 BESSY-related publi-
cations which are cited in 1059 patents.

Approach: HZB is currently intensifying the cooper-
ation with local and national and international indus-
trial companies for the development of components
and equipment for the new facility. In joint develop-
ment partnerships HZB will drive forward emerging
technologies, e.g. additive manufacturing of vacuum
chambers, development of state-of-the-art undulators,
or implementation of sustainable and energy efficient
permanent magnets for bending and focusing the elec-
tron beam.

As avital part of its innovation strategy, HZB is expand-
ing long-term strategic partnerships with selected in-
dustry partners already at an early stage of research
and development, in particular in the currently emerg-
ing fields of energy storage and quantum materials.
As part of the integrated research facility approach, a
dedicated “Innovation Center for Sustainable Tech-
nologies” will enable new possibilities for cooperat-
ing on-site within “companies on campus” models in
a dynamic science-entrepreneurship ecosystem. Fast
and flexible facility access is guaranteed by assigning a
certain number of shifts at relevant experiment endsta-
tions to the industry cooperation. Standardization and
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\#automation of experiments and fast data analysis
tools will enable “i#high throughput and short exper-

imentation cycles.

Recently initiated strategic collaborative projects Cat-
Lab and Care-0O-Sene in the area of catalysis will serve
as blueprints for accelerating innovation in joint user
consortia. BASF is the prime strategic partner within

CatLab for the development of novel thin-film catalytic

systems. Care-O-Sene is a high priority project in col-
laboration with the internationally leading company in
Fischer-Tropsch process, Sasol Ltd., on novel catalysts
for the production of sustainable aviation fuel. Flexible
access to the facility, swift characterization of potential
catalytic materials and unique “#operando and in-situ
capabilitiesin a tailored lab environment including staff
assistance are key for successful collaboration in a pub-
lic-private partnership. In close feedback loops with
the involved companies, these blueprints will guide the
developmental phase for BESSY Ill. At BESSY Il we have
already started new initiatives and developments in
terms of industry-ready services and entrepreneurship
as a career. These new developments are anticipated
to mature within BESSY Il to become part of daily life at
BESSY IIl.

In addition, PTB and BAM already intensively serving in-

dustrial partners will double their activities at BESSY Il
leveraging the impact of the new facility for industry
or industry-related research. Both PTB and BAM are in
part acting as intermediary service provider, who es-
tablish standard procedures for industrial users. Inter-
mediary service companies can act as a link between
facility and industrial customer and offer all services
that industrial users need.

Impact: The opportunity for the successful develop-
ment of technologies and components and their prov-
en performance and usability will allow the involved
local and national industry to achieve worldwide visi-
bility and to become a global market leader. Technolo-
gy development in additive manufacturing for instance
can have a major impact on production of devices suit-
able for UHV applications, which is highly relevant not
only for the SR community, but also for applications in
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other fields of research and industrial applications like
chip manufacturing. A mature additive manufacturing
of UHV components demonstrated in the BESSY Ill con-
text certainly will position the company to gain leader-
ship in this market.

Through our design of an integrated research campus
(see W Chapter 6), we will expand strategic partnerships
with industry through new formats of cooperation on
the Science and Technology Park Adlershof and cre-
ate an innovation culture that deeply integrates sci-
ence and entrepreneurship. This will massively accel-
erate technology transfer to develop new sustainable
technologies for green energy solutions and stimulate

start-ups and spin-offs in an innovation ecosystem. The
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establishment of industry-ready services and the em-
bedded entrepreneurial culture at BESSY Il will gener-
ate a constant stream of transfer results, incl. spin-offs
and cooperations with industrial partners.
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8. Cost Framework

To realize the requirements for the source and the
scientific-technical infrastructures outlined in %Chap-
ter 6, the HZB has drawn up the cost framework for the
construction of BESSYIIl (basis: cost levels 1V/2021).
Starting point for the developmentof the cost frame-
work was a thorough cost estimate for the accelerator
complex, insertion devices, beamlines and experimen-
tal infrastructures and a detailed analyses of the per-
sonnel and lab space requirements for BESSY lll. The
analysis was also compared with the existing experi-
ence at BESSY Il and data available from other facilities
in operation, construction, or planning. Based on this
analysis the space needs beyond the large-scale facility
have been forecasted. The used characteristic values
correspond to those which are usual in the research
sector. The following key points were assumed:

. The footprint of the planned facility is feasible
on the available construction site in Berlin-
Adlershof.

