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Executive summary
Synchrotron radiation as a versatile research tool has experienced an unprecedented expansion
since the 1990s. Today a large and growing community of researchers representing a variety of
disciplines depends on synchrotron radiation as essential parts of their research programmes. In
order to meet the demands of such cutting-edge research, increasingly advanced synchrotron
radiation facilities have been constructed world-wide. The number of such synchrotron radiation
facilities now exceeds 75 with more than 20 000 users per year and with predictions of future
continued growth. New facilities in Europe include new national storage rings such as Diamond
(UK), Soleil (France), ALBA (Spain), a reconstruction of Petra (Germany) and a number of free
electron laser projects. These new storage rings do not significantly expand the user capacity in
Europe since they essentially replace obsolete facilities such as Daresbury (UK), Lure (France), and
Doris (Germany). At present the European Synchrotron Radiation Facility (ESRF) in Grenoble is
oversubscribed by a factor of 3 and serves more than 5000 users annually. A significant further
expansion at ESRF in order to meet this demand would necessitate extensive reconstruction, and
result in long shutdown periods. The new free electron laser projects will open up new areas of
research but their properties are such that they will not replace the storage rings.
The Swedish and Nordic demands on synchrotron radiation research are clearly mirrored by the
rapid growth of the MAX laboratory in Lund to more than 600 annual users. Despite these
impressive numbers this community relies on other light sources in addition to MAX-lab. The
Nordic community is responsible for the largest oversubscription at the ESRF while also working
actively at facilities such as HASYLAB (Germany) and the Advanced Light Source (US). The MAX IV
facility will improve on this situation and even more importantly it will produce synchrotron
radiation of a hitherto unseen brilliance and coherence. In order to ensure a continued high level
of Nordic activity within synchrotron radiation based sciences it is imperative that the new facility
be operational in the early part of the next decade.
Materials science and the life sciences will be core research areas at the new source, but we see
an increasing level of activity within nano-science and technology, environmental sciences, and
geochemistry. The Nordic countries have a long and impressive track record in knowledge-based
areas like materials design and the pharmaceutical industry. Rapid and convenient access to major
facilities is essential for further growth in these areas as well as in emerging technologies. In light
of industrial development in other parts of the world, and the increasing importance of
knowledge-based high-tech industry in the global economy, it is essential for regional
development that the necessary research infrastructure be augmented in order to retain a leading
role. MAX IV will make a significant contribution in this direction. A major facility such as MAX IV
also provides excellent possibilities for training future scientists and engineers and ensures that
first-class scientific and technical expertise is retained in the region. MAX IV will additionally
enhance the possibilities to attract additional major research investments, for instance regional or
European centres of excellence in important research areas, resulting in further development of
the knowledge base in the region. Finally, the proposed synchrotron radiation source would be an
excellent complement to the proposed European Spallation Source (ESS) and provide many
synergistic advantages.
The plans for MAX IV include two new storage rings at 1.5 and 3.0 GeV, respectively, and the
transfer of an existing 0.7 GeV storage ring. This unconventional design based on a combination
of storage rings of different energies makes it possible to optimise the performance in the large
photon energy range requested by the diversity of communities utilising the facility. The MAX IV
project also includes plans for expansion into the free electron laser field with femto-second timeresolution in order to meet demands of the new emerging group of free electron laser users. The
storage rings utilise new developments in magnet and insertion device technology spear-headed
by the MAX-lab accelerator-team for an unsurpassed performance over the entire energy range.
1

The design criteria for the facility are dictated by user demands rather than by an ambition to
explore accelerator technology. The start-up of the new MAX IV facilities will be coordinated with
the operation of the present laboratory in order to maintain an active working level at the existing
MAX-lab while a gradual shift of activities to MAX IV takes place. In the first phase of MAX IV
operation, the number of staff is projected to double that of the present MAX-lab, with core
personnel carried over from the present laboratory.
We present a scientific case which spans a broad spectrum of Nordic research in the natural
sciences from fundamental studies of atoms and molecules, applications in nano-science and
technology, materials science, the physics and chemistry of materials to studies of complex
biomolecules, environmental problems and medical systems. A unique feature of the MAX IV
source is the possibility to focus X-rays into a 10 nanometer-sized spot; this opens up the
opportunity for spatial probes of nanoscale features. Such focussed X-ray probes can revolutionize
our understanding of a variety of problems, in particular those related to nano-science and
technology. In addition to the possibility of nanometer focussing, the probe will have
unprecedented coherence, allowing phase-contrast imaging studies of key importance for
biological cell and nanoparticle nucleation studies. The combination of coherence and efficient
measurement makes it possible to study atomic-level dynamics in situ on a realistic time scale.
It is important to realize that the benefit to industry is potentially very large. A major player in the
industrial activity at MAX-lab is the pharmaceutical industry, which is responsible for several
substantial laboratory investments. As the capabilities of the laboratory increase other sectors will
follow suit. Potential candidates include all types of materials related industries, the emerging
nano-technology based industry, environmental science and medicine. In addition, the foreseen
involvement of local and regional industry in the construction of a high-tech facility like MAX IV
will have a significant impact on technology development within these companies. New
technologies, together with a new international arena where products reach a large potential
customer base, will certainly lead to significant growth.
A facility such as MAX IV also serves as an important impetus for multidisciplinary collaboration
between scientists from different research areas and from different institutions. The benefits of
such scientific cross-pollination are huge. The rapid development of the macromolecular field
would not have been possible without synchrotron related collaboration between physicists and
biologists. Even outside of research driven industry the need for personnel trained in a
multidisciplinary environment is ever increasing.
In summary, the MAX IV project is designed to meet the future synchrotron radiation needs of a
growing user community from a multitude of disciplines. The facility will produce synchrotron
radiation of hitherto unseen brilliance and coherence thereby allowing for unique investigations
within a diverse range of key scientific and technological areas. The investment in the world-class
MAX IV facility will make Sweden and the Nordic region the host of a world-unique research
facility and will significantly influence the scientific infrastructure of the region.

2

Introduction
When Wilhelm Conrad Röntgen discovered X-rays in 1895 the world marvelled at the fantastic
possibilities offered by this new radiation. After more than 100 years, X-ray technology has
developed substantially, and X-rays play an ever more important role in everyday life. Still, most of
us recognize X-rays as the tool for ‘seeing’ our teeth, or for diagnosing a broken bone; these
applications are close to the early medical work done using metal-anode X-ray sources. Modern
use of X-rays is much more profound. We use X-rays to characterize essential materials important
to society, from steel or wood to microelectronics chips. The breakthrough in understanding the
double-helix structure of the DNA molecule was made through X-ray diffraction studies. We use
X-rays to understand and preserve our environment, for instance they are currently used to
th
investigate the cause of disintegration of the salvaged 17 century war ship Vasa.
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The development of X-ray sources was slow during the first 70 years after Röntgen’s discovery.
Although it was known that light arises from electrons in motion it was a great surprise to
discover X-ray emission from high-energy electrons in accelerators in 1947. Another thirty years
passed before such accelerators were developed specifically for producing X-rays, thus
dramatically influencing the future of X-ray related science. The resulting improvement in the
intensity of the source over time is shown in the graph below. The quality of a source is most
often measured by a quantity called brilliance. High brilliance implies a large number of photons
emitted in a narrow cone from a small emitting surface. Higher brilliance is what distinguishes a
laser from a normal light bulb and what makes the huge variety of applications for lasers in
modern society possible. In the last few decades the brilliance of synchrotron radiation sources
has increased by 12 orders of magnitude, 1000000000000 times brighter! MAX IV will be a new
standard bearer for bright light sources.
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This dramatic improvement has been possible due to many innovations in accelerator technology
and by a substantial investment in the machines. Electron storage rings are large machines (with
circumferences in the range of 30-1500 m) that can only be motivated if there is a substantial
research community with a strong interest in the laboratory. The result is a system where such
large facilities are national laboratories, or even, in practice, international facilities which serve a
large and often international community of users. MAX-lab is a Swedish national laboratory, but
the strong influence of other Nordic countries is apparent, and the laboratory user community is
highly international. More than 600 researchers use the laboratory annually and the number is
increasing as new capabilities are added to the laboratory.
The MAX IV project represents a major investment in scientific and intellectual infrastructure. The
issue of scientific infrastructure has to be taken very seriously. Investing in such infrastructure will
be of crucial importance for countries like Sweden in times of globalisation of industrial
production. A small, technologically advanced country has to invest in areas and industries in line
with leading competence. This is one of the most important means of maintaining employment
and for retaining a front-line position in research and education. Such investments are also key
factors in influencing advanced multinational corporations to place or maintain their research and
development in our region. The technical expertise and skills needed in the construction and
maintenance of an advanced facility like MAX IV will also provide regional companies with a
competitive edge in many areas. The proposed scientific directions, as outlined in this report, can
only be educated forecasts of what will be needed in future academic and commercial research.
However, the MAX IV facility and the X-ray methods it supports are very flexible and adaptable to
new challenges. The situation is quite analogous to the building of railroads, which are very
adaptable to the kinds of goods transported even though it is very difficult to foresee the exact
nature of these goods. Similar to what has occurred when new infrastructure like railways have
been constructed, the construction of MAX IV is also expected to attract additional scientific
infrastructure and investments.
This document is a Conceptual Design Report (CDR) for the MAX IV project in which we present
the scientific case for the facility, technical solutions to fulfil the scientific needs, and a discussion
of the impact of the facility on the community.
The scientific case, the detailed machine design, and the outline of the beamlines that should be
built in the first phase have been developed in close collaboration with the MAX-lab user
communities. The MAX IV project would never have been conceived without the impetus of the
scientific visions of the user community. In September 2004 the MAX-lab Users Organisation
(FASM) and MAX-lab jointly organized a workshop which attracted close to 400 researchers from
Sweden, the Nordic countries, Europe, America, Asia and Australia. The conference was
subdivided according to research fields that each produced scientific cases and recommendations
for the future development of the project as a foundation for continued planning. The scientific
plans have also been discussed at several MAX-lab Users Meetings. Finally, a number of more
specialized workshops directed towards specific subject areas or beamline proposals have been
arranged.
It is important to realize that MAX IV is not a large-scale project in the usual sense where one
machine is designed as a tool for study within a limited subject area. Instead it is a world-class
facility that will enable a large number of research groups from Sweden, the Nordic Countries,
Europe and other continents, representing a multitude of scientific disciplines, to perform
important studies using different types of synchrotron radiation based instrumentation. Modern
research relies to an increasing extent on state-of-the-art X-ray based methods. These are used to
characterise materials of different kinds – from modern nanostructured functional materials to
proteins. Often developments of the radiation sources have had a major influence on the
precision hence augmenting the impact of the investigation. Protein crystallography is a striking
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example of this. With conventional X-ray sources the determination of protein structure was
tedious and time consuming measurements were the norm. Modern synchrotron radiation
sources typically reduce these times tremendously, and the quality of the result is immeasurably
better. This has led to a true revolution in the field, with development of a new generation of
drugs having specific actions as one consequence.
The facility is based on the construction of two new electron storage rings optimised for
production of high brilliance X-rays in a wide energy range, from soft to hard X-ray. It is
complemented by the recently constructed low energy MAX III storage ring. MAX IV will be the
most brilliant source available anywhere in the world over an extended energy range. A linear
accelerator (Linac) will be used as electron injector for the storage rings, and will additionally serve
as a source for experiments with ultra-short X-ray pulses in the femto-second range. The Linac is
also designed to be the basis for a Free Electron Laser (FEL) for soft and possibly hard X-rays. The
MAX IV project is very ambitious and will, if realised, ensure that Sweden and the Nordic-Baltic
region host a truly world-class facility for probing fundamental processes in materials.
MAX IV provides the very high brilliance demanded by users through an innovative design for the
storage rings. It builds on a strong MAX-lab tradition of cost-effective yet high-performance
solutions and strong attention to the scientific needs of the user community. The fact that
Sweden is one of only two small nations (Switzerland is the other) that have been able to
construct a third generation facility is to a large extent due to the interaction between the User
Community and the accelerator scientists. The MAX IV project implies a strong Swedish and
Nordic development within relevant scientific fields for at least another two decades.
The MAX IV project has an important Nordic and Baltic dimension where researchers from these
countries play key roles in project development. The other Nordic countries have already made
direct investments in beamlines at MAX-lab. Research constellations in Denmark and Finland have
formal agreements with MAX-lab. The Nordic presence was significant at the workshop in 2004
and several follow-up workshops were carried out in the Nordic countries with participation from
the laboratory management. The MAX-lab board will encourage these contacts in order to
facilitate a Nordic presence in the MAX IV project.
The CDR is organized in the following way: After this introduction we present the current
situation for synchrotron radiation facilities. This is followed by a section where the scientific case
is given for a number of research fields expected to benefit from the project. This section is
followed by a presentation of the accelerator design. The report concludes with sections
concerning community and educational aspects. The educational issues are of primary importance
to a facility like this. In accord with the Bologna Agreement the connection between advanced
research and academic studies will be strengthened, and the scientific capital of a large facility like
MAX IV will provide a unique and powerful base for graduate studies.
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Synchrotron radiation facilities: Present situation
Storage rings have been very successful in the development of radiation sources. At present there
are more than 75 synchrotron radiation facilities in the world and they serve more than 20000
researchers yearly. Japan, USA and Western Europe have most facilities.
The most advanced and powerful of present-day synchrotron radiation sources are the so-called
third-generation light sources. They are designed to be used with undulators and wigglers in
order to produce highly brilliant radiation. Brilliance is the most important radiation property in
research areas that need spatial resolution (e.g. X-ray microscopy and spectromicroscopy) or
temporal resolution (e.g. spectroscopy and crystallography).
Third-generation storage rings are generally specialized either in hard X-rays or in soft X-rays. The
European Synchrotron Radiation Facility (ESRF) in Grenoble was the first third-generation hard Xray source with an electron energy of 6 GeV. It started to operate in 1994, followed by the
Advanced Photon Source (APS) in 1996 (7 GeV, Argonne, US) and SPring-8 in 1997 (8 GeV,
Japan). These machines are physically large with circumferences ranging from 850 m to 1440 m
and accommodate 30 or more insertion device beamlines and a comparable number of bending
magnet beamlines.
The first third-generation soft X-ray rings were the Advanced Light Source (ALS) at Berkeley and
Elettra at Trieste (Italy) both of which became operational in 1994, closely followed by MAX II.
They have 1.9 GeV, 2.0 GeV, and 1.5 GeV electron energies, respectively. Soft X-ray machines are
smaller in size and can service fewer insertion device beamlines. However, they are considerably
less expensive to build than hard X-ray machines and many more of them have been constructed.
For instance, such countries as Taiwan (SRRC, 1.3 GeV), South Korea (Pohang Light Source, 2.0
GeV), Germany (BESSY II, 1.7 GeV) and Switzerland (SLS, 2.4 GeV) have third-generation soft Xray sources. Some of these smaller facilities (like MAX II) have added superconducting wigglers in
the storage ring, thereby extending the spectral coverage to higher photon energies without
sacrificing the performance at lower photon energies.
In addition, numerous second-generation storage rings are operational world-wide and serve
large user communities. These machines are dedicated to the production of synchrotron radiation.
A major part of synchrotron radiation research is presently carried out at storage rings of this
category. For instance, the SRS (Daresbury, UK) has about 40 experimental stations serving
around 4000 users yearly, and the NSLS (Brookhaven, USA) with its two rings has around 80
operating beamlines and more than 2200 users each year. Second-generation light sources were
not originally planned to include insertion devices even though many of them have later been
modified to do so. Despite upgrades their radiation characteristics cannot compete with those of
the best third-generation light sources.

MAX-lab
MAX-lab presently has three storage rings. MAX I, which started to operate in 1986, has a 550
MeV electron energy. It serves two user communities: it produces synchrotron radiation (60 % of
the time) and it is the source of energetic electrons for nuclear physics (25 %). The rest of the
time is scheduled for accelerator physics and maintenance. Five beamlines are operational at the
MAX I ring, working at photon energies up to 200 eV. One of the beamlines uses radiation from
an undulator.
MAX II, a 1.5-GeV storage ring, has been in operation since 1997. It is a modern third-generation
light source that was designed to be used with insertion devices. It is equipped with four
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undulators for the VUV and soft X-ray regions and three multipole wigglers for hard X-rays. Two
of the wigglers are superconducting and serve five independent protein crystallography
beamlines, three of which are in operation, and a materials science beamline. The undulator
beamlines are used for various spectroscopic techniques. In addition, there are two beamlines
installed at bending magnets that are used for purposes like research with circularly polarized
light, and time-resolved X-ray diffraction. The low emittance of the electron beam provides good
radiation characteristics.
MAX III is a new machine now under commissioning. The first circulating beam was achieved in
November 2005. Its electron energy is 700 MeV, and it is thus optimized for lower photon
energies than MAX II. Novel technical solutions such as integrated magnet technology have been
used to construct the MAX III storage ring in such a way that it provides a powerful instrument at
a very competitive price. It also serves as an important prototype for several of the MAX IV design
concepts. So far the installation of three beamlines has been financed – one of them will be
transferred from MAX I.
Over the years MAX-lab has evolved from a local synchrotron radiation laboratory to a truly
international research facility. The growth is evidenced by the number of users, which has risen
from 100 in 1987 to above 600 in 2005, and by the number of publications that research
performed at MAX-lab has produced. As a recognition of its importance to European research,
MAX-lab has been part of the EU programs ”TMR Access to Large Scale Facility”, ”Access to
Research Infrastructure”, and is presently taking part in the FP6 program “Integrated Activity on
Synchrotron Radiation and Free Electron Laser Science” (since March 2004).

Trends in the development of future light sources
Storage rings
It is quite clear that storage rings will be the focus of synchrotron radiation research for the
foreseeable future. In electron energy, the storage rings range from a few hundred MeV to 8
GeV. The present trend is quite clear. The storage rings, which are now under construction or are
approved for construction, have the electron energy of about 3 GeV. The reason for this is the
advancement in insertion device technology, which makes it possible for these sources to provide
radiation characteristics comparable to those of higher energy accelerators. The “family” of 3GeV storage rings include SPEAR3 (at Stanford) at 3 GeV, CLS (the Canadian Light Source) at 2.9
GeV, DIAMOND (the British source) at 3 GeV, BOOMERANG (the Australian light source) at 3
GeV, SOLEIL (the French source) at 2.75 GeV, SSRF (the Shanghai Synchrotron Radiation Facility)
at 3.5 GeV, and ALBA (the Spanish source) at 3.0 GeV. SPEAR3 and CLS are in operation and and
SOLEIL and DIAMOND will become operational during 2006 - 2007. The other facilities will come
into operation during the next 3-6 years. Further developments in the “3 GeV family” can be
expected when the storage rings are optimised to the radiation characteristics of superconducting
undulators. MAX-lab and Brookhaven National Laboratory have presented detailed plans in this
direction.
The so-called top-up mode of operation, in which a storage ring is kept continuously filled by
frequent injections, has been successfully demonstrated at the Advanced Photon Source
(Argonne) and the Swiss Light Source (where it is the routine mode of operation). It can be
anticipated that the user community will demand this operational mode in the design of future
facilities, since it offers advantages when ever better lateral and energy resolutions are required.
In the top-up mode, the photon intensity and therefore the heat-load on optical components in
beamlines are stable. A design of the ultimate storage ring for synchrotron radiation (7 GeV, 2 km
in circumference) has been presented by ESRF (Grenoble) but no specific proposal exists for its

7

implementation. Advanced radiation characteristics, particularly at very hard X-rays, will be
provided by PETRA III at DESY (Hamburg) which will be converted to a dedicated source operating
at 6 GeV.

Linac-based sources
Much attention is presently focussed on sources based on linear accelerator (Linac) technology to
overcome the limits of storage rings in terms of brilliance and time resolution, which are set by
diffraction and electron dynamics, respectively. Sources relying on the so-called SASE (SelfAmplified Spontaneous Emission) process are furthest in the development. Test facilities have
been put into operation at increasingly shorter wavelengths: VISA (Brookhaven) at 830 nm (1.5
eV), LEUTL (Argonne) down to 120 nm (10 eV) and TTF-1 (DESY) between 80 and 180 nm (15.56.9 eV).
TTF-1 has been upgraded and renamed VUV FEL Facility. SASE lasing at 32 nm was achieved in
January 2005 and since August 2005 it is in routine operation at 30 nm for the user community.
It is planned to operate down to 6 nm (210 eV) for users in about one year. A prototype of the
SCSS (SPring-8 Compact SASE Source) in Japan is under construction and is planned to operate
down to 60 nm (20 eV) in 2006. The LCLS (Linear Coherent Light Source) at Stanford, designed
for 0.15-1.5 nm (8.3-0.83 keV), is presently being constructed with completion in 2008 and ready
for the users in the spring of 2009. The XFEL (X-ray Free-Electron Laser) project at DESY, designed
for wavelengths down to 0.085 nm (15 keV), was approved in 2003 with half of the required
funding (M€ 963 total) committed by Germany. The rest of the funding should be raised from the
rest of Europe. The XFEL could be available for users in 2012. The SCSS source at SPRING-8
designed for 0.1 nm (12 keV) was approved for construction in December 2005 and is planned to
be completed in 2010. A FEL is also part of the 4GLS concept being developed at Daresbury (UK).
The FELs will offer extremely high peak brilliance and femtosecond pulses (tens of fs with a
potential to reach a few fs). The SASE-FELs, particularly for very short wavelengths, require highenergy linacs and long undulators and offer technical challenges before they can serve a large and
broad user community.
Sources using an HGHG (High Gain Harmonic Generation) concept are also based on linacs. This
concept will be implemented at the recently funded project in Trieste, Italy: FERMI@ELETTRA.
Phase I, to be completed in three years, will cover 100-40 nm (12-30 eV) and Phase II 40-10 nm
(30-120 eV). BESSY (Berlin) has also developed a design for a FEL to reach 1 nm (1.2 keV) based
on this technology. HGHG is also part of the MAX IV FEL plans at the 3 GeV injection system.
HGHG has an advantage to provide with high brilliance fs pulses that are both transversally and
longitudinally coherent. There are challenges to reach very short wavelengths.
Some of the limitations of storage rings in brilliance and time-structure can be overcome in socalled ERLs (Energy Recovery Linacs). ERL is an old concept that has resurfaced recently with the
advances in accelerator technology. It is used successfully for infrared FEL radiation at Jefferson
Lab and the Budker Institute. Jefferson Lab is now upgrading its facility to the VUV region. An ERL
(600 MeV Linac) to cover the wavelength region down to 12 nm (100 eV) is the heart of the 4GLS
concept at Daresbury. Massive research and developments have to take place to solve
technological problems before X-ray wavelengths down to 0.1 nm (12 keV) can be reached.
Brookhaven (3 GeV linac), Cornell University (5 GeV linac) and Univ. Erlangen (3.5 GeV linac) have
proposed such ERLs, The Budker Institute in Novosibirsk has since long advocated a slightly
different approach, MARS. Presently, Cornell has an R&D project to study e-gun and emittance
preservation at a 100 MeV test facility. One advantage of ERLs is that they have the storage ring
configuration to serve a multi-user community. A different approach (Energy Recirculating Linac)
to reach fs X-rays and to serve simultaneously many users is proposed by Berkeley using a 2.5
GeV linac and very low currents, thus making energy recovery not necessary.
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Fig. 1. A scheme of a recirculating linear
accelerator. Electrons are accelerated in a
linac, forced to an outward spiral and
swoop back to one common section of the
accelerator in successive spirals. Ultrashort
bursts of X-rays can be used simultaneously
at several experiments. [1]

Comparison between storage rings, ERLs and FELs
The Free Electron Laser technology is in an intense developing stage. Experiments and simulations
verify that extremely high brilliances, peak powers and short pulses of coherent radiation can be
produced in a wide spectral range. Concurrently, new low-emittance electron guns are being
developed at several labs, new insertion devices are being tried and completely new schemes of
generating coherent radiation are being discussed and evaluated.
The SASE technique is dominating the first generation of FELs. The SASE technique relies on noise
amplification. High electron beam energies and high peak currents are required to reach the gain
needed for lasing. These demands make the high-energy accelerator labs most suitable as FEL
facilities. The output radiation is defined by the stochastic growth mechanism.
Seeding with a “conventional” HG laser has opened up the possibility to control the output
energy of a FEL. Harmonic generation has been demonstrated as a way to extend the spectral
region of the seed laser. We are now waiting for the cascaded schemes, where the harmonic
radiation is used to seed the next FEL step, to be demonstrated.
Another very important area is the electron gun technology. If a decrease of the emittance of the
electron beam at the source can be achieved, i.e. at the electron gun, the demand on high
electron energies can be reduced.
Superconducting linacs (TESLA-FEL, 4GLS and BESSY-FEL) offer a high repetition rate of the
emitted radiation. Warm-linac technology (LCLS, FERMI at Trieste and SPARC at Frascati) might be
quite competitive for few shot experiments. Without any doubt the superconducting technology
is to be preferred if the cost aspect can be discarded. Which choice is the proper one will probably
not be known until the first experiments have been done.
The technology for third-generation storage rings is still developing strongly. There is still no
fundamental limit for the reduction towards the diffraction limit of the electron beam emittance.
So the damping rings designed for the next high-energy colliders demonstrate an order of
magnitude lower emittance than the present most advanced third-generation sources. The
matching of the magnet lattices to new optimised insertion devices seems to promise even higher
radiation performance.
The Energy Recovery Linac (ERL) is also under active discussion. An electron beam, accelerated in a
superconducting linac, is recirculated back to the linac and reduced down to low energy to
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recuperate the energy. The beam energy is thus brought back to the accelerator structure and a
high mean current can in principle be continuously accelerated. Compared to existing storage
rings, a smaller electron beam emittance and shorter bunches can be achieved in this way.
At a closer look, some problems and limitations are apparent. The continuous electron sources do
not exist yet, the horizontal beam emittance is smaller than in a modern storage ring but not the
vertical one, and the minimum bunch length is restricted due to coherent synchrotron radiation in
the bending magnets needed for recirculation. Compared to future storage rings, the horizontal
emittance is about the same.
To analyse the present complex situation and to suggest the architecture of the next-generation
synchrotron radiation facility is a delicate matter. The balance between being too conservative
and missing future potentials must be weighted against the risk of being too optimistic. Both
mistakes are severe, but the worst option is probably to be paralysed and not do anything.
Our analysis can be condensed as:

1) The FEL and the storage rings sources are complementary to each other. As highperformance facilities, the new, small-emittance storage rings will still dominate as
synchrotron radiation sources.
2) The FEL will open up new experimental possibilities by their enormous peak powers and
short pulses. The number of experimental stations will however be very limited, the
tunability restricted and the experimental technologies will need time to develop.
3) New generations of FEL will soon be developed. We still need some time for this process,
but once carried out, the FELs will be more common at several labs.
The MAX IV proposal is an effort to face the situation of tomorrow. Two optimised storage rings,
matched to short-period superconducting undulators, will offer several orders of magnitudes
higher brilliance over a wide spectral range. These rings will serve the continuity demands of the
present MAX facility.
A Linac based source is proposed for short pulse experiments. An SPPS (Sub-Picosecond Pulse
Source) will be part of the first phase beamlines at MAX IV. For the FEL option we find it
premature to decide the details of the FEL programme at this stage. The FEL technology develops
rapidly. It is, however, clear that a 3 GeV warm linac as an injector for the storage rings will be
strategically important for any type of FEL programme. The R&D should be focused towards
cascaded optical klystrons using seeding and harmonic generation of coherent radiation. Several
other laboratories are presently taking up research in this direction. The present MAX-lab 500
MeV Linac is used for FEL research and a seeding test facility is set up in collaboration with BESSY.
The FEL research at MAX-lab also involves the Lund Laser Centre. At a later stage it is then
possible to define an optimal strategy for the generation of coherent, short-pulse radiation using
the MAX IV Linac.

References (Synchrotron radiation facilities: Present situation)
1

R.F. Service, Science 298, 1356 (2002)
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The proposed MAX IV facility.
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Scientific opportunities
MAX IV is a unique new synchrotron radiation facility delivering ultra-high brilliance over a very
large energy range from IR to hard X-rays with two optimised storage rings at 3.0 GeV and 1.5
GeV energies, respectively. In addition the existing 0.7 GeV MAX III ring will be used to host a set
of low energy beamlines. Short-pulse experiments will be performed using the 3 GeV injector
Linac. This will at first be based on spontaneous emission and later on free electron laser emission.
MAX IV is a state-of-the-art high brilliance facility and will obtain unprecedented performance up
to energies around 30 keV. It will:
•

Provide a wide range of nano-meter resolution probes to meet the needs of the emerging
nanoscience and nanotechnology fields

•

Offer high-energy probes of essence for basic materials science and for materials
engineering related characterization

•

Ensure easy and timely access for data collections on macromolecules of importance for e.g.
the Genome projects

•

Open new opportunities for studies under extreme conditions of interest to the geosciences
communities

•

Create opportunities to address environmental problems on an atomic and molecular scale

•

Enable time-dependent studies of reactions and processes under relevant conditions and
time frames.

•

Boost the capability to study fundamental scientific problems on atoms, molecules and free
clusters of importance for the formulation of more complete theories

•

Give a platform for advanced industrial research

•

Expand and facilitate the access to state-of-art synchrotron radiation to the Nordic region

•

Play an important role as a Nordic focal point for interdisciplinary research and research
education in natural sciences

The following scientific section will illustrate some of the new opportunities for scientific progress
that critically depend on the creation of a new synchrotron radiation facility. The new progress
with the MAX IV facility will mainly come from the drastically increased brilliance, access to harder
X-rays, coherence, access to circularly polarized light and improved spatial and time resolution.
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Life Sciences
Overview
In life sciences a number of different complementary approaches have in recent years led us to a
better understanding of biochemical systems, cells and organisms. However, a great deal remains
to be explored. The identification of which cellular components fulfil various functional roles is a
central question. The understanding of how these functions are performed at an atomic level is
another important field. In such efforts insights into structural organization are fundamental. The
classical example is the transformation undergone by the whole field of genetics and the
expression of the genes when Crick, Watson and Wilkins managed to unravel the structure of
DNA in seminal work published in 1953 (Fig. 1).

Fig. 1. The arrangement of doublestranded DNA with the sequence
complementarity of the Watson-Crick
base-pairing. This elegant model
became the beginning of the
structural biology revolution.

Over the decades one biological field after the other has experienced similar transformations. A
prime example is the spectacular finding by Boyer, confirmed through structural studies by Walker
et al., that the molecular system of ATP synthase is a molecular machine that rotates in the
mitochondrial membrane while it is producing the energy currency of living systems, ATP (Fig. 2).

Fig. 2. The structure of the ATP
synthase from bovine mitochondria.
The c-subunits at the bottom are
forced to rotate in the membrane
driven by the proton gradient across
the membrane. This forces the gsubunit to rotate inside the a- and bsubunits, which thereby produce ATP
molecules. Composite figure from Ref
[1, 2].
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A more recent example is the ribosome (Fig. 3), the cellular system for translation of the genetic
message to protein products [3, 4, 5, 6]. Here the largest asymmetric molecular structure
determined so far has helped to explain complex findings from studies with more blunt tools such
as genetics, assembly and chemical probing. The most challenging problem in understanding of
ribosomal function may be the decoding mechanism and how fidelity is maintained despite a low
difference in affinity between the correct codon-anticodon pair and one that is only near-cognate.
Again crystallography has recently provided a detailed answer to a problem that has been worked
on for several decades using other methods [7].

Fig. 3. The structure of the bacterial ribosome determined by
crystallography [6]. The large subunit is shown on top and
the small subunit below. Between the subunits three tRNA
molecules (yellow, orange and red) are seen. The small and
large subunit RNAs are shown in cyan and grey, and the
small and large subunit proteins in blue and magenta,
respectively. The nascent polypeptide chain (cyan) is
modelled as an α-helix occupying the polypeptide exit
channel in the 50S subunit. Figure from [8].

For these and similar systems where the atomic coordinates have been determined, the research
fields have undergone dramatic transformations, upon which experiments can be designed and
results interpreted on a firm structural basis. In this work synchrotrons have been and will remain
absolutely essential for a long time to come. While other X-ray sources are useful in the initial
stages, it has been estimated that 90% of the final data sets presented in publications have been
collected at synchrotrons.
In addition to macromolecular crystallography a range of other techniques has been developed to
use synchrotron radiation. These methods are either old ones that have received an enormous
boost through the availability of intense synchrotron radiation, or they may be entirely new,
developed uniquely from the possibilities made available at synchrotrons. In Sweden
macromolecular crystallography is a dominant research activity in the life sciences area at
synchrotrons, but other fields are already actively being explored or are expected to develop
rapidly in the next few years.

Areas of interest for the MAX IV facility
Macromolecular crystallography (MX)
The field of crystallography, which lies behind the remarkable insights into macromolecular
structure, has been radically transformed due to the usage of synchrotrons. Several new
approaches have been developed such as the method of determining phase angles by the use of
measurements at different wavelengths around suitable absorption edges for heavier elements
(MAD). The resulting electron density maps are often of very high quality, enabling rapid and
unambiguous fitting of the structure into them. Another method to record data sets very rapidly
is the so-called Laue method, which uses polychromatic X-rays. Here the recordings of complete
data sets can be exceedingly fast, and time-resolved studies on the level of tenths of a
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nanosecond have been performed. A classic example is the study of the dissociation of carbon
monoxide from myoglobin [9] illustrated in Fig. 4.

Fig. 4. Experimental setup (left) and representative results (right) for time-resolved Laue crystallography [9]. The
chemical reaction in the crystal, in this case dissociation of CO from the heme group of myoglobin, is set in
motion through illumination using a very short laser pulse. A short, synchronized pulse of polychromatic Xradiation is used to collect data at various time points after the start of the reaction. The right panel shows
dissociation of CO from the heme group at 100 ps after laser illumination and the movement of the residue
Phe29 which accommodates the free CO.
See also: http://www.sciencemag.org/content/vol300/issue5627/images/data/1944/DC1/1078797S2.mov.

If we now restrict ourselves to "classical" structure determination by crystallography (carried out
using monochromatic radiation), there are a number of main lines of experimentation today.
Structural genomics couples genomic research, where complete genomes are sequenced, to
structural analysis of the gene products, normally the proteins. In genomics the identification of
function through sequence relationship is very difficult when the gene in question has less than
30% identity to other genes with known function. However, if the structure of a gene product is
known its function or role can often easily be clarified, since structures are more conserved than
their amino acid sequences. Related structures can easily be identified and the function of the
protein can be suggested and tested. For structural genomics, with its need to explore vast
numbers of structures, high throughput methods have been developed that have led to new
methodology benefiting all research in the field of macromolecular crystallography. The growth of
structural genomics is expected to continue for a long time. It needs significant amounts of
beamtime, mostly at MAD experimental stations.
The study of large macromolecular complexes is another main line of research in macromolecular
crystallography that is likely to expand significantly due to the increasing ease with which these
studies can be done. This field has historically been led by virus crystallography, where the largest
objects studied are in the range of 100 MDa. Virus crystallography has given invaluable insights
into the structural organization of several important human and animal pathogens and into their
life cycles. This was possible to a limited extent even before the use of synchrotron radiation
became routine, due to the high internal symmetry of viruses (Fig. 5), but the size and complexity
of the systems studied today requires the use of state-of-the-art synchrotron facilities.
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Fig. 5. A molecular surface representation of the highly
complex bluetongue virus generated from the atomic
coordinates obtained using synchrotron crystallography
[10]. Figure from http://viperdb.scripps.edu.

Subsequently large asymmetric complexes such as RNA polymerases (Fig. 6), other multi-subunit
enzymes or ribosomes (Fig. 3) have been studied. Obviously these lines of research will need wellcollimated and particularly intense radiation to record the large amounts of weak diffraction data
needed for such studies.

Fig. 6. The structure of the complete transcription
initiation complex from yeast as determined by a
combination of X-ray crystallography and electron
microscopy [11]. The detailed structures of the
individual components at the top left were known
from crystallography. These were fitted to a lower
resolution electron microscopy map to visualize the
organization of the entire complex (lower right).

Very intense beams are not only necessary for large complexes but also for macromolecules of
normal size for which only small crystals can be grown. This is frequently the case with material
that is difficult to express in large quantities, but also with membrane proteins or other complex
materials. Membrane proteins are currently highly underrepresented in the main repository for
macromolecular structure information, the Protein Data Bank (PDB), largely due to problems in
expression, purification and crystallization. Nevertheless their structures can be determined to
high resolution from small crystals (Fig. 7). It is estimated that 50% of the targets for current
medicines are membrane proteins, thus the thirst for structural information on these systems is
enormous.

18

Fig. 7. Formate dehydrogenase N, a complex membrane
protein [12]. The membrane spanning part is shown at the
bottom. This structure was solved to high resolution using the
MAD method and crystals measuring only 50 microns in each
direction, making the use of intense synchrotron radiation an
absolute necessity.

Technological advances are leading to solutions of the problems mentioned, but it seems likely
that membrane proteins will always be more "difficult" than soluble ones, and may continue to
produce smaller crystals on average, which will require intense synchrotron radiation. The lack of
ability to study small samples is one way in which MAX II will eventually become an outdated
source for modern structural biology but where MAX IV will be highly competitive.
The complete function of a biological macromolecule is rarely understood from a single
representative structure. Functional studies cause an explosion in the requirement for data
collection. Here the aim is for example to obtain the structures of a number of stages along the
reaction coordinate. This is a difficult task. One example is where numerous complexes of an
enzyme with small molecules mimicking various reaction intermediates are structurally
characterized, but this frequently gives only partial insight. Structural studies of site-directed
mutants are here of great help, both directly for the elucidation of a catalytic mechanism, but also
to confirm that biochemical studies are done on proteins with a well understood conformation.
The ideal case would be to follow the reaction with time-resolved studies, for example by Laue
crystallography (see above). However, this approach requires that a large fraction of the
macromolecules in the crystal be in the same state at a given time, which is not always easy to
achieve.
Another line of experiments is led by the pharmaceutical industry and called rational (or structurebased) drug design. Here the search for new or improved drugs is the main focus. Numerous
macromolecular systems are well-known or potential drug targets. The design of chemicals that
can bind to specific sites on the macromolecule is difficult and requires extensive experimentation.
A dynamic interplay between the design and synthesis of new compounds and structural studies
of their interactions with the target molecule are both of great importance for rapid development
of new pharmaceuticals. A relevant example where MAX II has played an important role is the
design of inhibitors against the enzyme leukotriene A4 hydrolase, for use as anti-inflammatory
agents [13]. Of the approximately 80 structures that have been solved of this enzyme in complex
with putative inhibitors, around 50% contained no inhibitor. Several others turned out to have
been chemically modified by the enzyme.
Another example concerns an enzyme that is essential for the replication and survival of the HIV
virus: the HIV protease. Over 150 crystal structures of this enzyme in complex with inhibitors have
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been deposited in the Protein Data Bank (http://www.rcsb.org) and we can estimate that several
hundred more structures have been determined, at a conservative estimate, by pharmaceutical
industries and academic groups in attempts to find some useful chemical that can be
administered to inhibit infection and spread of the virus (Fig. 8).

Fig. 8. A schematic representation of
HIV protease in complex with the
potent non-peptide inhibitor UIC94017 [14].

The structures of ribosomes and their subunits (Fig. 3) have also opened new possibilities for the
design of new or improved antibiotics. The ribosome is a vital system in all organisms and is the
receptor of countless naturally produced antibiotics, some of which are used clinically. The
extensive use of most classical antibiotics has led to a highly problematic antibiotic resistance
where we have lost the capacity to handle bacterial infections. A range of new companies has
therefore been formed just to focus on rational design of new antibiotics using structural research
as a key method. Most large well-established pharmaceutical companies are also active in the
antibiotics field. Rational drug design will clearly remain as a very fundamental approach in
pharmaceutical research even though the number of success stories remains limited for the time
being. For macromolecular crystallography at synchrotrons this will be a very significant activity in
the foreseeable future, sometimes requiring only basic experimental setups, but just as often
demanding the most advanced experimental stations, due to the large size of the macromolecular
system or the small size of the crystals. The repetitive nature of the data collections, often on very
similar crystals soaked with many different small molecules, has resulted in the pharmaceutical
industry being one of the main driving forces behind the new highly-automated beamlines under
development at synchrotrons around the world.

Nordic MX activities at synchrotrons
The field of macromolecular crystallography has been important in Sweden since the early 1960s.
The first usage of synchrotrons began in the early 1980s. The Research Council then started to
pay for beamtime at synchrotrons both in the UK and the USA. In the process of planning for
MAX II macromolecular crystallography was an important ingredient. The first crystallographic
station was commissioned in 1997. This station, even though it was only partly available for
macromolecular work, was extensively and enthusiastically used. Work done wholly or partly at
this station has led to around 300 publications since its opening (not far from one per week). The
success of this facility led to the application for money to build a new beamline with five
experimental stations, including the first facility in Scandinavia enabling data collection for the
extremely important MAD method (see above). The lack of such a MAD facility was previously a
significant handicap for Swedish crystallographers. The new experimental stations are gradually
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becoming available for users. The national and regional development in this area is in constant
expansion, with regard to academic as well as industrial work. Several academic groups
participate in structural genomics efforts with concomitant large demands for beamtime. The
gradual shift to large systems and difficult problems where large crystals are a rarity will to an
increasing extent require more intense and well-focused beams. Already now there is a significant
need for more intense radiation than what can be provided at MAX II. In such cases Swedish
research groups have to make frequent and time-consuming trips to e.g. the ESRF in Grenoble for
such experiments. This need will obviously increase in the coming years. To provide for the current
and future needs of Swedish structural biology a source like MAX IV is highly in demand.
This is also an expanding area in the other Nordic countries. As an example of new initiatives
NorStruct is a national service and competence centre in structural biology, located at the
University of Tromsø. NorStruct is established through the Norwegian functional genomics
initiative (FUGE) and it is financed by the FUGE-program and the University of Tromsø. The Centre
seeks to streamline the processes starting from recombinant protein production to 3D structure
determination using X-ray crystallographic techniques. Through participation in external projects,
the Centre offers the Norwegian molecular biology research community services, competence and
instrumentation in a broad range of techniques, in addition to serving as a link to international
large-scale facilities such as synchrotron radiation facilities. NorStruct is currently working on the
order of 60 different proteins at various stages from recombinant protein expression to structure
determination. In addition to NorStruct there are two recently established macromolecular
crystallography groups in Oslo, and it is likely that corresponding activities will be established in
Trondheim and Bergen in the not too distant future.

Scattering and spectroscopic methods
As in all science there are numerous complementary experimental methods. The synchrotron
offers several alternative methods to crystallography that give complementary information and for
which synchrotrons are the best source of radiation. These comprise both scattering methods and
spectroscopic methods. In Sweden there is a large user community in the field of macromolecular
crystallography. However the other areas have undergone exciting developments internationally,
which are likely to be followed in Sweden.
Small angle X-ray scattering (SAXS). With the aid of synchrotrons and developments in
methodology the shape of small or large aggregates in solution can now be obtained with
surprisingly good detail. A recent review gives a vivid insight into the novel developments [15]. The
method gives unique advantages when material does not crystallize or where NMR or electron
microscopy do not give sufficient information. Here muscles or other fibrous materials can be
studied. Likewise polymers, gels, amorphous materials and liquid crystals can be investigated. As
in the case of electron microscopy, parts of the structure that are known in detail from other
approaches can be fitted to the lower resolution information from SAXS by rigid body modelling
(Fig. 9). This can give approximate but nevertheless helpful insights into the organization of the
material. Moreover, SAXS can be used to find approximate configurations of portions that are
missing in high-resolution models. Compared to electron microscopy or NMR, SAXS studies are
much faster and require less sample handling. Time-resolved studies can be made to follow fast
structural transitions in protein folding or aggregation.
A sufficiently large user community in Scandinavia may well develop before MAX IV is
commissioned. Thus at MAX IV we will need a SAXS beamline for low-resolution analysis of
molecular shape in large molecules or complexes, possibly following dynamic states and
conformational changes in a manner difficult with traditional crystallography, where we are often
limited by the contacts between molecules in the crystal lattice. A SAXS beamline would be highly
complementary to the MX stations. A special SAXS setup (optics and collimation) is required to
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record information close to the primary beam. A number of such stations are already in operation
at other synchrotrons and their experiences can be useful.

Fig. 9. The NMR structure of the ribosomal
protein L12 fitted into the shape obtained
from small angle X-ray scattering [16].

X-ray absorption spectroscopy. A range of spectroscopic techniques unique to synchrotrons can
be applied on biological material. EXAFS spectroscopy (Extended X-ray Absorption Fine Structure)
is a spectroscopic method that has been used for a long time and that remains valuable. It gives
particular insights into the ligand arrangement of metal ions in metalloproteins and small
molecules designed to imitate them. In biology there are numerous enzymes or other
macromolecules with bound metals. The number of ligands, what type of atom, and their
distance from the metal can be determined with high accuracy from EXAFS studies, while this
exact ligand arrangement around the metal may not always be evident from diffraction studies.
Furthermore information about the electronic structure of the metal site can be obtained from the
X-ray absorption edge region, providing oxidation state and ligand field details. One recent
example is studies of the photosynthetic water oxidation by photosystem II [17]. Here a number of
different arrangements and oxidation states of the four manganese ions in the enzyme could be
followed by EXAFS and absorption edge data, giving a unique insight (Fig. 10).

Fig. 10. The cycle of events during water oxidation
by photosystem II as seen by EXAFS. The
arrangement around three of the four manganese
ions undergoes distinct changes during the reaction
cycle.

Like other spectroscopic methods, time-resolved studies using EXAFS do not require that the
majority of the molecules be in the same state. Such time-resolved studies can give invaluable
insights about structural conversions around functional metals in macromolecular systems which
may not be unambiguous in X-ray crystal structures. Since the technique can be applied to many
forms of matter, it provides unique structural information for systems where crystallization fails,
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and for the studies of substrate or inhibitor binding in vivo. EXAFS equipment can be used
equally well for materials science and life science. Significant Swedish user communities exist in
both areas and would benefit from an experimental EXAFS station.
Circular Dichroism (CD) is a classical spectroscopic approach that has developed at synchrotrons in
recent years. At present such a beamline is not part of the phase one beamline plan. However, it
could be implemented on a bending magnet port on the 0.7 GeV ring. The method can give
information about chromophores in a protein or nucleic acid. One main usage is focused on the
secondary structures of the macromolecules. This can on one hand provide insights into whether
the protein is in a native state or partly or fully unfolded. However, the ability to distinguish
between folded proteins with different secondary structure compositions is limited in the
wavelength range available from laboratory CD spectrophotometers. Synchrotron Radiation
Circular Dichroism (SRCD) has extended the wavelength range, significantly increasing the
possibilities to obtain relevant information (Fig. 11). This has increased the usefulness of the CD
method in several ways [18]. It can be used as a diagnostic tool in structural genomics. It can be
used to check the degree of folding of a protein before crystallization attempts are made,
eliminating "impossible" cases. It can also be used to pre-screen proteins for secondary structure
content. Since one of the goals of structural genomics is to "complete fold space" by determining
the structures of as many novel protein folds as possible, it can help to compare the CD spectrum
of the new proteins against a database of spectra for known folds. In this way new proteins likely
to have a known fold can be eliminated from the first rounds of study. CD has primarily
concentrated on soluble proteins, but recently the spectral databases have been extended to
membrane proteins. The intense synchrotron radiation also enables time-resolved studies of
protein folding.

Fig. 11. SRCD spectra of two proteins with different secondary structure compositions (74% helix, 0% sheet,
10% turn, 16% other [orange] and 48% helix, 5% sheet, 16% turn, 31% other [green]). Over the wavelength
range obtained in conventional CD spectroscopy (to the right of the blue line), the spectra are nearly identical. It is
only when the low-wavelength data (left of the blue line) are considered that the differences become obvious.
Figure from Ref [18].

Another application of SRCD is to follow binding of ligands such as drug candidates to
macromolecules, on condition that they cause conformational changes in the target molecule,
since inhibitors that simply block the active site without changing the secondary structure will not
cause changes in the CD spectrum [19]. As in the field of MX, high-throughput synchrotron
beamlines are being developed to facilitate the screening of drug compounds for binding to
target macromolecules, in a fraction of the time and with a fraction of the material required for
crystallographic studies.
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General requirements and characteristics of the future source
Macromolecular crystallography in the Nordic countries
Firstly, there will be a continuous and growing need for macromolecular crystallography (MX)
beamlines from the Swedish and Nordic structural biology communities, both those using MX as
research tool or indirectly dependent on MX as a source of structural and functional information.
On-going developments in structural biology, in particular the structural genomics programmes
and the focus on difficult and demanding problems such as membrane proteins and large
macromolecular complexes, will enormously increase the demand for beamtime at high-brilliance
sources.
One principal requirement is for a geographically strategically placed radiation source with highly
automated beamlines where protein structures can be rapidly and accurately determined. We are
experiencing a paradigm shift in crystallographic data collection philosophy with the advent of
automation, in which instead of taking data from the first crystal of a set that diffracts reasonably
(due to time constraints and the labour of changing samples by hand), one screens a large
number of crystals in order to find the one diffracting best. Such methods will give a significant
improvement in the overall resolution and quality of crystal structures.
On the other hand, the creation of a high-brilliance, low-emittance source such as MAX IV will
power developments in several cutting-edge fields of structural biology using MX which we
expect to be of increasing importance in the coming decade and beyond, namely:
•

Structures of large macromolecular complexes. Many essential cellular processes are carried
out by complex multi-component molecular machines which have so far proven challenging
for structural analysis, but which we expect will become more tractable in the near future
with the maturation of proteomics analysis.

•

Membrane protein structures, typically derived from small, weakly diffracting, anisotropic
crystals. Structural knowledge on membrane proteins lags a long way behind that on
soluble proteins; nevertheless they constitute approximately 30% of the human genome.

•

Time-resolved studies, e.g. the real-time study on the picosecond scale of evolving
intermediates in biological systems. These experiments would be best conducted on the
Linac at MAX IV.

•

Structure determinations of proteins at atomic (i.e. < 1.0 Å) resolution, yielding a deeper
understanding of protein structure, fundamental reaction mechanisms and protein-ligand
interactions. Improvement in protein engineering will give more highly diffracting crystals.

A close interaction, or shared facilities between the Nordic countries will strengthen the impact of
the research in this field. The structural biology research community in Norway for instance needs
to find ways to compensate for its remote location relative to European synchrotron radiation
facilities. A participation in the MAX IV project could give an opportunity to build an infrastructure
for the most “synchrotron-critical” stages in the crystallomics pipeline, at the site, for Norwegian
users. Laboratory facilities like nano-scale crystallization robotics, automatic crystallization
mounting facilities etc., should be present for the Norwegian community. In an “outstation-like”
organization, Norway would have permanent staff at the facilities, in addition to visitor programs
for shorter and longer term stays. One could by this foresee that Norwegian research groups in
general, and the National Laboratory in particular, could move parts of their research activities to
MAX IV.
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Required beamlines
We need rapidly tuneable beamlines in the energy range 5-25 keV with high energy resolution to
facilitate de novo structure determination using multiple or single wavelength anomalous
dispersion (MAD and SAD). The large wavelength range will enable the use of a wide variety of
anomalous scatterers, from introduced heavy atoms through near-native selenomethionine to
natively occurring sulphur atoms. All beamlines require state-of-the-art detectors, goniometry and
automation.
•

Low-divergence beamlines for the study of large molecules and complexes with large unit
cells, as well as very high resolution studies, both of which require the resolution of many
diffraction orders.

•

Microfocus beamlines to assist work on small crystals down to 5-10 micrometers. The
stability of the beam at the sample should be < 10% of the focal spot size. This places high
demands on both beamline optics and beam stability. A high degree of automation on
these stations will enable the combination of data from a large number of such crystals,
overcoming the problems of radiation damage.

•

A crystallography beamline combined with XAS for the analysis of redox states in
metalloproteins, which are estimated to constitute around 30% of a typical proteome and
which are a strong research area in Sweden. For EXAFS scans this will require the rapid
tuning of an undulator source.

•

A small angle X-ray scattering beamline. This would allow studies of muscles or other
fibrous materials, polymers, gels, amorphous materials and liquid crystals. By time-resolved
studies it would be possible to follow fast structural transitions in protein folding or
aggregation.

All of the beamlines should be robust and user-friendly, in part due to the rapid turnover of users
at MX beamlines, many of whom are at the graduate student level and are relative newcomers to
the methods. We also see the potential to exploit an undulator at the Linac, offering
opportunities to extend time-resolved studies into the femtosecond regime.
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Environmental Science
Overview
A revolution in our ability to understand and model Earth surface systems, analogous to the
revolution in the life sciences brought about by molecular biology, is now possible through
experimental and theoretical developments. This revolution has created a new and rapidly
growing research discipline “Molecular Environmental Science” (MES) [1, 2], and here synchrotron
radiation (SR) based methods play a unique and absolutely central role [3]. This branch of science
is the acquisition of knowledge at the molecular level of the materials (fluids, minerals, organic
matter, biomass, etc) at or near the Earth’s surface, of the chemical and biological processes by
which they are dispersed or concentrated, and of the effects on these processes due to human
activity. MES is essential to any attempt to predict the behaviour of environmental systems and
molecular-scale studies of environmental science problems have grown in importance over the
past decade because of the need for fundamental information about:
•

Molecular-level speciation of contaminant and nutrient elements in ecosystems.

•

Mobility and ecosystem transfer of contaminants and nutrients (process dynamics).

•

Bioavailability and uptake in biota (uptake mechanisms, food-chain
bio-magnification) and impact of speciation on bioavailability and toxicity.

•

Accumulation and short- and long-term effects (sub-lethal, biological endpoints).

effects,

The main drivers for this growth are needs to:
•

Optimize production (agriculture, aquaculture).

•

Perform impact and risk assessments for contaminants (trace metals, radionuclides and
organic components) released to the environment.

•

Safely isolate from the biosphere toxic and radioactive wastes from contaminated sites.

Sensitivity analyses have demonstrated that speciation, mobility, and bioavailability are key factors
contributing orders of magnitude to the overall uncertainties in predicting Environmental Impact
Assessment (EIA) and Environmental Risk Assessment (ERA) models. Thus, speciation information
obtained from SR-based X-ray spectroscopic, diffraction, and microscopic techniques should
significantly contribute to improve knowledge on processes occurring in cultivated, semi-natural,
and natural ecosystems as well as to reduce the overall uncertainties in EIA and ERA.
Because of the enormous complexity of environmental systems and the chemical and biological
processes that control the distribution and speciation of chemical contaminants and nutrients in
these systems (Fig. 1), it is essential that fundamental studies are conducted in parallel with
applied studies of the types mentioned above. Many of these processes have very complex
mechanisms that must be understood at a fundamental level in order to develop models for
predicting the transport of contaminants in aquatic systems or soils. Fundamental knowledge
concerning the kinetics and reaction mechanisms of chemical and biochemical reactions that
control the transformation of specific contaminants and nutrients and the synergistic and
antagonistic reactions among them is also required. Synchrotron radiation methods are wellsuited in many cases to provide molecular-level information about these processes, the reaction
products resulting from them, and reaction intermediates that control overall reaction rates. Such
methods are also needed to understand the complex interactions among biological organisms,
natural solids, and contaminant ions and molecules that result in the dissolution of solids, the
release of natural contaminants and nutrients, the interaction of contaminant ions with solid
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surfaces and natural organic matter, and the formation of biominerals and other precipitates that
can sequester contaminant/nutrient ions.

Fig. 1. Schematic description of molecular-scale processes in environmental science. [4]

A reductionist approach has proven to be essential in addressing these processes at the molecular
level and involves the initial use of simplified model systems that are carefully chosen so as to be
representative of the more complex natural systems. As information is gained on the simplest
systems, complexity is added in a step-wise fashion to the experiments until the natural
complexity is approached. The fundamental information obtained provides the basis for
interpreting the processes controlling the natural system.
One important issue in such investigations is the need to conduct experimental studies under in
situ conditions, including the presence of bulk water and gases that are ubiquitous in natural
systems. Many SR-based methods, particularly those that involve photon in-photon out
measurements, can be used on “wet” systems to characterize reaction products and reaction
pathways.
During the last five years there has been a strongly increasing interest within the environmental
sciences and geosciences communities worldwide to utilize SR-based X-ray spectroscopic and
microscopic techniques to characterize environmental and geologic samples and to understand
the chemical and biological processes that control the speciation and other properties of
contaminants and nutrients. With the new and exciting research opportunities at MAX IV we find
that this source will be extremely important to MES users and in particular to further development
of MES within the Nordic countries.
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Areas of interest for the MAX IV facility
Among the many fields that utilize SR methods, MES is a particularly good example of a field
where research can provide almost immediate benefits. As a result, MES provides useful examples
of research that are directly relevant to the society. Below follows some important areas within
MES where the new capabilities of MAX IV will play a central role for the development and
success of this research.

Speciation of contaminants in aquatic systems, soil, and atmospheric particles
Many contaminants are present and transported in nature associated with particulate matter
where the particle sizes typically are ranging from micro- to nano-scale. The contaminant may be
adsorbed to the particle surfaces as surface complexes or surface precipitates, or entrained in
pores, or structurally incorporated in the host particle. Knowledge about the detailed molecular
speciation, i.e. the molecular structures, compositions, and redox states, of contaminants
associated with particles is essential in order to understand and predict their behaviour in the
environment. Thus techniques are needed for in situ speciation studies, which offer both high
sensitivity (due to the often inherently low contaminant concentrations) and high spatial
resolution. There are very few conventional techniques with these capabilities. Several SR-based
methods, however, fulfil the requirements. The application of SR-based micro-focused X-ray
absorption and fluorescence spectroscopies, and micro-X-ray diffraction techniques provide
means to study both real environmental samples and model systems.
Structural characterization of toxic metal complexes. Cultivated iron-rich soils are almost always
phosphorous growth-limited and fertilized with phosphates often contaminated with cadmium.
Fertilization thus introduces large amounts of highly toxic cadmium to the soils and there is an
urgent need to predict the fate and distribution of this heavy metal. By means of SR-based X-ray
absorption spectroscopy it was shown in a model study that cadmium adsorbs strongly to αFeOOH (goethite) nano-particles in the presence of organic matter [5] as mononuclear surface
complexes, and that these are further stabilized by organic matter (Fig. 2). Based on this
fundamental information models were constructed, which accurately predict the distribution of
cadmium in Fe-rich soils.

3
Fig. 2. Fourier transforms of k -weighted EXAFS spectra of Cd(II) adsorbed on goethite in absence (*) and
presence (#) of organic matter, and the resulting structure of the Cd(II)-organic surface complex [5]
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Radioactive waste. An example of a study involving a complex environmental sample is that of
plutonium reactions with a tuff from Yucca Mountain, USA, which is the location of a proposed
high-level radioactive waste repository [6]. By combining X-ray fluorescence, micro-XANES, and
micro-EXAFS it was shown that plutonium sorbs preferentially on manganese oxide coatings on
smectite particles in the tuff and not on iron oxides or on other phases such as zeolites that also
occur in the altered tuff (Fig. 3). This study also suggested that Pu(V) is partially oxidized to Pu(VI)
during its reaction with MnO2. Such information is critical for understanding how plutonium may
be sequestered in complex natural samples in the vicinity of the designated high-level waste
repository.

Fig. 3. Micro-XRF image of Pu sorbed onto
manganese oxide coatings on smectite grains in
Yucca Mountain tuff reacted with a Pu(V)containing aqueous solution. [6]

Another important research area is the determination of the solid-state speciation of radioactively
hot particles. Recently, SR-based micro focus techniques have been utilized for the
characterization of radioactive particles released from various nuclear sources. These data are
essential for reliable risk assessment, and the International Atomic Energy Agency (IAEA) will
establish a database where particle characteristics are linked to different source terms and release
scenarios, for preparedness purposes.
Soil remediation. Soil pollution is a major environmental problem in all industrialized areas of the
world. In Sweden alone the Swedish Environmental Protection Agency (Naturvårdsverket) has
recently identified approximately 50 000 contaminated sites which should in some ways be
attended to. Obviously, there is a need for efficient and cost-effective remediation strategies, and
these strategies can only be developed if they are based on sound scientific principles. A
prerequisite to formulate such strategies is detailed knowledge about the chemical speciation of
the contaminants in question. The scientific challenge is to in situ characterize the inherently
heterogeneous soil systems, and this can in most cases only be achieved by applying an ensemble
of SR-based microprobe methods such as XANES, EXAFS, XRF, XRD, and X-ray tomography. This
approach was used for Ni- and Zn-contaminated soils from the Morvan region of France where
SR-based methods were applied at the µm resolution scale without disrupting the soil matrix [7].
The Ni and Zn were found to be concentrated in ferromanganese nodules, which consist of subµm to nm-sized particles with varying structures and compositions. Figure 4 shows the microSXRF (Synchrotron X-ray Fluorecent) elemental maps of Fe, Mn, Ni, and Zn, which are unevenly
distributed at the µm scale. Ni and Zn are both strongly correlated with Mn but not with Fe.
Applying also micro-XRD and micro-EXAFS the detailed chemical speciation of Ni and Zn in the
soil particles was characterized, which made it possible to suggest effective remediation efforts.
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Fig. 4. Micro-SXRF (a) and micro-XRD (b) measurements recorded on a soil ferromanganese nodule. [7]

Another illustrative example of the importance of obtaining molecular information on chemical
speciation and its link to biological activity is risk assessment and subsequent possible remediation
of mercury contaminated sediments. The critical issue associated to the risk of these sites is to
which extent mercury is transformed to the highly toxic and bio-accumulating form of methyl
mercury (MeHg). The methylation process is mediated by sulphate reducing bacteria, and their
activity is in turn controlled by the availability of energy-rich natural organic matter and the
chemical speciation of sulphur. Thus, in order to make a proper risk assessment of these
sediments, we need to understand how bacteria interplay with different forms of organic matter,
sulphur and mercury, on a molecular level. A first approach to solve this complicated issue is
taken by a combination SR-based S-XANES, Hg-EXAFS and Fe-XAFS and Hg-isotope dilution
techniques in order to link the chemical speciation of S, Hg and Fe to the methylation process.
This research project is currently taking benefit from the facilities at MAX II (beamline I811). With
the photon flux, coherence and spatial resolution obtained with MAX IV these processes could be
quantified at in situ conditions.
It is apparent from the above-mentioned examples that soil remediation is a particularly good
example of an area within MES where the capabilities of MAX IV will produce unique results
which will have an immediate and positive effect on the environment and thus of direct relevance
to society.
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Plant/soil and microorganism/mineral interactions at high spatial and molecularlevel resolution
The distribution of elements in the environment is controlled by a multitude of different processes
including precipitation, dissolution, adsorption, desorption, and redox reactions. These are all
affected by the micro-environments created at interfaces between biotic and abiotic components,
for example at root tip/soil particle or soil solution interfaces, and interfaces between
microorganisms or bio-films growing on mineral particles. Ultimately, the chemistry within these
micro-environments strongly influences nutrient availability, and hence the productivity of soils,
the extent and rates of chemical transformation of contaminants and cycling of elements in
ecosystems. In order to provide fundamental understanding of these important processes we
need techniques which probe in situ the chemical speciation at the micro-to-nano-scale. With the
improved brilliance and possibilities of higher spatial resolution at MAX IV we can foresee that the
new facility will contribute significantly to this important area of research.
Bioaccumulation of toxic elements. The capabilities of SR-based methods within this research are
nicely shown in a study of interactions between fern roots and chromium- and seleniumcontaining solutions [8]. Plants were exposed to dilute solutions of toxic Se(VI) and Cr(VI), which
accumulated in excess of 105 times the solution in localized areas in single cells. Micro-XANES
demonstrated that selenium accumulated in the nuclei of root cells and that it remained in the
Se(VI) form (Fig. 5). In contrast, chromium accumulated in the cytoplasm of the root cells and was
reduced to Cr(III).

Fig. 5. Micro-XRF image of
the selenium distribution
(left) and the chromium
distribution (right) within
rootlets
of
the
hyperaccumulating aquatic
plant, Salvinia rotundifolia.
[8]

Sulfur in the environment. Sulfur is an element of particular environmental importance, e.g. as
atmospheric sour gas pollutant, in acidification of natural waters, essential in many enzymes and
an important fertilizer, etc., but the transformations of sulfur species in natural samples are very
difficult to follow with conventional techniques. While the total sulfur concentration can be easily
determined, the difficulty to characterize sulfur species in a mixture represents a real challenge.
Because of the lack of specific and analytically informative methods sulfur has been called a
spectroscopically “silent element”. Synchrotron-based sulfur X-ray absorption near-edge structure
(XANES) spectroscopy is an excellent tool for that purpose, which provides useful information and
also unexpected discoveries.
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Fig. 6. Micro-SXM (scanning X-ray micro-spectroscopy) of a section across a pine needle. (left) The reduced sulfur
(mostly thiols R-SH) distribution (2473 eV); (right) High accumulation of sulfate (2482 eV) in the surface layer is
shown with increasing resolution (from 2 to 1 to 0.5 µm); (upper right) Light-microscopy picture of a section
across a pine needle [9].

The build-up of reduced sulfur compounds in organic material is a matter of great environmental
interest, connecting to the natural sulfur cycle; in particular the formation of organosulfur in wet
humic matter and in anoxic marine sediments, which eventually may end up in fossil fuels, such as
coal and oil. Other important environmental aspects are the new insights possible in sulfur
metabolism in living plants. Sulfur speciation by sulfur XANES on intact plant leaves can identify
key steps in the effects of sour gas exposure on sulfur metabolism. Leaves and needles exposed to
atmospheric SO2 accumulate sulfate (sulfur K-edge 2483 eV) in the surface layer, consistent with
the spatial SXM distribution of sulfur species mapped across a section of a needle, as shown in
Figure 6. Sulfur SXM mapping of the distribution of sulfur species, which display seasonal
variations, reveals unique metabolistic information, allowing discrimination between beneficial
and detrimental exposures.

SR techniques in archaeology
Although not within the mainstream of MES, SR studies of archaeological artefacts is a closely
related discipline. This field of science provides important information on chemical speciation in
the objects which among other things help to formulate more effective and scientifically based
conservation strategies. Furthermore, the detailed chemical and structural information give the
historians a deeper understanding of the origin and technology behind the objects [10].
Sulfur in archaeological artefacts. A Swedish example is from marine-archaeological wood, Fig. 7.
Sulfur K-edge XANES revealed that large amounts of reduced sulfur species had accumulated in
the timbers of the Vasa, which was found to develop acidity and cause preservation problems in
the Vasa Museum [11] Further investigations by SXM distinguished two types of reduced sulfur
compounds in marine-archaeological wood. Organosulfur abounds in the lignin-rich middle
lamella between cell walls, mostly as thiols, disulfides and elemental sulfur, while inorganic iron
sulfides, including pyrite, occur in separate particles. The sulfur accumulation originates from
hydrogen sulfide produced by sulfate-reducing bacteria in seawater, and its reactions with lignin
expose an environmentally important mechanism of incorporating sulfur into organic matter, in
competition with reactive iron that forms sulfides. The acidity problems were found to be quite
general for marine-archaeological wooden objects preserved in seawater, and methods to remove
iron and sulfur species are being developed in an international project, see
http://www.fos.su.se/%7Emagnuss/, which also includes several other historical shipwrecks under
conservation (e.g., the Mary Rose, Henry VIII’s flagship, Portsmouth, U.K) [12]. Synchrotron X-ray
analytical methods will be required for monitoring the efficiency of the improved removal
procedures by determining the distribution and physical state of the reduced sulfur and iron
compounds in the marine-archaeological wood.
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Fig. 7. (left) The Vasa ship after conservation treatment
on display in the Vasa Museum; (right) Scanning X-ray
micro-spectroscopy at 2473 eV showing accumulation
of reduced sulfur in the middle lamella of a wood
sample from the Mary Rose with an iron sulfide particle
at point 1 [12]; below an example of XANES analysis of
Vasa wood.

General requirements and characteristics of the future source
The complex nature of environmental systems requires a combination of techniques to unravel
the necessary molecular-scale details of the processes. The MAX IV sources (both the 1.5 GeV and
3.0 GeV storage rings) will provide a range of unique research tools to attack important
environmental problems. This is the case because both light elements and heavy elements are
present in environmental samples. The following techniques will be of great importance within
environmental sciences:
•

Micro-XAFS, micro-XRD, and micro-XRF (3.0 GeV ring)

•

Bulk XAFS spectroscopy (3.0 GeV ring)

•

Scanning transmission X-ray microscope (STXM) (1.5 GeV ring)

•

Resonant Inelastic X-ray Scattering (RIXS) of soft X-rays (1.5 GeV ring)

•

IR spectroscopy and spectro-microscopy (0.7 GeV ring).

•

X-ray imaging: phase-contrast imaging and tomography; diffraction imaging and
topography (3.0 GeV ring).

Some of the suggested techniques should be used simultaneously on the same sample, to save
time due to aligning, or sequentially in a relatively simple and fast way. This will require the design
and construction of specialized sample holders, with fiducial markers for precise sample
alignment, which can be transferred from one beam station to another. Such an approach will
allow the use of an optimal combination of several techniques on the same sample.
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Finally follows a list of general and specific requirements of beamlines and infrastructure of
importance to the MES community:
•

Coherent beam with high brilliance and broad energy tunability to allow multiple
components in the same samples to be studied.

•

Contaminant and nutrient species are often present at very low concentrations in
environmental samples. Therefore, the combination of source and beam-line optics should
provide high fluxes to improve detection limits, and should be operated with a variety of
band-passes.

•

Because of the enormous heterogeneity of environmental samples on spatial scales ranging
from micrometer to nanometer, there is a need for micro focusing devices that produce Xray beams in these size ranges.

•

Because of the requirement that environmental samples be maintained under in situ
conditions in order to preserve the various species present, there is a need for in situ
characterization cells and capabilities.

•

Because of the need to understand reaction rates and reaction pathways, there is a need for
rapid data acquisition in XAFS and diffraction experiments on environmental samples at
MAX IV that allow for time dependent studies.

•

Because of the relative level of inexperience of environmental scientists with SR methods,
there is the need for strong user support at MAX-lab. This requirement should also be true
for other disciplines and will help ensure efficient use of beamtime.

•

Because of the need in many cases to prepare samples just before SR studies or to
manipulate samples during the course of an experiment, particularly those involving
microorganisms, appropriately equipped labs are required for sample preparation and
handling directly at the beamlines.

•

Because of the need to characterize radioactive samples, efficient procedures and
equipment for handling and analyzing radioactive samples are needed.
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Biomedical Research and Applications
Overview
The use of X-rays for medical applications has a long history starting with the images taken in
1895 by W.C. Röntgen. X-rays provided the first opportunity to “see inside” the patient noninvasively. Also the therapeutic use of X-rays was realized quite soon after. The use of X-rays in
medicine is a well-established field, which advances continuously as new technologies become
available. For instance, the introduction of computed tomography (CT) in the 1970’s
revolutionized medical imaging, not only with X-rays, but with magnetic resonance and gammarays.
The use of Synchrotron Radiation (SR) in biomedical research has benefited from the advanced
methods developed for clinical use. Synchrotron radiation has features that make possible new
methods and applications that are beyond the capabilities of conventional X-ray sources. The
intensity of SR is many orders of magnitude larger than that available from the X-ray tubes used
in clinical applications, so that sufficient flux is available in a narrow wavelength band, which is
separated from the continuous spectrum by a monochromator. The wavelength can be tuned, the
SR beam can be focused, and the radiation is partially coherent. These properties open up totally
new possibilities for medical imaging and therapy.

General aspects of medical applications of SR
The use of synchrotron radiation in medicine is difficult to develop as a routine technique, due to
limited availability of beam-time. This is an aspect that has to be kept in mind in planning the
installations and research programs. These issues concern human studies in particular, because
only a small number of patients can be diagnosed or treated.
Basic biomedical research by SR borders fields like protein crystallography, which is one of the
most active fields of SR research, and structural studies of relatively small molecules, which is
relevant for drug development. These and other biological research areas have benefited from the
high intensity, wavelength tunability, and micro-focusing of the X-ray beam. Different microbeam techniques constitute some of the most exciting recent developments in SR research in
general.
Various diseases cause morphological and other changes in tissue structure and function that may
be studied by SR. The research should concentrate on diseases that are important public health
problems, like common forms of cancer and respiratory diseases. The goal should be in shedding
light on the causes and mechanisms of the diseases by linking the studies to biochemistry and
physiology. Ultimately, the studies may lead to better forms of diagnosis of diseases, but this
should not be the goal from the outset. Another line of generally relevant research is studying the
effects of medication.
Diagnostic methods based on the use of SR may have great value as benchmarks and quantitative
references for clinical methods. The SR beam is a very precisely defined probe, which can be used
for measurement of the absolute concentration of a contrast agent, for instance.
Radiation therapy of cancer is an important field where the use of SR has great potential. There
are strong indications from animal models that inoperable brain tumours can be cured, and if the
therapy can be extended to human patients, new therapy units will become available at the
synchrotron radiation facilities. It is possible and even likely that SR therapy will provide
competitive alternatives to the different forms of hadron therapy.
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New methods for medical applications
Synchrotron radiation has been used in medical research and diagnostics for less than 20 years,
but during that time several new methods that are specific to SR have been developed. Three
examples are given in the following.
The K-edge subtraction method was originally developed for coronary angiography with
intravenous injection of the contrast agent, where the risks of arterial catheterization are avoided.
Two X-ray energies that bracket the K-absorption edge of the contrast agent are used for
acquisition of simultaneous images, and the difference image shows the distribution of the
contrast agent even at low concentrations, because all other features are effectively eliminated. A
recent application is functional lung imaging with stable Xe gas as the contrast agent, which
allows detailed and quantitative imaging of ventilation distributions. For instance, dynamics of a
simulated asthma attack can be followed (Fig. 1).

Fig. 1. Maps of specific ventilation (s.V) and time constant (τ) in one rabbit, obtained at apical, middle and basal
lung levels, for 3 different tidal volumes (VT: volume of air inspired in each respiratory cycle). The colour scale is
given in (min-1) and in (s), respectively. s.V increased in all lung regions when VT increased. There was a significant
difference in s.V between dorsal and ventral areas at the basal lung level. [1]

Phase-contrast imaging is one of the major breakthroughs in materials science and medical
research. There are many variants of phase-sensitive methods, but they have the common feature
of providing image contrast that is typically two orders of magnitude stronger than the contrast
due to variation in X-ray absorption. Particularly fine details in soft tissue and cartilage become
visible, and the obvious applications include studies of breast cancer and degenerative changes in
joints (Fig. 2). The cartilage is clearly visible in the human joint in this phase contrast image taken
using an analyzer based method called Diffraction Enhanced Imaging. Cartilage cannot be
imaged with conventional absorption imaging.
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Fig. 2. (a) Conventional synchrotron radiograph of the
first metatarsophalangeal joint showing that only the
bony components of the joint are visible. (b) Diffraction
Enhanced Image (DEI) image of the same specimen. Both
articular cartilage and the surrounding connective tissue
are visible.
L, ligament; C, capsule of the first
metatarsophalangeal joint; MC, articular cartilage of the
metatarsal; and PC, articular cartilage of the proximal
phalanx. [2]

X-ray microscopy, micro-fluorescence, and micro-CT are other breakthroughs in X-ray imaging.
Intra-cellular distributions of trace elements and even their chemical states can be mapped with
100 nanometer resolution, so that cell metabolism can be studied. The resolution of micro-CT is a
few micrometers, which makes possible imaging of the 3-dimensional architecture. An example is
given in Fig. 3 of an area of the central nervous system (i.e. Substantia nigra) affected by
Parkinson’s disease.

Fig. 3. Substantia nigra the Parkinson’s disease case: (a) microscopic view of scanned area of the tissue; and (b)
distribution of selected elements. The arrows show neuron localisation. The values on the scales represent
intensities in relative units. [3]

Areas and methods of current biomedical research by SR
Therapy. The specificity of therapy with SR is due to high flux and collimation, which makes it
possible to deliver doses of several hundreds of Gy in a fraction of a second, and due to the
tunable narrow-band radiation, which can be used for optimized photon-activation therapy. Preclinical trials with different animals (mice, rats, pigs) have demonstrated the efficacy of the new
treatments, and clinical trials are being prepared. The methods include:
•

Micro-beam Radiation Therapy (MRT), which is based on collapse of the tumour vasculature
and sparing of the normal tissue.

•

The other method is Synchrotron Stereotactic RadioTherapy (SSRT), where the effect is
enhanced by radiation-sensitizing drug (cis-platinum), and the ablation of the tumour is
probably due to DNA double strand breaks caused by slow electrons
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Microanalysis and micro-imaging. During the last decade, many different X-ray optical solutions
were introduced for micro-focusing in the energy range from a few keV to over 100 keV. Intraand inter-cellular distributions of elements and their chemical states can be determined, which
has implications in cancer research, for instance.
•

currently in-vitro samples, cell cultures and human biopsies are used

•

the specialty is the sub-micron spatial resolution (even better than 100 nanometers has
been attained), and elemental analysis including the chemical state

•

the methods include X-ray microscopy and micro-probe, micro-CT, and combinations of
these

Enhanced phase contrast. The methods include the so-called propagation contrast imaging, which
is similar to in-line holography and requires transverse coherence of the X-ray beam, and analyzerbased imaging, where perfect crystals are used to convert the changes of the X-ray phase to
changes in intensity, or where the scattering from the sample is analyzed. At least in principle,
most of these methods can be transported to clinical environment, where conventional X-ray
sources or compact synchrotron radiation sources are used.
•

the target of imaging is soft tissue and cartilage, particularly the changes in breast tissue
morphology due to cancer, and pathological changes in joints

•

so far in-vitro samples and small animals have been imaged

•

the specialty is the contrast enhancement (about 100 x the contrast in absorption images),
highlighting the tissue contours, and spatial resolution of 50 microns

•

the methods include refraction and scattering contrast (DEI method), and propagation (inline holography) phase contrast due to coherence of the SR beam

Functional imaging. The K-edge subtraction method was originally developed for non-invasive
coronary angiography, and now the method is also being used for functional lung imaging of
small animals (rabbits). The contrast agent is inhaled stable Xe gas mixed with oxygen, and 3dimensional ventilation and lung volume can be mapped. The spatial resolution (even 50
micrometers) is much better than the resolution achieved by any other imaging method (e.g. spinpolarized He-3 imaging), and the results are truly quantitative. The lung function studies are basic
patho-physiological research, where functions of normal and diseased lung are visualized, and the
effects of medication can be followed.
•

the target areas are lung function, circulation, and perfusion

•

currently animal models are used, and coronary non-invasive angiography has advanced to
human studies

General requirements and characteristics of the future source
rd

SR facilities with medical research programs. All large 3 generation facilities have medical
research programs, and ESRF (Grenoble) as well as SPring-8 (Japan) have dedicated beamlines.
Elettra (Trieste) has a beamline (SYRMEP) for medical imaging. Phase contrast imaging is done at
most SR facilities, and X-ray microscopes are used for biological research at many laboratories
(BESSY (Berlin), ESRF, APS (Chicago), ALS (Berkeley), NSLS (Brookhaven), ASTRID (Aarhus); just to
mention a few). Several new facilities under construction have research programs with biomedical
applications (CLS (Saskatoon), Australian Synchrotron (Melbourne)) and plans are being developed
for programs at the Shanghai Synchrotron Radiation Facility, and the proposed new machine in
Taiwan.
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Medical beamline at MAX IV. The list of biomedical applications of SR is becoming rather long, as
seen in the preceding chapter, and it is not advisable to try to accommodate all applications at
one beamline. In particular, X-ray microscopy and micro-fluorescence require specific X-ray optics
and instrumentation, and the required X-ray energies are lower (below 10 keV) than those
needed for most imaging and therapy applications. The following beamline concept for imaging
and therapy applications is based on proven designs and constructions, but at the same time,
possibilities for future developments are kept open. There are no plans for a dedicated beamline
for this field of research among the first phase beamlines. However, there are excellent
opportunities for several aspects of the research discussed in the present chapter at various
proposed first phase beamlines. As the community of Nordic researchers develops in this field
there are excellent opportunities to expand the facility in this direction. There will for instance be
one superconducting multipole wiggler that could be used for such a dedicated facility.
Source. Most of the imaging applications listed above require a laterally extended beam, 100-150
mm wide at the imaging position. The vertical opening of the beam may be less than 10 mm,
because typically the object is translated vertically, and only a few lines are recorded
simultaneously, depending on the detector resolution. Transverse coherence is essential in
propagation contrast imaging, so that a small source size is essential. Sufficient intensity should
be available at the Pt K-edge (78 keV) for the stereotactic radiation therapy, which is enhanced by
cis-platinum. Micro-beam Radiation Therapy (MRT) is not considered here, because the high
intensity required at energies of 100 keV may not be available at MAX IV.
Summarizing, the source should be a superconducting multipole wiggler. The critical energy
should be close to 20 keV, and the K-value about 20 to ensure a sufficient uniformity of intensity
in the horizontal direction. Optimization of the source is subject to technological constrains of the
wiggler, and limitations of the total power.
It would be advisable to include a whole sector (wiggler at the straight section plus the adjacent
bending magnet) in the beamline. The needs of imaging and therapy are different, and the
experiments require long preparation times.
X-ray optics and beamline instrumentation. It is important that the option of using white beam
for studies where very high intensities are needed is included in the beamline design. Therefore, a
small well-shielded hutch should be placed immediately after the first optics hutch. Radiation
from the high-field wiggler is used in this hutch, or a transport pipe is installed for connection to
the second optics hutch.
A small imaging hutch, where the monochromatic bending magnet beam is used, is placed
downstream from the white-beam hutch. The wiggler radiation may be transported through this
hutch.
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Soft- and Bio Materials
Overview
Society has always been dependent on materials. Rapid improvement in economic growth and
overall quality of life have historically been linked to breakthroughs in materials science. This is
readily seen from the simple timeline depicted in Figure 1. For a long time metals and naturally
occurring soft matter such as cellulose, wood and fibres have traditionally had the largest impact
on society. In the last century, however, there have been breakthroughs in a wide variety of
technologies based on inorganic semiconductors as well as synthetic polymers and molecules.
These breakthroughs are poised to continue in this century and the soft materials are likely to play
an increasing or even dominating role as e.g. biomedicine and bioelectronics applications are
realized.
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Stone, Wood, Copper
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Bronze, Paper,
Cement,
Glass, Iron
Rubber, Polymers
Steel
(Nylon, etc)

-10 000

1 000

1 800
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Optical fibers,
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Super Alloys
GMR, etc,

1 940

1970

2004

Fig. 1. A simple timeline for materials science.

Polymers, liquid crystals, nanoparticles and colloids are but a few examples of the multitude of
soft materials that are of significant importance in modern day technology. Many of the soft
materials were first introduced due to a specific property or functionality, often related to
mechanical properties of the materials. However, just as nature uses multifunctional building
blocks to create advanced components in areas like energy conversion and storage or signal
detection and processing, a main direction of current research is to develop multifunctional
materials with properties designed for specific applications. As multifunctional materials find an
increased use in almost all fields of technology, it is crucial to derive basic models for the
relationship between materials properties and functionality. Examples include the effect of
molecular order on electronic, magnetic and optical properties of organic films and molecularly
modified nanoparticles, the effect of phase segregation in polymer blends on charge transport
and exciton dissociation, etc. Furthermore, the size-dependent evolution of materials properties
must be understood in order to successfully control the functionality of the systems. This is
necessary since a particular material may find use in nano-, meso- and also macro-sized
technological applications.
Synchrotron-based methods are ideal tools to investigate the inter-depending properties of
nanoscale materials and of surfaces modified with organic nanostructures. With such methods
one has the ability to probe, also locally and element specifically, the electronic and chemical
structures as well as the physical properties. The quality of the radiation, expressed as the
brilliance of the photon beam, is particularly important for studies of nanostructures where
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sample densities might be low. An increase in brilliance directly means that the measuring time
can be dramatically reduced for existing experiments or, alternatively, that these experiments can
be performed with much improved energy-, time- or spatial resolution. The improved light source
that MAX IV represents will likely spur the development of better detection systems, which is of
importance for e.g. tomography experiments where it is desirable to achieve substantially better
resolution than the ~1 µm that is feasible today. A number of areas related to soft materials and
biomaterials that will benefit greatly from the MAX IV source are listed below.