. The entire staff for the operation of the BESSY Il
facility will be accommodated in the new
building complex.

. BESSY Il will provide significantly more
laboratory space for BESSY llI-related research
(integrated research approach).

. The space development within the framework
of BESSY Il is taken into account in the cross-
site structural HZB campus development and
possible synergies and space savings will be
identified at an early stage.

8. Cost Framework

Building and technical building
infrastructure (C1)

The available construction site in Berlin-Adlershof has a
gross area of 44,500 m?, thereof a footprint of 29,300 m?
will be used for construction (66% occupancy). This in-
cludes storage ring building (21,700 m?) as well as ad-
jacent office and laboratory buildings (7,600 m?). The
office and laboratory space are planned to be realized
as three-storey buildings. In the personnel planning for
BESSY Il it is currently assumed that 480 people will
be located on site to operate the research facility at full
capacity. This assumption includes the requirements
of the strategic partners PTB and BAM (75 researchers)
and spaces for users. Together with the storage ring
building approx. 48,300 m? of gross floor space can be
realized consisting of:

. 17,600 m? for large equipment/ring

. 29,700 m? for office, laboratory, storage
buildings (thereof 6,400 m? offices)

1,000 m? for supply engineering buildings

The required assembly area (6,500 m?) is not intended
to be part of the facility on the new site. This assembly
and storage building will need to be erected on the HZB
campus before the start of the BESSY Ill construction.

Accelerator complex (C2)

The accelerator complex includes the electron source
with injector LINAC, the 1 Hz low emittance combined

function booster synchrotron (to be installed within the
same tunnel as the storage ring), the storage ring itself
and all the related infrastructures for the operation of
the accelerator complex, including control system en-
vironment. The interface to the beamlines is defined to
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be the last valve of the front-end systems, as they are
part of the storage ring vacuum system. So, cost wise
the front-ends are included here. The investment costs
for all technical infrastructures for air- and water-cool-
ing systems, supply of electrical power, gases, cryo
cooling, etc. are not covered here, as they are account-
ed for in the costs for building and technical infrastruc-
tures (C1). The cost framework for the machine is based
on the current assumptions that HZB will pursue a rath-
er conservative approach for the chosen technologies
of the accelerator complex, relying largely on already
existing or presently developed technologies and con-
cepts, see ¥Section 6.1.1. For the accelerator complex
some detailed analyses of the sub-system costs have
been done. These estimates are partly based on our
own experience, e.g. for the fundamental and harmonic
RF-systems or the NEG coated vacuum systems, where
we could rely on our experience with the bERLinPro /
SEAlab, or on cost overviews made available from other
labs and scaled to the size of our facility. Wherever nec-
essary, costs have been adjusted to the 1V/2021 price
base.

Experimental infrastructure (C3)

For the start of BESSY Ill operation, a 60% (24 of max.
42) utilization of the potentially available experimen-
tal facilities at the storage ring is assumed, including
the requirements of the strategic partners PTB and
BAM. This will guarantee a competitive user operation
already during the first year of operation. The remain-
ing free capacity will ensure that the research facility
BESSY Ill has sufficient potential for further develop-
ment and the integration of the needs of future part-
ners or industrial consortia. The shown cost framework
considers 8 new insertion devices (ID), 16 ID beamlines,
8 dipole beamlines, and 24 experimental endstations
each. Also here, the costing relies on HZB experience
with recently planned and realized projects in this field
and estimations based on data provided by other labs.
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Scientific computing, automation, and
laboratory equipment (C4)

To maximize the efficiency of the facility, BESSY Il
will provide on-site experimental infrastructure and
laboratories for basic material synthesis and charac-
terization techniques as well as highly advanced lab-
oratory-based analytic methods. This is interweaved
with reliable automated, remote and autonomous ex-
perimentation, advanced real-time data analysis and
decision making, and calibrated data sources. Empha-
sis on quality will initially lead to higher costs for hard-
ware and installations, even if curation, storage and
accessibility of the FAIR data and published results is in
large parts covered by federated infrastructures (NFDI).
Eventually the extra effort will pay off in sustainable,
efficient operation and guarantee the necessary data
integrity for the scientific community.