Organic electronics and bioelectronics
Organic electronics [1] represents an emerging field of technology where commercial products
such as full-colour displays have been realized and others such as plastic solar cells and
biocompatible sensors are under development. Polymers and molecular materials are attractive
materials for a variety of applications as their electronic and optical properties can be tuned by
controlled synthesis. Solution processability and self-assembling properties can also be added by
synthetic routes, enabling a low-cost production of electronic devices. In particular, by using the
polymers as electronic ink, components can be printed on flexible substrates such as paper and
plastics, which constitutes a breakthrough in the electronics industry. The electronic and optical
properties of a film are strongly coupled to the intermolecular order within the film. As polymer
blends are commonly used, e.g. acceptor-donor blends in solar cells, the ordering between two
phases is of obvious importance to exciton dissociation and charge transport [2]. Hence, the key
goal in the field of organic electronics is to understand and control the inter-dependence of film
order (nano, meso, macro) and electronic/optical properties.
An important application for electronic devices is to communicate with bio-systems. This is the
field of bioelectronics [3]. Constructing such devices from organic (bio-compatible) materials and
using the kind of signal carriers that exist in both the bio- and the electronic systems are clear
advantages. Electrochemical (EC) transistors are one class of organic electronics components that
fills this need, using both ions and electrons as signal carriers, while operating at low voltages.
From EC transistors, logic circuits can be constructed at the very ion-electron transducer interface,
in-between classical electronic and biological systems. In addition, EC transistors do not require
planar substrates and hence unconventional flexible carriers more suitable for inclusion in
biological environments may thus be used.
Another interesting direction of organic electronics is the so-called molecular-scale electronics [4].
As integrated electronic circuits move rapidly from the micrometer scale into the true nanometer
range, processes involving clusters of atoms and single molecules become highly relevant. By
shrinking the size of the building blocks, “new” physical and chemical phenomena come into
play, often due to quantum mechanical effects. Here, single molecules would form the quantumsized unit, providing synthetically controlled electronic, magnetic and/or optical functionalities in
combination with self-assembling properties.

Organic spintronics
Another way to access quantum mechanical effects is to make use of the spin of the charge
carriers, creating spin-based electronics, spintronics. A novel approach to spintronics is to use
organic, molecular semiconductors in combination with inorganic or organic-based magnetic
materials. Carbon-based materials (conjugated polymers in particular) may play an important role
in future spintronics applications as for instance transport materials for spin-polarized electrons.
Conjugated polymers may have electrical mobilities and spin-coherence lengths large enough for
devices on the 100 to 1000 µm scale. Prototype structures that have recently been reported
include hybrid inorganic/organic spin valves [5]. The long coherence lengths result from the fact
that most conjugated polymers do not contain any heavy metal atoms that might act as spinscattering centres. Additionally, spin valves based on molecular wires have been proposed,
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analogous to the molecular-scale electronics path of organic electronics. Another interesting
progress in this field is the recent development of room-temperature organic-based magnets [6]
that potentially would allow for all-organic flexible spintronic applications. Such magnets are at
present not stable to ambient atmosphere conditions, but serve as useful model systems and
provide a basis for further materials development. Organic spintronics is still at a very early stage
of development, but has strong potential.

Molecular switching for memory technology
The ultra-fast macroscopic switching of materials in the solid state opens new avenues for the
manipulation of matter with light with a high potential for industrial innovations. Information
storage in materials is up to now based on switching kinetics governed by slow thermally
activated nucleation-growth processes above the ns time-scale. Switching in a macroscopic or
nanostructured material triggered by coherent motions of e.g. molecules or domain walls would
signify a technological breakthrough. In particular, in relation with the investigated molecular
materials, there is a large demand in optical information processing (ultra-fast writing and/or
erasing) and optical devices for telecommunication applications (large spectral photo-induced
changes). In addition, the (dis)appearance of magnetic species controlled by light (as in spin
transition systems) supplies a new channel for information storage. This is coming up in molecular
materials by virtue of photo-induced co-operative and coherent changes in the molecular identity,
such as its charge state, spin state or molecular conformation [7]. Thus in some unconventional
photo-active materials the various relaxation processes of the localized or delocalized excited
states following the absorption of photons are not independent, as in conventional excitonic or
photo-chemical processes or for the conventional excitation of coherent collective phonons, but
entails a photo-induced phase transition towards a new lattice structure and electronic order, see
e.g. [8]. This gives the possibility of an ultra-fast tuning of optical, magnetic, dielectric and other
macroscopic physical properties of materials by light pulse stimuli. In addition, light pulse driven
coherent reversal of domain orientations (ferroelectric or structural ones) appears possible [9] with
the control of the interplay between the number of excited molecules and the amplitude of the
related soft mode.

Molecularly modified surfaces and interfaces
With the development of highly structured surfaces, many new research areas have been
developed based on surface reactions utilizing the increased surface-to-volume ratio. In
nanoporous/nanostructured systems that can be described as nanoparticles interconnected in a
three-dimensional network, connections between the nanoparticles allow for electronic
conduction, and the high internal surface area can be used to dramatically increase the number of
photoelectrochemical and electrochemical reactions at the material surface. The semiconductor
particles can be made transparent to light and can be modified by molecules anchored to the
surface. The electrolyte phase may also be replaced by other molecular materials (soft materials)
possessing appropriate functions. These properties have given rise to several research fields and
applications including energy conversion (solar cells), energy storage (batteries) and energy
savings (smart windows). These applications have to a large extent been based on the molecular
design of the interface between the nanoparticle and the surrounding medium and on how the
obtained structures relate to specific functions. One example is mixed self-assembled layers of
molecules with complementary functions (e.g. one type for light absorption, and one type for
preventing undesirable back reactions over the interfaces). The time window for the important
reactions (many being electron-transfer reactions) span a broad range and include electron
injection (femtosecond) [10], reduction of molecules by the electrolyte (nanosecond), back
reaction from the inorganic nanostructured material to surface (interface) adsorbed molecules
(microseconds) and charge transport through the porous network (milliseconds). The fs processes
are of major fundamental interest in order to follow how a chemical reaction evolves.
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Biomaterials
In biomaterials research, which is facing the challenge of developing artificial materials that
should be compatible with biological tissues, detailed surface characterization is an important
prerequisite for a better understanding of the mechanisms involved in the interaction between
man-made surfaces and biological tissues. One challenge is to connect the information obtained
in surface-sensitive measurements to the biologically relevant situation of the material
investigated. For such purposes, it is highly important to combine a multitude of investigative
tools ranging from fundamental surface science to biochemical and cellular response. This
requires coupling of a broad arsenal of experimental techniques in mapping of structure and
dynamics. Here, synchrotron radiation plays a central role, supporting complementary
spectroscopies (FTIR, UV/Vis) and imaging techniques (AFM, confocal microscopy).

Polymers
Synthetic polymers and biopolymers are studied in solution and as bulk materials. Experiments
include determination of phase behaviour and structure in block copolymers, interactions of
molecules in solution as well as the shape of folded proteins and aggregates of macromolecules.
Many of these materials can be tailored to produce specific structures or properties on a
nanoscale through self-assembly and spontaneous organization.

Biocompatible nanoparticles
Small particles and clusters are considered as possible building blocks for magnetic storage
devices and unique probing/treatment material in medicine [11]. Magnetic Fluid Hyperthermia
(MFH) has been used for anticancer treatment with AC magnetic field excited biocompatible
nanoparticles. Nanoparticles are potential agents for Neutron Capture Therapy (NCT) of tumours.
Superparamagnetic nanoparticles can be used as Magnetic Relaxation Switches (MRS) capable of
sensing biomolecular interactions. Biocompatible Transition Metal (TM) nanoparticles are used as
contrast agents in Magnetic Resonance Imaging (MRI). Tissue-specific targeting is a very
interesting goal to be achieved by coating and biofunctionalization of the nanoparticles used in
MRI. The future challenge for MRI is the possibility of cellular and molecular imaging.
Particulate colloids also are of interest, both for their industrial applications and as models for
mesoscale liquids and liquid crystals. An interesting example arises from work on plate-like
particles using Small Angle X-ray Scattering (SAXS). The size and shape of the particles in
dispersion can be confirmed but of more importance is the determination of liquid crystalline type
structures. This is illustrated by work on Ni(OH)2 particles shown in the micrograph in Fig. 2 [12].

Fig. 2. Ni(OH)2 particles, 200 nm scale bar (left panel);
SAXS from flow aligned sample of Ni(OH)2 particles at
two orientations showing the presence of a columnar
phase (right panel) [12].
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Self-assembled structures, micro- and nanoarrays
Amphiphiles and surfactants will often self-assemble into a range of structures that depend on
their concentration in solution. These range from isotropic dispersions of micelles (aggregates of
molecules) to a range of lyotropic liquid crystalline phases such as lamellar, cubic and hexagonal
phases. Under appropriate conditions vesicles and self-assembled interfacial structures can also
be formed. The influence of external fields is important and changes in a surfactant system under
e.g. shear have attracted considerable interest.
Self-assembly techniques are also powerful tools for developing bio-inspired nanostructured
materials and devices. Self Assembly Molecules (SAMs) are used to design and synthesize
molecular building blocks for the production of biocompatible and bioactive coatings. This
includes long-chain bifunctional linking molecules containing a head group for surface
attachment and a reactive tail group available for further derivatisation.
Micro- and nanoarray devices (Fig. 3) are of considerable research interest in the fields of
genomics, proteomics, medical diagnostics and high throughput screening. There are many
examples of how to form micro- and nanoarrays. Microcontact printing of long-chain bifunctional
molecules, for example oligo(ethylene glycol)s (OEGs) has become one of the most versatile and
flexible tools for the production of soft microarray structures with spot/well dimensions spanning
from ~50 nm to 1 mm [13]. A complementary approach is scanning probe nanolithographic
methods: nanografting and Dip-Pen Nanolithography (DPN). In the first one the Scanning Probe
Microscope (SPM) tip is used to inscribe a desired shape into, e.g., an alkylthiolate SAM on gold.
In DPN, the tip can be inked with the molecules of interest and the surface structures are written
directly on a clean gold substrate.

Fig. 3. Illustration of micro contact printing of long-chain bifunctional molecules used to produce a soft
microarray structure.

Areas of interest for the MAX IV facility
The development of the MAX IV light source will create a range of new opportunities for research
in the areas described in the overview. Higher brilliance, higher photon energies, more focused
(coherent) beams and improvements in detector technology will enhance the capabilities of
existing techniques as well as enable the development of new ones. Below we give a flavour of
some of the topics that will be pursued.
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Organic electronics and bioelectronics
Self-organized heterojunctions in nanostructured phase-separated blends of conjugated polymers,
fullerenes and (poly-)aromatic molecules are crucial to a number of organic electronics
applications. By controlling the structure in combination with the electronic/optical properties of
the blend components, nanoscale structures such as transistors, light emitting diodes and solar
cells can be achieved. For example, in organic-based photovoltaics, so-called bulk heterojunction
solar cells use nanostructured phase-separated blends of conjugated polymers and fullerene
derivatives to absorb photons and separate them into individual charges (Fig. 4). The high
brilliance and smaller focus of the MAX IV source combined with laser sources will allow for
detailed studies of both 3D order and energy level alignment of such structures in the bulk of the
blends, extending the range of information extracted today. The ability to study buried interfaces
by depth profiling techniques is important for the more conventional thin film multi layer (~10
nm) structures common in devices. Dynamic processes such as exciton formation and dissociation,
as well as charge transport across interfaces, will be other areas where the MAX IV source
provides substantially enhanced capabilities. For bioelectronics application, the interface between
the organic electronics component and the biological entity is of great importance. Immobilization
of the biological molecules at the interface is likely desirable for most applications, as is control of
biospecific interactions between biomolecules and organic electronic devices, used either to probe
a specific property or to avoid unspecific adsorption of biomolecules. The high brilliance of the
MAX IV source will enable the study of such buried interfaces and probe the specific bonding and
orientation/conformation of the biomolecules.

Fig. 4. Polymer-fullerene bulk heterojunction solar cell.

Organic spintronics
Introducing organic semiconductors into the field of spintronics has many potential advantages.
The electronic and optical properties of organic materials can be tuned via well-established
chemical routes. Moreover, many molecular systems feature self-assembly on solid surfaces into
nanostructures, e.g. nanocolumns, in which quasi-band formation leads to high, strongly
anisotropic charge mobilities. The physical processes in spintronic devices are strongly governed
by structural, electronic and magnetic interfacial properties, which need to be characterized.
Some key experiments involving synchrotron radiation may be pointed out: spin/charge transfer
dynamics at interfaces between organometallic molecules and ferromagnetic substrates using
core-excitation and decay measurements. Such experiments require circularly polarized light,
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preferably 100%, at photon energies between 400-1000 eV for transition metal organometallic
complexes, with a resolution of about 0.1 eV, and a sufficiently high flux to allow probing submonolayer coverages of molecules that typically contain only a low fraction of metal atoms.
Currently, such experiments are severely limited by the low flux of circularly polarized photons at
said photon energy and resolution.
•

Magnetic proximity effect in organic/organometallic molecules adsorbed on ferromagnets.
X-ray Magnetic Circular Dichroism (XMCD) may be used on a non-magnetic molecule to
detect any proximity effect. Again, these systems would have (sub)monolayer molecular
coverage, requiring high photon flux.

•

Magnetic properties of ultra thin films of organic molecules and transition metal
ferromagnets and/or magnetic oxides. Such sandwich structures will be fabricated in the
future and require state-of-the art XMCD for magnetic characterization.

•

Circular dichroism at K-edges of transition metals in buried layers, or K-edges of
heteroatoms in adsorbed molecules such as sulfur. Such experiments would require circular
polarized light at a very high photon energy, which is currently not available.

Molecular switching for memory technology
The exceptional possibilities of ultra-fast X-ray techniques promise direct access to see an
assembly of a huge number of molecules in a crystal moving in a regimented way and getting
self-organized. This provides an outstanding opportunity for the direct observation of the
dynamics of photo-induced co-operative phenomena. This takes place intrinsically at different
scales (spatial and temporal): sub-ps precursor phenomena, such as formation of (1D, 2D or 3D)
dynamical nanodomains (diffuse scattering) and the excitation of coherent phonons and nonlinear excitations, 3D ordering and macroscopic transformation triggering phase separation at ps
time scale. In addition, the collection of complete diffraction data, needing short wavelength and
large detector, will give access to the precise structural determination of the photo-induced states
(average structure) at different stages, from the precursor phenomena to the establishment of the
new metastable macroscopic state (in general phase coexistence). It will take advantage of the
experience and methodological progress acquired around synchrotron and present fs sources. In
the same way, a close coupling with optical pump-probe progresses is needed.

Molecularly modified surfaces and interfaces
For further development in designing molecular assemblies with appropriate properties, it is highly
desirable to be able to perform element-specific time-resolved measurements using X-rays. This is
particularly important, since many of the materials involved in the processes contain transition
metal elements. Such prospects open up with the advent of SPPS and free electron lasers in the
femtosecond regime. In recent research on molecularly modified interfaces it has become clear
that the most appropriate studies will require a combination of several experimental techniques.
The studies should thus preferentially be performed on buried interfaces expressing the desired
function. For the systems discussed above this implies studies of solid /electrolyte (liquid)
interfaces. In order to proceed in this direction in element-specific spectroscopy, the need
becomes apparent to increase probe depths by means of higher excitation energies (of the order
of 5 keV) as well as the use of photon-based techniques (XAS, XES). For volatile electrolyte (in
particular water-based) overlayers it is also of fundamental importance to equip the instrumental
facilities with appropriate means for work at high sample pressures using differentially pumped
set-ups (high-pressure XPS).
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Biomaterials
The MAX IV light source will enable the development of resonant scattering spectroscopy that
provides chemical and biological applicability also for systems with amorphous, macroscopically
non-ordered, structures. This will help to solve some outstanding structural problems in biology,
and will be highly relevant for the active field of protein and enzyme structural research, with
possibilities to study single proteins and membrane proteins and to follow structural dynamics at
atomic dimensions. In contrast to traditional X-ray techniques, which allow the measure of only
internuclear distances for disordered systems, there are thus genuine possibilities through
selective resonant X-ray scattering to obtain orientational and angular information in addition to
bond distances.
The mapping of coordinates in disordered samples through resonant X-ray scattering is an
important scientific challenge. Biomolecules and proteins can be marked by “labels” using special
bacteria techniques. The labels should contain heavier elements than those in the protein in order
to isolate the excitation resonance. The resonant X-ray scattering between two heavy atoms will
then give rise to specific polarization-sensitive and distance-dependent patterns (Fig. 5) due to the
particular diffractional factor in the cross section. The double labelling will enable resonant X-ray
Raman spectra to follow the evolution, or folding, of the protein if the measurements are
conducted in a time-resolved fashion. In addition, angular information, which is not possible to
obtain with any of the current techniques, can be gathered using orientationally selective core
excitations by polarized light.

Fig. 5. The mapping of molecular structure by
resonant elastic X-ray scattering making use of
the element labelling and orientationally
selective core excitation. Labels 1 and 2
correspond to differently oriented molecular
orbitals.

The MAX IV source also enhances the prospects for anisotropic EXAFS measured in the Raman
mode [14], where polarization-dependent EXAFS shows angular information about randomly
oriented molecules and amorphous systems. The physical background of such a possibility is
based on a polarization-frequency selection of a partially oriented sub-ensemble from the
chaotically oriented molecules and on backscattering of the photoelectrons on the surrounding
atoms. This method provides a means for complete structural determination and an opportunity
to define local geometric conformation with wide ramifications in biology, for instance, structural
determination of organometallic centres in enzymes.
Solution SAXS allows for the direct study of folded or (partially) unfolded proteins under
(physiologically) relevant conditions. Complex formation and/or structural changes, mediated
through other biological macromolecules (DNA, RNA, proteins) or non-biological
(macro)molecules (ligands, lipids, ions, polymers, surfactants), enable structure-function studies,
formulation studies and direct structural characterization of very large complexes (non-accessible
via other methods). Novel high-throughput methods currently developed in Copenhagen [15]
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combined with the high brilliance of MAX IV will enable direct visualization of suprastructural
changes in real time (1 ms resolution or better) under a large number of experimental conditions
(shear, electric and magnetic fields). As an illustration of the importance of solution studies, the
solution structure of the flexible protein bacterial Release Factor RF1 is shown in Figure 6 [16].

Fig. 6. Several X-ray crystal structures depict RF1 in a closed conformation (right). The solution structure of RF1 is
predominantly open (left), but with a flexible domain (turquoise domain) [16].

Biocompatible nanoparticles
The physical properties of small particles and clusters clearly differ from both the atom and bulk
material. The electronic, optical and magnetic properties of small particles have a non-linear
behaviour between the two general limits given by the atomic and the bulk-like behaviour [17].
Cluster magnetism for TMs is highly interesting with respect to contributions from magnetic
anisotropy effects and the local atomic environment. Accurate measurements of the magnetic
properties of small volume samples are critical to magnetic optimization for applications in the
field of nanoscience and present a major opportunity for the MAX IV source:
•

X-ray techniques with excellent spatial resolution would enable single particle
detection/analysis.

•

Chemical states due to biofunctionalization on single nanoparticles can be obtained by
element-specific techniques as NEXAFS, XMCD, XPS, resonant photoelectron spectroscopy
and X-ray fluorescence spectroscopies.

•

Crystallinity and coordination can be derived by EXAFS.

Self-assembled structures, micro- and nanoarrays
An improved understanding of oligomer self-assembly and patterning into nanostructures on solid
surfaces would increase the possibilities for unique design of biospecific nanoarchitectures and
nanodevices for bioanalytical and medical applications. Increased spatial resolution and extremely
high sensitivity is necessary.
•

X-ray techniques with excellent spatial resolution would enable single particle
detection/analysis, important for progress in the field of cell- and molecular imaging.

•

The high spatial resolution and extremely high sensitivity would contribute to build
knowledge in the field of SAMs and micro- and nanoarrays
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•

The high brilliance combined with fast detectors would allow the study of SAM kinetic
effects, i.e., following how a SAM is formed.

General requirements and characteristics of the future source
There is a large interest for all energy ranges which will be covered at the MAX IV facility: the low
energy range (hν<100 eV) (covered by the MAX III ring which will be relocated at the MAX IV
site), as well as for the soft and hard X-ray regimes, covered by the 1.5 and 3.0 GeV storage rings,
respectively. The soft matter and biomaterials community utilizes a wide variety of experimental
techniques and this must be reflected in the beamline commissioning. A number of general
requirements and beamline suggestions are listed below:
•

Access to both linear and circular polarized light from undulators

•

Ultrashort, polarized, high-intensity X-rays that allow for temporally selected information
and "X-ray femtochemistry"

•

Two-photon experiments involving lasers and photons from the MAX IV source are
important. Lasers should be from infrared to UV

•

Pump-probe type experiments where the laser and MAX IV are synchronized should be
available

•

Both UHV and controlled atmosphere (including liquid/solid interfaces) end stations are
desired

•

SAXS and EXAFS beamlines

•

Spin-polarized photoemission/XMCD beamline

•

High-resolution UHV beamline for angular resolved photoelectron spectroscopies

•

X-ray tomography and phase-contrast tomography beamline
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Surfaces and Interfaces
Overview
Interactions between different states of matter at the interface between them are extremely
common phenomena. The physics and chemistry that this gives rise to at surfaces and interfaces
are of paramount importance not just for our modern society but also for nature in general.
Heterogeneous catalysis - employed in the synthesis of more than 90% of the chemicals
produced worldwide and for making many processes environmentally safer and more energyefficient – is based on the interaction between catalyst surfaces and reactants that are normally
supplied in gas-phase. Similarly, exhaust cleaning in gasoline-fuelled cars is based on
heterogeneous catalysis. Interactions between the atmospheric environment and solid surfaces,
possibly mediated by a thin liquid layer on the solid, are responsible for the corrosion and ageing
of materials that eventually may make constructions fail. The activity of fuel cells and other
electrochemical devices – including biological entities - relies on interactions at liquid-solid
interfaces. Adsorption and reaction of water on surfaces of small salt particles present in the
troposphere have a profound effect on the Earth by catalyzing the ice nucleation that leads to
cloud formation as well as the chlorine dissolution that leads to ozone depletion. Solid-solid
interfaces are at the very heart of solid-state electronic components as, for instance, computer
processors and memory chips. The increasing levels of miniaturization, and the general move
towards electronics based on nano-structured materials, result in a growing importance of
interface effects in the fabrication and functioning of such devices.
In view of our detailed atomistic picture of matter and many elaborate theoretical developments
based upon it, it may seem surprising that many of the above phenomena are not fully
understood at the atomic and/or molecular level. Of course, we have a general understanding and
can explain the broad processes involved, but in most cases we cannot provide the complete and
quantitative relationship between the fundamental processes at the atomic level and the
macroscopic behaviour.

Fig. 1. Schematic photocatalytic device for
splitting of water for production of hydrogen.

Today, it may in some cases be possible to give such a first principles atom-based description for
simple model systems, but when more realistic systems are considered the complexity quickly
approaches what can be handled at present. Thus, today’s frontier in surface and interface
science in many respects defines the very frontier of our atomistic descriptions of physical and
chemical reactions between reactants in different phases: gas, liquid and solid. At the same time,
moving this fundamental frontier forward will have a pronounced influence on many frontiers of
more technological nature, as it will increase our possibilities for a knowledge-based tailoring of
materials and processes in the many technological and environmental areas directly relying on
surface phenomena.
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The majority of the work in surface and interface science has been devoted to studies under ultra
high vacuum (UHV) of single-crystal surfaces. A number of elaborate experimental methods –
many of them based on the use of synchrotron radiation - have been developed and applied to a
variety of systems. Whereas this extensive research has significantly improved our fundamental
understanding of surface/interface structures and reactions, there is also consensus that the full
impact of surface science in many of the areas mentioned above has been hindered by the socalled “pressure gap”. This phrase refers to the fact that traditional surface science experiments
-6
are typically performed at pressures below 10 mbar, that is, at pressures far below what a
surface is exposed to in “real-world” conditions. The structure and chemical composition of a
surface depends in a direct and dynamical fashion on its environment, thus surface phases which
are dominant at high background pressure may not be stable or are not formed at all at low
background pressures. Extrapolation of low-pressure surface science results to higher pressures is
therefore not straightforward and is in many cases not possible. Also, investigations of liquid
surfaces as well as liquid-solid interfaces are normally incompatible with the standard vacuum
requirements of surface science.
A similar gap, the “materials gap”, derives from the fact that traditionally most surface science
experiments are performed on well-ordered single-crystal surfaces whereas most “real-world”
materials are highly inhomogeneous regarding surface composition and/or structure. For instance,
most catalysts consist of small metal particles often containing several elements dispersed on a
support and typical materials that we may want to protect from corrosion are polycrystalline and
contain several elements and phases.

Fig. 2. The “pressure gap” between surface science experiments and technological catalysis.
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Currently much effort is put into the bridging of these two gaps and such work beyond any
doubt will define one of the major frontiers in surface science of the future. In short, the foreseen
developments of surface science include the following:
•

A move away from simple model systems like nickel and copper surfaces towards more
complicated model systems like step-decorated surfaces, ordered fullerene layers, etc. and
also towards surface investigations of technologically relevant materials like oxides and
nitrides, alloys, magnetic systems etc.

•

More emphasis on the functioning of surfaces, i.e. the relationship between surface
structure and reactivity.

•

A strong increase of in situ studies, e.g. following crystal growth while it is occurring,
monitoring the surface phases as a catalytic reaction is taking place or as the surface is
exposed to a corrosive (and possibly liquid) environment, etc. Development of methods that
allow such in situ studies at pressures as close as possible to real-world pressures.

•

Functionalisation of surfaces by large organic molecules and in general studies of soft
condensed matter and biomaterials in the presence of thin water layers.

•

In general an increased integration between various subjects areas, physics, chemistry,
materials science, nano-science and technology, biology and life-sciences.

•

Increasing use of time resolution, with time-scales ranging from those relevant for e.g. the
time development of surface structures and reactions rates (seconds to milliseconds) all the
way down to the femto-second regime of relevance for a fundamental understanding of
the making and breaking of bonds in surface mediated reactions.

Considering the success with which synchrotron radiation based methods have been used so-far
in surface science, extensions of these methods are expected to play an important role in this
development. Accordingly, many of the detailed examples given below deal with subject areas
that require development of possibilities to perform measurements in situ at higher pressures
(bridging the pressure gap) and/or measurements with improved lateral resolution (bridging the
materials gap). The higher brilliance and the possibilities to reach higher photon energies at MAX
IV are crucial ingredients in the development of the necessary instrumental facilities. The linac
source provides most interesting opportunities for experiments using femto-second X-ray pulses.
Already the spontaneous emission from undulators or wigglers offers a new parameter range.
Thus, the proposed SPPS facility, and a future Free Electron Laser facility is necessary if the full
potential of femto-second time resolution is to be exploited.

Areas of interest for the MAX IV facility
A number of subject areas (e.g., soft matter, biological interfaces, thin magnetic layers etc., and
nano-science & technology) where surface and interface phenomena are highly important are
covered in other sections of this report. We also take it as implicit that the MAX IV beamlines will
provide even better possibilities than the current sources when it comes to all of the underlying
work involved in surface science experiments, like monitoring growth of e.g., thin films,
characterizing e.g. alloy surfaces, and in general checking the cleanness and quality of surfaces to
be used in experiments.

Catalytically active systems
The potential impact on the advancement of heterogeneous catalysis was recognized already in
the early years of surface science. The ability of surface science techniques, many of them based
on synchrotron radiation, to scrutinize the chemical composition and the geometrical structure of
surfaces and adsorbate overlayers allows these techniques to provide fundamental input for an
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atomistic understanding of surface processes and thus also of catalysis. However, a full realization
of this potential has been hampered by the above-mentioned pressure- and materials gaps.
Concerning the pressure gap, it has through recent research become obvious that at realistic
pressures the catalytic surface seldom behaves as a basically passive substrate on which the
reactions occur between adsorbed molecules, but instead becomes an active part of the reaction
and changes its atomic structure and elemental composition in direct response to the reaction
conditions, e.g. the reactant gas pressure(s) and/or the sample temperature [1].
Thus, even though many synchrotron radiation based techniques can provide information of vital
interest for modelling of catalysts, their range of applicability is limited to those cases where
surface structures formed during a catalytic reaction can be prepared (or at least maintained via
e.g. quenching of the temperature) at lower pressures. To remedy this situation there is a need to
perform in situ measurements under conditions that mimic the working conditions of catalytic
reactors better than traditional low-pressure surface science experiment. Basically this translates
into increasing the permissible background pressure during measurements. Concerning the
“materials gap”, a number of studies have demonstrated strong structure and, in the case of
small particles, also strong size dependence of the catalytic activity. For instance, defects on
surfaces have been demonstrated to influence the catalytic activity by many orders of magnitude
[2], and gold has been demonstrated to become catalytically active if present in the form of
sufficiently small nano-sized particles [3]. Experimentally addressing such issues in order to bridge
the materials gap demands spatial resolution in some form, either via “traditional” microscopy
capabilities or via possibilities to distinguish the different parts of the surface by some inherent
property of the applied spectroscopy itself.

Fig. 3. From practical exhaust cleaning catalyst to single-crystal surface science model.
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It has very recently been demonstrated that a combination of accurate ab-initio electronic
structure calculations and statistical mechanics allows one to connect knowledge on the atomistic
behaviour to the reactivity on the macroscopic scale and thereby predict reactivities etc. for some
model catalytic systems [4]. Whereas such theoretical simulations will definitely increase in
sophistication and importance in the years to come, it should be realized that the predictive
power is limited by the large increase of the computational requirements as the complexity of the
systems increases beyond that of the currently treated model systems. Thus, experimental input
on e.g. morphological changes and surface structure/composition under reaction conditions has
been and will continue to be vital to this approach for many years to come. Extensive research
over the years has demonstrated that chemically and structurally sensitive techniques as highresolution core level photoemission spectroscopy (HRCLS), X-ray absorption spectroscopy (XAS),
and X-ray emission spectroscopy (XES) have the potential of providing the needed chemical and
structural information. They have accordingly proven vital for the elucidation of surface structures
and surface dynamics and have in some cases also demonstrated a potential to bridge the
materials gap as molecules/atoms at defects may be distinguished. However, conventionally, they
-5
are limited to pressures below 10 Torr during measurements, meaning that in situ studies have
to be performed at pressures far below those of working catalysts. Although such low-pressure in
situ studies (as well as ex situ studies) have proven valuable and will continue to be so also in the
future, this still limits the applicability of these powerful techniques. Recently it has, however,
been shown that massive differential pumping makes electron spectroscopic studies (HRCLS and
XAS) feasible at pressures up to approximately 10 mbar [5]. Whereas it is clearly desirable to go to
even higher pressures - especially to reach the vapour pressure of water at room temperature (30
mbar) – already these 5-6 orders of magnitude increase of the in situ pressure brings us into a
pressure regime where the dynamic changes of the surface structure and composition induced by
the reactant gases can be studied for many systems. In order to realize the full potential of
electron spectroscopies on catalysis, it is thus imperative that a MAX IV facility contains
equipment for spectroscopic studies of surfaces exposed to high background pressures of
catalytically important gases including also facilities for monitoring the amount of product gases
in order to correlate surface conditions and catalytic efficieny. An ambitious goal would be to
reach a final pressure of 100 to 500 mbar for these high-pressure studies. Whereas this might
prove impossible for methods relying on the detection of emitted electrons, XES and XAS in the
fluorescence yield mode have already been shown to operate at even higher pressures when
using high photon energies in the 10 keV range. Finally, with the increase in photon flux at MAX
IV, it also becomes possible to follow fast time developments of the surface chemical and
structural properties induced for instance by sudden changes of the reactant gas composition.
Recent research has shown that Surface X-ray Diffraction (SXRD) is ideally suited for in situ studies
of surfaces under pressures relevant for technological catalysis [6]. The large mean free path of
hard X-rays even at atmospheric pressure relaxes the limitations on the pressure range that can be
studied and inherently the method allows for determination of the geometrical structure with
atomic resolution. Therefore it is possible to determine the structure on the atomic level of a
surface as a catalytic reaction is occurring and thus study the detailed relationships between
reaction conditions, reactivity and surface structure. If sufficient photon flux is available, such
monitoring of the surface geometrical structure may also be done in a time-resolved fashion
which may e.g. be used to derive activation energy barriers for structural changes induced by the
reactants. The structure and ordering on a more mesoscopic length scale may be studied by small
angle X-ray scattering providing a link between micro- and more macroscopic structure.
Catalytic materials used in industry are inherently inhomogeneous. Thus spatial resolution is
needed if surface science techniques are to exploit their full potential in the study of such
materials. Spatial resolution is also important in more model-oriented studies of e.g. single crystal
surfaces as lateral inhomogeneities can develop as a result of the interaction with reactant gases.
These lateral variations of the structure and chemical composition directly reflect the interaction
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between the reactant gases and the surface and the fundamental reaction mechanisms and are
thus of major importance for the catalytic activity. If the full impact of MAX IV on catalysis-related
research is to be realized it is thus imperative that experimental facilities with lateral resolution are
provided, preferably in combination with possibilities to work at higher pressures as elaborated
above.

Fig. 4. Transmission electron microscopy pictures of typical catalytic materials.

Various degrees of spatial resolution can be added to all of the experimental techniques discussed
above via either focusing of the exciting photon beam or by using electron optics for highmagnification imaging of the spatial distribution of the emitted electrons. Focusing of the
incoming photon beam in combination with electron spectroscopic methods and rastering of the
sample allow for determination of the chemical composition with a lateral resolution comparable
to the size of the photon spot. Scanning Transmission X-ray Microscopy (STXM) in which the
transmitted intensity of a focussed soft X-ray beam is monitored as function of the sample
position is particularly interesting for high pressure studies as the photon-in-photon-out nature
makes this technique less sensitive to the X-ray absorption by the surrounding gas. This technique
acquires elemental (and chemical) sensitivity by exploiting the element (and chemical) specificity of
the core level binding energies and thereby of the X-ray absorption edges. The spatial resolution
of the technique is set by the ability to focus the soft X-ray beam; with present day technology for
zone-plate fabrication this limit is around 20 nm. In some cases it may be possible to also derive
the geometrical structure from electronic structure measurements, however, more direct
determination of the geometrical structure variations across the surface may be achieved if a
focused hard X-ray beam is used in a diffraction setup with detection of characteristic reflections.
The current state of the art concerning the spot size is about 30 nm. Based on the very small
electron beam size MAX IV aims at reaching the 10 nm range. Imaging methods which rely on
electron emission, often termed Spectroscopic Photoemission Electron Microscopies (SPEEM) or Xray Photoemission Electron Microscopies (XPEEM), also provide information on the local chemical
composition and the general surface topography. The present state of the art concerning
resolution is for such methods around 20 nm, however, strong efforts are being made to reduce
this to below 10 nm. Due to the parallel nature of data acquisition, these XPEEM based methods
are well suited for time-resolved studies.
A most exciting recent development is the so-called lens-less holography methods where the
coherence of soft X-rays from high brilliance sources in combination with the possibility of tuning
the photon energy to absorption thresholds of different elements is being utilized for obtaining
element-specific holographic images with a spatial resolution around 50 nm at present [7]. The
photon-in, photon-out nature of this technique makes it less complicated to apply at higher
pressures than microscopies based on electron emission. Also, due to the non-scanning nature of
the method, it is well suited for time-resolved studies with current estimates indicating that a time
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resolution down to the femto-second regime should be possible if using a free electron laser as
the photon source.
It should finally be noted that the methods in their “normal” low-pressure forms still continue to
be of major importance as characterization tools both when it comes to controlling the
preparation of surface structures as well as for post-mortem analysis of e.g. a poisoned catalytic
surface. Also, the need for a very clean and first of all a controllable environment during
preparation of model catalysts requires that the high-pressure experiment facilities are compatible
with UHV preparation and characterization facilities.

Fundamental aspects of corrosion
Corrosion is a critically important sequence of reactions which on a worldwide basis yearly cause
multi-billion dollar societal losses. By creating and analyzing real corrosion situations, the
possibility opens to explore the underlying physics and chemistry of these costly corrosion
phenomena in much more detail leading to a new first principles corrosion science, which so far
has been largely unexplored. Corrosion generally occurs at the interface between a solid and a
liquid under atmospheric pressure conditions. For understanding corrosion it is important to note
that water is ubiquitously present and covers, as a thin film, all substrates exposed to ambient
conditions. Exchange of gases with the environment ultimately leading to corrosion and failure of
mechanical constructions occur through this water layer.

Fig. 5. Illustration of the complexity of corrosive processes in the presence of an aqueous film on a metal surface.

However, just as is the case for catalysis-related research, pressure as well as materials gaps exist
for corrosion-related surface science research. So far a substantial amount of our fundamental
understanding of corrosion phenomena on the atomistic scale has been based on ultra high
vacuum-based experimental techniques, such as X-ray photoelectron spectroscopy. From the
discrepancy between “real” corrosive conditions and those used during surface analysis there is a
risk of detecting surface phenomena that are actually not representative of what happens during
the actual corrosion process and/or overlook the important phenomena. Most corrosion
phenomena occur when the solid is in contact with a thin aqueous adlayer (as in atmospheric
corrosion) or with a bulk aqueous solution (as in aqueous corrosion). Hence, to mimic a
reasonably realistic corrosion situation requires exposure of the solid to a gas or a liquid at
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atmospheric pressure conditions in which the electric double layer at the solid/liquid interface is
undisturbed. In most respects, corrosion-related surface science research requires (and is likely to
experience) similar experimental developments as those mentioned for catalysis, with the
additional requirement of having a water film present during measurements.
With the possibility of approaching atmospheric pressure conditions and having a thin water film
present on the surfaces, combined with analysis based on, e.g., X-ray absorption spectroscopy
including laterally resolved methods like STXM, X-ray emission spectroscopy, high pressure X-ray
photoemission and XPEEM, infrared reflection absorption spectroscopy and light microscopy, one
could envisage two ultimate experiments of great general interest for the corrosion science
community:
1) The evolution of a corroding heterogeneous metal or alloy surface, including commercially
available materials, exposed to a liquid under electrochemical control, in which the
corrosion-induced topography changes and corresponding surface chemistry and surface
structure changes can be followed in a time-resolved fashion and with a lateral resolution of
10 nanometers or better. This would permit unique relationships to be obtained in situ
under corrosive conditions between surface properties and the local corrosion behaviour of
metallic samples, including, e.g., "real" stainless steels and aluminium alloys.
2) The evolution of a metal or alloy surface exposed to a corrosive atmosphere at one
atmosphere and room temperature, in which the corrosivity conditions can be varied by
altering relative humidity and adding corrosive gaseous air constituents while the corroding
surface can be monitored. Again, time as well as lateral resolution are needed in order to
bring our fundamental understanding forward.

The initial stages of oxidation of materials
The adsorption of oxygen to form chemisorbed overlayers on metals and semiconductors is quite
well understood today due to extensive research for many years. Similarly, the properties of bulk
oxides can be said to be well understood. The stages in-between, when the chemisorbed
overlayer is transformed into bulk oxide possibly via the formation two-dimensional (2D) surfaceoxide films, are however not yet fully understood. This situation strongly contrasts with the
importance of these initial stages of the oxidation process for many technologically important
applications and processes. E.g., partial oxidation of ethene to ethene-epoxide using Ag based
catalysts is among the ten most important catalytic processes in the chemical industry, yet there is
no consensus on what Ag-oxygen surface complex is relevant for the process and even less is
known about the detailed atomic steps in the reaction. Also the continuing miniaturization of
features in electronic circuits, where oxides are important as insulating layers, as well as the
emerging nano-technology call for a better understanding of ultra-thin oxide layers regarding
their atomic structure as well as the detailed atomistic routes taken in their formation. The
fundamental importance of understanding oxide formation is also underlined by the fact that
most metal surfaces become oxidized when they are exposed to a normal atmospheric
environment.
Recent investigations have demonstrated, at least for some late transition metals, a quite complex
behaviour of the initial oxidation steps. These new results have revealed the possibility of
formation of surface oxides, i.e. metal-oxide compounds with typical oxide characteristic
regarding bonding nature and inter-atomic bond-lengths but with no counterparts amongst the
bulk oxides, see e.g. [8]. The formation of such surface oxides is governed by a complicated
interplay between thermodynamic and kinetic effects that depends on the detailed surface
structure, the oxygen pressure, and the sample temperature. In some cases the surface oxide is
thermodynamically stable in part of the phase diagram whereas in other cases it is only stabilized
and therefore observable due to kinetic effects. Also, the formation of surface oxides has been
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found to profoundly influence the kinetics of bulk oxide formation during exposure to an oxygen
atmosphere [9] and atomistic explanations for this behaviour have in some cases been proposed
[6]. Despite the large progress during recent years, much still needs to be learned about the
metal-oxygen interaction from UHV to atmospheric oxygen pressures even if attention is limited
to just the specific late transition metal – oxygen systems investigated so far. Even more
knowledge needs to be gathered if the attention is widened to also include other elements,
metallic or semiconducting, as well as alloys and surfaces with more complex structure than
hitherto investigated, see e.g. ref [10]. In order to provide links to other areas, e.g., corrosion,
oxidation catalysis, and functional oxide surfaces, investigations have to also include how the
presence of other gases (or liquids) influences the oxidation behaviour. This should include also
investigations of other oxidizing agents than O2, for instance H2O.
Due to the complexity of the oxidation behaviour, investigations of the late transition metals
required the application of a number of techniques, experimental as well as theoretical. In
addition to Scanning Tunnelling Microscopy (STM) and Density Functional Theory (DFT)
simulations of the metal-oxygen phase diagrams, also synchrotron radiation based High
Resolution Core Level Spectroscopy (HRCLS) and Surface X-ray Diffraction (SXRD) were employed.
HRCLS facilitated, due to its inherent elemental and chemical sensitivity, determinations of the
chemical composition of the surface oxides. Via analysis of the experimentally determined
chemical shifts of the oxygen and metal atoms including comparison to DFT simulations of these
shifts, HRCLS measurements also provided information on the local atomic-level surroundings of
the atoms involved in the oxide formation. However, the UHV-based HRCLS equipment presented
strong limitations on the maximum permissible oxygen pressure; the pressure gap. SXRD
permitted going beyond these pressure limitations while still retaining atomic geometry
resolution. Using existing beamlines and experimental chambers at ESRF in Grenoble, France and
at ANKA in Karlsruhe, Germany it was with SXRD possible to perform in situ studies with atomic
resolution of the oxidation behaviour in oxygen pressures ranging from UHV all the way up to 1
atmosphere.
The requirements for techniques and capabilities at MAX IV posed by the future investigations of
oxidation phenomena are in many respects similar to those discussed in the sections on
catalytically active surfaces and fundamental aspects of corrosion. As often a combination of
thermodynamic and kinetic effects is involved in the oxidation behaviour, possibilities to perform
in situ measurements at high pressures and high temperatures are most important. With its
potential to meet these pressure and temperature related requirements, SXRD will also in the
future be a vital technique to overcome the pressure gap and perform atomically resolved
measurements from UHV up to atmospheric pressures and possibly above. Likewise, small angle
X-ray scattering and the hard X-ray microprobes can provide information on mesoscopic length
scale structures in oxidation research while still permitting high pressures and/or temperatures.
Even though the soft X-ray electron spectroscopy based methods will not allow as high in situ
pressures as the hard X-ray techniques do, they will still be a vital part of the investigations. The
foreseen increase of the maximum pressure into the tens of Torr range will, when combined with
the chemical sensitivity of electron spectroscopies, for many important cases offer an enormous
increase of the capabilities to monitor the surface chemistry, e.g., follow the development of
surface oxides, sub-oxides, oxygen dissolution into the bulk, and/or oxygen induced segregation
in alloys in an in situ and time-resolved manner. Very recently, it has been demonstrated [11] that
even if the maximum pressure is ~1 Torr it is possible to monitor the in situ oxidation and
reduction of Pd(111) in great detail by high resolution core level photoemission. Incidentally, that
study also illustrates the importance of high quality reference data from experiments performed
under more “normal” UHV equipment pressure conditions. Finally, the chemically sensitive soft Xray based microscopies, XPEEM and STXM, will offer allow for spatially and chemical resolved
imaging of structures developed during oxidation and reduction, e.g., inhomogeneous growth of
oxide grains and autocatalytic reductions of oxide layers. In particular the high pressure
capabilities of STXM are ideally suited for such studies.
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Chemical and structural dynamics
Femto-chemistry has become an extremely active field of chemistry, where, through the
availability of pulsed laser sources with wavelengths down to the near UV regime, it has become
possible to resolve chemical reaction steps down to the femto-second level. These experiments
give information on the nuclear dynamics and valence electron rearrangements in the reacting
molecules through techniques such as time-resolved sum frequency generation spectroscopy and
two-photon photoemission, but in a non-element-specific and non-local way.
A femto-second pulsed soft X-ray source like the proposed SPPS facility would open entirely new
possibilities where changes in the electronic structure of reacting species can be selectively probed
in an atom-specific way through the involvement of core-level transitions. Transient intermediates
in e.g. a heterogeneous catalytic reaction are difficult to identify, due to their low concentration
at the surface during the reaction. The possibility to probe the reaction in a time-resolved manner
will provide entirely new means to deduce the details in the reaction steps and open the road to
more rational design of catalysts.
We envisage the substrate prepared with an ordered overlayer of the reactants. The reaction is
initiated by a first laser pulse exciting the system and probed with the soft X-ray SPPS or FEL pulse.
The pump pulse is preferably in the infrared or visible regime.
Probing adsorbates at different time delays in the femto-second regime with a soft X-ray pulsed
laser tuned to the relevant core level will then allow XAS and XES measurements of the electronic
structure changes as bonds are broken and new bonds formed. This will provide extremely
important test cases for the development of our understanding of heterogeneous catalysis as well
as for the development and test of theoretical tools to describe surface reactions. An example of a
simulation of such a time-resolved spectroscopy is given in Fig. 6 which shows the calculated
changes in the XES of an N2 molecule as it dissociates at a step on a metal surface.

Fig. 6. XES spectra of N2.

Surface photoreactions are inherently different from gas phase reactions. Instead of being
triggered by a direct photo-excitation, surface reactions are mainly substrate mediated. The
exciting laser pulse first causes a non-thermal electron distribution in the substrate, which is then
thermalized on a time-scale of 100 fs. Simultaneously the electrons start coupling with the
phonon system. The electron and/or phonon coupling with adsorbate degrees of freedom then
lead to the reaction.
A single substrate mediated excitation does not give a substantial reaction yield due to dissipative
coupling with the substrate, leading to short lifetime of the excited state (<10 fs). However, by
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intensive radiation, the reaction can proceed via several substrate mediated electronic excitations
of the adsorbate, which allows climbing up the vibrational states until a reaction is triggered. In
such a process the possibility of coherent information of the light is lost. Even so, some control is
still possible by utilizing the different time-scales in electron and phonon excitation in the metal
substrate. Immediately after absorption of an ultrashort laser pulse the metal is in thermal nonequilibrium, where the electron temperature can reach several thousand K because of the small
heat capacity of the electron system, while the lattice stays rather cold and increases in
temperature on a much slower timescale. The electron temperature decreases through
equilibration with the lattice on a 1 ps time scale. The phonon system then stores the energy for
several picoseconds.
Although the present understanding is that surface photoreactions are substrate mediated, there
are cases where adsorbate molecular motion is activated through direct electronic excitation.
Examples of this are Cs/Cu(111), CH4/Pt(111) and adsorbed metal carbonyls [12]. Both types of
surface reactions are well suited for study with core spectroscopies, and the possibility of
recording time-resolved XAS and XES provides an opportunity to follow element-specifically the
evolution of the molecular orbitals during a reaction and thus obtain information complementary
to that currently available. An exciting example of such a reaction is the photo-catalytic splitting
of water for the renewable production of hydrogen as an energy carrier. A detailed
understanding of the electron transfer and rate-limiting steps in this reaction, and the reverse
reaction utilized by fuel cells, is indispensable to a global realization of a sustainable energy
infrastructure based on the CO2-free, renewable production and use of hydrogen.
In addition to femto-second chemistry, a time-resolved X-ray source also offers a possibility to
study the dynamics involved in changes of a more structural nature, e.g. melting and
recrystallization phenomena of surface and interface structures. In addition to measurements
utilizing the structure sensitivity of electron spectroscopies, it may also be possible to use X-ray
diffraction techniques if sufficiently high X-ray energies (about 10 keV) can be reached for the
time-resolved source.

Functionalisation of surfaces and molecular systems at the solid – liquid
interfaces
The atomic-scale functionalisation of metal and, to-date to a much lesser extent, oxide surfaces by
the adsorption and self-assembly of organic and organometallic molecules has received great
attention during recent years [13]. A significant step forward is presently being made in
understanding how to obtain certain desired surface properties by using the principles of nanoscale self-assembly and functionalisation. However, most investigated systems are localised at the
surface – vacuum interface, i.e., they have been investigated in vacuum studies. If they are to be
used under real conditions, one has to obtain a thorough understanding of the influence of this
additional liquid phase on the structure and dynamics of these functionalised surfaces. This is
particularly important in view of the relative similarity of the binding strengths of the interactions
leading to self-assembly (hydrogen bonding, van der Waals interactions, dipole interactions) and
those between the molecular layers and a liquid environment. It is, however, possible to condense
very thin water films on surfaces and thereby study molecular systems at the solid – liquid
boundary. One example of such studies is the functionalisation of a surface by a self-assembled
monolayer of membrane-like molecules, e.g. with a thiol as anchor group on a hydrocarbon chain
terminated with either a hydrophilic or hydrophobic head group. The thiol will bind strongly to
e.g. a gold substrate, and through the interaction between the hydrophobic hydrocarbon chains
the molecules will form a membrane-like film on the substrate. In a saturated water atmosphere,
a thin water film will form on this surface system and the interaction between species dissolved in
this film and the membrane surface may thereby be studied.
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Atomic-scale structure imaging techniques such as AFM and STM can contribute significantly to
such an enhanced understanding of the solid-liquid interface. However, as one wants to address
chemical information (bonds), it is important to be able to employ chemically sensitive techniques.
This implies the use of powerful electron spectroscopies. Also, if the degree of polarization of the
photon beam can be controlled, circular dicroism methods allow studies of the chirality of the
functionalizing layers. However, as discussed e.g. in the section on catalysis, these techniques in
their standard form are not applicable in the pressure range where a water film is present on the
surface. Thus, also studies in the current field demand the development of efficient differential
pumping techniques, in particular in the case of methods relying on the detection of electrons.
The high brilliance of a next-generation synchrotron source can be used to apply soft X-ray
Absorption Spectroscopy (XAS) as a photon-in/photon-out technique eliminating the need for an
ultra-high vacuum environment. This also applies to the spatially resolved version of XAS; STXM.
The chamber can be filled with a steady flow of helium gas at ambient pressure that reduces the
evaporation from the water film as well as carries away gas phase water molecules. Helium is
transparent to X-rays in the soft X-ray region where the important elements carbon, nitrogen and
oxygen have their absorption peaks. With the envisaged development of new, improved detectors
providing an order of magnitude increase in efficiency in the carbon to oxygen energy range it
will also be possible to apply X-ray Emission Spectroscopy (XES) to such a system providing
complementary information on the occupied electronic levels similar to what is normally obtained
using photoemission with electron detection. X-ray emission is naturally a photon-in/photon-out
technique, but is critically dependent on the high photon density of a third-generation source due
to the low photon yield in the decay processes for these light elements.
Ordering phenomena on the 1 to several 100 nm length scale are of vital importance for the selfassembly of organic and organometallic molecules into membrane-like structures. The soft X-ray
based lens-less holography methods mentioned earlier hold great promise to supply such realspace information also in an element-specific fashion. Similarly, as long as the overlayers are not
severely modified due to the high flux density, STXM is of similar importance. Due to the photonin/photon-out nature, these methods are also well suited for the higher surrounding gas pressures
required by the present systems. Surface (or rather interface) X-ray scattering and small angle Xray scattering, respectively, would allow us to probe the ordering on the microscopic and more
macroscopic levels. Due to the penetrating nature of hard X-ray these two techniques have very
few limitations concerning the pressure permissible during measurements.
A high-flux beamline yielding harder X-rays with photon energies in the keV range would further
enhance the possibilities to study solid – liquid interfaces with techniques based on photoelectron
emission with and without lateral resolution. High photon energies would increase the mean free
path of the electrons that have to travel through the thin water layer and the saturated water
vapor before reaching the detector. The decrease of the photoelectric cross-sections with
increased photon energy has to be compensated by increased photon fluxes. If these necessary
requirements can be met, it will be possible to scrutinize the chemical and structural details of
functionalized surfaces in detail.

Interfaces in metals, semiconductors, and exotic materials
Most of the electronic devices used in everyday life depend on phenomena at interfaces between
different materials, semiconducting as well as metallic, for their functioning. The performance of
such devices is in many cases directly determined by interface properties on the atomic scale, e.g.
intermixing occurring within a few atomic layers at the interface may significantly influence the
(macroscopic) electrical performance of a device. Thus, there is still a need for fundamental
studies of semiconductor surfaces, and in particular interfaces. Similar remarks apply to our
understanding of the electronic structure of exotic materials like high-temperature
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superconductors and other systems with a highly correlated electronic structure, both in their bulk
form and when interfaces are formed.
High-Resolution Angle-Resolved Photoemission Spectroscopy (HRARPES) remains an indispensable
tool to study the electronic structure in solids. It can provide critical information that cannot be
obtained by other means. For example, the Fermi surface and the effective mass at various parts
of the Brillouin zone can be measured by this technique. Such information, crucial for
understanding the physics of metals, is not obtainable for a vast number of materials of large
current interest, as material imperfections prevent traditional tools, such as quantum oscillations,
from providing the Fermi surface information. As another example, the anisotropic energy gaps
(from charge- or spin density waves, superconductivity etc.) and anisotropic collective mode
coupling are emerging as crucial clues for the mechanism of many important phenomena in
exotic materials. Such information, which will grow in its importance with time as we face more
and more complex materials with extreme and exotic behaviour, can be best extracted using
momentum-resolved spectroscopy. For these reasons HRARPES will continue to be a major player
for the future to come. Although in some cases it may be advantageous to go to higher photon
energies, most HRARPES work requires lower photon energies, below typically 100 eV. Such lowenergy photons are more efficiently produced at a lower energy storage ring and therefore a
relocation of the MAX III storage ring to the MAX IV site is natural.
In several cases samples may be laterally inhomogeneous. For instance, a sample may show a
2
variety of surface reconstructions that have a domain size of a few hundred Å . Microscopic
techniques like STM are well suited to study such surfaces but electron spectroscopy is presently
not. The possibility to do photoemission studies with a lateral resolution of around 10 nm, which
can be envisioned at the MAX IV facility, would bridge the important gap between the
microscopic techniques of today such as STM and the very important photoemission technique. In
this way information about the atomic and electronic structure can be obtained on a similar
length scale. Some important applications of microscopic photoemission would be to study
nanostructures on surfaces, and gradient-dependent changes of the atomic and electronic
structure at interfaces in a cross-sectional geometry.
The atomic and electronic properties of surfaces may be affected by foreign species buried
beneath the surface. An example of this is the c(4x4) reconstruction on Si(100) induced by carbon
a few layers below the surface [14]. The intrinsically short mean free path for electrons limits the
probe depth to just a few atomic layers in most cases for the photon energies available at MAX II.
The higher photon energies that will be generated at the 3.0 GeV ring of MAX IV would allow
studies of atoms buried deeper into the bulk of various samples. The higher photon energies and
the higher photon flux would allow studies of for instance buried interfaces and δ-doped layers of
semiconductors. Presently, the true interfaces have to be approximated in many cases by much
thinner systems such as surface reconstructions in order for the electrons to escape to the
vacuum.
The study of empty electronic states is important in order to obtain a complete picture of a
system. To perform such studies with photoemission one has to achieve a finite occupation of the
normally unoccupied states. A finite occupation can be achieved by pumping electrons to the
available empty states using a laser of a suitable energy. The decay time of the electrons are
however very short and a photon source with a suitable photon pulse and time structure is
required for a photoemission study. A free electron laser would provide a short photon pulse with
a large number of photons. Provided that the time delay between the pumping pulse of the laser
and the photon pulse of the free electron laser can be varied in the femtosecond range, one can
study the dynamics of the electronic decay in various systems. For such studies, photon energies
down to around 50 eV would be preferable.
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A synchrotron radiation source with a high photon flux can be used for studies of different
phenomena in a time-resolved fashion. Some processes like adsorption, phase transitions with
temperature or phase transitions induced by a continuous evaporation of foreign atoms may
occur on a second or sub-second time scale. An example is the melting transition that occurs on
the Sn/Si(111)-(2√3x2√3) surface around 100° C [15]. With a possibility to record consecutive
spectra with a time separation on the order of milliseconds the transition could be followed in
detail when the temperature is lowered or raised through the critical temperature range. Timedependent studies of adsorbate systems may be affected by the high photon flux but studies of
the phase transitions are less likely to suffer from such effects.
At the 3.0 GeV ring of the MAX IV facility it would be possible to perform studies with surface Xray diffraction, which is a powerful technique for atomic structure determinations. Of utmost
importance is the fact that such studies are not limited to surfaces and shallow interfaces, but
may also be performed for deeply buried interfaces due to the high penetration of hard X-rays in
matter.

General requirements and characteristics of the future source
In addition to the requirements given below more directly related to the synchrotron radiation
instrumentation, it should be noted that general instrumentation and general infrastructure is of
equal importance as the radiation source and the beamline(s). For instance, many samples require
intricate preparation techniques, thus access to well-equipped chemical laboratories and clean
rooms is a necessity. Also, advanced off-beamline characterization techniques must be accessible,
e.g. microscopy techniques like Scanning Electron Microscopy (SEM) and in particular Scanning
Tunnelling Microscopy (STM) and Atomic Force Microscopy (AFM) are all vital for characterizing
samples with inherent heterogeneities.

Methods etc.
•

High Resolution Core Level Photoemission (HRCLS).

•

(Soft) X-ray Emission Spectroscopy (XES).

•

Near Edge X-ray Absorption Spectroscopy (NEXAFS) and X-ray Absorption Spectroscopy
(XAS).

•

Angle Resolved Photoemission (MAX III).

•

Spectroscopic PhotoEmission Electron Microscopy (SPEEM or XPEEM) with state-of-the-art
(currently ~20-30 nm) lateral resolution.

•

Scanning Transmission X-ray Microscopy (STXM) with state-of-the-art (currently 20 nm)
lateral resolution.

•

Surface X-ray Diffraction (SXRD) at high pressures (inclusive during reaction conditions, i.e.
flow reactor) on well prepared and well characterized samples.

•

Possibilities to perform HRCLS, NEXAFS, XES, STXM etc. measurements while exposing a
well characterized sample to high pressure. “High” implies as high as possible with these
techniques; for instance, 25 mbar (H2O vapour pressure at room temperature) is an obvious
goal as this would allow studies of wet samples. Possibly XES - and NEXAFS with the right
detection scheme - will allow higher pressures. The highest pressures for photoemission will
demand higher photon energies (i.e. definitely above 1.5 keV, most likely 3-5 keV is
needed) and should therefore be planned at a dedicated X-ray beamline. It is vital that
samples can be characterized under good UHV conditions also in the high-pressure
experimental chambers.

•

Combining microscopy (XPEEM and STXM) with time resolution (ultimately femto-seconds)
in order to probe the ultimate limits in both time as well as length scales.
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•

State-of-the-art preparation and sample manipulation facilities. Possibilities to ex-situ
exposure of samples to high pressure (up to at least 1 Bar) or liquids in a “clean” way with
HRCLS, NEXAFS, XPEEM, STXM etc. measurements being performed before and/or
afterwards.

•

Photon energy range 10-1500 eV for soft X-ray beamlines (the lower part of this energy
range will only be accessible at MAX III).

•

Ultimate photon energy resolution better than ~50 meV at 1keV, ~10 meV at 400 eV, and
~1 meV below 100 eV. Medium energy resolution – high flux mode is important for
microscopy techniques and high-pressure techniques.

•

All polarizations possible. Elliptically Polarized Undulator (EPU).

•

High flux (e.g. for time-resolved measurements), realistically 10-20 times higher than
available now at MAX II.

•

Possibilities to vary the photon spot size on the sample in order to accommodate the
different needs of the various techniques, e.g. sensitive overlayers require a low flux density
in order to avoid photon induced decomposition, XES requires a small spot for optimum
performance. For XPEEM variation of the spot-size from ~50 x50 µm (for low magnification,
large field of view imaging) down to 1x1 µm (for providing the highest flux for high
resolution imaging).
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The Chairman of the MAX-lab Board Ingemar Skogö addresses the participants of the workshop “Our Future
Light Source” 27-29 September 2004 during one of the plenary sessions. (Photo Ulf Johansson)
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Chemistry, Catalysis and Novel Materials
Overview
Chemistry is the branch of natural sciences which is focused with the structure and composition
of substances and their properties. It is a science that studies atoms and molecules to understand
how they interact, react and behave under different conditions. Thus chemical studies have
fundamental importance for most of the activities of daily life spanning industry, medicine,
transportation, energy conservation and fundamental scientific knowledge. In order to
understand the chemical processes and the properties of matter, knowledge of the atomic and
electronic structure is essential. Electromagnetic radiation for spectroscopy and diffraction is the
fundamental tool for obtaining such knowledge. In this context, a synchrotron radiation facility
represents a unique light source producing scientific data of quality far beyond that of routine
instrumentation.
Synchrotron radiation is unique as a research tool since it gives the opportunity to study both
spectroscopic properties and the structural aspects of materials. These aspects go hand in hand
and a complete picture will only emerge if a range of such techniques are used.
Catalysis is a fundamental concept in chemistry and very important in industrial production and
more than 90% of the industrial chemical products employ catalysis in one form or another to
change the rate and specificity at which chemical bonds are formed or broken. In the future new
catalysts based on new nanotechnology concepts will be created and industrial production will be
more energy efficient and specific. The use of energy in the future is closely related to emission
problems. Some of these may be addressed by the use of catalysts, e.g. in the car exhaust cleaner.
One of the outstanding research issues of today is to develop new and improved ways to store
and transport energy. There are areas of research of particular promise such as the creation of
new types of batteries, materials for storage of hydrogen or methane and fuel cells based on for
instance H2/O2 conversion.
In order to meet the challenges in these fields there is a need for further development of the
experimental techniques. Access to modern photon sources and the development of new and
further improved synchrotron radiation facilities will be particularly important in this respect. For
instance the emerging nanotechnology will demand new sources to extract detailed information
from smaller and smaller structures. The excellent brilliance of MAX IV can for instance be used to
create nanometer sized high-flux beams. There is also a need for tools which can probe chemical
processes over a very wide range of time-scales.

Future challenges in chemistry
The new synchrotron radiation source MAX IV will expand the capability for chemical
investigations in many areas:
•

Structural studies utilising very small samples with very high spatial resolution will open up
studies of micro/nano structured materials. Both long-range order and short-range order
materials will be accessible by combinations of diffraction and spectroscopic (XAFS, NEXAFS)
techniques. Surfaces and interfaces will be accessible by grazing-angle studies.

•

High resolution spectroscopic techniques such as X-ray photoemission and emission
spectroscopy will be essential for the verification of theoretical studies (band structures etc).

•

Imaging using phase contrast methods will provide resolved images of small objects with
similar elements as is often the case for organic and biological samples.

•

The tunability and focussing will allow elemental mapping with high spatial resolution.
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•

Time-resolved studies will provide information on chemical changes and reaction
mechanisms.

Areas of interest for the MAX IV facility
Time-resolved studies
How does the structure of a molecule change during a chemical reaction? This is a primary
question in understanding chemical reactivity but it is very difficult to answer since most
molecules are formed or broken very quickly. The primary step is the creation or breakage of the
chemical bonds or the transfer of electrons or protons. These steps are typically completed in 101000 femtoseconds. A newly formed molecule is usually created in a high-energy state which
decays to secondary stable structures. The conventional lasers have provided rich information on
the electronic behaviour of chemical reactions. However structural information is only beginning
to appear on a picosecond time scale. An interesting example is given by the photo-dissociation
of C2H4I2 by an external laser (Fig. 1). However, many details are faster than what is presently
possible to study. A linac based source and especially a free-electron laser facility would open up a
completely new time domain to structural studies of chemical reactivity.

Fig 1. Calculated energy landscape of the photoproducts of C2H4I2 Iodine is pink, carbon grey and hydrogen blue.
[1]

The extremely fast reactions are usually studied by stroboscopic methods and the reactions are
triggered by external excitations such as laser flashes. Several short exposures are needed to
obtain sufficient statistical significance, thus limiting the studies to reversible reactions or reactions
in gases or liquids. Most chemical reactions are non-reversible in nature and the information has
to be obtained in one short time period.
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Reactions in solids are often slower than in gases and liquids and a very important time domain is
10 microseconds to seconds where the majority of solid state reactions can be studied. The stateof-the art time-dependent studies now are in a time range above a few milliseconds for
diffraction and slightly shorter for spectroscopic measurements such as EXAFS. A present example
is given in Fig. 2, where self-generated high temperature synthesis of metal alloys was studied.
The time-resolved aspect of synchrotron radiation research will
grow in importance and play an important part in understanding
chemical reactions, solid state synthesis, release and uptake of
gases such as hydrogen and methane, catalytic reactions in
pollution control devices and porous materials such as zeolites. In
addition, such experimental information will be essential for the
calibration of theoretical results from time-dependent quantum
mechanics and molecular dynamics. The time-frames of largest
interest are on the one hand picoseconds and faster and on the
other hand the range from a few microseconds and upwards.

Fig. 2. Self-sustained high temperature synthesis of Al-Ni-Ti. [2]

Catalysis
Catalysis is of fundamental importance for increasing the yield, rate of reaction and specificity in
the resulting products in chemical processes. Present catalysts have increased the rate of reactions
by several orders of magnitude and produce clean products void of harmful and unwanted byproducts. However, catalysis has often been based on trial-and-error approaches due to the fact
that deep insight into the detailed mechanisms has been impossible to obtain. Moreover, one very
often uses precious metals. The economic benefit of catalysis is staggering with more than 90%
of the present industrial chemical products employing catalysis in one form or another. Today it is
estimated that approximately 1/3 of the US gross national product in materials involves a catalytic
process somewhere in the production chain. An example of a synchrotron radiation study of a
Fischer-Tropsch catalyst is given in Fig. 3.

Fig. 3. Left: XANES scans of the Co K-edge of a Co-Re/alumina Fischer-Tropsch catalyst during reduction (25 –
400ºC). Right: Catalyst composition during the reduction stages in a Co-Re/alumina Fischer-Tropsch catalyst
followed by principal component analysis of XANES profiles. (Courtesy of Magnus Rønning)
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In the future it is predicted that nanotechnology will play a more decisive role in designing
catalytic structures with increased efficiency and product specificity. The design of catalysts will
evolve into a new phase where theory and new experiments will form a solid basis for the design.
The reactions are largely controlled by features at specific atomic sites and the local electronic and
spatial configurations have to be known in order to understand the reaction mechanisms. We will
probably see developments in constructing new materials by using confined nanostructures such
as carbon nanotubes into which reaction centres can be incorporated. The development of
tailored surfaces will provide spatial centres on the nanoscale and the chemical turnover can be
very short and thus efficient. In addition to catalysts for industry we also see a rapid development
in medical use with implanted devices such as slowly releasing implants or other regulating
components for the biological processes.
The interdisciplinary approach combining synthesis, theory and materials characterization will be
necessary and synchrotron radiation research will be of utmost importance in characterizing the
materials on the nanoscale with element specificity. The role of synchrotron radiation based
imaging, both global and atom specific, nanodiffraction and spectroscopy (EXAFS, PEEM, etc) are
the techniques of choice for the move into the new area of development. It is noted that in the
US nanotechnology initiative, which is a billion dollar/year federal programme, several centers are
constructed at SR-facilities.

Battery technology
The need for light weight portable, durable energy sources with high energy and power density is
evident in our daily life with portable telephones, laptop computers, pacemakers, electrical- and
hybrid vehicles and machines. Over the last decade new types of batteries have developed rapidly
mainly due to the understanding of new solid materials that can store ions leading to higher
energy storage than earlier. The present Li-ion or Li-polymer batteries, with graphite as an anode
and LiCoO2, as cathode, are examples of this development. Synchrotron radiation research has
already played an important role in this development by careful studies of interfaces between the
different battery components as well as in situ studies revealing different structural phases in the
electrode materials during electrochemical cycling. In Fig. 4, an example of the study on a
commercial battery under operating conditions is given.

Fig. 4. Powder diffraction pattern of a LixCoO2 battery. [3]

In the future, the search for new electrode materials and electrolytes will continue at a rapid pace.
The goal is clearly to produce even higher power and energy density based on inexpensive and
environmentally friendly lightweight materials. Electrochemistry also plays an important role in
understanding corrosion processes. In situ studies will be necessary in following processes in real
time and for elucidating the role of contaminants in low concentrations.
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Renewable energy sources
Energy conservation is one of the burning questions of today. It is necessary to change the
pattern of energy utilization due to, among other things, the environmental problems with the
CO2 release. One of the challenging possibilities is to create technologies to utilize the resources
of H2, H2O and methane. Large deposits of methane are for instance trapped at the bottom of the
oceans in the form of gas hydrates. Hydrogen is a very tempting target; however, the storage of
hydrogen is at present a problem. The present system based on metal hydrides are heavy and the
absorption and release mechanisms are far from being optimized. Recent studies on magnesium
hydrides show promise and catalysts and processing procedures have been proposed to increase
the storage capacity and to increase the speed and uptake of the gases.
Other ideas suggest that nanotechnology could be used with nanotubes or nanostructures as
hosts. Further studies will have to be performed to elucidate the absorption mechanism on a nano
scale. The solution of these problems would facilitate the use of electrical cars with large action
range. Closely related to gas storage is the production of the energy itself. Intense research is
going on to find efficient fuel cells that for instance reduce H2. Present fuel cells are again often
based on expensive noble metals.
Another interesting area is the conversion of solar power to directly useable energy. Again the
systems are far from optimized. The synchrotron radiation facilities will play an important role in
the characterization of new materials and to reveal the underlying mechanisms particularly on
monolayer surfaces and nanoparticles.

Novel materials and non-ambient synthesis
High-pressure chemistry is very suitable to studies at the synchrotron radiation facilities and rapid
improvement of large volume presses and diamond anvil cells in combination with laser heating
facilities now makes it possible to study materials under many gigapascals of pressure and
temperatures well beyond 5000 K. The fact that diamond can be synthesized under high pressure
is well known, but the new high-pressure facilities are now used to synthesize other materials.
The ternary system B-N-C for instance produces a new super hard material. A hard compound
with a structure similar to diamond but composed of single bonded N atoms has been found at
pressures above 110 GPa and above 2000 K. Many new compounds with novel properties are
expected to be synthesized in the future and high-pressure facilities at synchrotrons will be
needed for these experiments due to the fact that only micron size beams can be used due to
pressure gradients in the apparatus. Furthermore, the new nanotechnology will build new
materials bottom-up (i.e. from atoms to complex machines) or top-down (reducing the larger
complexes). Nanotechnology will, for instance, require knowledge on supramolecular complexes
and the understanding of the principles of self-assembly. Recent studies by among others Lehn
and Stoddart [4] have produced very interesting results and huge complexes have been
constructed. However, these complexes are very large and often produce very small crystals, and
synchrotron radiation is needed to characterise the products. Figure 6 gives an example from J.M.
Lehn’s group where a synthetic double-helix was synthesized.

Fig. 6. A synthetic double helix determined by micro-diffraction. [5]

79

General requirements and characteristics of the future source
The future needs for synchrotron radiation in chemistry calls for the use of all storage rings
planned for the MAX IV facility. High energy mainly for diffraction, scattering and imaging
techniques; lower energy for spectroscopy and the Linac based facilities for the ultra short time
domain. The new design will move the boundaries for accessible experiments by orders of
magnitude notably in terms of smaller samples, nanofocussed beams and time-resolution. It is
evident that the new nanotechnology will need the nanofocussing which can only be produced
by storage rings with a very small electron beam size.
Above, we have outlined some of the frontier research fields which are emerging in chemistry:
time-resolved studies, catalysis, energy related matters and non-ambient conditions and synthesis.
The survey is by no means complete but highlight the areas where a new facility is absolutely
needed.
•

It is clear that the very short pulses from a Linac based photon source will make it possible
to access the femtosecond time range; a range which presently is accessible only for
spectroscopic studies by conventional lasers. The present limit with today’s storage rings is
about 100 picoseconds.

•

The increase in brilliance will reduce the required size of samples and move the time-frame
of studies to the microsecond regime. In present EXAFS (X-ray Absorption Fine Structure),
XRF (X-ray Fluorescence) and XANES (X-ray Near Edge Spectroscopy) the minimum time
frame is about 150 ms with a minimum detection level of a few tens of ppms (parts per
millions). These limits will now move by approximately two orders of magnitude. Timeresolutions of 10 ms and sensitivities in the 100 ppb (parts per billion) range should be
achievable. This will have large impact on the catalysis studies; catalysis is in many respects a
dynamic phenomenon and small amounts of trace elements play important roles. In powder
diffraction studies of irreversible reactions the minimal time resolution is now about 10 ms
and should decrease to the microsecond range allowing the capture of short-lived
intermediate states. Surface diffraction will be able to characterize atomic layers with high
precision.

•

Nanofocussing using Fresnel zone plates, refractive optics or reflective Kirkpatrick-Baez
mirrors can now produce intense beams of dimension down to about 100nm. Further
dramatic decreases are unlikely due to the size of the electron beams in the present
synchrotrons in operation or under construction. The MAX IV design allows for a decrease
in the X-ray beam size below 30 nm. This of course is necessary for the characterization of
nanostructures which will be built bottom-up (from atoms to complex machines) or topdown (downsizing of larger structures). As an example the semiconductor industry is
already well advanced in constructing 32 nm CMOS transistors to be introduced in about
10 years. Basically all disciplines: spectroscopy, diffraction, scattering and imaging, will
benefit from nanofocussing.

•

The small electron beam and low divergence will also produce high coherence (i.e. the X-ray
waves are in phase when they hit the sample). This will make correlation spectroscopy a
powerful tool in studying the important dynamics of liquids and amorphous materials which
now can not be studied sufficiently well by other techniques. The coherence is essential for
the rapidly developing phase contrast imaging techniques.

•

In situ studies where reactions and phenomena in reaction chambers, high-pressure cells or
packaged units such as batteries are studied will be increasingly important in the future. The
3.0 GeV ring will give access to the hard X-rays necessary to penetrate the surrounding
parts of the systems such as chambers and packaging.
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A combination of techniques will be necessary for the understanding and characterization of new
materials and reactions in the future. The MAX IV will be a unique centre combining many of the
major research tools under one roof. In chemistry we identify the following techniques as
beneficial: single crystal and powder diffraction, small angle scattering, grazing angle scattering,
imaging and microprobing, EXAFS, NEXAFS, X-ray fluorescence, UV Photoelectron Spectroscopy
(UPS), X-ray Emission Spectroscopy (XES) and X-ray Photoelectron Spectroscopy (XPS) and infrared
spectroscopy (IR).
The future studies within this discipline will require access to low energy as well as high energy Xrays with the highest possible brilliance. For some of the time-resolved studies short X-ray pulses
are needed. The nanofocussing and coherence experiments need the smallest possible electron
beams. It is essential that the rings provide stable and reliable beams with a minimum of intensity
variation to avoid unequal heating of the optical elements. This implies top-up modes for the
rings, stable construction of the floors, precise temperature control and most likely dynamic feed
back corrections of the electron beam as well as the X-ray beams. For extreme focusing some
beamlines need to be more than 100 m long. The high energy range should reach ~40 keV.
The most important aspect with synchrotron X-rays and catalysis is the ability to do measurements
under working conditions (in situ). In situ cells should be permanently installed instead of user
groups bringing their own equipment. Further development of advanced reaction cells (in situ
cells) that are able to operate at industrial working conditions should include:
•

Wide temperature range: 5 – 1000 K

•

Reacting/ corrosive atmospheres

•

Pressure range up to 50 – 100 bar

•

High window transparency for work at lower photon energies

•

Easier access to combination of techniques

•

Precise gas feeding systems (mass flow controllers)

•

Combined with online product analysis (gas chromatography and mass spectrometry)

•

XAS/XRD with a time resolution in the second to microsecond regime

•

XAS/XRD with a time resolution in the microsecond to femtosecond regime

An essential requirement is also that the planning for new detectors and necessary infrastructure
is considered at an early stage. For nanomaterials micro (nano) manipulation equipment and
characterization tools such as electron microscopes may be needed. The standard high/low
temperature and high pressure equipment should be available as well as laboratory space for
preliminary set-up and preparations. The new detectors will be large area detectors producing
massive amounts of raw data and rapid data transfer facilities and Tera byte storage capacity
should be foreseen.
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Nanoscience and Nanotechnology
Overview
Nanoscience is the ability to measure, manipulate and organize matter at the nanoscale (1 to 100
billionths of a meter), see Fig. 1. At the nanoscale, chemistry, physics, biology, materials science
and medicine converge towards the same concepts and tools. As a consequence, progress in
nanoscience will have very far-reaching impact on our society. For example, in a report on the
”Societal Implications of Nanoscience and Nanotechnology”, the American National Science
Foundation has projected that the market size of nanotechnology will exceed 1 trillion USD in 10
to 15 years in areas such as electronics, improved healthcare, pharmaceuticals, transportation and
sustainability [1,2]. Nanoscience will not only have profound implications on our everyday lifes, it
also deals with a number of fundamental scientific issues, as for example the basic biological
processes resulting in life occur on the nanoscale [3].

Fig. 1. The scale of things – from centimeters to nanometers [Courtesy Office of Basic Energy Sciences, Office
of Science, U.S. Department of Energy (http://www.nano.gov/html/facts/The_scale_of_things.html)].
Synchrotron light covers the whole range from micro to nano and beyond.

Synchrotron radiation will play a unique role in nanoscience, as synchrotron methods can
effectively probe the quantum mechanical and atomic scale structural properties that govern the
behaviour of nanoscale objects and devices. The challenge at present is to tune the synchrotronbased methods to deal effectively with individual nanoscale objects. Many synchrotron setups of
today probe areas that are micron-sized or larger, making it difficult to study individual nanoscale
structures.
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Very impressive results (as will be discussed below) have nonetheless been achieved by
manufacturing special arrays of very similar nanostructures. As all these nanostructures are
identical, probing all of them is essentially equivalent to probing a single nanostructure. This
method of course has limitations, as there will always be some small differences in the structure
of these objects, and preparing such similar nanoscale objects can be quite challenging in itself.
Thus, there is presently a strong incentive to develop synchrotron-based methods, useful for direct
studies of individual nanoscale structures. These new methods will be very important for the
progress of nanoscience, however they put heavy demands on the synchrotron radiation source in
terms of brilliance and coherence. Finally, a recent study [4] described a method of high X-ray
spatial resolution, which can potentially be combined with a free electron laser source to provide
a unique probe at nanometer length scales and femto-second timescales.
The nanoscale is not just another step towards miniaturisation – it is a qualitatively new scale. The
behaviour of an object with nanoscale dimensions is governed by quantum mechanics, confined
dimensions, large surface-to-bulk ratios and other unique properties. As a result, electrical, optical
and chemical properties can differ radically on the nanoscale. Many current theories of matter are
relevant only on the micrometer scale, while others can deal only with individual or small
assemblies of atoms. Also much experimental work has dealt with either micrometer scale objects
or individual atoms. Therefore, nanoscience presents major experimental and theoretical
challenges in science. Much like atoms and molecules existed before the advent of quantum
mechanics, nanoscale structures have always existed in nature before the advent of nanoscience.
However, only in recent years the first experimental and theoretical tools have become available
to effectively deal with the nanoscale regime.
Applied electronics and photonics research has for years been approaching the nanoscale with
top-down methods. This is a very natural development as a constant miniaturisation of electronic
circuitry has been occurring since the 1960’s. While the minimum feature size in 1960 was 20000
nanometers, the manufacturers have in recent years broken the 100nm barrier for the minimum
feature size on a normal chip [5]. In read-heads for modern hard disks, oxide barriers are now only
a few monolayers thick – a real nanodevice can be found inside your newest computer. This of
course presents new challenges to the scientific community as materials, properties and methods
have to be qualitatively different on the nanoscale compared to the microscale.
The amazing development of nanolithography and nanoimprint technologies means that today
we can reliably manufacture devices, which are in the nanoscale regime. This has given science a
whole new playground for making experimental equipment and laboratory tools on the
nanometer scale. Nanowire and nanotube technologies enable sensing of extremely small
amounts of material, while manufacturing of zone-plates and pinholes with nanometer spacings
gives new opportunities for focusing X-ray beams to the nanoscale.
Interestingly, nature has always been functioning on the nanoscale. Many fundamental biological
structures and processes occur on the nanoscale. DNA, for example, is a couple of nanometers
wide, while ATP synthase occurs on a 10 nm scale. This has of course prompted biologists to
aggressively approach the nano-regime closing in on the fundamental processes that govern
nature. Unravelling the fundamental processes in nature is of course important in itself. It will,
however, also be the cornerstone in developing new drugs and healthcare products. An
interesting aspect is of course that as we learn to fabricate devices on the nanoscale, these
devices can start to directly interact in fundamental biological processes. This is in the first
instance being envisioned as an extremely sensitive and fast diagnostic tool. Such tools have
already been demonstrated in the laboratory – reducing testing periods from days to minutes.
Reducing the time and improving the sensitivity of diagnostic tools can of course save lives of
hospital patient. In longer-term efforts, cells are being made to directly interact with manmade
nanoscale structures. Figure 2 shows a cell that has been grown on an array of semiconductor
nanowires.
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Fig. 2. Left: Array of 50 nm wide nanowires with a spacing of 500 nm [6]. Right: Nerve cell grown on array of
nanowires [Courtesy Waldemar Hällström and Lars Montelius, Nanometer Structure Consortium, Lund University].

Finally it can be mentioned that nanoscience will have great importance in the areas of
sustainability and environment. New energy sources based on nanoscience are being developed,
focusing on fuel cell technology. A number of new types of nanostructures are also perceived, as
very efficient solar energy converters, due to their large surface to bulk ratios. Furthermore, the
compact and efficient sensing and chemical modification possibilities of nanotechnology can be
used to monitor and alter toxic levels in water, food etc.

Areas of interest for the MAX IV facility
The MAX IV project will open possibilities to deal with many of the important experimental
challenges of nanoscience. Thus, it will be possible to study growth, atomic scale structure and
the magnetic, electronic and chemical properties of nanoscale objects. Already now it has been
realized that a wide range of techniques are necessary to understand the nanoworld. As a result
both X-ray diffraction and electron spectroscopy techniques should be devoted to nanoscience
research.
One of the particular strengths in this respect is the two-ring setup of MAX IV, which will allow
the construction of experimental stations covering all experimental aspects both soft X-ray
electron spectroscopies and hard X-ray diffraction in one single place. It is today often necessary
to go to several different storage ring facilities to do a complete analysis of growth, structure and
properties of nanoscale objects. At MAX IV everything can be done in one place. This is not just a
matter of convenience for the researchers, it has strong scientific benefits as well. At MAX IV it
will be possible to directly transfer samples from one experimental system to another ensuring
that exactly the same sample is studied. Such conditions are very difficult to achieve, if samples
have to travel thousands of kilometres from one research facility to another.

Structure, strain and composition of nanoscale objects
An important goal of nanoscience is to couple structure and function. We want to be able to
predict how a specific atomic scale structure and morphology of a nanoscale object connects to a
specific behaviour. This goal cannot be achieved without a structural characterization of
nanoscale objects down to the atomic scale. This is illustrated by the very active
research/technology field of self-assembled semiconductor nanostructures. Such structures are
already manufactured in laboratories, some are now produced on a routine basis, and completely
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new nanostructures are also being developed constantly around the world. Two interesting
examples can be mentioned.
Semiconductor nanowires (Fig. 3) are 1D wires, which can be micrometer long, but have
diameters in the range 1-100 nm [6]. Electron states are confined within the wires, dramatically
altering their electronic and optical properties. Due to the small diameters, heterostructures of
very different semiconductor materials can be grown with perfect epitaxial junctions. It is for
example possible to grow light-emitting III-V nanowires on silicon substrates, which opens the
revolutionary possibility of optical communication on standard chip technology [7].
Heterostructures can be grown inside the wires, enabling diode logics, lasers, FETs and a number
of other optical and electronic components.