Property, replacement areas,
development (C5)

The ground reference value of the available con-
struction site in Berlin-Adlershof has been taken into
account (BORIS, cost level IV/2021). Since the area
is a green recreation area and partly in use, costs for

replacement areas are required. Further costs result
from the development of the property (fresh water and
wastewater, electricity, heating, ...)

Sustainability (C6)

With BESSY Ill, HZB aims to rigorously pursue the path
of a sustainable, future-oriented research infrastruc-
ture. Resource-efficient building materials with the
lowest possible carbon footprint are already used in
construction and can also be reused where possible.
Energy- and resource-efficient accelerator components
contribute to sustainable scientific expansion. The
building itself should produce energy that is then used
in the facility. Waste heat generated in the experiments
and the infrastructure will be reused on the campus.

Implementation increases the initial investment costs
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for the new facility. However, these costs are amortized
several times over the life cycle. The cost projection as-
sumes a 15% surcharge for the building (C1) and ma-
chine (C2).

Operating costs

As first classical estimate it can be assumed that the ex-
pected operation costs can be estimated to be ca. 10%
of the construction costs (C1-C4). This estimate also
includes operation costs to be covered by PTB and BAM
who will be likely to use 15% of the BESSY Il operation
capacity. It is nevertheless inevitable to reduce the en-
ergy consumption to a maximum tolerable limit and
to include local energy sources such as PV or thermal
heat (C6).

8. Cost Framework
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Life Cycle of BESSY llI

The life cycle of the BESSY Il facility and the building
infrastructure must be viewed in different phases (\¥see
WFigure 9.1).

After planning (phase 0) the first phase covers con-
struction from 2029 on. Approaching phase 2 the fa-
cility comes to real life with commissioning of the ma-
chine, beamlines and endstations (planned for 2035)
at a capacity of 60%. In the following years, expansion
of the capacity towards full operation in phase 2 will
take place. After about 15 years in phase 2, a "major
upgrade” of the facility is envisioned. This will allow
for another at least 15 years in phase 3. During the pre-
dicted approximately 35 years of operation, continuous
investments will be made in the modernization of the
facility, the experimental stations, and the laboratory
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infrastructure, with a volume of up to about 3% of the
replacement asset value (RAV) per year. At the end of
operation, large parts of the technical infrastructure
will be dismantled. As we will follow a concept of con-
centrating beam losses to a small number of localized
and individually shielded collimators, we do not expect
in general any issues with the re-usage or disposal of
the main fraction of the accelerator components. Fol-
lowing dismantling of the accelerator complex and
beamlines, the building infrastructure can be used al-
ternatively for another 25 years. At the end of the cycle,
the building will be dismantled and the area renatural-
ized. The full building life cycle in this case covers 80
years, of which the building is in operation for 60 years.

BESSY Il
Lifecycle
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Figure 9.1: Illustration of the BESSY Il lifecycle with HZB’s, German and EU climate targets marked by arrows.
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Sustainable building, sustainable
operation

Taking into account the EU target of reducing CO, emis-
sions by at least 55% compared to 1990 levels by 2030
and climate neutrality by 2050, as well as the HZB’s
goal of greenhouse gas-neutral research by 2035 and
Germany’s national goal of greenhouse gas neutrality
by 2045 (see “Figure 9.1), the current planning results
in corresponding requirements for the building. With
BESSY lll, HZB is aiming at the highest possible stand-
ards of sustainable buildings as defined by the DGNB
and BNB (the federal government’s portal to the sus-
tainable construction rating system). Both, the DGNB

and the BNB evaluation scheme considers the overall
performance of a building based on the criteria: envi-
ronmental and economic quality as well as sociocultur-
al-, functional-, technical-, process-, and site quality.