Fig. 3. Left: Semiconductor nanowire heterostructure from the frontpage of Nanoletters [NanoLetters Vol2
Issue2]. Middle: Cross-section of a stack of three quantum dots. Right: Zoom in on quantum dots revealing the
individual atoms of the quantum dots [8].

Quantum dots are 0D structures that are nanoscale in all directions. This means that free electrons
inside will be confined in an nm scale box. Such a confinement results in the electrons behaving
similarly to electrons in individual atoms - creating tunable artificial atoms [9]. Thus, quantum dots
represent a wonderful playground for fundamental physics, as artificial atoms and even molecules
can be tailored to one’s exact desires. They can also be used as extremely well defined photon
sources. As a result, coupled quantum dot structures have been manufactured for the next
generation of high-speed switching for computer networks and are being tested for singlephoton emitters for quantum cryptography and quantum computation.
As the properties of both nanowires and quantum dots depend critically on their structure,
composition, and strain, it is important to characterise these parameters in great detail. This has
been done at X-ray diffraction beamlines at the ESRF, on arrays of virtually identical quantum dots
or nanowires, which can reasonably easily be manufactured in this kind of structures. Nanotomography measurements have been carried out revealing the strain and composition of
quantum dots [8], see Fig. 4. Since these measurements are quite time-consuming, a high stability
is required. Such requirements will be fulfilled at the proposed 3GeV ring at MAX IV.
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Fig. 4. a) Strain map of GaInAs quantum dot. b)
Compositional profile of quantum dot [10].

While such studies will continue to be very important, one is presently using focussed X-ray
beams to enable investigations of single quantum dots, nanowires or other nanostructures.
Presently the limit has been pushed to around 20 nm, and again high brilliance and coherence of
the beam are essential. X-ray focusing should definitely be pursued at MAX IV, as such equipment
can be used for a wide variety of purposes in nanoscience. 20 nm focusing means that the
structures of individual nanoscale objects can be mapped out. As a result it would not be
necessary to manufacture large arrays of identical nanostructures. This would also eliminate the
problems arising from unavoidable small differences between individual nanostructure units.

High spatial AND time resolution in one experiment
A very important recent development is the so called lensless imaging by X-ray spectroth
holography which made the front page of the December 16 issue of Nature [4]. As seen in Figure
5, this method allows for a resolution below 50 nm, and is transferable to a wide variety of
nanostructures. The method is also well suited for ultrafast single-shot imaging with coherent Xray free-electron laser sources. This would enable the structural characterization on the nanoscale
in an ultrafast time-resolved mode. Such an experimental system would open up completely new
possibilities to study individual nanostructures with femtosecond resolution. This system could
potentially revolutionize our knowledge of processes occurring in the nanoregime – for the first
time probing a combination of an extremely highly resolved time and spatial regime at once.

Fig. 5. Top: Spectro-holographic image of Co/Pt Bottom: Reconstructured real-space
image [4].
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Direct studies of nanostructure growth
A fundamental aspect of nanoscience is the ability to very precisely control the growth of
nanoscale structures. Due to the extremely small size of nanostructure, even a few single-atom
defects can have impact on their functionality. Thus an atom-by-atom control of growth
processes is needed. To realize this, non-invasive methods that can monitor growth on the atomic
scale are needed.
All probes of course influence the studied samples to some extent – especially on the nanoscale,
synchrotron radiation being one of the least invasive methods. Experimental stations combining
in situ characterisation methods as XRD and EXAFS, and growth methods such as Chemical
Vapour Deposition (CVD)are highly desirable for the study of semiconductor nanostructures. Also
the ability of in situ studies of wet chemistry for the formation of nanoparticles will be a very
interesting option. This is clearly realizable at a high-brilliance synchrotron radiation source as
MAX IV. As the growth of nanostructures often proceeds within seconds, time resolution will also
be very important in these experiments.

Magnetic, electronic and chemical properties of nanostructure arrays
Direct probing of nanostructure properties is often based on electron spectroscopy. In order to
study the properties of nanostructures using electron spectroscopy, two very different approaches
are currently pursued. One can either measure on one single nanostructure or one can
manufacture arrays of identical nanostructures. A very interesting field of nanoscience is
nanomagnetism, which very often probes arrays of nanostructures (a modern hard disk is for
example an array of nanomagnetic domains).
The fundamental properties of magnets are defined at the nanoscale, making nanomagnetism a
very interesting field of research. Nano-scale ferromagnetic particles have played a central role in
the enormous advances within data storage seen during the past 50 years. Furthermore, magnetic
nanoparticles have applications that range from medical imaging and drug delivery to sensors and
computing.

Fig. 6. Co 1D chains on a Pt crystal. Magnetic properties were measured using synchrotron-based XMCD [11].
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Nanomagnetism basically involves studying how ferromagnetic materials behave when they are
geometrically restricted in at least one dimension. Apart from 2D thin films such objects can be
1D nanowires and 0D magnetic dots.
Self assembly has been used to study nanomagnets, for example in a number of pioneering
studies of 1D individual chains of cobalt atoms [12] as seen in Fig. 6. Using synchrotron based Xray magnetic circular dichroism (XMCD) it was found that both the spin and orbital angular
momentum of atoms in the chain were much higher than in bulk cobalt. Thus it was estimated
that one would need only 400 cobalt atoms in this configuration to make a single information bit
– approximately 2000 times fewer than with a conventional hard disk.
Results like these could lead to new generations of magnetic storage – possibly approaching the
one-bit-per-atom level. This is indeed also quite important as the size of data bits has already
fallen from 10 µm x 0.7 µm 20 years ago to just 300 nmx 15 nm in 2002. However, as the grains
become sufficiently small, thermal fluctuations can lead grains to accidentally flip direction,
resulting in loss of data. Known as the superparamagnetic limit, this occurs when the ordering
effect of magnetic anisotropy is outweighted by thermal fluctuations.
By creating arrays of very similar nanostructures one can use the whole range of synchrotronbased spectroscopy methods, for example XMCD for magnetic properties, and photoelectron
spectroscopy (both core and valence levels) for chemical and electronic properties. However, often
the density of nanostructures on the surface will be rather low if one wants to achieve a situation
where the structures are identical and non-interacting. As a result, the signal from the
nanostructures will often be very small, making it necessary to have very bright radiation sources.
The beams should furthermore be very well collimated and uniform to avoid beam variations
across the ensemble of nanostructures.
It should be noted that it is of course also of extreme relevance to study the interaction of
nanostructures with each other. This does, however, not set any additional requirements on the
setups, but it must be stressed that it is very often necessary to start from the non-interacting
structures before approaching the more complicated situation of interacting nanostructures.
Finally, it is important to note that changes often occur when the nanostructures are buried. This
is done either to protect them (for example the Co chains shown above would immediately
oxidise in air) or to grow further structures on top to add additional functionality. Thus, it would
be of great interest to use spectroscopy methods on deeper layers. As electron spectroscopic
methods only probe the surface, this would rely on increasing the photon energies significantly.
However as cross-sections go down at higher energies, this would demand a very significant
increase in brilliance such as proposed for MAX IV.

Magnetic, electronic and chemical properties of INDIVIDUAL nanostructures
In order to study the properties of nanostructures, spectroscopy methods addressing the
individual nanoobjects will be of great importance. This has lead to the development of the Photo
Emission Electron Microscope (PEEM), which is essentially a Scanning Electron Microscope using
photons as excitation source. This is not a new invention, but the development of powerful
synchrotron sources has resulted in a strong renewed interested in this type of setup, achieving a
resolution of objects down to a size of 15 nm. This makes it possible to study individual
nanostructures. The strength of a PEEM compared to an ordinary Electron Microscope is that, as
the electrons have been photon-excited, they have an energy distribution as in photoelectron
spectroscopy. Thus, by applying varying photon energies, photon polarizations and electron
energy filtering, it is possible to probe magnetic, electronic and chemical properties much in the
same way as has previously been possible with spectroscopy on micron-sized areas.
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Finally it should be mentioned that the efforts for focusing the incoming photon beam present
another way of achieving the same goals. The highest resolution achieved by this method is in the
Scanning Transmission X-ray Microscopy (STXM). Using a Fresnel zone plate a resolution limit of
~15 nm has been reached [13]. This method has a number of advantages compared to PEEM. It
does not need vacuum, thus various atmospheres and liquids can be introduced along with the
possibility to have large magnets.
Several examples of the potential use of PEEM can be taken from the important area of
nanoparticles and nanotubes. However, as PEEM is not restricted to these types of
nanostructures, one could equally well have addressed for example the quantum dots discussed
above. Furthermore, PEEM can be used not only to probe the properties of nanoscale structures:
chemical composition and atomic-scale structure can be probed as well, providing valuable
information which in conjunction with diffraction methods can solve a very broad range of
structural problems.
Possibly one of the first uses of nanotechnology is active metal nanoparticles in heterogeneous
catalysts. However, as in many other places where nanoscale objects have been employed, the
understanding of the exact properties, growth or structures of these particles was incomplete.
Thus, catalyst development was reduced to trial-and-error testing of a large number of samples.
Very recently it has become possible to make the first ab-initio predictions of catalyst behaviour,
and nanoscience experiments are now being used to suggest better methods and materials for
catalyst production. For example, it has been found that Au nanoparticles have quite different
properties (even different colours) on the nanoscale. Furthermore, nanoparticles are perceived as
materials for coating surfaces for special properties, like anti-stick, imaging and chemical
resistance.
Magnetic nanoparticles are being incorporated in biomedicine. They can for example enhance
signals from Magnetic Resonance Imaging (MRI). The nanoparticles can be injected into the blood
vessel, and depending on their specific size and coating they may travel to different organs in the
body, making it possible to study specific organs. Iron-oxide nanomagnets have for example been
used to detect low concentrations of virus particles. As an example, by carefully selecting the right
contrast agents, it has been found possible to detect just 5 viral particles in 10 microliters of
solution [14]. Nanoparticles can also be used for drug delivery – magnetic nanobeads are first
laced with drug molecules and then steered by an external magnetic field until they reach the
desired parts of the body.

Fig. 7. Individual atoms on Carbon nanotubes [15].
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It is clear that detailed studies of the chemical reactions and adsorption on nanoparticles will be of
great interest in order to understand and tailor nanoparticles for specific purposes. Especially
methods which could address each particle individually would be of great interest, as it will
complicate matters greatly if one has to average over the chemistry of a large number of particles.
This is exactly the strength of PEEM.
Carbon nanotubes is another field of intense research. Carbon nanotubes consist of single-atom
thick sheets of carbon, rolled up into a perfect tube [13], see Fig. 7. Carbon nanotubes have
superior properties in terms of mechanical strength, electric conductivity and chemical sensing.
Therefore carbon nanotubes hold great promises as a future material in a wide range of
applications. Unfortunately reliably producing carbon nanotubes with specific properties has
turned out to be quite difficult, as for example the twist (clock-/anticlockwise) of a nanotube will
influence its electrical properties, making some tubes metallic and some semiconducting.
Polarized synchrotron light presents a very convenient approach to studying the chirality and
electronic properties of nanotubes. However, high spatial resolution is necessary to carry out such
studies. PEEM, (Fig. 8), and focused X-ray beams could yield very important results in this area of
research [16].

Fig. 8. PEEM valence spectroscopy of Carbon nanotubes on a Si
substrate [13].

Nanolithography and bio-nano-technology
A very exciting long-term prospect of nanoscience is the merging of biology and nanoscale
lithography. While EUV lithography for making commercial chips can already manufacture 50 nm
structures, e-beam lithography enables the manufacturing of even smaller structures for scientific
purposes at a relatively modest cost. E-beam lithographic equipment is now becoming quite
common, making nanoscale lithographically designed structures accessible to large parts of the
scientific community [17].
Nanolithography devices can directly influence and monitor biological processes. It is, for example,
possible for nanoscale structures to enter living cells without destroying them, and making it
possible to probe cells from the inside. Furthermore, nanoscale artificial structures can be made
that mimic small parts of a living organism. This can be used both as means of investigating
fundamental processes and for interacting with biological entities. One strategy also being
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aggressively pursued is the so-called lab-on-a-chip, which can be used for fast parallel
characterisation of extremely small pieces of tissue or blood samples [18].
Synchrotron radiation can be used in a number of ways in this very interesting area. Firstly,
nanoscale lithography uses masks and processes that rely on extremely thin layers of molecules
and very narrow trenches, extremely thin cantilevers etc. For measuring the chemistry, strain and
electronic properties, methods such as PEEM and X-ray microscopy will be ideally suited. Further,
thin molecular layers are often used to functionalise various parts of a lab-on-a-chip, making it
very interesting to characterize the adsorption geometries and chemical properties of such layers
on an atomic scale. This is indeed possible with methods combining nanomicroscopy and
spectroscopy.
Another exciting possibility is the use of nano-lithographic designed structures in creating new
synchrotron radiation experimental methods. Already today the zone plates used for realizing Xray microscopy are such an incorporation of nanometer-defined structure as well as an essential
part of a synchrotron experiment. One can also imagine creating specially designed chips, which
can be used in combination with PEEM or STXM to study microflows. Even small labs-on-a-chip
are can be envisaged, which are inserted directly into a synchrotron beam, utilizing the light much
in the same way as has already been demonstrated for lasers.
Finally it must be mentioned that good clean room facilities will be absolutely essential for
nanoscience and preparation of samples at MAX IV. Preparation of nanoscience samples requires
extreme cleanliness in combination with reasonably well equipped chemical facilities.
It should be mentioned that high class clean room facilities are available through out Sweden and
soon also in Lund. However often it will be necessary to do the final preparations on site at MAX
IV.

General requirements and characteristics of the future source
Nanoscience will require the use of both X-ray diffraction beamlines and electron spectroscopy
beamlines with very high brilliance and coherence. Further microscopy applications will demand a
high beam stability. This is evidently necessary for nano-microscopy, but also studying arrays of
dispersed nanostructures puts high demands on the source and spectrometers due to the weak
signals. For the FEL the use of a spectro-holography setup would demand a high pulse frequency
to create a stroboscope-like experiment.
Development of new instrumentation should focus on microscopy.
High energy X-ray microscopy for X-ray diffraction experiments should be pursued in
collaboration with other European and American synchrotron radiation facilities which are
developing similar equipment. This will allow precise structural measurements of biological species
as well as small nano mechanical and nanoelectronic objects such as cantilevers and nanowires.
An XPEEM experiment should be setup at a soft X-ray beamline of MAX IV, one should here work
on pushing the instrument limitations in terms of spatial resolution and time resolution. Variable
polarisation should be available both for magnetic and biological applications of dichroism.
Combination with a scanning tunnelling microscope in the same chamber would be beneficial.
A STXM beamline should be constructed with a resolution limit <30nm with energies up to 1500
eV, for exploring chemistry, magnetic and electronic properties.
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Surface X-ray Diffraction combined with CVD equipment and other flow reactors for live
monitoring of self-assembled growth.
A spectro-holography experimental set up similar to the equipment being developed at BESSY
and ALS should be constructed at a soft X-ray beamline, and this experiment should eventually be
transferred to the FEL for femto-second time resolution.
The extensive expertise existing at facilities for nanolithography found in Sweden and Denmark
should be actively involved to develop nanoscale focusing and experimental equipment that can
be used with synchrotron radiation. Such development is already commonplace for combining
lasers and nanodevices, however the wide spectral range of synchrotron radiation opens up
completely new possibilities in the area.
UHV transfer between all experimental systems should be possible
Clean room facilities should be accessible at the MAX IV facility. Also access to Scanning Probe
Techniques (STM, AFM, MFM) high quality normal light microscopes and a SEM in conjunction
with X-ray microscopies would be extremely important.

References (Nanoscience and Nanotechnology)
1

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

M.C.
Roco,
W.S.
Bainbridge,
eds.,
National
Science
Foundation
Report,
Arlington,
VA: National Science Foundation (2000), also Dordrecht:Springer (formerly Kluwer) (2001) (available at
http://www.wtec.org/loyola/nano/NSET.societal.implications/).
M.C. Roco, W.S. Bainbridge, eds., National Science Foundation Report, Arlington, VA: National Science
Foundation (2003), (available at http://www.nano.gov/nni_societal_implications.pdf).
G.M. Whitesides, Small, 1, 172 (2005)
S. Eisebitt, et al., Nature 432, 885 (2004)
G.E. Moore, presentation at International Solid State Circuits Conference (ISSCC), February 10, (2003)
ftp://download.intel.com/research/silicon/Gordon_Moore_ISSCC_021003.pdf
Samuelson and L. Mater. Today, 6, Issue 10, 22-31 (2003)
T. Mårtensson, C.P.T. Svensson, B.A. Wacaser, M.W. Larsson, W. Seifert, K. Deppert, A. Gustafsson,
L.R . Wallenberg, and L. Samuelson, Nano Lett 4, 1987-1990 (2004)
M. Borgstrom, A. Mikkelsen, L. Outtara, E. Lundgren, L. Samuelson, and W. Seifert, Appl. Phys. Lett. Vol.
83, 4830 (2003)
J. Stangl et al., Rev. of Mod. Phys., 76, 725 (2004)
I. Kegel, T.H. Metzger, A. Lorke, J. Peisl, J. Stangl, G. Bauer, J.M. Garcia, and P.M. Petroff, Phys. Rev. Lett.
85, 1694 (2000)
PHYSICS WORLD JULY p. 31-35 (2004)
P. Gambardella, A. Dallmeyer, K. Maiti, M.C. Malagoli, W. Eberhardt, K. Kern, and C. Carbone, Nature 416,
301 (2002)
W. Chao, B.D. Harteneck, J.A. Little, E.H. Anderson, and D.T. Attwood, Nature 435, 1210 (2005)
J.M. Perez, L. Josephson, and R. Weissleder, ChemBioChem, Vol. 5, Issue 3, Pages 261 - 264
J.W.G. Wildoer, L.C. Venema, A.G. Rinzler, R.E. Smalley, and C. Dekker, Nature 391, 59 (1998)
S. Suzuki, Y. Watanabe, T. Ogino, S. Heun, L. Gregoratti, A. Barinov, B. Kaulich, M. Kiskinova, W. Zhu,
C. Bower†, and O. Zhou, Phys. Rev. B 66, 035414 (2002)
www.raith.com: Raith 150 – available for example within the Lund based Nanometer Structure Consortium
– minimum linewidth ~20 nm
R. Bashir, Proc. Mat. Res. Soc. 773, 911-914 (2003)

93

Strongly Correlated Systems.............................................................................. 95
Overview............................................................................................................................... 95
Magnetic systems .............................................................................................................. 96
Superconductivity .............................................................................................................. 96
Heavy-fermion systems ...................................................................................................... 96
Metal-insulator systems ..................................................................................................... 97
Areas of interest for the MAX IV facility ................................................................................. 97
Magnetism in nanostructures ............................................................................................ 97
Rare earths and low-dimensional systems .......................................................................... 99
Confinement in zero, one and two dimensions - Short time scales ..................................... 99
Materials with partially filled 4f (and 5f) orbitals ............................................................... 101
Transition metal systems.................................................................................................. 101
New opportunities for SR techniques ............................................................................... 103
General requirements and characteristics of the future source ............................................. 106
References (Strongly Correlated Systems)............................................................................. 108

94

Strongly Correlated Systems
Overview
A majority of condensed matter systems cannot be well described by single particle models in
which the electrons are considered as independent particles. In these so-called strongly correlated
systems, the interaction between particles is considerable and a correlated behaviour develops.
As a result, the materials display fascinating collective properties that have both fundamental
interests as well as technological applications. A typical example is magnetism. The strong
correlation between the d electrons in iron is responsible for the ferromagnetism that makes
fridge magnets stick to our refrigerators. Other more exotic examples are given by
superconductivity and superfluidity where current or liquid flows with absolutely zero resistance.

Fig. 1 & 2. Several macroscopic properties in condensed
matter systems are the result of strong correlations. To
the left is the Meissner effect, and to the right is
superfluidity.

Research in the field of strongly correlated systems is intimately related to phase transitions. A
phase transitions such as the freezing of water or a metal insulator transition is obviously the
result of strong correlations since it involves all length scales from the atomic domain up to
macroscopic length scales. Strongly correlated systems show a wealth of phase transitions
between well-known states such as ferromagnetic/paramagnetic, metal/insulator,
metal/superconductor but there are also signs of completely new types of phase transitions into
new states of matter. To understand the properties of strongly correlated systems is therefore also
a matter of understanding phase transitions in these systems. Besides being of fundamental
research interest, the increasing technological requirements on material properties is leading to
more and more applications involving strongly correlated systems. (It is amusing to note that the
rd
radiation in 3 generation light sources is produced by insertion devices made up of a strongly
correlated material, a rare earth ferromagnet, and that the radiation from the light source
proposed in this report may be produced with another strongly correlated material, a
superconductor.) This development will most likely increase in speed in the future as storage
densities in magnetic media increase, new power generation and transportation technologies are
deployed, spintronic components are developed, nanotechnologies emerge and the quantum
computer sees the light. Since the driving force behind the collective properties of the strongly
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correlated systems is often a delicate balance between strong interactions it is in general very
difficult to develop theoretical models for these systems and experimental results are of the
utmost importance. Spectroscopic techniques offer a wide variety of tools to investigate strongly
correlated systems and have contributed greatly to the present understanding of these. Because
of the delicate balance of interactions in strongly correlated systems, there is, however, always a
very strong incentive to increase resolution in energy, time and space. The development of a new
light source that will permit experiments with unprecedented energy, time and spatial resolution
will therefore most certainly give a wealth of new important results in the area of strongly
correlated systems research.

Magnetic systems
As noted above, magnetism is a typical signature of strong correlations. Many of the strongly
correlated systems contain atomic-like d and f related states in the valence band and the high
magnetic moments of these states often give rise to magnetic ground states. Many of the
transition and rare earth metals are therefore ferromagnetic in their ground state. In contrast, the
transition metal oxides are antiferromagnets with a few notable exceptions. Our famous fridge
magnet, iron oxide, is a ferrimagnet and chromium dioxide is a half-metallic ferromagnet.
Magnetic oxides are particularly interesting for applications in view of their inherent stability and
chromium dioxide has since long been employed in magnetic recording tapes.

Superconductivity
One of the fundamental issues in contemporary physics is the understanding of high temperature
superconductivity and the driving force that transforms an insulating antiferromagnet into a
resistance-less conductor. High temperature superconductors or cuprate superconductors as they
are often called are prototypical examples of strongly correlated systems. Almost all strongly
correlated materials have a transition metal or rare earth metal as its main ingredient. In the case
of high temperature superconductors it is copper. Synchrotron radiation based experiments such
as angle resolved photoemission, resonant photoemission and resonant inelastic X-ray scattering
have contributed to the present understanding of the electronic structure of the copper oxide
planes in these materials and the evolution from insulating antiferromagnet to superconductor.
There is, however, still no understanding of the principal mechanism behind the
superconductivity. Since the energy scale involved in superconductivity is in the meV range there
is at present an international race going on to improve the resolution of the experimental
techniques used. The proposed light sources would permit not only a drastic improvement on
previous results but would permit completely new experiments to be performed. Time resolved
studies of the dynamics involving pair formation and condensation could be envisaged. High
resolution fluorescence experiments probing collective excitations should be possible as well as
bulk sensitive high resolution experiments. All these experiments are not presently possible but
should become so with the proposed light sources.
With the increased possibilities given by the new light sources it should also become feasible to
study some of the new and exotic superconductors that have so far been out of reach for most
experimental techniques. An example is the newly discovered triplet ruthenate superconductor in
which the electron pairing is in form of a magnetic triplet state rather then the usual nonmagnetic singlet state.

Heavy-fermion systems
The rare earth compounds form another group of strongly correlated systems. Because of the
open f shell in these systems there are atomic like states very close to or right at the Fermi level.
This results in a very high density of states at the Fermi level and an effective quasi-particle mass
that can be several orders of magnitude higher that the free-electron mass. This manifests itself as
a huge electronic contribution to the specific heat. The intricate interaction between the atomic
like f states and the rest of the valence states manifests itself in the Kondo effect and many
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questions about the correct description of these systems remain open. The characteristic energy
scales in these systems are given by the Kondo temperature and varies between one meV and a
few tens of meV. Very high energy resolution is therefore necessary to study these systems with
spectroscopic tools. In order to enhance the signal from the f related states it is desirable to use
resonant techniques with photon energies in the soft or hard X-ray range. Utilizing hard X-rays
has the advantage that the electron escape depth is increased substantially and the experiment
thus probes the true bulk nature of the material and not just the surface properties that can
deviate substantially from the bulk properties. At present, it is not possible to obtain sufficient
energy resolution to resolve the details of the near Fermi level states but with the proposed light
sources and the current development in detector technology this type of experiments should
become feasible.

Metal-insulator systems
Another fascinating phenomenon, that some of the transition metal based materials display, is a
phase transition between an insulator and a metal. The conductivity can change with several
orders of magnitude from one phase to the other. Typical examples are given by the vanadium
oxide systems, which exhibit a metal-insulator transition as a function of temperature and the
manganese oxide systems, which show a similar type of transition as a function of applied
magnetic field. The latter system has attracted considerable interest since the change in resistance
as a function of magnetic field is "colossal", something that could have a large impact on
magnetic field sensors such as those used in magnetic read heads in hard disk drives. Even though
the double-exchange mechanism has been invoked to explain the behaviour of these systems it
has recently become clear that there are other important effects. As in the case of the systems
discussed above, spectroscopic techniques have proven very valuable and improvements
accompanying a future brighter source as well as the possibility of time resolved experiments
could be expected to provide a wealth of new information and insights.

Areas of interest for the MAX IV facility
Magnetism in nanostructures
It is a widespread opinion that development of systems with tailored magnetic properties has
more perspectives by reducing dimensions (to nanoscale) than by forming new magnetic alloys or
compounds. Therefore, much interest is focussed on low-dimensional structures. Metastable thin
films with properties deviating from the bulk may occur as a result of growth constraints imposed
by the substrate, and the structural constraints may have direct impact on the band structure
topologies, including the exchange splitting. One example is thin layers of Fe on Cu(100). Such
layers exhibit a richness of magnetic phases dependent on layer thickness, as reflected by Kerr
effect and magnetic dichroism studies.
Disregarding substrate-imposed structural effects, one expects a transition from three- to twodimensional behaviour with decreasing layer thickness due to electronic confinement and
influence of surrounding media on the surface/interface atoms. Magnetic properties like the
anisotropy and Curie temperature are also thickness dependent due to the geometrical shaping
and the reduced number of near neighbours. Generally it is found that magnetic films change
their properties from three- to two-dimensional around a thickness of five atomic layers, which
implies effective spin-spin interactions up to the second nearest neighbour.
Two-dimensional magnetic systems are thus typically less than five atomic layers thick. For
monolayers the reduced number of neighbours tends to decrease the Curie temperature, though
the band narrowing-associated increase of the density of states at the Fermi level should lead to
an increased magnetic moment. Although calculations often predict a lower total energy for the
magnetic state in monolayers, even in materials that are non-magnetic in the bulk, experimental
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data showing enhanced monolayer magnetism are scarce and controversial. One case that seems
to support these ideas is Fe/Au(100), where the exchange splitting in the monolayer Fe is clearly
larger than in bulk Fe.
A particularly important kind of two-dimensional structure is the quantum well, i.e. a narrow
region with reduced inner potential. The key feature is the electron states supported by the
confinement. The energy of these states can be tuned via e.g. the width of the quantum well,
which means that a state can be tailored to occur at the Fermi level. Since the density of states at
the Fermi level is decisive for a range of properties, and may trigger electronic phase transitions,
the control of this parameter provides a means of controlling e.g. the magnetic state of an
individual layer. Spin polarization in quantum wells may occur even in a normally non-magnetic
metal like Cu, as confirmed by spin-polarized photoemission as well as MCD experiments. This
means that thin Cu layers can mediate magnetic coupling when sandwiched between
ferromagnetic layers of e.g. Co/Cu/Co. The magnetic coupling of two ferromagnetic layers
separated by a non-magnetic film can be oscillatory, depending on the spacer thickness. Such
dependence is observed for many combinations of ferromagnets and spacer materials, e.g.
Fe/Cr/Fe, and is explained by the thickness-dependent tuning of quantum well states across the
Fermi level mentioned above.
From direct application points of view the giant magnetoresistance (GMR) and tunnelling
magnetoresistance (TMR) effects are of particular interest. Both effects are used for magnetic
random access memories (MRAMs) that are the first spintronics devices. The GMR effect is based
on transport of spin-polarized charge through a metal spacer between two ferromagnetic films.
The transport occurs with low resistivity if the two ferromagnets have parallel magnetisation but
changes to high resistivity when the magnetization direction of one of the contacts is switched by
an external field. The TMR effect is based on spin-polarized tunnelling that can occur between
two ferromagnets separated by a thin insulating layer. The tunnelling current also depends
critically on the relative magnetization directions of the two magnetic layers.
As already mentioned, the magnetic characteristics of a layer may be strongly affected by the
substrate. Thus, one-dimensional topographical structures (e.g. surface steps) may influence the
magnetic anisotropy. For example the bulk anisotropy in Fe films grown on W(110) can be
modified (in-plane, easy axis rotated) by increasing the density of surface steps via high
temperature annealing. Such effects are particularly prominent in films grown on substrates with
different crystallographic structure, e.g. Fe(100)/Au(100), where the lattices are matched in plane,
but not along the surface normal.
With the never-ending need for denser information storage, magnetic particles are extremely
important. One relevant size scale is the magnetic domain wall thickness, typically 0.1-1 µm.
Particles smaller than this will be predominantly single-domain, which is important for magnetic
storage media. Assemblies of smaller particles, in the range of 10 nm, become superparamagnetic
- the individual particles are magnetized, but their magnetization orientations are thermally
unstable. Uncontrolled magnetic fluctuations must of course be avoided, which means that there
is a minimum allowable particle size in the range of 10 nm. This defines a theoretical limit of
2
information storage density to a few Tbits/in . Modern hard disc drive technology is already in the
2
range of 100 Gbit/in , so although nanoparticle-based magnetic storage has still some potential
for development, alternative approaches must be considered to get around the
superparamagnetic limit. Growth of magnetic pillars (preserving the lateral storage density) is one
such approach, another is enhancing the thermal stability by antiferromagnetic coupling of the
information storing volume (particle or layer area) to another ferromagnetic or paramagnetic
matrix. The nature of magnetism at the boundaries of spin-polarized materials is a fundamental
issue, which has yet to be fully understood, and which may set limitations on technological
implementation and performance of spintronics devices. In particular the nanometer-scale control
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of the surfaces and interfaces of ferromagnetic and antiferromagnetic materials is essential for a
correct microscopic description, and may be the key to the development of novel spin devices for
memory and logic applications. It is clear that further intensive research in this field is needed.

Fig. 3. (A) Spin lifetimes versus quantum dot diameter at T=6 K, B=0 T. Open and solid symbols represent core
and core/shell quantum dots, respectively. Squares and circles are the two lifetime components as described in the
text. The vertical axis is broken for clarity, and the dotted line is a guide to the eye. (B) Faraday rotation from 40 Å
quantum dots at T=280 K and B=1 T. (C) Field-dependence of Faraday rotation from B=0–1 T for 80 Å quantum
dots at T=6 K. Inset: Illustration of field-dependent angular spreading due to inhomogeneous dephasing. (D)
Dephasing rates (1/T2*) and (E) Larmor frequencies extracted from curve fitting for 80 Å quantum dots at T=6 K.
Solid lines are linear fits to the data. [1]

Rare earths and low-dimensional systems
The effects of strong correlations in solids are especially striking when the electron wavefunctions
are spatially confined in an atomic-like environment, or in systems of reduced dimensionality. In
both situations the electrons cannot « stay out of each other’s way » as in normal metals, and
interactions fully manifest themselves, producing new and intriguing physical properties, including
superconductivity, Kondo effect, charge-modulated structures, Mott-insulating phases, and more
generally non-Fermi liquid behaviour. Understanding the formation of these correlated states of
matter is a central issue of today’s solid state physics, with clear implications for the design of
novel materials.

Confinement in zero, one and two dimensions - Short time scales
Chemists and material scientists have synthesized organic and inorganic compounds that exhibit
extremely anisotropic physical properties. In appropriate temperature and energy ranges, these
materials behave as truly one- (1D) or two-dimensional (2D) electron systems. They represent ideal
model systems where theoretical predictions can be experimentally put to a test. Quasi-one
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dimensional conductors are of particular interest because they could exhibit the signatures of the
Luttinger liquid (LL) – as opposed to the ordinary Fermi liquid of normal metals – a new correlated
state of matter predicted by theory. In a LL the electronic states are so profoundly modified by
correlations that the elementary electronic excitations – the quasiparticles – lose their individuality,
and are replaced by collective spin and charge modes, with distinct dynamical properties (Fig. 4).
The crucial theoretical question whether the LL liquid survives in the presence of transverse
interactions can then be experimentally addressed. Observing LL behaviour in a real material
would have far-reaching consequences, namely for models of high-temperature superconductivity
in the cuprates.
Besides strong electronic correlations, quasi-1D materials are also likely to exhibit unusually strong
electron-phonon interactions, leading to charge carriers with distinct polaronic character, whose
properties are largely unexplored. Related studies of insulating chain and ladder materials, which
become metals and even superconductors when doped, are also of extreme interest for their nonconventional electronic and magnetic properties. In particular, ladder compounds, provide a
natural bridge between one and two dimensions, and can be satisfactorily modelled by modern
many-body theoretical schemes. On the other hand, subtle aspects of Fermi liquid – and possibly
of marginal Fermi liquid – theory can be explored in model 2D metallic systems. These can be
realized in layered bulk materials like the transition metal chalcogenides, but also at a metallic
surface, or at the interface between two different metals.

a)

b)
Fig. 4 a) Pictorial description of spin-charge separation in a
1D conductor, b) the holon and spinon bands [2]

A typical aspect of low-dimensional materials is the tendency to exhibit electronic instabilities,
largely as a result of the peculiar topology of their Fermi surfaces (Fermi surface nesting). Their
properties are dominated by temperature-driven crossover from a high-temperature low-D phase
towards a 3D regime where transitions to low-temperature broken-symmetry phases can occur.
Depending on the hierarchy of the underlying correlations, spin- or charge-density waves,
correlated (Mott) insulators, or superconducting phases are observed. Both the dimensional
crossover in the presence of electronic correlations and the nature of the ordered phases are
subjects of very active theoretical work, which would greatly benefit from detailed momentumresolved information from state-of-the-art spectroscopic measurements. Precise knowledge of the
Fermi surface in the normal state, including its modification in response to pre-transitional
fluctuations, and of the gapped regions in the ordered phase, are of crucial importance to
construct a model for the instability. The ultimate, ambitious goal will of course be to follow –
with very high energy and momentum resolution - the fate of the individual quasiparticles, from
which all relevant electronic properties can be derived.
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All the above issues can also be addressed by experiments
on artificially grown epitaxial structures, which offer a
greater freedom compared to bulk single crystals to force
the dimensionality of the system, and to tune the
strength of the interactions by an appropriate choice of
the materials and of the growth parameters. Examples of
ongoing research include work on metallic quantum-wells
and on atomic wires (Fig. 5). Future spectroscopic
research will undoubtedly also address confinement in
(0D) quantum dots, including ordered arrays of magnetic
dots. Such systems are of extraordinary interest for
magnetic and optoelectronics applications, but little is
known of their momentum-dependent electronic
structure.

Fig. 5. STM images of chain structures of Au atoms on a stepped Si
(111) substrate. [3]

Materials with partially filled 4f (and 5f) orbitals
The physical properties of materials with unfilled 4f (and 5f) shells are dominated by these shallow
atomic-like levels. Conflicting tendencies to form localized moments and to hybridize with
conduction electrons and therefore delocalize, lead to intermediate valence and peculiar magnetic
properties (Kondo phenomenology). Their description is one of the major chapters of modern
solid state physics since the seminal work by Anderson. Many aspects of this fundamental
problem – the existence of an emerging low-energy scale, a temperature-dependent fractional
valence, the crossover from high-temperature local spins to a non-magnetic low-temperature
state, the simple scaling relations exhibited by thermodynamic, transport and magnetic properties
- are captured by the well established Anderson’s impurity model. However, definite theoretical
predictions are only available for the simplest cases like the compounds of Ce and Yb, with only
one 4f electron or hole, respectively. The situation of other interesting rare earth materials that
exhibit mixed valence, like the Sm compounds, or that of the 5f counterparts (e.g. uranium and
plutonium) are much less clear. Moreover, new and intriguing effects reflecting the onset of
coherence appear below a characteristic, material dependent, temperature. The properties of
these heavy fermion materials, dense system of quasiparticles with renormalized masses as large
3
as 10 electron masses, are peculiar and only partially understood. These materials also exhibit
further intriguing effects as a function of external pressure and fields, especially in proximity of
quantum critical points, where magnetism and unconventional superconductivity often coexist
and compete.
Measuring the energy and dispersion of the heavy electron bands, the temperature and pressure
dependence of the 4f (5f) occupation, eventually in strong magnetic fields, by high-resolution and
bulk sensitive probes, will provide theory with much needed fundamental new elements on the
nature of the correlated ground states and low energy excitations.

Transition metal systems
One of the most intriguing aspects of transition metal oxides is the wide variety and richness of
their physical properties. Although conceptually clean and beautiful, theoretical simplifications in
terms of, for instance, a Heisenberg model or a single band Hubbard model turn out to be
inadequate. It now becomes more and more clear that a full identification of the relevant charge,
orbital, and spin degrees of freedom of the metal ions involved is needed to understand the
intricate balance between band formation and electron-correlation effects. The manganates are
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an important example, where orbital ordering and charge distribution of the Mn ions play an
important role for its Colossal MagnetoResistance (CMR) behaviour. For the newly synthesized
layered cobaltates, the spin state transitions are thought to govern the CMR and Metal-Insulator
Transition (MIT) phenomena. Another example is V2O3, for which it has been discovered that the
orbital occupations across the various MITs change dramatically, leading to a switch of the
nearest-neighbour spin-spin correlations so that in turn the effective band widths are strongly
modified. Perhaps this is how one could start to understand why the energy scale of the transition
temperatures is orders of magnitude smaller than the band gap that is being opened. All this
indicates that not only electron-electron Coulomb repulsion, but also spin-spin correlations must
be considered in order to understand the transitions in this prototypical Mott-Hubbard system.
Similarly, it was found that the orbital-orbital correlations could play an important role in the MIT
of VO2 and Ti2O3.
Another surprising recent discovery is that the intricate interplay between charge, orbital and spin
degrees of freedom also lead to the occurrence of new ordered superstructures. Prominent
examples are charge stripes, which had been predicted theoretically and have been observed
experimentally in nickelates as well as in cuprates, the complex structure of spin, orbital and
charge order in doped manganates and cobaltates, and of course the charge order in Fe3O4 below
the Verwey transition. Below are given more examples where the new techniques made available
by MAX IV can provide new insights regarding transition metals systems.
The high temperature phase of transition metal oxides. The hypothesis that the spin-spin and/or
the orbital-orbital correlations play a major role in the MIT's in these materials can be tested by
obtaining bulk sensitive PES data over a large temperature range, from below RT up to and
including temperatures so high that all spin-spin and/or orbital-orbital correlations have
disappeared. The need to go to high temperatures means that there is a considerable risk for the
oxide materials to loose oxygen in the surface region close to the interface with the vacuum, and
this demonstrates once again the need for bulk sensitive photoemission in order to obtain
meaningful results.
High-oxidation state materials. LDA band structure calculations find that most of the transition
metal oxides, e.g. CuO, undoped cuprates, NiO, CoO, FeO, MnO, and Cr2O3 are metallic or have
very small band gaps, while those oxides are experimentally known to be excellent insulators with
a gap of several eV. It is by now accepted that the insulating behaviour of those oxides is caused
by strong electron correlation effects, primarily on the transition metal ions. The high oxidation
state material CrO2 is in this sense an exception, it is a metal. Nevertheless, correlation effects
should also play an equally important role in CrO2, since the high temperature Curie-Weiss
behaviour of the magnetic susceptibility indicates the presence of localized moments. In order to
find out to what extent correlation effects play a role in CrO2 performed LDA+U calculations and
found that the system is indeed metallic for values of the Coulomb energy U up to 6 eV. This
means that the Coulomb interaction is somehow overshadowed by another interaction and a
detailed look at the states that straddle through the Fermi level reveals that they have a high O 2p
character, suggesting that it is the oxygens that prevent CrO2 from being an insulator. One may
therefore classify CrO2 as a p-type metal, and within the Zaanen-Sawatzky-Allen phase diagram
one could say that the system has a negative oxygen-2p-to-transition-metal-3d charge transfer
energy.
Though it has been established that the high amount of oxygen holes likely play an important role
in preventing CrO2 from being an insulator, it is actually far from clear how this happens. Overall,
on the experimental side not very much is known about the electronic structure of these high
oxidation state materials. Photoemission measurements, for instance, are severely handicapped by
the fact that the high oxidation state is not stable at the surface due to the interface with the
vacuum, resulting in substantial loss of oxygen thereby essentially altering the material properties.
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CrO2 for example is reduced to the more stable Cr2O3 at the surface, and this means that low to
medium (10-1000 eV) photon energy measurements mostly give information about the Cr2O3
surface layer rather than about the CrO2 bulk. Hence, no useful conclusions can be drawn at
present about crucial and basic issues such as the effective mass and the renormalization of the
spectral weight due to correlation effects, illustrating the need for high resolution bulk-sensitive
PES.

New opportunities for SR techniques
Generally speaking, information about the magnetic state of a system is reflected via an
asymmetry in the response of the system to various stimuli. In many cases the asymmetry
constitutes a relatively small part of the total response, which means that this kind of experiments
require very good statistics. Therefore, the significantly higher intensity and lower emittance
offered by MAX IV will greatly improve the magnetic state characterization. Below we list a
number of techniques of importance to correlated systems that will be enhanced by the MAX IV
source:
Angle-resolved photoemission (ARPES). With very high energy and momentum resolution ARPES
is among the more powerful probes of strongly correlated materials, thanks to its sensitivity to
largely different energy scales (from the eV to the meV) and to its ability to select individual
quasiparticle states. In particular, ARPES is in many respects an ideal tool to address many of the
crucial issues in low-dimensional and heavy fermion physics. The advent of MAX IV will offer
unique opportunities of pushing the limits of ARPES in various directions, thus greatly enhancing
its potential. Magnetic measurements also will benefit greatly by the MAX IV facility.
The latest generation of SR-based experiments has broken the “10 meV barrier”. This has opened
the way to gap spectroscopy, which yielded important results namely in the field of high-TC
superconductivity. The new frontier is now at the 1 meV level, with an angular resolution of 0.1°
or better. This will give access to a new range of phenomena, including accurate gap mapping in
low temperature and multi-band superconductors (e.g. MgB2), but also in the broken-symmetry
low-temperature phases of complex and intriguing low-dimensional materials like the 1D organic
Bechgaard salts or the rich family of 2D organic conductors. It will also enable the mapping of the
heavy quasiparticle bands in heavy fermion materials. The interesting energy range for this
research is 10-100 eV, and complete control on the polarization of the monochromatic beam is a
prerequisite to exploit ARPES selection rules. Attaining ultra-high energy and momentum
resolution with exploitable intensities will require a very high brilliance undulator and a
4
monochromator with resolving power of 3-5*10 . Such performance has not been demonstrated
yet, but should be attainable with state-of-the-art grating technology. The very high brilliance will
also be exploited to achieve a monochromatic spot size on the sample of 10-20 µm, which will
enable reliable measurements of very small single crystals, but also of inhomogeneous surfaces.
ARPES is characterized by a large surface sensitivity. This may be a severe limitation, because the
crucial parameters which control the nature of the many-body problem, e.g. in intermediatevalence compounds, are typically renormalized at the surface. It is important to note that the
problem of not being able to measure the bulk electronic structure cannot be solved even by
having the sample as a single crystal with a perfect surface termination. The surface will always
have a different electronic structure than the bulk, and this is especially true for strongly
correlated systems since small variations of the surrounding of the atomic like 3d, 4f or 5f orbitals
will already have a big impact on the narrow bands. Larger bulk-sensitivity is required if ARPES
results are to be compared with the data of other traditional (transport, magnetic,
thermodynamic) techniques. Recent work pioneered at Spring-8 and actively pursued e.g. at the
ESRF, has demonstrated the viability of ARPES experiment in the soft X-ray (400-1200 eV) range.
The results revealed clear differences with respect to conventional UV ARPES data. This promising
line of research should be pursued and taken to the next step at MAX IV. The ambitious goal is to
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achieve energy and momentum resolution comparable to those of the best UV experiments. This
will require improvements in all beamline components, as well as in the electron analyzer. MAXlab is in an ideal position to carry out these technical improvements, given the unique expertise
developed in Lund, and more generally in Sweden.

Fig. 6. The universal curve showing
how the photoelectron escape depth
varies as a function of the kinetic
energy of the electron.

Even in the soft X-ray range the probing depth of ARPES will be only a few atomic layers (Fig. 6),
which may not be sufficient in special cases, e.g. in materials with very large unit cells, in materials
where standard surface preparation techniques are not applicable, or again in the case of buried
interfaces. A considerably larger (80 – 100 Å) probing depth can be attained using hard X-ray
photons at energies of ~10 keV, and highly monochromatic beams (∆E<50 meV) can be obtained
by well-established crystal optics. This is an exciting and very recent development pioneered at
Spring-8 and at the ESRF, which requires a very intense undulator source, and appears very well
suited to the high-energy part of MAX IV. Once again, the available local expertise is a very
important asset of MAX-lab for the necessary technical developments on the electron analyzer
and detector.
PEEM (Photo Emission Electron Microscopy). Using the photoelectrons emitted under irradiation
with circularly polarized X-rays it is possible to image the magnetic domain structure. Sufficient Xray intensity would even allow dynamic studies, which is an important issue in connection with
magnetization reversal in exchange biased structures (such as those coming into use in the new
nanoparticle-based storage media).
High-resolution photon spectroscopies: Truly bulk spectroscopic information complementary to
PES and ARPES can be gained by photon in – photon out resonant X-ray spectroscopies, namely
(fluorescent yield) X-ray absorption (FY-XAS) and resonant X-ray emission (RXES). High sensitivity
to the chemical species, but also to a specific electronic configuration and orbital character, are
obtained through the resonant nature of the excitation. High energy resolution is obtained by an
energy analysis of the emitted beam in RXES and in the Partial Fluorescence Mode (PFM) XAS.
These properties are extremely useful in the study of intermediate valence materials. They have
been utilized e.g. at the ESRF to follow the weight of the different valence configurations present
in the ground state of heavy fermion materials, as a function of temperature or pressure, as in
Figure 7. Remarkably, clear sensitivity to small (~1–10 meV) energy scales is achieved with hard Xrays, provided that a sufficiently intense, monochromatic and focused beam is brought to the
sample. This opens the way to exciting new research at high pressure, low temperature, and
eventually in the presence of strong magnetic fields.
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Fig. 7. High-resolution PFY-XAS at the Yb L3 edge of the heavy fermion YbAl2 under pressure, showing the
progressive increase of valence at high pressure. [4]

IXS (Inelastic X-ray Scattering). Photon-electron interaction phenomena at X-ray energies are
fundamentally weak unless coherent or resonant enhancement occurs. The clear advantage of
using a weak probe is that the multiple interaction processes that can obscure the measured
spectra can be avoided. Furthermore, genuine bulk information can be obtained due to the
penetration of X-rays deep into the sample under study. The drawback is that the photon
scattering cross sections can be extremely low while being spread also in the energy space.
Therefore, the inelastic X-ray scattering (IXS) as a complementary technique to study the
electronic properties of novel materials, has gained ground only very recently due to the advent of
high brightness beamlines at the third generation synchrotron sources.
At the high momentum transfer limit (Compton regime) the target electron is excited to
continuum with a significant kinetic energy. Within this regime the inelastic scattering spectra (i.e.
the so-called Compton profiles) give unique information on the initial state and the corresponding
electronic wave functions. This can be utilized in the study of fundamental many-body
phenomena in free electron gas systems, for example, addressing electron correlation effects,
electron-ion interaction and final state effects (for example the so-called vertex correction).
Furthermore, the Compton scattering can offer complementary structural information on novel
materials addressing chemical bonding as well as spin momentum density via magnetic Compton
scattering taking advantage of the special polarization properties of synchrotron radiation.
The non-resonant inelastic X-ray scattering cross section can be used to extract the dynamic
structure factor, which on the other hand is related to several other fundamental quantities since
it is proportional to the Fourier transform of the density-density correlation function. Therefore, at
the low momentum transfer limit the long-range interaction effects are important and collective
excitations (i.e. plasmons) can be studied. The importance is furthermore emphasized by the
fluctuation-dissipation theorem, which couples the dynamic structure factor to the dielectric
response function and therefore carries direct information on the macroscopic behavior of the
target material, the reflectance and refractive index, for example.
The use of Resonant Inelastic X-ray Scattering (RIXS) methods has recently increased dramatically.
The significantly higher count rates due to the resonant enhancement gives access to a much
wider class of sample materials and the applications within different fields (e.g. chemistry,
biology, geophysics) are rapidly increasing. The present interest is in highly correlated materials
(e.g. high-Tc cuprates).
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XRMS (X-ray Resonant Magnetic Scattering). This method provides excellent opportunities to
study the magnetic order in nanostructures. Besides the elemental selectivity and polarization
sensitivity, XRMS gives the possibility to investigate the magnetic roughness at interfaces, and
using hard X-rays, one can study magnetic interfaces deep inside a material. Correlation between
the chemical and magnetic roughness is very important for improving our understanding of the
magnetic properties in microstructures. Tuning to resonant conditions, the magnetic scattering
amplitude can be enhanced dramatically, and under such conditions the sensitivity is sufficient to
allow studies of structures only a few atomic layers thick.
Anomalous soft-X-ray diffraction. The excitation processes involved in soft X-ray diffraction are
the same as in X-ray absorption spectroscopy (XAS). They have been intensely studied
experimentally and theoretically. Based on the pioneering work of Fink, Thole, Sawatzky and
Fuggle, XAS has been developed into a powerful technique for the investigation of the electronic
structure of correlated transition-metal oxides. The line shape of the observed resonances is
dominated by atomic-like multiplet structures and is sensitive to the charge, orbital and spin state
of the transition metal and oxygen ions. The spectra can be analyzed quantitatively using cluster
configuration-interaction models and thus detailed information about the system's properties can
be obtained. The combination of soft X-ray spectroscopy with diffraction techniques therefore
allows for the essential additional sensitivity for periodic arrangements as found in ordered
phases. Since one can hope to achieve the same level of microscopic understanding for resonant
soft X-ray diffraction as for XAS, very detailed quantitative information about the character of the
ordered phases should be obtainable in a direct way. A demonstration of the potential of soft Xray resonant diffraction is the work of Castleton and Altarelli, who simulated the photon energy
dependence of the orbital-order superstructure peak in La1.5Sr0.5MnO4 and found the spectrum to
be sensitive to orbital order even when the accompanying lattice distortions are extremely small.
The main reason why soft X-ray resonant scattering has not been much used in the past is the
long photon wavelengths of 10-25 Å at resonances in the soft X-ray range, which prevents most
structure studies on standard materials. These long wavelengths, however, are well suited to
study superstructures in many ordered phases, which often have period lengths of several unit
cells. Another potential application of soft X-ray resonant scattering is long-period
antiferromagnets, artificially-structured systems like multilayers and also macromolecular crystals
or other systems with large crystalline unit cells. The strong absorption of soft X-ray photons in air
requires the setup of a diffractometer entirely inside a vacuum container, which is directly
attached to the beamline at the synchrotron radiation source. In the last few years, a couple of
such diffractometers have been constructed at facilities all over the world.
XMCD (X-ray Magnetic Circular Dichroism): This is also an element specific probe, based on
asymmetrical absorption of left- and right circularly polarized light in magnetic media. The
integrated XMCD signals for a given spin-orbit set of absorption edges are related to the local
spin- and orbital magnetic moments, and using sum rules, these magnetic moments can be
assessed. The chemical sensitivity can be utilized to study ferromagnet/antiferromagnet interfaces
to investigate the spin pinning conditions.

General requirements and characteristics of the future source
Almost all experiments related to strongly correlated systems suffer from resolution limits. These
limits can either be traced directly to a lack of photon flux, as is the case in photoemission
experiments, or a combination of lack in photon flux and low brilliance, as is the case in
fluorescence experiments. Experiments on strongly correlated systems therefore put very high
requirements on the brilliance of the new light sources as well as the photon flux. It would
therefore be desirable that not only the storage rings but also the Linac sources can provide a
high average photon flux. Since a strong development in time resolved experiments and
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experiments involving synchronization with external lasers or pulsed fields can be envisaged it is
also important that the sources can provide a flexible timing structure so that a large range of
time scales can be probed.
Foreseen experimental developments related to the field of strongly correlated systems:
•

Ultra high resolution experiments at low energy using new types of analyzers and detectors.

•

High-energy-resolution experiments with hard X-rays. Hard X-ray photoemission and
resonant inelastic X-ray scattering exploiting deep core levels give examples in this area.

•

Soft X-ray scattering for investigating superstructures such as stripe phases, magnetic
structures and artificial structures.

•

High-spatial-resolution experiments using coherent scattering or photoemission electron
microscopy techniques.

•

Bulk sensitive angle resolved photoemission using soft to hard X-rays and a new generation
of efficient analyzers with extreme angular resolution.

•

Studies of light or magnetic field induced states. This will require synchronization between
the prope pulses and the externally applied laser or magnetic field pulses.

•

Experiments under extreme conditions such as high magnetic fields or high pressure.

•

Techniques to handle, align and measure microscopic samples.

•

Coherent experiments utilizing the large transversal coherence of the new sources.

•

Time resolved fluorescence, absorption and photoemission experiments probing directly the
dynamics of many-body excitations.

•

Sample growth and characterization in direct connection to the beamlines. Movable MBE or
pulsed laser deposition systems with accompanying characterization equipment can be
directly coupled to the relevant beamlines.

Beamlines. Experiments on strongly correlated systems are performed with a large variety of
techniques using a photon energies ranging from the visible to the hard X-ray range. Beamlines
within three different energy ranges can therefore be foreseen.
Low energy beamlines to cover the visible to VUV range. This type of beamline is currently being
built for the MAX III storage ring and will be transferred to the new site.
The second type of beamlines should be optimized for the soft X-ray range 400-1500 eV or so.
This will cover most of the transition metal L2,3 and rare earth M4,5 edges.
Because of the presence of transition metal and rare earth absorption edges in the soft X-ray
range one can also foresee that there will also be a large interest in performing short pulse
experiments in this energy range. A Linac beamline in the soft X-ray range with possibilities for
photoemission and fluorescence experiments should therefore also be planned for.
Last but not least, at least one high resolution beamline in the hard X-ray range will be needed for
bulk sensitive hard X-ray photoemission and resonant inelastic X-ray scattering using deep core
levels. This beamline should be located on the high energy storage ring.
In order to exploit spin selectivity, dipole selection rules and dichroic effects the photon source
should permit the polarization to be chosen between circular left and right as well as linear
vertical and horizontal.
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Poul Nissen from Aarhus University during one of the plenary sessions of the workshop “Our Future Light Source”
27-29 September 2004. Most of the workshop was divided into eight parallel sessions covering different subject
areas. (Photo Ulf Johansson)
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Magnetism
Overview
Magnetism is certainly one of the oldest known and practically used physical phenomena of
matter. The research on magnetism has constantly brought about new ideas, concepts, and
effects – often with enormous technological impact. More recent discoveries include, for example,
large spin-dependent transport phenomena, such as the giant and tunnelling magnetoresistance
(GMR, TMR). These led to the advent of the field of spintronics, which may well revolutionize the
area of microelectronics, providing new spin-based functionalities and devices. Totally new
avenues to study magnetic materials opened up in the late eighties, when tunable X-ray
synchrotron radiation – particularly with circular polarization – became available. For the first time,
coherent, tunable X-ray radiation could be applied to investigate magnetic materials. A
considerable part of our present knowledge of fundamental and applied magnetism is directly
related to experiments exploiting the unique properties of synchrotron radiation. This research
proved to be extremely fruitful and as a result, with X-ray magnetic spectroscopy a whole new
line of research began to emerge in the nineties. X-ray magnetic spectroscopy was demonstrated
to be an exceptionally powerful technique to investigate magnetic materials in a non-destructive
way. One of its foremost advantages is the element-selectivity, i.e., it provides information on
individual chemical species in a material. Moreover, X-ray magnetic spectroscopy can yield
element-selective information on 1) the crystallographic, real-space structure around a selected
type of atoms, 2) the magnetic properties of the selected atom, and 3) the local electronic
structure of that atom. The combination of the obtained information enables a detailed
microscopic characterization of a certain magnetic atom and its environment. The success of
these efforts stimulated a general interest in optical phenomena with soft X-rays and thus gave
birth to a new field – X-ray magneto-optics. In a recent line of evolution, these phenomena first
revolutionized also the field of synchrotron-based microscopies, providing a spatially resolved
access to magnetic structures with a state-of-the-art resolution of about 20-30 nm to date.
Second, they introduced novel approaches to study ultrafast (ns to 10 ps) magnetization
dynamics. The renaissance of high-resolution and spin-polarized electron spectroscopies deserves
to be mentioned also, as they provide a unique access to the spin-split valence states and thus
allow a probe of the very origin of magnetism.
The present interest in magnetic systems is as strong as ever. The potential importance of such
research can be appreciated considering the impact of the discovery of giant magnetoresistance
(GMR). Within 10 years of the discovery, GMR structures were implemented in hard disk drive
(HDD) technology, and sensors based on this technology represent an annual turnover in the
range of 50 billion USD. Another impressive figure in this context is the development of the areal
density of magnetic recording: since the invention of the HDD this density has increased by eight
2
orders of magnitude to around 200 Gbits/in in 2004. The importance of developing new
magnetic materials for the magnetic storage industry and for future applications in
magnetoelectronics (or “spintronics”, ranging from spin filters to quantum computers) is evident.
Moreover, many fundamental problems concerning magnetic systems still remain to be solved.
Progress in this area will depend on a thorough characterization and understanding of present as
well as future materials. At present there is a strong interest in developing new magnetic
materials and structures such as semiconductors that are made magnetic through doping with
transition or rare earth metals and magnetic nanostructures. Powerful techniques to probe these
systems rely on dichroism or spin resolving detection. The former requires polarization selectivity
to be available at the radiation source and the latter requires a very high photon flux since the
detection process is very inefficient. Both of these requirements will be fulfilled by the proposed
new light sources. Furthermore, the short-pulse source will permit detailed studies of the
dynamics in these systems, of great interest to basic as well as applied research.
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Macroscopic magnetism occurs, because the constituting atoms each carry specific spin and
orbital magnetic moments, caused by the spin-polarized electrons orbiting around that atom (Fig.
1a). The interaction of these magnetic moments in a many-electron system lead to a long-range
ordered state in a solid. X-ray magnetic spectroscopy is an ideal tool to describe a macroscopic,
collective moment into the individual atomic contributions, i.e., to also discriminate atomic and
solid state aspects. In particular, the X-ray Magnetic Circular Dichroism (XMCD) technique (Fig.
1b) is an ideal tool, with which one can determine both the atomic spin and orbital moments
from the measured XMCD spectrum, employing the so-called sum rules [1, 2].
Presently, explorations and exploits of magnetic properties using synchrotron radiation are
expanding far beyond the traditional basis of materials science. Going to smaller and smaller
magnetic entities, magnetic ingredients are becoming essential for future development of atomic
and molecular science. In this way, new links between physics, chemistry and biology are being
established within magnetism-related research.

Fig. 1a. The two fundamental sources of
magnetism are the spin of the electrons and the
orbital angular momentum due to the electrons
orbiting around the nucleus.

Fig. 1b. The physical principle of the X-ray magnetic
circular dichroism (XMCD). Left-circularly and rightcircularly polarized X-ray light probes the different spin
polarized valence states.

Areas of interest for the MAX IV facility
The present activity in the field of magnetism is largely oriented towards exploiting the effect in a
variety of applications, perhaps foremost within magnetoelectronics (or spintronics). For this
purpose new types of magnetic materials are needed, and this in turn requires intensified
materials research. This includes magnetism in molecules, low-dimensional structures, organic
materials, inorganic semiconductors, etc. A prerequisite for such research is a range of
experimental techniques, some of which are based on synchrotron radiation (e.g. magnetic
dichroism, X-ray scattering, and spin-resolved photoemission). Such experiments are already
carried out, but in many cases the work is hampered by limitations in the experimental conditions.
With significantly increased photon intensities, lower emittance and wider photon energy range,
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as expected for the next generation storage rings, the investigations will be significantly
facilitated, and will be extended to studies of spatially and time resolved effects. The following
will exemplify some of the topics of interest and the problems that need to be addressed in order
maintain this technical progress.
One of the most fascinating features of magnetism is that it originates from a competition of
various interactions entwined in space and time. These interactions decide about the spin order in
the magnetic ground state (ferro-, ferri-, antiferromagnetism or complex spin structures), the
formation of non-collinear regions and domains, or the response to excitations. The co-existence
of complex and correlated interactions operating on different time- and length-scales is to a large
extent the reason why a universal theoretical description of magnetism is yet missing. In the near
future, important scientific challenges in magnetic research can be related to 1) a dimensionality
reduction to smaller length scales; 2) enhanced chemical complexity of novel materials, 3) timedependent research pushing towards ultra-short time scales. An additional challenge is the
required development of scientific instrumentation, which has to come about to overcome the
present limitations in order to enable advanced and high-level research.

Small length scales
Static bulk magnetism is now reasonably well understood, at least, for chemically simple, 3dimensional (3D) systems. One of the current challenges, however, is the response of magnetism
to geometrical constraints or reductions in dimensionality. The transition from 3D via 2D and 1D
to 0D causes substantial changes in phase transition temperatures, magnetic anisotropies, as well
as the spin and orbital magnetic moments. These changes can be optimally investigated by the
various X-ray magnetic dichroism techniques and are closely related to modifications in the spinpolarized electronic structure. The latter can, in turn, be directly accessed by highly resolving
electron spectroscopies. The interpretation of the experimental results must be based on
sophisticated ab initio calculations, which are capable of predicting trends and detailed features
of the electronic structure.

multilayer

crystal

3d

self-organized particles

chains

surface

cluster
lithographic
stripes

2d

dimension

1d

molecular
magnet

0d

Fig. 2. Dimensionality in magnetism. From left to right examples of materials are shown, which highlight the
evolution from 3-dimensional systems towards low-dimensional systems, such as magnetic surface chains and
clusters, or even to single-molecule magnets.
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Surfaces and ultrathin films or film systems are often adequately described as 2D systems. A
further reduction of the dimensionality leads to magnetic quantum wires. X-ray magnetic
spectroscopy recently provided the key to successfully prove the existence of ferromagnetism in
one-dimensional structures for an assembly of Co monatomic quantum wires deposited at a Pt
surface step edge [3]. XMCD magnetization loops demonstrated the Co wires to be ferromagnetic
below 15 K. In addition, the measured XMCD spectrum (Fig. 3b), revealed a much enhanced
orbital moment of 0.68 µB on the Co atoms, as well as a high magnetocrystalline anisotropy
energy (MAE), and a never before observed easy magnetization axis oriented at a peculiar angle
towards the step edge. First-principles, relativistic electronic structure calculations [4], explained
the anomalous easy magnetization axis to be due to the breaking of magnetic symmetry at the
step edge. Other novel insights revealed by the ab-initio calculations were that the spin and
orbital moments of the ferromagnetic Co atoms are intrinsically non-collinear, something, which
was unknown to exist previously.

Fig. 3a. Pure nanomagnetism: monatomic chains of Co atoms are deposited at the step edges of a Pt surface [3].
Fig. 3b. The difference in the Co spin and orbital moment for a Co quantum wire on Pt and a Co monolayer on a
Pt surface [3, 5].

Chemical complexity of novel materials
A very exciting, new class of 0D magnetic systems are Single-Molecule Magnets (SMM, see Fig.
4). These molecules exhibit a magnetic ground state, well-defined excitations, and surprising
quantum phenomena, such as magnetization tunnelling. Starting from systems containing Mn12
cores, very complex high spin molecules with up to 84 Mn atoms have been synthesized recently.
The particularly interesting aspects with SMM are the large changes in the magnetic behaviour
introduced by ligands, and the fact that all SMMs synthesized by a chosen route are identical, in
contrast to clusters or quantum wires. Only a few of these molecule systems have been
thoroughly investigated, but mostly in a bulk-like crystalline form. Little is known about the
magnetism of individual SMMs on a surface. Current activities focus on the creation of ordered
molecular structures on surfaces and the study of the intermolecular and molecule-substrate
interactions.

114

Fig. 4. Molecular magnetism exemplified by Mn12 complexes. Left: Structure of a Mn12-based ligand-stabilized
complex from X-ray diffraction. Centre: Spin configuration of the 12 Mn ions. Right: Step-like magnetization loop
of the Mn12-complex indicative of magnetization tunnelling (after W. Wernsdorfer, LLN Grenoble).

Magnetic semiconductors
Present day information technology is based on two kinds of materials, semiconductors,
predominantly silicon, and magnetic metals such as iron. It is obvious that a material that would
combine the semiconducting and magnetic properties would be ideal to integrate the two
functionalities. Semiconductor-based spintronics could combine storage, detection, logic, and
communication capabilities on a single chip. Semiconducting and magnetic properties can coexist,
and compounds exhibiting such behaviour are even found in nature, e.g. EuS. However, to be of
practical use, the first requirement is that these properties are stable under normal conditions. In
the case of EuS the ferromagnetic phase occurs only below 16.6 K, and the situation is similar for
most other magnetic semiconductors. Thus, finding useful magnetic semiconductors is one of the
great challenges in materials research. Significant progress in this direction came in 1996 with the
discovery of ferromagnetism in (GaMn)As, which showed ferromagnetism up to around 60 K.
Since then the Curie temperature of this system has been raised to around 170 K, and (GaMn)Asbased structures are considered by many as the most promising candidates for future
applications. These applications include a range of novel effects, based on the fact that the
ferromagnetic state is carrier-mediated. Thus, by controlling the density of holes, which can be
achieved e.g. in a field effect transistor configuration, it is possible to switch between para- and
ferromagnetic states (Fig. 5).
Similar switching can be achieved by illumination. Another interesting property is the long
electron spin lifetime, which is an important issue both in spin-filter devices and in the presently
more exotic applications as q-bits in quantum computers. Considering the more imminent
applications, the (GaMn)As system has of course a great advantage of being compatible with the
well-developed GaAs-based technology, including High Electron Mobility Transistors (HEMT) and
optoelectronic devices.
Other compounds of current interest in this context are transition-metal doped II-VI compounds,
e.g. Co-doped ZnS. In fact some of these systems have already been reported to be ferromagnetic
above room temperature, although these reports have been controversial.
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Fig. 5. The magnetic state in GaMnAs
can be controlled by an external
electric field.

Short time scales
Magnetic quantities evolve within a wide variety of time scales spanning 21 orders of magnitude
– from femto-seconds to microseconds to many hours (Fig. 6). Spin and orbital moments are
important microscopic parameters and their dynamical behaviour at nanometer length and short
time scales (in the sub-nanosecond range) can crucially determine macroscopic properties. At
present a reasonably good understanding of the dynamical behaviour of the ferromagnetic
magnetization on the time scale down to about 10 ns exists. This technologically relevant region
covers slow processes such as magnetic relaxation and creep, but also faster processes such as
domain nucleation, domain wall motion, and magnetization rotation.

Fig. 6. Time scales in magnetism.

Dynamical magnetic processes play an important role in technological magnetic applications. For
example, the speed with which the magnetization of a bit on a hard disk can be reversed
determines effectively how long one has to wait before magnetic information has been stored.
With the ever-increasing amount of information to be stored and handled, the write time is one
of the current bottlenecks of information technology. Faster ways of switching the magnetization
of a bit are to be developed in order to meet the high demands of ultrafast data storage. This
requires to explore the limits of precessional motion and find strategies to overcome these limits.
An important aspect in magnetization dynamics is the magnetic microstructure. Contrary to a
widespread believe, even magnetic elements on the sub-100 nm scale may exhibit a magnetic
“domain structure”, i.e., spatially confined regions with noncollinear magnetization directions.
Consequently, a thorough understanding of magnetodynamic processes can ultimately be drawn
only from spatially resolving studies. Recent development has shown that magnetic imaging can
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be performed in very short time intervals (picoseconds) and is therefore a perfect technique to
study time-dependent magnetization processes. Figure 7 shows an example of time- and spatially
resolved magnetic imaging. These studies confirm that the local magnetization can oscillate, or go
into a precessional motion [6], which may be undesirable for fast magnetic switching.

Fig. 7. Snap shots of the magnetization dynamics of a
magnetic disk of 6 µm diameter. The magnetization
component perpendicular to the surface is shown as the
distance from the surface. The magnetization increases from
A to B, reverses to negative values (C) and becomes positive
again (D) [6].

While spin-rotation processes in ferromagnets are relatively slow (nanoseconds scale), a very
recent experimental study demonstrated [7] that in an antiferromagnet they may happen on a
time scale of a few picoseconds only (Fig. 8). The investigation of such ultra-short time scales
requires techniques such as femtosecond pulsed lasers or dedicated core hole spectroscopies [8].
The recent study on antiferromagnets outlined a novel route towards ultrafast magnetic switching
[8]. An all-optical technique was employed to induce locally – through the so-called inverse
Faraday effect – an additional magnetization component, which subsequently could be used to
flip the magnetization already present (Fig. 8). While an optical manipulation of the
magnetization has thus been demonstrated, the microscopic processes describing the interaction
of ultrashort pulses of radiation with a spin system are not yet understood and pose a serious
challenge. The underlying physics in many cases remains largely unexplained.

Fig. 8. All-optical approach to ultrafast magnetic
switching. The inverse Faraday effect is employed to
induce - using circularly polarized light – an additional
magnetization δM, which causes the magnetization to
switch [8].

In order to access very short time scales, the excitation of the magnetic system must be performed
by e.g. femtosecond laser pulses. This type of experiments poses a particular challenge as it
requires the synchronization of the phase relations between the laser pulses and the intrinsic time
structure of the synchrotron radiation. This approach, however, is very rewarding as it opens the
avenue to many new experiments in the realm of electron and spin dynamics.
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Advanced scientific instrumentation: Imaging of magnetic domains
Magnetic multilayer systems find increasingly applications in novel technological devices.
A technological important phenomenon, which is utilized in many advanced magnetic sensor
systems, is the exchange-bias phenomenon: an antiferromagnetic layer which is brought in direct
contact with a ferromagnetic layer will pin the magnetization of the ferromagnetic layers through
the magnetic exchange interaction between the ferromagnetic and antiferromagnetic layers. Even
though exchange bias has been known for many years, and is often used in technological devices,
the fundamentals of its origin were not known. X-ray magnetic imaging was the decisive
technique with which the origin of the exchange-bias was revealed (see Fig. 9). X-ray magnetic
imaging, employing the X-ray magnetic linear dichroism (XMLD) to visualize magnetic domains in
an antiferromagnetic LaFeO3 layer and the XMCD to visualize ferromagnetic domains in the Co
layer, demonstrated a significant coupling between the antiferromagnetic and ferromagnetic
domains [9]. In an applied magnetic field the antiferromagnetic domains are practically not
affected, as these have a zero net magnetization. Through the coupling to the antiferromagnetic
domains the magnetization of the ferromagnetic domains is fixed and cannot follow the magnetic
field as would otherwise be the case.

LaFeO3 layer

XMLD

Co top layer

XMCD

Fig. 9. X-ray magnetic imaging of magnetic
domains. The left panel shows the magnetic
domains in an antiferromagnetic LaFeO3
layer, visualized using the XMLD. The righthand panel shows the ferromagnetic
domains in a Co deposited on LaFeO3. A
comparison shows that the ferromagnetic
domains of the Co align with the
antiferromagnetic domains in the LaFeO3.
The coupling of the domains is the origin of
the exchange-bias phenomenon. The
spectra illustrate the origin of the intensity
contrast in the images. [10].

The results in Figure 9 have been obtained by photoemission microscopy (PEEM). This method is
extremely versatile and has been used for a variety of studies on static domain structures and also
magnetodynamics down to the picosecond regime [10, 11]. With improved electron optical
columns the lateral resolution in PEEM may be pushed well below 10 nm. A certain drawback of
PEEM, however, is its incompatibility with higher magnetic fields. In this case, all-optical
techniques provide a solution, for example, X-ray transmission microscopy. The broad range of Xray magnetooptical phenomena is an excellent basis for further instrumental and methodological
developments, e.g. magnetic microscopies in the reflection geometry. Time-resolution can be
straightforwardly implemented in these advances.
Finally, the X-rays emitted from low-emittance beamlines possess a significant degree of
coherence. This coherence can be exploited in dedicated scattering experiments, obtaining an
additional phase information, which yields improved structural information, also on magnetic
structures.
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Atoms, Molecules, Ions and Free Clusters
Overview
Our understanding of the electronic structure of matter is largely based on studies of the
interaction of matter with electromagnetic radiation or with particles and on the concurrent
development of quantum-mechanical models. Synchrotron radiation is the optimal source of
electromagnetic radiation for such studies, covering wavelengths from infrared to hard X-rays. In
the vacuum ultraviolet (VUV) and X-ray regions synchrotron radiation offers by far higher
brilliance than any other light source. Brilliance is particularly important for gas phase studies
where sample densities are very low. With the proposed MAX IV we foresee an increase in
brilliance by several orders of magnitude! This increase implies dramatic improvement in
experimental capacity as present measurements can be carried out more quickly or, alternatively,
that these experiments can be performed with much higher resolution than before. Even more
significant, studies of processes with lower cross sections or in dilute targets will become feasible.
These dramatic advances in light sources will certainly spur the development of new experimental
stations. In any case the quality of precise information important to understanding the basic
properties of matter will increase drastically with the introduction of more brilliant synchrotron
light sources.
Atoms and molecules are the smallest building blocks of matter we meet in daily life. Any process
that changes matter can be most easily understood in atoms and small molecules. Furthermore,
some of the most important environmental issues such as global warming or ozone depletion are
related to physical-chemical properties and chemical reactivity of small molecules and free
radicals. The ozone cycle is a well-known example, see Fig. 1.

Fig. 1. Left: the “normal” ozone cycle; right: the ozone cycle broken by chlorine atoms.

Investigations of prototype systems yield knowledge at the fundamental level, and provide the
most stringent tests for theoretical models that are developed to describe nature. The electronic
structure and its behaviour are especially important since they determine most physical and
chemical properties of the substance. The information obtained can be utilized to understand
more complex systems such as macromolecules, molecules adsorbed on surfaces, and solids. The
transition from atoms and molecules to solids can be mapped continuously by studying clusters,
which are aggregates of a small number of atoms or molecules, see Figs. 2 and 3. This is e.g.
important for the development of new functional materials. The investigations also include
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intricate clustering processes combined with chemical reactions. High-temperature particle
formation processes such as in combustion are still largely not understood because of the lack of
experimental in situ measurement techniques able to resolve the dynamics at an atomic level of
resolution. Measuring the mechanisms of particle formation is strongly demanded in order to
meet our future requirements for control of combustion, emissions, and the generation of
nanomaterials with special properties.

Fig. 2. A comparison of Auger spectra from
isolated water molecules, water clusters, and
ice, excited by synchrotron radiation. A
continuous variation of the electronic structure
properties is observed [1].

Research on atoms, molecules and soft matter at MAX-lab is characterized by an unusually
fruitful cooperation between scientists in the Nordic countries. This collaboration began already
15 years ago when the pioneering Finnish beamline was designed and built at MAX I. MAX I was
a relatively small facility with limitations on flux, maximum energy and brilliance. Nevertheless,
Finnish investments, in combination with support and scientific activities notably from researchers
in Uppsala, made it possible to perform research in the international forefront. This research lead
to significant breakthroughs concerning resonant inelastic radiationless X-ray scattering in free
atoms and molecules. The Nordic collaboration continued with the build up of beamline I411 at
MAX II, where the Finnish research investments continued to play a crucial role. There has also
been a very involved Norwegian chemistry research activity, which has successfully integrated
experimental work at MAX-lab with quantum chemical calculations. It should also be noted that
important contributions has been given by researchers from Estonia. A Nordic Network for
Molecular Physics, financed by Nordforsk, is active at MAX-lab. This Network collects groups from
Sweden, Norway, Finland, Denmark and Estonia. The experience of Nordic cooperation in this
field will continue both on the scientific side and on the construction of beamlines and
instrumentation at the MAX IV storage rings and also on ultra-short pulsed devices (non-coherent
and FELs).

Fig. 3. To understand the functionality of a material in a particular environment or application, the individual
material properties (electronic, chemical, structural) and how they mutually interact and influence each other first
must be determined.
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Atoms
Experimental and theoretical studies have provided detailed knowledge of excitation and deexcitation processes of valence and outer core orbitals. A particularly challenging research line
involves the study of metal vapours (e.g. Fig. 4).

Fig. 4. The experimental (a) and theoretically predicted (b-e) 4d
photoelectron spectrum of atomic tin, courtesy of Aksela et al.

Only a limited number of studies have been performed on deep inner-shell ionization due mainly
to the low ionization cross section and to the lack of intense sources of hard X-rays. In the few
existing studies, only total cross sections have been determined by photo-absorption or ion yield
spectroscopy. With the projected increase in the incident photon flux, photoionisation processes
in the inner-shell region can be uncovered, since the simultaneous detection of outgoing
electrons, ions and fluorescence photons (coincidence measurements) becomes possible. Excited
inner-shell hole states are characterized by short lifetimes and large spectral widths, but this
limitation can be overcome by using photon bandwidths that are much narrower than the lifetime
width of the core hole state. This line sharpening property in radiative and radiationless resonant
Raman scattering (i.e., in decay via photon and electron emission, respectively) ensures that highresolution data can also be obtained in the deep X-ray region.

Molecules
The possibility to study free molecules with SR-based methods has greatly increased our
understandign of the chemical bond and of reaction chemistry. Inner-shell electrons are accessible
with soft X-rays. However, due to the vibrational and rotational degrees of freedom molecular
spectra are typically more complicated than atomic spectra, and the disentanglement is crucial in
order to get the qualified chemical information. A very detailed picture of inequivalent atoms and
chemical shifts can be obtained from high-resolution core photoemission, see Fig. 5.
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Fig. 5. Carbon 1s photoelectron
spectrum of a six-membered ring
hydrocarbon, 1,3-cyclohexadiene,
measured at a photon energy of
330 eV. The solid lines through the
data show the overall least-squares
fits to the data, and the other lines
show the vibrational profiles for
each of the inequivalent carbons.
The precise modelling of the
spectra produces very accurately
determined
chemical
binding
energy shifts, giving detailed
information on chemical activation
energies for reactions on the
different atomic sites [2].

Apart from photoionisation, the interaction between electromagnetic radiation and a molecule
can lead to chemical processes, such as breaking and formation of chemical bonds, see Fig. 6.

Fig. 6. A schematic representation of a dissociation process in water
following excitation of a core electron to the lowest-lying empty electronic
level [3]

High-resolution photoionisation measurements show vibrational effects that carry information on
the molecular dynamics. In the future, vibrationally resolved studies can be performed for deeper
inner-shells utilizing the line sharpening effect in resonant Raman scattering [4]. The energies of
the core level transitions depend on the atom in question and, to smaller extent, also on the
chemical environment of the atom. Thus chemical-state specific investigations are possible, when
exploiting this so-called chemical shift in core excitations. For instance, one can excite an electron
in a specific part of the molecule and break a bond in an almost surgical manner. Dissociation
products can be determined with, e.g., ion spectroscopy. Especially advantageous for molecular
studies are coincidence techniques where physically relevant parameters (such as energy,
direction, spin) of several particles originating from the same molecule are measured. These make
it possible to understand complex chains of reactions from the initial excitation to final products.
Coincidence studies are very time consuming, lasting several hours even at present third
generation synchrotron radiation light sources. Especially triple (and higher multiple) coincidence
measurements are expected to benefit tremendously from the increase in brilliance.
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Negative and positive ions
Laser spectroscopy has for more than three decades been the main method to gain experimental
information about both positive and negative ions in the gas phase. A variety of lasers have made
it possible to investigate the structure of ions using radiation in the ultraviolet, visible and infrared
wavelength regions. In addition, time structures from continuous waves all the way down to the
femto-second regime have given the experimentalist tools to investigate dynamical processes in
ions in many time domains. Furthermore, various modes of pulse compression have made it
possible to produce very high intensities, which makes it possible to study the properties of matter
in extreme electromagnetic fields. In the most extreme cases these fields are comparable to or
stronger than the fields produced by the atomic nuclei.
There is, however, an upper limit on the photon energies that can be produced by standard
lasers, and in order to access the VUV and soft X-ray regions, synchrotron radiation sources are
the only alternative. The use of synchrotron radiation to study ion beams, however, is a true
challenge for the experimentalists. The low density of ions in the beam demands that a very
intense beam of synchrotron radiation is used. Hitherto, one way to at least partially compensate
for the small signal levels has been to superimpose the beam from the synchrotron with the ion
beam in a collinear geometry. Such systems have, for instance, been put into operation at the
ASTRID synchrotron radiation source in Aarhus, Denmark [5] and at the ALS in Berkeley, USA [6,
7]. In both of these systems, positive ions produced in the detachment process are detected. In
experiments where the energy of the emitted electron is to be measured, only crossed beams can
be applied. Electron spectrometers are now available with very large collection efficiencies, but
the small interaction volume makes the experiments very demanding.
All experimental programs where ion beams are investigated using synchrotron radiation have
been hampered by the lack of photon flux. The long acquisition time needed to make
measurements have limited the experimental efforts considerably, and this scientific field must still
be considered as being immature. A new synchrotron radiation source with a higher brilliance will
grossly enhance the experimental possibilities. The implementation of a FEL is of particular interest
for this field of research. An example of negative and positive ion spectroscopy is given in Fig. 7.
[6]

Fig. 7. Energy level diagrams and possible decay patterns
+
for: left, Li ion; center, Li atom; right, Li ion [6]
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Clusters
Cluster science is a field of research that aims at understanding the development of material
properties going from single atom to extended solid, and is of large fundamental and applied
interest. [8] The experimental activity in the synchrotron radiation community has until now to a
large extent been limited to investigations of deposited clusters, due to the low target density
typical in studies of free clusters. The possibility to study free clusters, without the influence of a
substrate, is highly desirable, and this fundamental nanoscience has developed rapidly. With the
development of third generation sources, there has been a push to start studies of even such
dilute species as free clusters using methods available at SR facilities. A number of groups have
started activities using techniques such as XPS, AES, RAS, NEXAFS and EXAFS, with promising
results.

Fig. 8. Free clusters are produced by adiabatic expansion from a nozzle in a supersonic atomic beam.

The development of both the electronic and geometric structure can be followed from the
isolated atom to the bulk [9, 10]. In Fig. 8, we illustrate how free clusters are produced in a
supersonic beam. Using high resolution electron spectroscopy one has also the possibility to
observe different types of sites on the surface [11]. In Fig. 9, we show an interesting example of a
process that is forbidden in the free atom but which may be allowed in the cluster. Studies of
neon clusters have proved the existence of the theoretically predicted interatomic Coulombic
decays (ICD) [12-14]. In ICD, an inner-valence hole undergoes ultrafast relaxation due to energy
transfer to a neighbouring atom, followed by electron emission from this neighboring site. This
decay mechanism may be of considerable importance in many condensed systems.
Fig. 9. Schematic drawing of
interatomic
Coulombic
decay. A transition where an
outer valence electron fills a
vacancy in the inner valence
shell
is
energetically
forbidden for an isolated
atom. However, in the
cluster the process is
allowed, leading to a very
short life-time of the inner
shell vacancy and also to
final states where the
vacancies are located on
different atomic sites.
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Multiple ionization of rare gas clusters by intense soft X-rays was among the first scientific results
produced by the Hamburg TTF-1 Free Electron Laser (FEL) test facility [15]. These pioneering
studies will be of considerable importance for the further use of FEL radiation. Another important
development is studies of the geometric structure of free, neutral clusters. EXAFS has been used
to study the structure of rare gas clusters [16]. These types of studies have recently been
developed and extended to size-selective structural studies of free Se clusters [17]. This is based on
a method in which not only the X-ray absorption process but also the de-excitation processes are
used to obtain structural information.
To obtain tenable target densities, these experiments are mostly done using adiabatic expansion
sources where a large distribution of sizes is produced. Also, the clusters possible to produce in
such sources are limited to samples with relatively high vapour pressures. However, with the
development of new high brilliance photon sources, most types of studies that have been
performed for solids, surfaces and free atoms/molecules at present day SR sources will be possible
size-dependently for different types of clusters e.g. rare gases, molecular, metals, semiconductors,
pure, mixed, doped and adsorbed systems.