Determining land requirements in line with realistic
needs forms the basis for the economical use of subsoil.
During construction of the facility, the focus is particu-
larly on the use of resource-conserving building mate-
rials, the construction and operation of a resource-sav-
ing and climate-adapted building shell. Energy-efficient
building technology and accelerator components in
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addition to the integration of renewable energies and
recycling and reuse of excess heat as well as innova-
tive air conditioning, are intended to make the energy
intensive research operation sustainable as depicted
in WFigure 9.2. Within the accelerator complex we will
use permanent magnets for accelerator bending mag-
nets and hybrid magnets for most of the quadrupoles.
In addition, in a system approach, we will be an on-site
source of renewable energy from e.g. PV and geother-
mal cooling/heating capacities. A first estimate sug-
gests that the facility can produce an energy equivalent
of at least 3 GWh/a. The facility is expected to consume
0 GWh/a of thermal energy through the use of the facil-
ities’ waste heat; instead, the surplus heat will be used
to supply the entire HZB campus. Possible cooling by
geothermal energy is being analyzed and will be veri-
fied in the further course of planning. In this way, the
BESSY Il facility will become part of the campus ener-
gy system when in operation.

integrated photovoltaics
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Figure 9.2: BESSY Ill - a sustainable research infrastructure.
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Options for the BESSY Il building
infrastructure

HZB is planning to expand the site as a logical conse-
quence of the relocation of research activities from the
Wannsee campus (LMC) following the decommission-
ing of the BER Il research reactor. At the same time,
areas as LMC that become available are to be opened
up for scientific activities by and with third parties. The
expansion of HZB's Adlershof campus (WCRC) will build
on the existing network at the Science and Technology

Park Adlershof. The relocation offers the opportunity
for better HZB-internal cooperation and the promotion
of informal contacts and exchange.

The space at the existing BESSY Il campus that will be
freed up by the construction of BESSY Il will be adapt-
ed to the new use but can largely continue to be used in
its existing form. With the commissioning of BESSY IIl,
about 3,700 m? of office space and 1,700 m? of laborato-
ry space will become available in the existing BESSY Il
building complex in walking distance to BESSY Il
In addition, the BESSY Il storage ring hall comprises
about 8,600 m? and can be converted into a combined
laboratory and office complex with a capacity up to
16,000 m? net floor space according to current projec-
tions. These free room and space capacities will be
used by HZB as part of the concentration/consolidation
of the HZB research activities on the WCRC in Adlershof.

The BESSY Il building is ideal to host very sensitive re-
search equipment and lab technology like cryo elec-
tron microscopy, e-beam-writing, zone plate and
grating production, at wavelength surface finishing of
X-ray mirrors, X-ray optics coating technology and even
quantum computers. The ring-shaped 0.6 m thick slab
of 112 m outer diameter and specific road reinforce-
ments of the Ernst-Ruska-Ufer nearby have been de-
signed for BESSY Il to efficiently damp away vibrations
from civil noise and traffic.
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10. Community

The user community is addressed in various ways, e.g.
through the involvement of the German Committee
for Research with Synchrotron Radiation (KFS), in reg-
ular project updates at the BESSY Il User Committee,
and on the occasions of the BESSY Users Meeting. The
Scientific Motivation was developed on the basis of 15
international expert workshops and foresight work-
shops that addressed strategically relevant topics for
BESSY Ill, e.g. Magnetization Dynamics and X-ray Mi-
croscopy, Heterogeneous Catalysis and Chemistry on
Surfaces, Correlated Materials and Antiferromagnets,
Life Science Research, Materials Design/High-through-
put Experimentation, Materials Metrology, Energy stor-
age and Batteries, Energy conversion and harvesting,
Information Technology. More than 150 participants
contributed their expertise (\see below).

Scientific Expert Workshop Series,
HZB 2020-2022 Contributors

The Scientific Motivation was developed on the basis
of 15 international expert workshops that addressed
strategically relevant topics for BESSY lIl. In addition to
the authors and contributors listed in the imprint, more
than 150 participants contributed their expertise.