Liquid-vapour interfaces
Research on complex disordered systems has undergone significant development during recent
years concerning both experiment and theory. A central goal for studies of free surfaces of
molecular liquids and solutions is a molecular level understanding, both concerning molecular
orientational phenomena as well as depth concentration distributions. In addition, the dynamical
character of these properties is of prime importance in wide areas of physics, chemistry and
biology. For such interfaces, the prospect of synchrotron radiation excitation opens up new and
interesting possibilities. The unique properties of the radiation imply a number of advantages.
Firstly, the surface sensitivity can be tuned by means of variation of the photoelectron energies.
Secondly, NEXAFS spectra of liquid and solution surfaces can be recorded at high resolution,
which is a new exciting field of research. Thirdly, the polarized character of the synchrotron
radiation implies that it will also be possible to investigate molecular orientational phenomena at
liquid surfaces.
Today, experimental opportunities are available for liquid studies at MAX II (BL I411) using
electron spectroscopy. One important feature is that the beam station can be equipped with two
stage pumping in the analysis chamber. This latter aspect is particularly important in terms of
freedom of choice of sample liquids. Ongoing plans entail the development of a new
spectrometer lens system to further improve differential pumping, thus substantially expanding
the accessible range of samples for study. Such a facility would be easily transferable to MAX IV.
As an important parallel effort, a new type of liquid source has recently been developed, which
opens up additional opportunities for electron spectroscopy, both concerning structure and
dynamical aspects. By using a very narrow (a few micrometer) liquid beam as source, it is possible
to decrease the area of the exposed liquid to a level where the vacuum difficulties can be solved.
Such a source would also be well matched to the typical spot sizes available at a high brilliance
facility such as MAX IV.

Combustion/High-temperature reactions
Many of the processes that control molecular growth and particle formation processes in high
temperature combustion are to a great degree unknown. Many of the laser spectroscopic
techniques such as Laser-Induced Fluorescence (LIF), which have proven to be extremely important
for the measurement of atomic and diatomic species in high temperature combustion (1000 –
3000 K, typically) lose much of their efficiency at these temperatures when they are applied to
polyatomic species. These properties concern both structure of the spectral signatures, and the
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fluorescence quantum yields. X-ray scattering employing synchrotron radiation in the wavelength
region 1 Å-2 Å, i.e. corresponding to the interatomic distances of the molecules and particles, is
in principle able to resolve the structure and the size of molecules almost at the atomic level. The
evolution of high brilliance tunable X-ray sources and beamlines giving the possibility to perform
in situ measurements of these processes, will become indispensable to meet the requirements:
Many of the species involved are short-lived unstable species, the dynamics of which today may
be described by molecular dynamics models based on the atomic level description of the
dynamics, with time scales smaller than a nanosecond [18, 19]. Until today measurements at
different synchrotron facilities, have shown that it is possible to measure the detailed size
distribution in atmospheric pressure flames [20, 21]. In addition, recent experiments at MAX-lab
have shown that it also possible to measure not only the size but also the structure of molecules
and particles with a diameter typically around 1 nanometer [22, 23]. The future synchrotron
radiation source will allow improved temporal and structural resolution because of the higher
brilliance. Important for combustion are also multiphase coupled reactions and dynamics where,
liquid/solid phases are strongly coupled to the gas-phase. These are the typical conditions for
power generation, transportation and industrial processing, which to a higher degree require a
higher flexibility in beamline operation for studies of particle formation and dynamics.

Areas of interest for the MAX IV facility
The areas of interest for the future MAX IV facility can be outlined from the discussion above,
which has taken the present activities at MAX II and other similar third generation facilities as a
starting point. The new storage ring facility will have unprecedented characteristics concerning
brilliance which in turn opens up for ultra high photon energy resolution and for very high photon
flux and very small spot size. In addition a FEL facility will be optimal for time resolved studies of
femtosecond processes. It is clear that atomic- and molecular science will greatly benefit from FEL
sources and also the renewable samples ensure that the beam damaging issues are not relevant
within this field.

Ultra high resolution studies of atoms and molecules in the ground state
At third generation facilities a major break-through has been the possibility of running resonant
photoemission experiments under the so called Auger Resonant Raman conditions, namely the
photon band-width being narrower than the natural core hole lifetime broadening. With a further
improvement of the experimental conditions, foreseen at MAX IV, we will be able to have an even
deeper look into the photoionisation dynamics. For example we may investigate novel
interference phenomena, test the validity of theoretical models such as the Franck-Condon and
Born-Oppenheimer approximations and go deeper into the exploration of the Life-Time
Vibrational Interference phenomena. With the performance of MAX IV and with the new
generation of electron spectrometers one can foresee that even rotational dynamics will be
accessible for such studies.
Another interesting possibility is the study of relative time scales. A very important concept of a
duration time of the excitation-deexcitation process has been based on the results from third
generation facilities. At MAX IV the attosecond regime, due to the short lifetime of deep core
holes, will be accessible for these experiments and therefore one will be able to observe the
relative time-scale of symmetry breaking phenomena associated to core hole dynamics.

Cascade processes after ionization of deeper subshells
The de-excitation of inner hole states in free atoms leads to a cascade of Auger transitions
increasing in each step the ionization stage of ions and transferring vacancies to the outer shells.
An electron spectrum will thus consists of many overlapping lines. The electrons are emitted from
a vast variety of configurations with spectator vacancies left by preceding transitions. The number
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of transitions increases rapidly in each step and spectral features related to each step are hardly
resolved in the experiment. Furthermore, the calculation of all spectra using ordinary methods,
based on level-to-level transitions, is time consuming and unreasonable. Therefore, the average
calculation method, e.g. using global characteristics of spectra, is justified. Such a method is
effective for describing all cascade processes involving hundreds and thousands of configurations.
Wave functions used in the computations can be generated using different models, Hartree-Fock
(HF), Dirac-Fock (DF), or multiconfiguration DF, for instance. The plan is to collect partial ion yield
spectra not only for rare gas atoms but also for some selected atoms with open shell electron
configuration in their ground state, around the inner-shell threshold regions. An open shell allows
further steps in the cascade processes as compared to closed shell atoms, if about the same
photon energies are used to create a cascade. If there is a clear change in the ion production,
also the electron spectra at various kinetic energy regions covering different steps of the cascade
will be measured. Combining the information from both the electron energy and ion yield spectra
it becomes possible to better understand the decay channels and correlation effects related to the
core excitation, ionization, double excitation, and double ionization. The electron spectra at lower
kinetic energies consist of overlapping transitions which originate from different steps. In order to
clarify their origin, coincidence experiments, including both electron-electron and electron-ion
coincidence studies, are planned. Studies of atoms will provide a reference for future studies of
de-excitation channels in molecules, where the molecular dissociation may compete with the
electronic de-excitation channels at each step of the cascade. In the case of deep core hole
creation, detection of photon emission allows us to determine both contributing rates,
fluorescence and Auger, in the total decay rate, at each step of the cascade.

Complete experiments
Quantum reactions are completely characterized by the absolute magnitudes and phase
differences of the complex amplitudes of transitions between the initial state and each of the final
channels. A set of measurements is referred to as realizing a complete experiment if its analysis
provides these theoretical parameters. The main showcase subjects for the complete experiments
have been the photoionisation and Auger decay of rare gas atoms. Several types of experiments
have been used to gain information about these processes including high resolution electron
spectroscopy, fluorescence measurements on the residual ion, spin polarization measurements of
the emitted electrons, and measurements of their angular distribution. The spin polarization of
Auger electrons emitted after ionization with linearly polarized or unpolarized radiation is very
small. A reasonable degree of electron spin polarization can be achieved by using circularly
polarized radiation. However, detailed investigations of the photoionisation and Auger decay
processes have not been possible due to lack of a source for circularly polarized radiation in the
100 – 500 eV photon energy range until recently when the Elliptical Polarization Undulator
beamline was commissioned at the Advanced Light Source storage ring. There is urgent need for
future studies, especially above the photon energy of 500 eV. Generally a combination of
different experimental techniques is required to provide the complete information. Unlike the
parameters of the angular distribution and spin polarization of the outgoing electrons, the ion
alignment and orientation are not related to the phase differences between the transition
amplitudes and therefore allow extraction of the partial cross sections for transitions into different
channels. In future experiments at MAX IV, the method of combining data from angular
asymmetry and spin polarization with the data on the alignment and orientation of the residual
ion, could be applied to determine the transition amplitudes not only for rare gas atoms but also
for open-shell atoms.

Resonant inelastic soft X-ray scattering
Resonant Inelastic soft X-ray Scattering (RIXS) has several advantages compared to the
complementary technique of resonant Auger spectroscopy. For example, insensitivity to electric
and magnetic fields, fewer final states (because of symmetry selection rules and the fact that only
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one electron is involved in the decay step compared to two in the Auger decay), etc. However,
gas-phase RIXS experiments have so far only been attempted at the most powerful beamlines in
the world, since it has been necessary to compromise energy resolution to achieve reasonable
count rates, and up to now no well-resolved vibrational structure has been presented. We like to
stress that the natural width, in most cases, is very small and that the spectral resolution for all
foreseeable future will be determined by the instrumentation. This type of experiments will
benefit tremendously from increased brilliance. Increasing the spectral resolution is especially
valuable, because the absorption-emission event constitutes a resonant inelastic scattering (RIXS)
process, where the lifetime broadening of the core hole state does not contribute to the spectral
broadening; hence, the information inherent in the spectra will for all foreseeable future be
limited by the instrumental resolution. A soft X-ray facility at MAX IV, fully exploiting the
improvement in brilliance compared to existing sources, will be a necessary prerequisite for a
major break-through in the research on resonant soft X-ray scattering on molecules.

Time resolved studies and non linear processes
Using lasers pump-probe experiments have been performed in order to study chemical reactions
on the femtosecond scale for many years. These studies are mainly limited to outer valence
electrons in molecules, but with the advent of FELs the situation will change dramatically when
short pulses with energies in the VUV region become available This will greatly enhance the
applicability of the methods. We will discuss the pump-probe experiments in more detail below.
Typical vibrational periods are in the range <100 fs. Therefore spectroscopy with fs time
resolution allows us to observe the effects of the motion of the nuclei on the electronic structure
in a molecule. In pump-probe experiments the development of the electronic states in a
dissociating molecule can be followed, yielding insight into the transition states and the nature of
barriers determining the pathways for chemical reactions. Thus the dynamics of the complete
electronic structure can be observed using photoemission as a tool. The dynamics of chemical
reactions can also be studied in great detail with the FEL. As an example we could use the fact
that the chemistry of radicals play an important role in understanding the processes and interactions in the upper atmosphere. The FEL, possibly in conjunction with a storage facility for ions,
would be a new spectroscopic tool to study these processes, reaction pathways, cross sections
and the formation of elusive chemical species. Furthermore, the FEL is expected to open
fascinating prospects for the study and the simulation of the processes and reactions occurring in
interstellar clouds in the presence of intense VUV and X-ray radiation. The very short pulse lengths
in the FEL also yields such a high peak electric field that the study of non linear processes in the
VUV is feasible.
The intensity of an XFEL laser is high enough to observe nonlinear absorption. The first nonlinear
effect which can be observed with the help of an XFEL is the suppression of one-photon X-ray
absorption caused by the saturation of X-ray transitions. When the intensity of the XFEL exceeds
the threshold, radiative decay becomes faster than the Auger process. This results in a suppression
of the Auger yield. Two-photon absorption starts to be important at XFEL intensities (Fig. 10 a).
One can perform two different experiments, the first one with off-resonant intermediate state.
Calculations show that charge-transfer in dye molecules are due to a strong change of the
permanent dipole moment under core-excitation. The threshold intensity of two-photon
absorption is essentially lower when the intermediate state in X-ray two-photon absorption is in
resonance with the incident X-ray photon. Such a situation occurs in solids and symmetrical
molecules. Two-photon absorption and subsequent X-ray emission form the basis for X-ray
frequency-up conversion lasing. The short intense XFEL pulse (shorter than the lifetime of many
core-excited states) can excite simultaneously all atoms in a region with a length scale equal to
the wave length of the X-ray radiation. This gives an opportunity to observe stimulated
spontaneous emission (cavityless lasing, Fig. 10 b).
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Fig. 10 a. Threshold intensities of non-resonant and
stimulated resonant two-photon X-ray absorptions.

Fig. 10 b. Multi-photon pumped amplified X-ray
emission.

Combining synchrotron radiation with lasers
Lasers can be used to produce states of matter that deviate from the ground state e.g. production
of excited and meta-stable states, orientation and alignment of the spin momentum electron
distribution in the ground state, production of dissociated species, production of aligned atomic
states and production of spatially orientated molecules. In addition pulsed lasers give a possibility
to perform time resolved studies of processes, synchronized with the pulse structure of the VUV
source. Therefore experiments combining lasers with synchrotron radiation will be an increasingly
important research activity at MAX IV.
Different types of lasers allow for different types of applications: Continuous wave lasers can be
used for precision spectroscopy on final states and precise preparation of the initial state, pspulsed lasers allow for higher laser power that can be synchronized with the synchrotron
radiation. Femtosecond pulsed lasers can produce higher photon energy by higher harmonic
generation and also allow us to study non-linear effects on the sample and finally IR lasers can be
used to directly modify the vibration states of molecules (see Fig. 11).

Fig. 11. A laser beam excites an atomic beam in presence of
a SR beam at BL I411 at MAX II. The ejected electrons are
analyzed by an electron spectrometer.

In condensed matter, atoms are subjected to external electric or magnetic fields inherent to the
surrounding lattice. Free atoms and molecules in field-free surroundings on the other hand have
no fundamental axis that could define a polarization. Their spin and angular moments are
randomly distributed. With polarized laser light it becomes possible to prepare the ground state
gas phase targets into magnetically or spatially polarized states. The polarization axis with respect
to the electric field vector of the synchrotron radiation can be chosen freely to allow for detailed

131

angle-dependent studies. The production of polarized atomic states allows detailed studies of
theoretical models as well as for comparing polarized free atoms with the bound states of atoms
in condensed matter.
Excited states often have properties that differ from the ground state. Spherical symmetric atoms
can be excited into polarisable p-symmetric states. Open-shell atoms can be tailored by laser
radiation and meta-stable states can be created. The decay of multiply excited atoms can reveal
the character of multielectron states in detail. Studies of this kind have been successfully
performed at third generation facilities. However, some processes are very weak and the spectral
intensities that will be reached at MAX IV will open up a wide range of new applications.
The final states produced by the interaction of synchrotron radiation with gas-phase targets can
be studied using laser spectroscopy. This opens up the possibility to study the final states in much
more detail than the production rate and angular distribution of photoelectrons and ions can
reveal. Furthermore it becomes possible to study neutral final states.
Laser interaction with matter can not only be used to excite matter but also to cool the spatial
movement and produce extremely cold gases of atoms. In combination with a magnetic trap it
becomes possible to store atoms and molecules at cold temperatures and produce dense targets
and condensates. Furthermore, lasers can be used to trigger chemical reactions. Atomic bonds
can be broken leading to laser induced dissociation or the atoms can be influenced to associate to
molecules.

Fig. 12. Schematic illustration of the principle of two-colour
pump-probe experiments where an excited state is created by a
one-colour photon and an ionized state is then produced by a
different colour photon.

Another interesting class of experiments will be based on X-ray -IR pump-probe spectroscopy [2429]. A strong IR pulse creates a nuclear wave packet which propagates back and forth in the
potential well of the ground electronic state. A probe X-ray pulse makes snapshots of this wave
packet at different instants. Such a pump-probe technique allows one to map core-excited
potential energy surfaces and to study the dynamics of the proton transfer (Fig. 13). The last
opportunity is of crucial importance in X-ray studies of liquids. A strong IR field increases the size
of the nuclear wave packet and enhances the manifestation of the recoil effect in X-ray
photoelectron spectra [24]. The recoil effect depends on the gradients of the potential surfaces in
classical turning points of the nuclear wave packet; this effect gives a new tool to study interatomic interactions.
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Fig. 13. XPS study of the dynamics
of proton transfer in a water dimer
driven by a strong IR field.

Clusters
At the MAX IV source advanced spectroscopy studies can be performed size-dependently for all
types of free clusters (rare gases, molecular, metals, semiconductors, pure, mixed, doped,
adsorbed systems).
As an example, studying molecules adsorbed or chemical reactions on the surface of free clusters
is of great interest for catalysis, but until now this has for intensity reasons not been possible
using SR methods. As it is a minority species that is studied, such experiments are more
demanding than studies of pure clusters, but with the next generation of storage rings they will
be viable for a variety of systems.

Fig. 14. An example of a doped cluster:
argon cluster doped with ethanol.

In certain cases, such as free selenium clusters, size selection is possible already today, and with
improvement of the experimental techniques, the possibility of size-selected studies in other cases
will increase. However, such studies will likely remain exceptions rather than the rule. The
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extremely high brilliance afforded by FELs, on the other hand, will make size-selected studies of
free clusters generally feasible. Indeed, some of the first experiments performed with FEL radiation
used free rare gas clusters as target [30].
Cluster studies have many aspects in common with other fields where dilute species are used as
target. For the field to progress, not only the radiation part of the experiment needs to be
developed: Increasing target densities by improving the nozzle designs may be even more
important. Similarly, development of nozzles or filters for narrowing of size distribution would be
of great importance. Development of the detector side is also vital.
The main problem with cluster studies is typically the low target density. Hence, this type of
experiments needs flux. For this reason, long short-period undulators are suitable insertion
devices, and the practice of top-up is advantageous. To obtain very high fluxes at low photon
energies, it may even be interesting to have access to unmonochromatized undulator radiation.
There is a need for both spectroscopical and structural tools to investigate free clusters. The
proposed high-energy ring at MAX IV is better suited to fulfil the structural needs for the free
cluster community. X-ray Diffraction (XRD) studies and EXAFS of inner core levels are techniques
of interest, and for this reason, the possibility of using free clusters as target should be kept in
mind when designing materials science beamlines at the high-energy ring. High-energy bulksensitive XPS of clusters is also of interest, and should likewise be considered. A particular need
for X-ray scattering studies of nanoparticles in the field of combustion studies is that the
polarization should be vertical. This could be obtained by using a source where the polarization is
variable.
The spectroscopy needs are better served by the low-energy ring. The photon energy needs to
cover the range from core levels to outer valence states, roughly 20-1500 eV, to suit a wide
variety of experiments, with a possibility to obtain very high resolution. This may be unrealistic for
a single undulator-monochromator combination, and two different beamlines or perhaps a
revolver-mechanism undulator setup for a single beamline may have to be considered in order to
fulfil all desired criteria. These beamlines should then be constructed with the aim of
"portability", meaning that it should be possible to move instruments (spectrometers, cluster
sources etc) from one beamline to another. There is also a need for variable polarization of the
radiation, both linear and circular, for instance in studies of angular distributions or dichroism in
magnetic clusters. A source with the capability to produce radiation with both linear and circular
polarization is therefore desirable.
With the availability of a laser at the beamline, various types of pump-probe experiments become
possible. This allows spectroscopy of excited and/or oriented states. Laser radiation could in
principle be used to induce fragmentation of the clusters. Lasers can also be used as spectroscopic
tool, for instance in the detection of neutral fragments. Equipping the beamline with suitable
lasers is therefore of central importance.
As discussed above, free electron lasers may make size-selective studies of the electronic and
geometric structure of clusters (rare gases, molecular, metals, semiconductors, pure, mixed,
doped, adsorbed systems) by mass-selection of cluster ions possible. Time-resolved corespectroscopic studies of dynamic processes on and in clusters will also be a very interesting
possibility. In addition, clusters have been mentioned as suitable candidates as model systems for
crystal structure determination using single shot XRD. Such experiments may be interesting in
themselves, as the nucleation process in clusters may be studied by this technique.
Using FELs to study crystalline matter is made extremely difficult by radiation damage due to the
extreme peak brilliance. Large clusters may be used as a way to perform fundamental studies of
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non-linear interaction of the crystalline matter and the ultra-intense, coherent X-ray laser
radiation, bypassing the radiation damage since the source contains renewable samples. Nonlinear interaction phenomena is a rich research field of great fundamental and applied interest in
the optical region of the electromagnetic spectrum, and there is no reason to believe that the
situation will be different in the X-ray region.

General requirements and characteristics of the future source
Development of the instrumentation can be foreseen in several fields related to atomic, molecular
and cluster studies:
•

Coincidence experiments using imaging microscopes for mapping the full energy and
momentum distribution of excited molecules should be developed and become a
permanent station at a wide energy range beamline. Instrumentation of this kind is
presently being developed in Sweden.

•

A new generation of high-resolution electron spectrometers with imaging detectors can be
foreseen and should be encouraged.

•

A new generation of high resolution X-ray spectrometers will be developed, which will be
of very large importance for studies at MAX IV.

•

New state-of-the-art detectors which can more efficiently than now match MAX III, MAX IV
storage rings and the FEL.

•

Crossed beam facilities, and development of high pressure equipment required by
molecular beam experiments.

Beamlines: There is a large interest for the low energy range (hν<100 eV). This region will be
covered by MAX III, which will be relocated to the MAX IV site. At MAX IV both the XUV region
(100 eV<hν<1000 eV), and an X-ray region (1 keV<hν<10 keV) are of interest. A gas phase
beamline at all three rings of the MAX IV facility should therefore be planned, with possibility for
high resolution over a wide photon range.
In addition gas phase and cluster studies provide renewable samples, which are ideal for the
planned FEL. The FEL should therefore be planned with facilities for such studies. For such
experiments a repetition rate of about 1 kHz is necessary.
Branch lines: Each gas phase beamline should have two branch lines, one with a permanent end
station (e.g. equipped with a next generation dispersive-type electron kinetic energy analyser) and
one with an open end to make it feasible for users to bring their own experiments.
Undulators and Polarization: All undulators are planned to be planar devices. For the gas phase
experiments it is essential to be able to control the polarisation and this can be accomplished by
installing Apple-type undulators.

Types of samples
Gas cells constitute continuously renewed sample with a reasonably high target density. Using
modern differential pumping techniques the sample pressure might be in the range of one mbar,
which is more than sufficient for electron spectroscopy. There are special problems with gas cells.
The temperature of the gas gives rise to a Doppler broadening of the peaks, which may be
difficult to handle. Also the high target density gives rise to a plasma potential, which may also
destroy the spectral resolution, especially for future sources with high brilliance. However, by
using electrode arrangements theses effects may be reduced or even eliminated. Studies on
atoms and small molecules in the gas phase can be performed in great detail. The initial state can
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be produced with high precision and many properties of the final state can be measured. These
samples give insight into basic interactions and allow a test of theoretical and experimental
models. Photon-in photon-out techniques such as X-ray emission will be a very important activity
at gas phase beamlines at MAX IV. XUV photons can penetrate relative thick windows and
therefore one might also use gas cells with a suitable window that extends the pressure range
even more. One should also mention that performances of the suggested gas-phase beamlines
will be optimal for studies of catalytic processes on surfaces at high pressures. The
monochromator and the storage ring must anyway be protected by an efficient differential
pumping system and therefore the extra effort for isolating the sample cell from the electron
spectrometer, or from any other type of device for analysis, will be relatively small. Also, in many
applications the samples are such that the sample is in itself incompatible with surface science
methods. The work performed at beamline I411 at MAX II have shown that such problems can be
successfully handled on beamlines optimized for gas phase work. For example liquid micro jet
sources should be operating at beamlines constructed and optimized for gas phase and cluster
sources.
Atomic and molecular and cluster beams are devices for producing both effusive and supersonic
beams. These techniques have been successfully applied at third generation SR-facilities. The
effusive beams may be produced by simple gas jets, evaporation cells and Knudsen cells. The
supersonic jets are more technically advanced and put higher demands on skimmers, cooling
devices and pumping. The supersonic jet may also be used to produce clusters of atoms or
molecules.
Bose-Einstein-Condensates, produced by laser techniques, have recently become available for
studies. So far no experiments have been performed using synchrotron radiation spectroscopy as
diagnostic tool. However, with the performance and quality of FELs and the MAX IV storage rings
this will be possible and will open up for fundamental studies.
Collinear ion beam sources have already been used at SR facilities and we propose that such an
experimental station is built at MAX IV. Several types of experiments can be performed.
Electron spectrometer and cross beam device experiments are more difficult due to lower count
rates. In this case the extremely high brilliance of the facility will make possible new types of
studies, notably electron spectroscopy of ions.
An EBIT (electron beam ion trap) is a source which traps ions from an ion beam. Ions of relatively
high charge can be studied using an EBIT source. The flux and brilliance of MAX IV is of crucial
importance for the success (Fig. 15).

Fig. 15. Principle of ion trapping in an EBIT Ion
Source.

136

References (Atoms, Molecules, Ions and Free Clusters)
1
2
3
4
5.
6.
7.
8
9
10
11
12
13
14

15

16
17
18.
19.
20.
21
22
23
24
25.
26
27
28
29.
30

G. Öhrwall et al., J. Chem. Phys. 123, 054310 (2005)
L.J. Saethre, T.D. Thomas et al., Phys. Chem. Chem. Phys .6, 4254 (2004)
I. Hjelte et al, Chem. Phys. Lett. 334, 151 (2001)
S. Svensson, J. Phys. B: At. Mol. Opt. Phys. 38, S821–S838 (2005), and references therein
H. Kjeldsen, P. Andersen, F. Folkmann, B. Kristensen, and T. Andersen, J. Phys. B. 34 (10), L353-L357
(2001)
N. Berrah, J. Bozek, A.A. Wills, G. Turri, H–L. Zhou, S.T. Manson, G. Ackerman, B. Rude, N.D. Gibson,
C.W. Walter, L. VoKy, A. Hibbert, and S. Ferguson, Phys. Rev. Lett. 87, 253002 (2001)
A.M. Covington, A. Aguilar, V.T. Davis, I. Alvarez, H.C. Bryant, C. Cisneros, M. Halka, D. Hanstorp,
G. Hinojosa, A.S. Schlachter, J.S. Thompson, and D.J. Pegg, J. Phys. B. 34, L735-L740 (2001).
Clusters of Atoms and Molecules I & II, editor H. Haberland, Springer Series in Chemical Physics 52,
Springer Verlag, Berlin (1994), and references therein
F. Federmann, O. Björneholm, A. Beutler, and T. Möller, Phys. Rev. Lett. 73, 1549 (1994)
O. Björneholm, F. Federmann, F. Fössing, and T. Möller, Phys. Rev. Lett. 74, 3017 (1995)
A. Knop, B. Wassermann, and E. Rühl, Phys. Rev. Lett. 80, 2302 (1998)
L.S. Cederbaum, J. Zobeley and F. Tarantelli, Phys. Rev. Lett. 79, 4778 (1997)
S. Marburger, O. Kugeler, U. Hergenhahn, and T. Möller, Phys. Rev. Lett. 90, 203401 (2003)
G. Öhrwall, M. Tchaplyguine, M. Lundwall, R. Feifel, H. Bergersen, T. Rander, A. Lindblad, J. Schulz,
S. Peredkov, S. Barth, S. Marburger, U. Hergenhahn, S. Svensson, and O. Björneholm, Phys. Rev. Lett. 93,
173401 (2004)
H. Wabnitz, L. Bittner, A.R.B. de Castro, R. Dohrmann, P. Gürtler, T. Laarmann, W. Laasch, J. Schulz,
A. Swiderski, K. von Haetten, T. Möller, B. Faatz, A. Fateev, J. Feldhaus, C. Gerth, U. Hahn, E. Saldin,
E. Schneldmiller, K. Sytchev, K. Tledtke, R. Treusch and M. Yurkov, Nature, 420, 482 (2002)
S. Kakar, O. Björneholm, J. Weigelt, A.R.B. de Castro, L. Tröger, R. Frahm, T. Möller, A. Knoop and E. Rühl,
Phys. Rev. Lett. 78, 1675 (1997), and references therein
K. Nagaya, M. Yao, T. Hayakawa, Y. Ohmasa, Y. Kajihara, M. Ishii, and Y. Katayama, Phys. Rev. Lett. 89,
243401 (2002)
F. Fugaciu, H. Hermann, and G. Seifert, Phys. Rev. B, 60, 10711(1999)
A.I. Melker, S.N. Romanov, and D.A. Kornilov, Mater. Phys. Mech. 2, 42 (2000)
W.A. England, Combust. Sci. Technol., 46, 83 (1986).
J.P. Hessler, S. Seifert, and R.E. Winans, Proc. Combust. Inst., 29, 2743 (2002)
F. Ossler and J. Larsson, Chem. Phys. Lett. 387, 367 (2004)
F. Ossler and J. Larsson, J. Appl. Phys. 98, 114317 (2005)
C. Felicissimo, F. F. Guimaraes, and F. Gel'mukhanov, Phys. Rev. A. 72, 023414 (2005)
F.F. Guimaraes, V. Kimberg, V.C. Felicissimo, F. Gel'mukhanov, A. Cesar, and H. Ågren, Phys. Rev. A 72,
012714 (2005)
F. F. Guimaraes, V. Kimberg, V.C. Felicissimo, F. Gel'mukhanov, A. Cesar, and H. Ågren, Phys. Rev. A 71,
043407 (2005)
F.F. Guimaraes, F. Gel'mukhanov, A. Cesar and H. Ågren, Chem. Phys. Lett. 405, 398 (2005)
V.C. Felicissimo, F.F. Guimaraes, F. Gel'mukhanov, A. Cesar, and H. Ågren, J. Chem. Phys. 122, 094319
(2005)
F. F. Guimaraes, V. Kimberg, F. Gel'mukhanov, and H. Ågren, Phys. Rev. A 70, 062504 (2004)
H. Wabnitz, L. Bittner, R. Döhrmann, P. Gürtler, A.R.B. de Castro, T. Laarmann, W. Laasch, J. Schulz,
A. Swiderski, K. von Haeften, T. Möller, B. Faatz, A. Fateev, J. Feldhaus, C. Gerth, U. Hahn, E. Saldin,
E. Schneidmiller, K. Sytdev, K. Tiedtke, R. Treusch, and M. Yurkov , Nature 420, 482 (2002)

137

Geosciences and Materials Science under Extreme Conditions ..................... 139
Overview............................................................................................................................. 139
Areas of interest for the MAX IV facility ............................................................................... 140
Geosciences .................................................................................................................... 140
Mission to the Earth’s core................................................................................................... 140
Iron at high pressures and temperatures .............................................................................. 141
Binary and ternary systems in the Earth's core...................................................................... 141
Oxides in the deep interior of the Earth................................................................................ 141
Magnetism of minerals and metals at high pressure............................................................. 142
Magnetism of Fe, Co, Ni ...................................................................................................... 142
Magnetic minerals of the mantle.......................................................................................... 143
Magneto-elastic coupling and magnetostriction................................................................... 143
Materials Science............................................................................................................. 143
Pure elements ...................................................................................................................... 143
Intermetallic compounds...................................................................................................... 144
Thermoelectric materials ...................................................................................................... 144
Metal oxides with spinel or perovskite structures.................................................................. 144
Nano-structured materials.................................................................................................... 145
Super-hard polymeric phases ............................................................................................... 145
Pressure-induced Invar effect ............................................................................................... 146
Structure of liquids............................................................................................................... 146
Pressure effects on stereochemically active lone pairs........................................................... 147
The effect of pressure on crystal packing ............................................................................. 148
Stress-strain relations and mechanical relaxation .................................................................. 148
Organic-, organometallic- and biomaterials .......................................................................... 148
Impact on the user community ............................................................................................ 149
References (Geoscience and Materials Science under Extreme Conditions) ........................... 150

138

Geosciences and Materials Science under Extreme Conditions
Overview
Fundamental research in physics, geophysics, and chemistry, as well as the development of solidstate theory is in an expansive phase, and high-pressure research is experiencing a series of
technical and scientific breakthroughs. The discovery of novel physical phenomena, super-hard
and wide band-gap materials as well as reaching deeper understanding of planetary interiors,
deep-ocean biology and other extreme environments are some of the contributions of "extreme
conditions" research.
At extreme compressions the density of a material can be increased tenfold. The electronic
configurations can then be perturbed in a much more dramatic way than for experiments
performed only with temperature as the controlling variable. Advances in high-pressure/hightemperature (HP/HT) technology permit the probing of materials into the megabar regime,
coupled with cryogenic cooling, or heating of the sample by resistive methods (Fig. 1) and lasers
to 3000-7000 K. The science of materials at extreme conditions represents a new frontier for
physics, chemistry and materials science.

Fig. 1. Schematic diagram of electrical heating assemblage in
a DAC. A rhenium gasket of 250µm thickness was indented to
25 µm between diamonds with 300µm horizontal faces, and a
hole, 100 µm in diameter was drilled. The gasket was covered
by corundum-based cement and pure corundum was placed in
the hole and around the wire. A platinum wire of 0.2mm
diameter flattened to a thickness less than 10µm was used as
electrical leads. The iron wire was heated by direct current.

Diffraction experiments are fundamental to structural studies of materials under extreme
conditions, and a great number of experiments are dependent on large-scale facilities like
synchrotron or neutron radiation sources. The high brilliance of third generation synchrotron
radiation sources permits penetration of the X-ray beam into complex sample containers used for
HP/HT generation. They also allow focusing of the incident X-ray beam to a few µm, permitting
both mapping of strain and single crystal structure determination at megabar pressures.
Quantitative intensity information necessary for structure determination is best obtained by angle
dispersive diffraction (ADX) techniques, which give the highest resolution (∆d/d ≈ 0.001).
Amorphous S(Q) studies at HP/HT can be combined with simultaneous density measurements via
transmission radiography to study liquids, glasses and poorly crystalline materials. A relative new
field in extreme conditions research is X-ray Absorption Spectroscopy (XAS), which is possible due
to new development in diamond anvil cell (DAC) technology with drilled diamonds (Fig. 2).
Example of a large-volume press is given in Fig. 3. The possibility of simultaneous ADX and XAS
experiments at high pressures and temperatures is highly interesting because the combination can
give a much more complete physical and structural model of the material under investigation.
Another new field that is of high interest is research on magnetic properties at low temperatures,
which can be performed in the DAC by X-ray magnetic linear dichroism (XMCD).
In recent years, several novel and powerful spectroscopic techniques utilizing synchrotron
radiation have been adapted for probing high-pressure high-temperature electronic, magnetic,
magneto-elastic and dynamic properties (phonon density of states) of condensed matter. In
addition to already mentioned X-ray absorption spectroscopy (EXAFS and XANES), these
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techniques include also X-ray emission spectroscopy, electronic and phonon inelastic X-ray
scattering, resonant inelastic X-ray scattering, and nuclear resonant inelastic X-ray scattering
(Mössbauer effect). Most of these techniques, besides the diffraction, will eventually be developed
and applied at MAX IV.

Fig. 2. A conically drilled diamond anvil for XAS
studies in the DAC.

Fig. 3. The Paris-Edinburgh type large volume
press.

Several research areas contribute to the extreme conditions field and will grossly benefit from
experimental results from a synchrotron radiation source like MAX IV. Below a number of project
areas are discussed, which are of direct interest to extreme conditions research at MAX IV:

Areas of interest for the MAX IV facility
Geosciences
The high brilliance, energy range and micro-focusing capabilities of the MAX IV facility provide
2
4
3
ideal experimental tools for studying tiny samples (~ 10 -10 µm ) in a diamond anvil cell at
pressures and temperatures characteristic for deep planetary interiors. The high-energy, highresolution capabilities, which can be achieved are of ultimate importance for successful
experiments at the conditions of the Earth’s core [1].
X-ray emission spectroscopy and resonant inelastic X-ray scattering represent promising
techniques that have recently shown capability to probe spin-resolved electronic structure at high
pressure for materials confined in a DAC [2, 3]. These techniques will be developed and used for
study of magnetism at high pressures.

Mission to the Earth’s core
The performance of the MAX IV facility will allow in situ X-ray diffractive and spectroscopic
studies on iron, iron-rich alloys and oxides at pressures and temperatures characteristic for the
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interiors of terrestrial planets, reaching the p-T conditions of the Earth’s inner core. To date, the
most direct observations of the core have come from seismological studies using remote-sensing
techniques. Due to the complex internal structure of the Earth, seismic investigations require
extensive data coverage and appropriate models. Decoding geochemical signatures of the core
carried by mantle plumes faces similar challenges. Experimental and computational simulations
have been hindered by the necessity to approach pressures over 140 GPa and temperatures above
3000 K prevalent in the core. For these reasons, many fundamental issues concerning the Earth’s
core remain controversial and poorly understood.
Despite enormous difficulties recent studies reveal many unusual and enigmatic phenomena
related to the core properties and dynamics. Among them is the discovery of inner core
anisotropy, i.e., seismic waves travel faster along the Earth’s polar axis than in the equatorial
direction. There is also evidence for differential rotation between the inner core and the rest of
the Earth and fine scale heterogeneity. Along with steady improvements in observational
techniques, research interest in the Earth’s core has been growing over the last few decades
thanks to the further development of experimental and computational methods. Issues of current
research include particularly the timing, the duration, and the mechanism of core formation, the
possibility of ongoing radioactive decay in the core, the structure and dynamics of outer and inner
core, evidence for continuing core-mantle interaction, the origin and evolution of the
geomagnetic field, and the identity and abundance of light elements in the core.

Iron at high pressures and temperatures
The properties of iron at high pressures and temperatures have become subject to numerous
theoretical and experimental studies [4, 5]. As a prototype ferromagnetic transition metal, iron has
played a role of paramount importance in advancing theories and computational algorithms in
condensed matter physics. Iron is equally important in geophysics and geochemistry. It is a major
component of the Earth's core (and also of the cores of other terrestrial planets) and the detailed
knowledge of its structural, elastic, chemical and electromagnetic properties at extreme pressures
and temperatures is required for the understanding of processes in the Earth's interior.
One of the most important questions about the Earth’s core concerns the temperature at the
inner core - outer core boundary. Indeed, conducting the successful melting experiment on iron at
the corresponding pressure 330 GPa is considered as a Holy Grail experiment in the high-pressure
geosciences [6]. Setting tight constraints on the geothermal profile in the Earth’s core is directly
relevant for understanding the energy budget of the Earth and for the process of convection in
the outer core.

Binary and ternary systems in the Earth's core
The ultimate goal will be the development of new methodologies and their use for study of
chemistry, phase relations, and partitioning of elements between liquid and solidus phase(s), as
well as thermo-elastic (equation of state) and dynamic (phonon density of states) properties of
phases in the iron-rich binary Fe-Ni and ternary Fe-Ni-L (L=Si, O, S, Al, Mg) systems.

Oxides in the deep interior of the Earth
Since the end of the 1950s, when F. Birch, A.E. Ringwood and other scientists began to develop
modern models of the deep interior of the Earth, it was generally believed that the lower mantle
is more or less homogeneous. Just ten years ago Prof. Don Anderson wrote: “The mantle
between about 800 and 2600 km depth appears to be relatively homogenous...” Practically all
that was known at that time on about lower mantle was explained in terms of a mixture of two
major components (Mg,Fe)SiO3 perovskite and magnesiowüstite (Mg,Fe)O. However, recently
discovered facts have started to contradict the simple model of a homogenous lower mantle. The
new information comes from two major sources, geophysical observations and experiments at
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high pressures and temperatures. Earth scientists have always been directly concerned with the
materials that constitute the Earth. However, as we explore deeper regions of the planet with
increasingly sophisticated remote-sensing technology and interpret its history in greater detail to
enhance our understanding of its mineral and energy resources, it becomes clear that we must
use the technological advances in high-pressure research and in situ X-ray studies. These
techniques open up the possibility of a full-scale characterization of the physical and chemical
properties of the Earth materials. The stoichiometry in ferropericlase, and charge-coupled
3+
substitutions may allow the uptake of Al and Fe into Mg- and Ca- silicate perovskite. Both
(Mg,Fe)SiO3 and CaSiO3 perovskites may undergo structural distortions under deep mantle
conditions.
The stabilization of higher-pressure phases of SiO2, Al2O3, or CaO, or pressure-induced changes in
the maximum solubility of FeSiO3 may induce disproportionation of perovskites into mixed oxides
under certain conditions. Order-disorder phenomena and changes in the electronic structures of
elements/compounds may play important roles in controlling elemental partitioning. Obtaining
new data is important for understanding the local and lateral variations in temperature,
composition, and seismic velocities in Earth’s lower mantle.
Among the goals of this research is the determination of phase relations and thermo-elastic
properties of phases in the CaO-MgO-FeO-Al2O3-SiO2 (CMFAS) system, in order to obtain
necessary data for modelling the Earth’s lower mantle. Creation of a realistic dynamic model of
the lower mantle requires in situ studies of CMFAS at pressures above 70 GPa and at high
temperatures.

Magnetism of minerals and metals at high pressure
It has been recognized that magnetic transformations occurring in minerals and metals under
pressure (e.g. collapse of magnetic moments, spin pairing) are often associated with other
transformations, such as structural phase transitions and chemical reactions. This fact has in
recent years stimulated large research efforts on magnetic properties under pressure. Numerous
high-pressure studies dedicated to magnetism have been carried out in the DAC. The results,
often unexpected, have profound implications for the geophysical and geochemical models of the
Earth (e.g infrared transparency in the lower mantle induced by the high-to-low spin transition of
electronic configuration in iron cations), as well as for the fundamental models of magnetism
under pressure.