Contributors in alphabetical order:

Philipp Adelhelm (HU Berlin and HZB), Alun Ashton (PSI, Villigen,
Switzerland), Christian Back (TU Miinchen), Nick Barrett (CEA
Saclay, France), Burkhard Beckhoff (PTB), Eva Benckiser (MPI
FKF Stuttgart), Jesper Bendix (Univ. Copenhagen, Denmark),
Martin Beye (DESY, Hamburg), Manuel Bibes (UMP CNRS/Thales,
Palaiseau, France), Silvana Botti (Univ. Jena), Christoph Brabec
(FAU Erlangen-Niirnberg), Valeria Bragaglia (IBM Riischlikon,
Switzerland), Nicholas Brookes (ESRF, France), Gunther
Brunklaus (Miinster Electrochemical Energy Technology),

Valerii Bukhtiyarov (Boreskov Institute of Catalysis; Russia),
Carsten Busse (Univ. Siegen, Germany), David Cahen (Weizmann
Institute, Israel), Ute Cappel (KTH Stockholm), Benedetta

Casu (Univ. Tiibingen), Majed Chergui (EPFL Lausanne,
Switzerland), Andrii Chumak (Univ. Kaiserlautern), Tulio C. R.

da Rocha (CNPEM, Brazilian Synchrotron Light Laboratory),
Siinje Dallmeier-Tiessen (Helmholtz-Gemeinschaft), Serena de

10. Community

Beer (MPI-CEC Miihlheim), Robert Dinnebier (MPG Stuttgart),
Claudia Draxl (HU Berlin), Jan Dreiser (PSl, Villigen, Switzerland),
Catherine Dubourdieu (HZB), Hermann Diirr (Uppsala Univ.,
Sweden), Rudiger Eichel (FZJ), Norbert Esser (ISAS, Berlin),
Mattis Fondell (HZB), Kelly Gaffney (Stanford Univ. PULSE,
U.S.A.), Martin Gall (Globalfoundries Malta/NY, U.S.A.), Hubert
Gasteiger (TU Miinchen), Jochen Geck (TU Dresden), Oliver
Gessner (Berkeley Lab, U.S.A.), Giacomo Ghiringhelli (Politecnico
di Milano, Italia), Mark Golden (Univ. Amsterdam, Netherlands),
Heike Gorzig (HZB), Joachim Gréfe (MPI-IS, Stuttgart), Luca
Gregoratti (ELETTRA, Italia), Alexander Griineis (Univ. Koln),
Jan Dierk Grunwaldt (KIT), Sebastian Glinther (TU Miinchen),
Christian Gutt (Univ. Siegen), Yoshihisa Harada (ISSP, Univ. of
Tokyo, Japan), Paul Harten (HZB), Michael Haumann (FU Berlin),
Maurits Haverkort (Univ. Heidelberg), Georg Held (DIAMOND LL,
UK), Jan Philipp Hofmann (TU Darmstadt), Stephan Hofmann
(Univ. Cambridge, UK), Christian Jooss (Univ. Géttingen), Bernd
Kaestner (PTB), Stefan Kaskel (IWS Fraunhofer), Bernhard
Klozter (Univ. Innsbruck, Austria), Norbert Koch (HU Berlin

and HZB), Christoph Koch (HU Berlin), Suhas Kumar (Hewlett
Packard, Palo Alto, USA), Emil List-Kratochvil (HU Berlin and
HZB), Thomas Lohmiller (HZB), Alfred Ludwig (Ruhr-Univ.
Bochum), Dimitry Marchenko (HZB), David Mecerreyes (POLYMAT
Univ. of the Basque Country UPV/EHU, Spain), Apurva Mehta
(SSRL, SLAC, Stanford, USA), Guido Meier (MPI-SD, Hamburg),

Y. Shirley Meng (Univ. of California San Diego), Rajmund Mokso
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Glossary

AFM Atomic Force Microscopy [23]

Al Artificial Intelligence [17, 19, 29, 42, 43, 47, 54]

ALBA Sunrise in Spanish, ALBA SR facility, Barcelona, Spain [36]
ALS Advanced Light Source, LBNL [32, 36]

APPLE Advanced Polarized Photon Light Emitter [39, 40, 41]

ARPES Angle-Resolved Photo-Emission Spectroscopy [15, 22,
23,28, 46]

ARPES 13 and 12 BESSY Il photoemission stations, ultra high
resolution X-ray excitation, electron energy analyser, sample
temperature, short: ImeV x 1meV x 1IK=13 and 1meV x 1meV =
12 [45, 46]

ASML Advanced Semiconductor Materials Lithography -
https://www.asml.com/en/company [55, 56]

BAM Bundesanstalt fiir Materialforschung und -priifung, Berlin
[8, 11, 27, 28, 29, 30, 35, 41, 46, 49, 50, 56, 58, 59, 60]

BASF Badische Anilin- und Sodafabrik [56]

BEIChem Berlin Joint Lab for Electrochemical Interfaces
[30, 45, 48]

bERLinPro The Superconducting Energy-Recovery LINAC
Project at HZB [59]

BESTEC Bestec GmbH Berlin [51, 55]

BMBF Bundesministerium fiir Bildung und Forschung, German
Federal Ministry of Education and Research [14, 15]

BNB Bewertungssystem fiir nachhaltiges Bauen [12, 62]
BORIS Bodenrichtwert Informationssysstem [59]

Care-0O-Sene Catalyst Research for Sustainable Kerosene -
https://care-o-sene. com/en/ [48, 56]

CatLab Catalysis Laboratory MPG/HZB [8, 20, 22, 48, 49, 50, 56]
CCMS Correlative Microscopy and Spectroscopy CorelLab [49]
CDI Coherent Diffractive Imaging [16, 46]

CDR Conceptual Design Report [36, 38, 41]

CERN Conseil Européen pour la Recherche Nucléaire, European
Organization for Nuclear Research, Switzerland [46]

CF Combined Function [37]

CoreLab Complementary Labs at HZB in user operation [48]
cPGM collimated Plane Grating Monochromator [42, 43, 44, 46]
CPMU Cryogenic Permanent Magnet Undulator [32, 33, 39, 40, 41]

cw continuous wave [35]
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DALI Upgrade Proposal DALI, HZDR, Dresden [28, 29]
DAPHNE DAta from PHoton and Neutron Experiments [11]

DAPHNE4NFDI consortium consists of experts of the pho-
tons and neutrons communities, it interacts with users and
scientists at large scale infrastructures as well as with other
NFDI-consortia. [53]

DCM Double Crystal Monochromator [42, 43]
DDL Helmholtz Distributed Detector Lab [46]
DECTRIS - DECTRIS Detector company, Switzerland [26, 46, 55]

DESY Deutsches Elektronen-Synchrotron, Hamburg [28, 36, 42,
46]

DGNB German Sustainable Building Council [12, 62]
DLR Deutsches Zentrum fiir Luft- und Raumfahrt [51]
DOPU Double Period Undulator [33, 41]

EELS Electron Energy Loss Spectroscopy [49]

EGI - EGI Federation, Advanced computing for research,
https://www.egi.eu [53]

EM Electron Microscopy [45]

EMIL Energy Materials In-situ Laboratory, HZB, Berlin [30, 36,
39, 41, 43, 45, 46]

EOSC European Open Science Cloud [11]

EPICS Experimental Physics and Industrial Control System.
EPICS provides a software infrastructure for use in building
distributed control systems to operate devices such as Particle
Accelerators, Large Experiments, major Telescopes, etc. [52]

ErUM - Data action plan, from Big Data to Smart Data: Digitiza-
tion in the basic research in the natural sciences [11, 53]

ESA European Space Agency [26, 46]

ESRF European Synchrotron Radiation Facility, Grenoble,
France [14]

ESRF-EBS ESRF - Extreme Brilliant Source upgrade, Grenoble,
France [8, 10, 14]

ESS European Spallation Source, Lund, Sweden [52]

EU European Union [34, 62]

EUV Extreme Ultraviolet [26, 28, 55, 56]

EUXFEL European X-ray free-electron laser, Hamburg [29]

ExPaNDS European Open Science Cloud (EOSC) Photon and
Neutron Data Service [11, 53]

FAIR Findable, Accessible, Interoperable, Reusable (or Repur-
posable) [11, 17, 27,34, 41,52, 53, 54, 59]

FAIRmat FAIR data infrastructure for condensed-matter
physics and the chemical physics of solids [11]


https://www.asml.com/en/company
https://www.egi.eu/
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FBH Ferdinand Braun Institut fir Hochfrequenztechnik, Berlin
[50]

FEL Free-Electron Lasers [16]

FHI Fritz-Haber-Institut - Max-Planck-Gesellschaft, Berlin
FIB Focused lon Beam [16, 46]

FMB Feinwerk und Messtechnik GmbH Berlin [51, 55]

FUB Freie Universitat Berlin [45]

FWHM Full Width at Half Maximum [35]

GDP Gross domestic product [20]

Gl Grazing Incidence [26, 27]

HDFS5 Hierarchical Data Format, a set of file formats designed
to store and organize large amounts of data. [48]

HHC Higher Harmonic Cavity [36]

HOA Higher Order Achromat [37]

HOM Higher Order Modes [34, 36]

HPC High Performance Computing [54]

HUB Humboldt-Universitat zu Berlin [45, 50, 51]
ICS Industrial Control System [53]

ID Insertion Device [36, 39, 40, 43, 59]

IKZ Institut flr Kristallziichtung Berlin [50]

IR Infrared [26]

ITER International Thermonuclear Experimental Reactor,
Cadarache, France [52]

IVUE In-Vacuum undulator, Elliptical polarization [33, 40, 41]

IVUE32 In-Vacuum undulator, Elliptical polarization, with a
period length of 32 mm [39]

KFS Committee for Synchrotron Radiation - the body elected
by the user community to represent user interests [14, 64]

KIT Karlsruher Institut fiir Technologie, Karlsruhe [46]
LCLS LINAC Coherent Light Source, SLAC, USA [52]

LEAPS League of European Accelerator-based Photon Sources
[9, 28, 36, 45, 46, 48, 53]

LINAC Linear Accelerator [36, 58]

LMC Lise-Meitner Campus of the HZB in Berlin-Wannsee [50, 51,
63]

MAX IV the MAX IV facility, Lund, Sweden [32, 35]

MAXYMUS MAgnetic X-raY Microscope with UHV Spectroscopy
[45, 46]

MBA Multi Bend Achromat [22, 29, 31, 35, 36, 37, 38, 41]
MBI Max-Born-Institut, Berlin [50]

MDC Max-Delbriick Zentrum fiir Molekulare Medizin in der
Helmholtz-Gemeinschaft [25]

MEMS Micro-Electro-Mechanical Systems [48]

Micro CT Micro Computed Tomography [27]

Annex

ML Machine Learning [43, 51, 52]

MLS Metrology Light Source, PTB [26, 29, 34, 35, 50, 52]
MPG Max-Planck-Gesellschaft [20, 49]

MX Macro-molecular Crystallography [11, 25, 44, 49]

MYSTIIC Microscope for X-ray Scanning Transmission In-situ
Imaging of Catalysts [46]

NASA National Aeronautics and Space Administration [46]
NEG Non-Evaporable Getter [37, 59]
NEXAFS Near Edge X-ray Absorption Spectroscopy [17, 19]

NeXus NeXus is a common data format for neutron, x-ray,

and muon science. It is being developed as an international
standard by scientists and programmers representing major
scientific facilities in order to facilitate greater cooperation in
the analysis and visualization of neutron, x-ray, and muon data.
(48]

NFDI Nationale Forschungs Daten Initiative [11, 53, 59]

NMR Nuclear Magnetic Resonance [37]

PEEM Photo Electron Emission Microscopy [45, 46]

PerMaLlC Permanent Magnet LEAPS Internal Collaboration [36]

PETRAIII/IV Synchrotron Radiation Facility PETRA Ill and its
planned upgrade PETRA IV, Hamburg [5, 10, 14, 28, 29]

PTB Physikalisch-Technische Bundesanstalt, Braunschweig
and Berlin [5, 8,9, 10, 11, 16, 17, 26, 27, 28, 29, 30, 31, 35, 38, 41,
46, 49, 50, 56, 59, 60, 66]

PV Photovoltaics [60, 62]

R&D Research and Development [50, 55, 56]

RAV Replacement Asset Value [61]

RDA Research Data Alliance [11]

RF Radio Frequency [35, 36, 59]

RI RI Research Instruments, Bergisch Gladbach [34, 35, 56]
RIXS Resonant Inelastic X-Ray Scattering [16, 22, 23, 46]
rms Root Mean Square [35, 36]

RXS Resonant X-Ray Scattering [46]

RZP Reflection Zone Plates [46]

Sasol Sasol - A global chemicals and energy company,
https://www.sasol.com [56]

SAXS Small Angle X-Ray Scattering [26]

SEAlab Superconducting rf Electron Accelerator laboratory [35,
50, 56, 59]

SEM Scanning Electron Microscopy [21]
SF Separated Function [37]
Sl International System of Units [11, 49]

SIL Safety Integrity Level, see IEC 61508, Functional safety of
electrical/electronic/programmable electronic safety related
systems, IEC 61511, Safety instrumented systems for the
process industry sector, IEC 62061 safety of machinery [53]


https://www.sasol.com/
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SIRIUS the SIRIUS SR facility, Campinas, Brazil [35]
SME Small and Medium-sized Enterprises [55]
SNOM Scanning Near-field Optical Microscopy [26]
SoC System on Chip [52]

SOLEIL Source Optimisee de Lumiere d’Energie Intermediaire
du LURE (Laboratoire d’Utilisation du Rayonnement Electro-
magnetique), the national synchrotron radiation facility in
France [32]

SPECS Surface Nano Analysis GmbH [55]
SPM Scanning Probe Microscopy [49]

SR Synchrotron Radiation 10, 11, 15, 17, 18, 19, 20, 21, 25, 26, 27,
29,31, 32, 34, 45, 46, 48, 49, 50, 56]

SSMB Steady-State Micro-Bunching [35]
STM Scanning Tunnelling Microscopy [23]
STXM Scanning Transmission X-Ray Microscopy [16, 45, 46]

Supralab Superconducting Radiofrequency Laboratory at HZB
[35, 50, 56]

SXM Scanning X-ray Microscopy [46]

TDR Technical Design Report [36, 41]

TEM Transmission Electron Microscopy [21, 25]
THz Tera Hertz [26, 28, 45]

TRIBs Transverse Resonance Island Buckets [16, 35, 37, 39]
TUB Technische Universitat Berlin [45]

TXM Transmission X-Ray Microscopy [45, 46]
UE Undulator, Elliptical polarization [41]

UHV Ultra High Vacuum [20, 21, 33, 45, 56, 57]
VSR Variable pulse length Storage Ring [35]
VUV Vacuum Ultraviolet [28, 29, 30, 32, 41]

WCRC Wilhelm-Conrad-Rontgen Campus Adlershof [11, 13, 20,
32,50, 51, 63]

WISTA Wissenschaftsstandort Adlershof [33, 51]

WLS WaveLength Shifter, in its simplest form, a wiggler that
contains three magnets [41]

XAS X-ray Adsorption Spectroscopy [28, 49]
XFEL X-Ray Free Electron Laser [25, 29]
XMCD X-Ray Circular Dichroism [35]

XPS X-ray Photoelectron Spectroscopy [49]
XRF X-Ray Fluorescence [27]

XRR X-Ray Reflectometry [26]

XUV Extreme Ultraviolet [30]

Zeiss SMT Zeiss Semiconductor Manufacturing Technology-
https://www.zeiss.de/smt [55, 56]



https://www.zeiss.de/semiconductor-manufacturing-technology/home.html?vaURL=www.zeiss.de/smt
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