Magnetism of Fe, Co, Ni
A growing geophysical interest in the magnetic properties of highly compressed iron originates
from a new look at the role of the inner solid core in the process of generating the Earth's
magnetic field. The description of the inner solid core in the geodynamo models has shifted from
a non-magnetic insulator, representing only a mechanical boundary condition, to an electrically
conductive sphere which is actively involved in the geodynamo mechanism through its
electromagnetic coupling to the outer core [7, 8]. Moreover, questions are being raised about the
magnetic properties of iron at the inner core conditions such as to what extent the inner core is
magnetized by the field of the outer core [9]. What are the implications of this magnetization for
the geodynamo model? How well justified is the current approach where typical zero-pressure
high-temperature values of magnetic susceptibilities of transition metals are applied at pressures
of hundreds of GPa? (Pressures corresponding to the Earth’s inner core span the range 330-363
GPa). The view emerging from recent studies is that the answers to these intriguing questions
may provide important clues to understanding the origin and dynamics of planetary magnetic
fields. The geophysical importance of Ni and Co originates in their similarities with Fe. Ni is also
believed to be a minor constituent of the Earth’s core.
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Magnetic minerals of the mantle
Important examples of magnetic minerals are represented by iron oxides such as wüstite FeO,
hematite Fe2O3, magnetite Fe3O4, magnesiowüstite (MgFe)O and perovskite (Mg,Fe)SiO3. The spin
and oxidation states of iron in these compounds are far more important than previously thought
[10]. These parameters significantly affect thermodynamic stability of the oxides, the oxidation
state and composition of the lower mantle, and chemical reactions with other minerals. Large
differences between high-spin and low-spin states exist for the magnetic susceptibility, ionic
radius and crystal field stabilization energy. A primary objective of studies of such minerals will be
to map the collapse of magnetic moments and occurrence of spin pairing transitions in the
pressure-temperature range corresponding to the lower mantle, probing the nature of magnetic
order, and measurements of the volume dependence of ordering temperatures. Pressure
represents an ideal tool for a fine-tuning of exchange interactions.

Magneto-elastic coupling and magnetostriction
The in situ application of a strong magnetic field at hydrostatic conditions will allow direct and
precise determination of components of magneto-elastic tensor for magnetic minerals and
materials at high pressures using the technique of strain measurement by high-resolution single
crystal X-ray diffraction.

Materials Science
Pressure represents a unique tool for the fine tuning of electronic, magnetic, structural and
vibrational properties, as well as for the control of conditions for synthesis of new materials.
Extreme conditions include very low as well as very high temperatures at extreme pressures. New
magnetic phase diagrams of highly correlated systems are being mapped at high pressures and
are linked to structure. The effect of pressure on superconductivity is not yet fully understood. The
development of incommensurability, and the passage from single crystalline to powder behaviour
in materials, represents a frontier area in experimental diffraction physics and crystallography.
Solid-state chemistry and material science will benefit from the possibility to add high-pressure
and high-temperature in the search for new technological materials. Some of the new
compounds will have useful materials properties, and will be recoverable to ambient conditions. In
situ time-resolved high-pressure diffraction studies of solid-state synthesis reactions under high
magnetic and electric fields, hydrothermal and ammonothermal synthesis, catalysis in reactors are
areas with industrial relevance.

Pure elements
Experiments on e.g. the elements phosphorous and xenon have been performed to obtain
information on fundamental atomic physics and of elements in planetary interiors. Ultra-high
pressure studies of phosphorous [11] at pressures up to 280 GPa showed a transition from P-V to
P-VI at 262 GPa. Angle-dispersive X-ray diffraction patterns of Xe to 127 GPa [12] indicated that
the fcc-to-hcp transition occurs martensitically between 3 and 70 GPa without an intermediate
phase (Fig. 4). These data also reveal that the transition occurs by the introduction of stacking
disorder in the fcc lattice at low pressure, which grows into hcp domains with increasing pressure.
The small energy difference between the hcp and the fcc structures may allow the two phases to
coexist over a wide pressure range.
There are numerous possibilities for fundamental studies of the properties of elements at nonambient conditions. The metallization of hydrogen is still controversial, with reports on hydrogen
samples turning opaque at 320 GPa [13], when other researchers reports no metallization up to
342 GPa [14]. The intriguing incommensurate structures in bismuth [15] at elevated pressures are
typical for the type of unexpected results obtained by using pressure as an experimental variable.
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Fig. 4. Volume compression data of fcc and hcp Xe to 127
GPa, together with the Birch-Murnaghan fits shown as dotted
and solid curves, respectively.

Intermetallic compounds
It is of interest to investigate systematically the high-pressure properties of AB2 Zintl phases and
Laves phases. The potential for current high-pressure techniques to synthesize new intermetallic
phases was illustrated by the alloy synthesis of alkali and transition metals (K-Ag, K-Ni, KAg2) [16].
By applying pressure, the orbital energies of the alkaline earth metal s electrons are transferred to
1
2
the d levels, thus changing the properties of the alkaline earth metals to become d and d metals.
When the charge density of the metal increases it is can be possible for it to alloy with transition
metals like Fe. The empirical rules of Miedema states that small difference in charge density and
large differences in work function at the Wigner-Seitz radius will favour alloy formation. The
charge density distribution can be changed considerably for an element by applying pressure and
it is of high interest to explore the new chemical regime for alloys of alkaline and alkaline earth
metals with transition metals.

Thermoelectric materials
Thermoelectricity is one alternative climate control technology and the search for new materials
with high thermoelectric efficiency is of paramount importance. This search is challenging
because good thermoelectric materials require an unusual combination of electrical and thermal
properties. A high thermoelectric power (Seebeck coefficient) has to be combined with high
electrical conductivity and low thermal conductivity. These properties are determined by the
details of the electronic structure (band gap, band shape, band degeneracy near the Fermi level)
as well as the scattering of charge carriers. Therefore, the properties are not independent.
Usually, narrow-gap semiconductors with high conductivity are a prerequisite for good
thermoelectric properties. Very careful crystallographic studies performed at synchrotron sources
have to be performed in order to unambiguously determine structure and composition of the
obtained materials. High-pressure tuning of these materials is of great importance as illustrated by
a factor of two increases in the dimensionless thermoelectric figure-of-merit, ZT, observed for the
n-doped material β-K2Bi8Se13 [17].

Metal oxides with spinel or perovskite structures
There is a recent interest in compounds of binary metal oxides with spinel or perovskite structure
and related materials [18]. These studies are stimulated by the importance of mixed valence states
of the transition metal cations with 3d electronic configuration for heavy fermion systems and
high Tc superconductors. For practical applications, lithium manganospinels have industrial interest
because of their potential use as cathode material of rechargeable batteries. Spinel nitrides and
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related compounds have attracted interest because of their potential use as superhard materials.
Many spinels combine ferromagnetic and semiconducting properties and they are sensitive to
non-stoichiometry. The semiconducting and magnetic properties can be modified by chemical
substitution. Magnetic interactions may produce spontaneous magnetostriction, which manifests
itself as a contraction or expansion of the unit cell. Since magnetic interactions depend on
interatomic distances, we expect that low temperatures and/or high pressures will cause unit-cell
anomalies. High-pressure studies of these properties can make it possible to draw conclusions on
the effects of cation admixtures on exchange mechanisms and the stability of the cubic spinel
structure. Various structural and magnetic phase transformations are anticipated, depending on
the distribution of the metal ions at the tetrahedral and octahedral positions of the spinel
structure. The influence of the metal valency on related phenomena, like double exchange and
electric conductivity, should be further investigated. Other classes of spinels are the ferromagnetic
chromium sulphates and selenates, e.g. CoFeCr2S4, ZnFe Cr2S4, ZnGa Cr2Se4, and CdGa Cr2Se4.
These compounds are semiconductors. Therefore, a comparison between the high pressure and
temperature behaviour should give interesting information on the electronic band structure of the
metals involved.

Nano-structured materials
The field of nano-structured materials is in rapid development. Materials consisting of nanometersized crystallites are characterized by a large fraction of surface or inter-surface atoms.
Correspondingly, these materials often have remarkable physical and chemical properties, which
could lead to new functional materials. A main goal is to investigate the crystallite size effects on
the equation of state (bulk modulus) and possible solid-solid phase transformations. The pressure–
volume–temperature Equation of State (EOS) is a fundamental relation in many areas of basic and
applied condensed-matter research. Theoretically, the structural high-pressure studies can be
supplemented by first principles calculations, using the Density Functional Theory formalism. In
this way, general trends in the high-pressure behaviour of whole classes of related materials can
be studied. For nano-phase materials, the common rule seems to be that the transition pressure is
higher the smaller the particle size. However, there are systems with the opposite trend, or where
the transition pressure is unchanged. Competing processes determine the high-pressure
behaviour, and there is a need for systematic studies of the influence of the crystallite size
influence on structural transition pressures and other physical parameters.

Super-hard polymeric phases
Even gases can become extremely hard materials when sufficient pressure is applied. The
structure (Fig. 5) of polymeric CO2-V at 40 GPa was determined to be orthorhombic (P212121),
analogous to SiO2 tridymite. In this structure, each carbon atom is bonded to four oxygen atoms
o
at the carbon-oxygen distance of 1.36 Å at 40 GPa and an O-C-O angle of 110 [19]. The high
bulk modulus of 362 GPa is substantially higher than SiO2-quartz (37 GPa) and even stishovite
(310 GPa). It is nearly the same value as for cubic-BN (369 GPa). To reach the required nonambient conditions the gas, such as Co2, has to be loaded in a DAC, and synchrotron radiation
with high flux is needed to collect the small diffracted signal from the sample.
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Fig. 5. An “ideal” crystal structure of CO2-V in P212121 with 8 molecules
per unit cells

Pressure-induced Invar effect
The pressure-volume P-V relations for cubic iron-nickel alloys have been measured for three
different compositions: Fe0.64Ni0.36, Fe0.55Ni0.45, and Fe0.20Ni0.80 [20]. It was observed that for a certain
pressure range the bulk modulus does not change or can even decrease to some minimum value,
after which it begins to increase under still higher pressure (Fig. 6). In the experiment, one
observed for the first time a new effect, namely, that the Fe-Ni alloys with high Ni concentrations,
which show positive thermal expansion at ambient pressure, become Invar system upon
compression over a certain pressure range (Fig. 7).

Fig. 6. P-V curve of Fe0.20Ni0.80 alloy and Pt. There is a
pronounced “bump” between 9 and 14 GPa,
indicating negative pressure derivative of the bulk
modulus.

Fig. 7. Variation of relative volume of the Fe0.55Ni0.45
alloy at 0.41, 7.7, and 28.2 GPa, and Fe0.20Ni0.80 alloy
at 12.6 GPa. During the heating, the pressure
maintained constant within the experimental error.
At 7.7 GPa and at temperatures between 291 and
500 K, Fe0.55Ni0.45 practically does not expand, while
no anomalies in thermal expansion of this alloy were
observed at 0.41 and 28.3 GPa. At 12.6 GPa, the
Fe0.20Ni0.80 alloy also shows practically zero thermal
expansion.

Structure of liquids
Viscosities of some liquids are found to decrease with increasing pressure. Recent examples
include combined X-ray diffraction/transmission determination of density/S(Q) changes across a
first order L-L transition in phosphorous at high pressure and temperature, and structure changes
in e.g. liquid phosphorous [21].
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Pressure effects on stereochemically active lone pairs
In chemical compounds exhibiting significant covalent bonding contributions, 'lone', i. e. nonbonding, electron pairs can be strongly stereochemically active. Generally they are regarded as
pseudo-ligands that are able to replace one or more of the regular ligands in a given coordination
sphere [22]. In parallel to the strong geometric effects, also the physical properties are affected
[23]. The anisotropic local environments of those atoms bearing a 'lone-pair' in their valence shells
frequently induce the formation of acentric or even polar crystal structures, leading to the known
consequences for the dielectric properties [24]. Several different scenarios for pressure-induced
transformations in these open structures containing cations with highly polarisable 'lone pairs' can
be imagined: (1) The 'lone-pair' could be forced into a pure s-type state, removing all anisotropies
in the coordination sphere. (2) The valence band (in most instances also including the nonbonding electron pair [25]) and the conduction band will broaden or even overlap, leading to
semiconducting or metallic behaviour. (3) In case of mixed valence the originally localized lonepair might delocalize, making the valence states of the respective metal ions indiscernible and
producing a partially filled band at the Fermi level, again leading to metallic behaviour.
Recently, the latter situation has attracted high attention in the context of trying to understand
superconductivity observed to occur in oxides containing metal ions featuring 'lone-pairs' [26, 27,
28]. The derived theoretical models are suited to nourish prospects for possibilities to induce
superconductivity in such compounds by applying high external pressures.

Fig. 8. Isosurface of the electron localization function
(ELF=0.385) for the high pressure phase III of Pb3O4 at 133
kbar.

In order to investigate the behaviour of lone pairs in oxides at high pressure, in situ powder
diffraction experiments in membrane driven DACs experiments on the mixed valent lead tetroxide
Pb3O4 has been reported [29]. In the highest Pb3O4 pressure phase III at 13.3 GPa (isotypic to lone
pair free Sr2PbO4 at ambient conditions), the lone pairs were almost forced into bonding but ELF
calculations still confirmed their existence (Fig. 8). In addition, a detailed analysis of the isotropic
peak broadening was performed in order to understand the micros-structural properties of the
materials (Fig. 9).
Laboratory experiments using a multi anvil apparatus employing high pressure and high
temperature lead to new crystal structures, suggesting that high temperature plays a crucial role
to obtain the desired phases. Thus, laser heating for the purpose of annealing is crucial for
relieving the enormous strain in the materials at high pressure, and to allow them to form new
crystalline phases.

147

Fig. 9. Isosurface of the anisotropic microstrain of phase II of Pb3O4.

The effect of pressure on crystal packing
With pressure one can drastically change arrangement and bonding in crystals structures.
Systematic studies of molecule packing in crystals are in many ways in its infancy, and there is a
large need for further investigations. The need for experimental results is especially needed for the
development of theoretical calculation methods of crystal packing. In a study using synchrotron Xray powder diffraction on lithium- and potassium cyclopentadienide, the details of the pressure
dependence of the geometric molecular arrangement around the metals was reported [30]. A
certain bend angle in metallocenes can be defined as the angle between the bonds from a metal
atom towards the centres of the cyclopentadienyl ligands sandwiching this metal atom. The bend
angle assumes different values in different compounds. Experimentally, the bend angle has been
found to depend on a range of properties, like the ionic size and polarizability of the metal atoms,
the size of the ligands, and the possible presence of lone pairs on the metal atom. Alternatively, it
was proposed that the bend conformation is due to attractive ligand-ligand interactions.

Stress-strain relations and mechanical relaxation
DAC and LVP experiments are being designed to probe materials properties and time-temperature
evolution under particular stress-strain environments and their time evolution at high
temperatures. These have very many applications in geo-science and to ceramics and composites.
Powdered samples are pressed under non-hydrostatic conditions and XRD peak broadening or dhkl
variability with diffraction angles is used to determine the strain tensor in minerals, rocks,
ceramics, metals and composites. High-temperature and pressure experiments permit strain
relaxation to be followed with time. This research use the highly collimated or focused highenergy synchrotron X-ray beam, with the necessary spatial resolution to observe details of strain
relaxation and/or re-crystallization at strained crystal bi-layers.

Organic-, organometallic- and biomaterials
High pressures and temperatures (0.1 - 1 kbar; T~300 - 600 K) are becoming important in
pharmaceutical/biotechnology materials design and in "origins of life" research. In situ XRD
structure determination of proteins and other biomolecules at medium resolution at these
"extreme" conditions is essential [31]. These studies will also be helpful in order to understand the
role of HP in processing of food. The studies will be linked to the in situ experiments in
hydrothermal cells and catalytic converters, as the interface between organometallic
chemistry/bio-molecular chemistry and materials synthesis/catalysis is explored.
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Impact on the user community
The capabilities at MAX IV would move Swedish and Nordic "extreme conditions" research to a
state-of-the-art position, competing with the very best international facilities. New science areas
will be developed and many international research groups will bring their projects to the facility,
which ensures the highest level of research.
The structure, bonding, physics and chemistry of new materials synthesized or studied at extreme
conditions is part of the frontier science described above, for which special expertise is available in
the Swedish and Nordic user communities. New technologically important materials may be
explored, and due to the possibility of using large volume presses, as well as diamond anvil cells,
recovery strategies of significant amounts of material can be determined. A very strong argument
for a powerful extreme conditions research is the necessity of combining theory and experiment
to predict new materials and their properties. Geophysics and Earth science research groups will
obtain an experimental facility for exploring the chemically reactive core-mantle boundary
systems, and phases in deep Earth.
In situ time resolved experiments at extreme conditions could be applied to research areas like
studies of catalysts, hydrothermal synthesis and corrosion. These are areas that are likely to have a
large impact on chemical and technological industries.
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Some of the many interested visitors at the open house of MAX-lab 17 September 2005. (Photo Ralf Nyholm)
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Industrial Research and Applied Science
Overview
The aim of the present section is to highlight the contribution of synchrotron radiation to the
investigation of industrial topics. The available techniques, which allow the visualization of the
volume of systems, opaque for other probes, and the determination of their geometrical and
electronic structure, have been dramatically renewed by the use of modern, “third generation”,
Synchrotron Radiation (SR) facilities and the proposed MAX IV facility will further enhance these
trends. Real time high-resolution experiments are performed both for X-ray imaging,
spectroscopy, scattering and diffraction. The high energy of the available beams allows
investigating the deformation within bulk materials and to follow in situ processes, looking
through reactor vessels. The high coherence of the beam allows exploiting phase contrast
imaging, the contrast arising from phase variations across the transmitted beam. Absorption and
phase microtomography provide three-dimensional information on features like cracks, porosities
or inclusions, which are of high interest for applied topics like metallurgy, polymers, or fuel
containing reservoir rocks. The MAX IV source and its connecting laboratories will provide a
unique combination of state-of-the-art experimental techniques that allow a complete
characterisation of materials: structural, electronic, magnetic etc, see Fig. 1. The spatial resolution
of these techniques is now in the 1 µm range and will improve further. Lastly the combination of
diffraction and imaging, through the new tracking techniques, or use of Bragg diffraction
imaging (X-ray topography) provides additional information on industrially interesting materials.

Fig. 1. Illustration of the complete materials characterization available at MAX IV

The features of new generation synchrotron radiation facilities like the APS, ESRF, SPring-8 or
MAX IV for imaging, spectroscopy, scattering and diffraction applications are:
6

a) The very high intensity of the X-ray beam (factor >10 with respect to usual X-ray
generators); both white and monochromatic beams can be used.
b) The availability of photons spanning the whole range from the infrared to hard X-rays.
c)

The design of beamlines optimised for a given set of techniques.

d) The small size of the electron beam cross-section (< 100 µm x 10µm at MAX IV), which
leads to high spectral brightness, and to a sizeable lateral coherence of the X-ray beam.
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The access to these capabilities is of obvious importance to the high tech companies i.e. the
pharmaceutical, chemical, petrochemical, cosmetics and electronics industries. The cost for
research and development in these sectors is ever increasing while the product lifetimes in the
market are shrinking, putting severe strain on even the large corporations. In order to stay
competitive and cut costs, many large companies thus outsource some of their R&D needs, similar
to what is done on the production side. The need for R&D is also large in the traditional industries
such as steel, aluminium and paper where the products have to be increasingly advanced to
compete with low-cost production. Hence, in a climate where large companies are not willing to
finance their own R&D facilities and the small companies cannot, a central comprehensive
laboratory like MAX IV can play a crucial role in aiding business growth in the Nordic and Baltic
region. MAX IV will be of special importance to new high growth companies that need support in
research and product development. In addition, MAX IV will make the region an attractive
location for corporate R&D, since it will offer capabilities unique even from an international
perspective.

Areas of interest for the MAX IV facility
Absorption and phase microscopy
The principle of microtomography is very similar to the one of the well-known medical scanner.
When applied to materials investigations, it consists in recording a series of radiographs (typically
of the order of 1000) for different angular positions of the sample, which rotates around an axis
perpendicular to the beam. Several laboratory microtomographs have been commercially
produced over the last years [1, 2]. But the best images, in terms of spatial resolution, penetration
power, signal-to-noise ratio and quantitative exploitation, are obtained using synchrotron
radiation. This results from the high intensity, practically parallel and monochromatic incoming
beam. In this approach there is no image magnification, and the spatial resolution mainly results
from the effective pixel size of the detector. The range of pixel sizes available at the ESRF goes
from 0.3 µm to 30 µm, and a big effort is being produced to enhance the spatial resolution to the
-2
100 nm range. The total acquisition time is in the 10 (“fast tomography”) to one hour range and
the recorded data often amounts to several Gigabytes.
An increasing number of applied or industrial research laboratories require using
microtomography to solve some of the problems they encounter. To achieve this requirement
they either buy beamtime and expertise, or have access to the synchrotron facilities through
collaboration with universities or research groups and peer-reviewed proposals. The industrial
requirements include often confidentiality, rapid access and full service. Most facilities, and in
particular the ESRF, propose such service, going from the experiment to the data analysis (volume
reconstruction, extraction of relevant parameters, etc. ) and such a development is also foreseen
at MAX IV.

Fig. 2. 3D image of the distribution of holes (in white) within a copper
target (transparent), 269*284*201 pixels, 2 µm voxel size.

154

Figure 2 is an example of such application-oriented investigation. A strong impact on a copper
target creates porosity within the bulk metal. The investigation of the pore sizes and distribution is
of high importance for applications. The only way to image these pores inside such a sample is Xray microtomography [3]. The spatial distribution of pores within one of these copper samples
was determined, and was found to be less homogeneous, both from the size and the location
points of view, than was expected from theoretical models.
Another example of absorption tomography, which implies a specially designed sample
environment cell, is the in situ investigation of an open-cell polyurethane foam at several levels of
compressive strain (Fig. 3). This work, performed by a research group from ICI Polyurethane in
collaboration with a group of the University of Cambridge, correlates the macroscopic behaviour
(stress/strain curve) with the local structure modifications. It shows that the initial phase of
compression, which is associated with a linear elastic response, corresponds to a bending of the
struts, whereas the plateau in the stress/strain curve is linked to the collapse of a whole band of
cells [4]. This result was known from surface observations, but no volume evidence was available.

a

b

c

Fig. 3. Reconstruction of an open-cell flexible polyurethane foam at several levels of compressive strain. (a) 0%,
(b) 10%, (c) 23%, these percentages being the ratio of the variation of vertical length of the foam over the
original, unstrained, length. The 3D renditions represent volumes of 7mm x 7mm x 1.4 mm.

The X-ray beams produced at third generation synchrotron radiation facilities exhibit a high
degree of coherence. These results from the small source size σ (now in the 50µm range and
even smaller for MAX IV) and the large source to sample distance L (in the 100 m range). The
transverse coherence length dc= λL/2σ, is in the 100 µm range, and allows to record “phase
images” by just varying the sample-to-detector distance (“propagation technique”, reviewed for
instance by [5]. The great advantage of this new type of imaging is the increased sensitivity it
provides, either for light materials such as polymers, or for composites made up of materials with
neighbouring densities (for example Al and SiC). A first use of the phase images rely on the
visualisation of the phase jumps that occur at the edges of a particle or porosity imbedded in a
matrix having a different index of refraction. Phase microtomography based on the visualisation
of the edges was used, for instance, to understand the mechanisms of degradation in Al-SiC
composites. It was possible not only to easily visualize the SiC reinforcing particles, but also to
observe the nucleation and propagation of cracks when the material is submitted, in situ, to
tensile stress. The cracks appear first in the elongated particles, and their number is 50% more
than suggested by surface investigations [6].
Phase imaging based on the detection of the edges does not allow one to extract quantitatively
the local phase, and its spatial resolution is limited by the occurrence of the fringes used to
visualize the borders. A more quantitative approach of phase imaging and tomography was
developed. It is based on the combination of several images recorded at different distances. An
algorithm, initially developed for electron microscopy by the Antwerp group, was successfully
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adapted to the X-ray case, and allows the "holographic" reconstruction of the local phase, well
beyond the images of edges [5]. Once the phase maps are obtained through holographic
reconstruction, there is no conceptual difficulty in bringing together many maps corresponding to
different orientations of the sample, and in producing the tomographic, three-dimensional,
reconstruction procedure. For each of the angular positions of the sample, the phase map is
retrieved using images recorded at several (typically four) distances. The highest accessible spatial
frequency is determined by the resolution of the detector. This combined quantitative phase
mapping and tomography procedure, called holotomography [7], provides a very useful approach
to the characterization of materials on the micrometer scale.
The “holotomographic” procedure was applied to an Al-Si alloy, quenched from a temperature
where a “mainly Al” solid phase is surrounded by an Al-Si liquid one. This is an important
industrial material because in the “semi-solid” state it is possible to give a desired shape to the
alloy, this shape being retained when cooled to room temperature. The density difference
between the two phases is in the 1-2% range. For each of the angular positions of the sample 4
images were recorded at different distances, yielding 3D quantitative images that show, with a
voxel edge size of 1 µm, the distribution of electron density, hence of mass density, in the sample.
The highest accessible spatial frequency is determined by the maximum resolution of the detector
(~1-2 µm). Fig. 4, compares the possibilities of absorption microtomography (Fig. 4a, where the
phases are not distinguishable, and only iron-rich metallic inclusions are visible), edgeenhancement phase microtomography (fig. 4b, where the boundaries of the phases are outlined
by a black-white line), and holotomography (fig. 4c, where the two phases are clearly observable
through their grey level), and a 3D rendering of what was the “liquid” phase (Fig. 4d).

a

b

c

d
Fig. 4. Tomographic images of an Al-Si alloy, quenched from the “semi-solid” state a) Detector to sample
distance D = 0.7 cm b) D =60 cm c) “holotomographic” image, d) 3D rendering showing the former “liquid”
phase (courtesy L. Salvo and P. Cloetens).
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Paper is perhaps the most important carrier of information. The properties of the paper substrate
are important because they define the background reflectance of the ink, the visibility between
the printed areas and the wetting of the ink on the surface, which in turn will affect the
resolution of the printing process. Paper can be viewed as a random 2D network of fibres, as the
paper fibres are much longer than the typical thickness of a paper sheet and are therefore more
or less flattened out. Given the demands of the graphic arts industry, the paper sold typically
includes additions of fillers to improve opacity and coatings to further improve mechanical and
optical properties. Such coatings are usually combinations of pigments, polymers and air and are
applied as both single- and multi-layer structures. The overall quality of a printed page will thus
depend on the quality of the ink itself, the resolution and precision of the ink drop, the wetting
and penetration of the ink at the paper surface (physical dot gain) and the scattering in the paper
(optical dot gain). Hence the processes involved are quite complex and hard to model. This is
further complicated by lack of data on both structure and composition of the coatings/ (paper +
fillers) and ink/coatings/ (paper + fillers) systems. Indeed the new opportunities of 3D imaging of
paper sheets as well as lateral/depth resolved composition will be in demand from an R&D
standpoint and for process control.
Within the area of heterogeneous catalysis X-ray absorption fine structure spectroscopy (XAFS), Xray diffraction (XRD) and small-angle X-ray scattering (SAXS) are the most popular techniques for
the fundamental study of catalysts and catalyst carriers under industrially relevant (in situ)
conditions. By means of XAFS the local atomic environment around a selected chemical species
can be probed. Complementary information on long range length scales can be obtained by XRD.
SAXS can give information on particle sizes and even more important, on particle size
distributions. The latter two techniques become more valuable when performed in a so called
anomalous mode: anomalous XRD (AXRD) and anomalous SAXS (ASAXS). Here the energy of the
synchrotron beam is tuned close to an absorption edge of the element of interest and the
diffraction and scattering phenomena observed are thus mainly sensitive the specific element. The
understanding of catalytic mechanisms by time-resolved structure activity studies on real catalysts
under industrial relevant conditions (high pressure, high temperature in a flow of gas or liquid) is
extremely useful for industrial R&D. Examples are given in the chapter “Chemistry, Catalysis and
Novel Materials”.

Diffraction experiments on industrially related topics
The accessibility of hard penetrating X-rays that can be focussed into sub micron spots with
retained extremely high probing intensity has opened up the field of diffraction to industrially
interesting fields. New experiments with millisecond time-resolution, sub micron spatial resolution
with bulk probing capability of several tens of centimetres in high Z materials can now be
performed to map out stress/strain fields, to follow reactions in real time or to study in situ
processes in complex environments such as inside reaction vessels or even in working devices like
batteries or other electrochemical cells.

Time resolution
Time-resolved studies tend to fall into three categories: the second to hour processes, millisecond
to microsecond processes or extremely fast pico-second reactions. The last category can presently
only be studied by “stroboscopic” experiments were the process is repeated many times to obtain
sufficient counting statistics. Most industrial reactions, however, fall in the first two categories
and are usually irreversible ruling out stroboscopic measurements. The present synchrotron
facilities provide sufficient X-ray flux to perform one-shot experiments well down to the
microsecond time regime. The 2 dimensional diffraction data is recorded by fast read out
detectors such as large CCD cameras. A special category of time-resolved studies is hardly
performed at synchrotron facilities nowadays. Studies on an hour to several months are
industrially extremely relevant e.g. for the investigation of deactivation of catalysts, batteries and

157

fuel cells or for research on strain or crack propagation in turbines or engines. For this type of
time-resolved studies stable, intense synchrotron beams are necessary. Here there is a need for a
dedicated fixed set-up in the experimental hutches with possibilities to continue running
experiments for several weeks, while performing a synchrotron experiment only once in a while
(e.g. for one hour every day).
An example is given in the in situ study of an electrochemical reaction experiment on a working
LixCoO2 battery [8]. Strong diffraction spots from highly crystalline current collectors and
packaging material have in the past compromised the weaker diffraction from the material under
study. In order to de-emphasise the strong diffraction it is now possible to use micro beams and
combine diffraction from many different areas rapidly collected. In the case of the LixCoO2 battery
16 different orientations were collected in less than 2 seconds and the pixel by pixel medians of
the images collected by the CCD camera could be used to reduce the influence of the electrodes.
One-dimensional powder patterns from 2D images can thus be produced with sufficient precision
to obtain accurate time-resolved behaviour of the phase fractions during the working cycle of the
battery. The structures of the phases only stable under applied voltage showed the existence of
intermediate phases as well as the terminal layered CoO2 structure. Figure 5 gives the diffraction
phases during in situ reduction of the LixCoO2 battery with the different rhombohedral,
monoclinic and triclinic phases indicated.

Fig. 5. Diffraction patterns collected during in situ
reduction of LixCoO2 batteries. The letters on the
right indicate the different structural phases through
which the electrode material passes. T, R and M
represents triclinic, rhombohedral and monoclinic
phases.

The highest time-resolution for irreversible reactions so far (10-30 ms) has been obtained in the
study of self-propagating high temperature synthesis (SHS). SHS is based on the characteristic of
highly exothermic reactions to sustain them following an initiation by relatively mild conditions.
These reactions typically proceed as reaction fronts with speeds of up to 25 cm/sec under
temperatures up to 5000 °C. An example is given by [9] where the production of TiC and TiB2 was
studied via two routes: from elements and from oxides. The reactions were monitored by 0.2601
Å X-rays in situ. The starting powders were compacted to cylindrical pellets and the reaction was
started by external ignition at the bottom of the pellets. The X- ray beam was focused on the
central part of the pellet and the reaction process was recorded as the reaction front passed the
probing X-ray beam. The bulk process was followed by recording the diffraction in transmission
by a CCD camera. The detailed process could be recorded and showed that the entire process
took place during less than 0.1 second. The different synthesis routes produced different final
microstructures depending on the starting conditions. The particle size when pure elements were

158

used was 10 µm, whereas the reaction using oxides and Mg had sub-µm microstructure. Fig. 6,
gives the diffraction patterns during the critical phases of the reactions.

Fig. 6. The diffraction patterns captured while the
reaction between the elements take place. The
time interval is 0.65 ms.

Combined diffraction and imaging
The mapping of residual stresses in components is essential for providing a roadmap for future
failure modes in materials and a detailed knowledge of their distribution can indicate potential
alleviating processes, which may lengthen component lifetime and avert catastrophic failures such
as fractures in railroad tracks or airplane turbine blades. Up to recently only destructive methods
or methods with large measuring gauges have been employed. Recent developments at the high
energy synchrotron facilities have now produced highly penetrating micro focus beams with
3
measuring gauges down to ~5*5*50 µm . The experimental set-ups with CCD cameras or narrow
receiving slits and micro precision translation tables now give spatial resolution on the µm scale.
-6
High precision lattice parameters with ∆d/d ~10 can thus be determined with the small
measuring gauge and excellent spatial resolution. A recent example of a novel strain and phase
mapping technique is given by [10] in their depth resolved investigation of friction stir welding.
Friction stir welding is a new method for solid welding using a spinning tool forced along a joint
line. This new method can overcome problems such as weld porosity, use of filler materials and
cracking in the heat-affected zone. In this study the bulk investigation of several mm thick Al
plates was performed, and the depth resolution was obtained by a spiral slit assembly. The
experimental set up is illustrated in Fig. 7, and the resulting distribution of the Si phase and the
residual micro strain is given in Fig. 8 in this weld of a single phase Al alloy and an AlSi10Mg
phase.
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Fig. 7. Schematic of the experimental set up with
spiral slit and on line image plate scanner on ID15B

Fig. 8.
a) Depth resolved residual macrostrains in longitudinal
direction (parallel to weld)
b) through thickness longitudinal residual stress
component, calculated from the strain measurements
in three dimensions.
b) enlarged view of the distribution of the plate
material (AA6082 and AA2024) in the stirring zone

Demanding applications in the automotive industry call for aluminum castings to be massproduced without casting defects. Existing models for heat and fluid flow are applied in design of
components and casting processes, however, these models are limited in their ability to
quantitatively predict porosity and hot tearing, which are essential for predicting casting defects.
Thus further knowledge of morphological information on the microstructure development during
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solidification of aluminium alloys is essential for the aluminium foundry industry. Initial studies by
[11] have shown a way to follow the dendritic solidification processes on a sub second timescale
with micron spatial resolution for aluminium alloys (Fig. 9) by imaging techniques. Further
development of these techniques could include simultaneous micro diffraction of the dendrites
giving also elemental information. Combined studies of this type promise to give essential in situ
information on solidification processes and improve the understanding of optimal component
production.

Fig. 9. Columnar dendritic and planar eutectic growth in Al-30
wt% Cu. The dendrites are about 200 micrometers across

The next generation of high performance steels calls for grades where both the strength and the
ductility is clearly improved compared to today’s state-of-the-art. To achieve this it is necessary to
improve all steps along the fabrication chain from ore to final product. Primarily, the challenge is
to control the microstructure and distribution of alloying elements, and to keep the level of
impurities to nearly zero. This is a tremendous task since we need to control the microstructure on
the atomic scale while working at a pace of more than 10 000 ton per day (Blast furnace at SSAB
Luleå). The combination of high penetration and rapid time resolved X-ray diffraction imaging
would give necessary in situ data during laboratory experiments of solidification, hot and cold
forming for optimization of the process. This is important both in terms of direct process
understanding and control as well as for providing input and validation of theoretical models of
the process.

Multi-crystal techniques
The excellent spatial resolution now available opens up entirely new opportunities for studying
dynamical phenomena at the mesoscopic level. Surprisingly, theoretical understanding of many
fundamental materials processes, such as recrystallisation and deformation, relies on models that
have built on assumptions such as sample homogeneity and absence of grain-grain interactions.
The new experimental facilities can now test these assumptions. An example is given by [12] in
their study of grain growth following phase transformations in a steel sample. Using the spatial
resolving power of the synchrotron beam it was shown that four different growth mechanisms
were present in ferrite and these were correlated with the local environment of the grains
indicating that the present models are far from adequate. Fig. 10, shows the integrated intensity
of five grains near the cube orientation shown as a function of annealing time. At present several
hundred different grains can be monitored simultaneously. This method of simultaneous
determination of orientation within a bulk sample [13] gives interesting access to the mesoscale. It
is now possible, via tracking techniques, to map out grain boundaries with resolutions down to 5
µm and to follow kinetics and dynamics of groups of individual grains during processes such as
heating, torsion etc.
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Fig. 10. The integrated intensity of five
grains near the cube in steel as a
function of annealing time.

Annealing time in minutes

Industrial application of Bragg diffraction imaging (X-ray topography)
Figure 11 shows the image recorded using the 444 Bragg diffracted beam from a flux-grown
platelet shaped gallium substituted yttrium iron garnet crystal (Y3GaxFe5-xO12, with x~1, Ga-YIG).
These Ga-YIG crystals are grown to produce hyper-frequency resonators. It was observed that
some of these crystals exhibit spurious modes, which are very detrimental for their performances.
This X-ray diffraction topographic investigation was therefore performed to identify the crystal
defects present on some of the resonators, produced during growth, which are responsible for
these spurious modes. Many types of defects are observable on the topographs, and one of them,
the dissolution bands, appeared to be the origin, through the occurrence of “closure-like”
magnetic domains, of these modes.

growth striations

growth sectors

initial stage of crack

magnetic domains
dissolution bands
dislocations
Fig. 11. Topograph of a
flux grown Ga-YIG crystal

h

162

Self-assembled structures, solar cells and soft materials
Organic-based electronics such as plastic memory, light emitting displays, transistors and plastic
solar cells are under development, and applications (displays) have already reached the market
(Fig. 12). Research on molecular-scale electronics based on (organic) molecular wires is increasing
as well, and may lead to significant advantages in terms of miniaturization of components as well
as introducing novel functions. A common goal in all these areas is to form nanostructured
materials by self-assembly (bottom up) combined with solution-based materials deposition and
patterning (top down). Using the organic materials as electronic ink, common printing techniques
such as flexo, screen and ink-jet printing can be used with pattern resolutions down to 5-10 µm.
Self-assembly of the organic materials in the printed layers will then “take over” and yield the
desired nano-structures, thus circumventing the limitations of the printing techniques. The
dimensions needed to realize low voltage operation and high efficiency in most devices will
typically require dimensions less than 100 nm.

Fig. 12. Prototype flat screen display (Sony, left) and Sony CLIE 'PEG-VZ90' personal entertainment handheld
(right).

Examples of self-organized structures include laterally oriented conducting islands in a semiconducting matrix (thus offering a narrow channel width suitable for FETs), and interpenetrating
networks that can offer “finger” gate or electrode architectures (suitable for both diodes and
FETs). Again, the length scale is mostly <~100 nm, though for extreme molecular wire type
devices, 1-10 nm resolution is suitable. Interpenetrating networks consisting of light absorbing
donor and acceptor polymers/molecules are commonly used in plastic solar cells. Here the critical
length scale is on the order of 10 nm, decided by the exciton diffusion length, though 50-100 nm
resolution is likely satisfactory for realistic systems.
The conductivity of multi-component polymer systems is often controlled by the grain boundaries
of the films. These can be manipulated by addition of other components, typically solvents. The
conductivity can be modified by >~3 orders of magnitude in this way. Here percolation also plays
a role. The important length scales here can range from 1-3 nm and up.
Nanoporous-nanocrystalline systems, consisting of mixed compound nanostructured materials,
are important for a wide area of technological applications such as energy conversion, energy
storage, and energy savings. Here the formation of 3D networks and penetration of (solid)
electrolytes and sensitising molecules into the structure is of great importance for the overall
functionality of a given device. The resolution for sensitising structures is ~1 nm and for
nanoporous structures 10-100 nm.
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In most of the material combinations described, narrow dimensions and much of the functionality
are provided at the boundary between different phases. It then follows that formation of a
sought after geometry is dependent on the solubility and interaction properties of the (organic)
materials involved. (Interaction with the underlying substrate, contact or electrode, also is
important). Novel geometries suitable for device functions could also be introduced through the
presence of a field of some kind (thermal gradient, electrical field etc). Hence, not only is it
desirable to perform 3D imaging of the final film, but also to study the film formation itself as it
goes from liquid to solid phase in the printed areas. Time resolution of the orders of 1s should be
satisfactory for most of the above listed applications, though ms resolution could be desirable for
“realistic” printing environments.
The reader is referred to the section on nanomaterials for a comprehensive review of the
importance of synchrotron radiation for this emerging field.

The pharmaceutical and biotechnology sector
As outlined in the section on Life Sciences the principal needs of the pharmaceutical and
biotechnology sector are twofold. Just as for the academic researchers there is a need to solve the
structures of “new targets and anti-targets”, i.e. the enzymes or other biological macromolecular
systems that are inhibited or stimulated by a pharmaceutical compound. However, the
pharmaceutical sector has much greater requirement than does the academic sector for highthroughput, efficient, repetitive data collection on typically tens to hundreds of complexes of a
given enzyme with different inhibitors, as part of the process of structure based drug design.
Starting from an initial “lead compound” that can equally well come from corporate libraries or
from other sources, such as natural ligands, the structural information from such complexes is
translated into a set of suggestions for new compounds, hopefully more potent and with better
pharmacological properties, to be synthesized by the company’s chemists. By the invention of
fragment based lead identification methods, where crystallography is often used to identify and
characterize the initial small and weakly binding hit, experimental structural methods have firmly
established themselves as part of the drug discovery process. Such an approach is tailor-made for
the highly automated data collection methods under development at the synchrotron radiation
sources around the world. Highly integrated user environments and sample handling robotics
significantly reduce the manual intervention required in sample management. In the near future
such robotics will obviate the need for corporate scientists to visit synchrotron radiation facilities
since much remaining intervention (e.g. loading of sample handling robots) can be performed by
technical staff at the facilities.
The synchrotron radiation facilities can also play an important role in the quality control of
pharmaceutical products such as information on the polymorphous phases in the products. The
different polymorphous phases can have large effects on the drug actions and can rapidly be
determined by high-resolution powder diffraction. In fact new developments in powder
diffraction from macromolecules promise to give new possibilities in screening the effectiveness of
target molecules.
The requirements of the pharmaceutical and biotechnology sectors for rapid structure
determination to high resolution are likely to increase in the next decades. A major breakthrough
in the field of membrane protein structure biology would further increase the demand, as a high
proportion of drug targets are integral membrane proteins. The major players in these sectors are
likely to be such major consumers of “beam time” at MAX IV that they may have permanent
investments in both equipment and manpower at the source.
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Future developments
The above examples only give a few insights of possible studies of industrial phenomena using
available techniques at the synchrotrons.
X-ray microtomography is an invaluable tool to obtain 3D data on a large variety of materials. The
use of modern synchrotron radiation sources opens up new possibilities, with “fast tomography”
to investigate the evolution of a system when varying an external parameter (time, temperature,
stress, etc) and/or improved spatial resolution, which is going to the 100 nm range. In addition
phase images reveal phenomena hardly visible by other means.
Other areas include the rapidly expanding field of high-pressure diffraction where micro focussed
beams and laser-heating capabilities open up new experimental routes to studies of synthesis and
equation of states under non-ambient conditions such as megabars of pressure and several
thousands of degrees of temperature. High-resolution powder diffraction is advancing rapidly and
ab initio structure determinations of very large structures can now be performed on materials,
which cannot be obtained as single crystals.
The current trend in instrument development will in the near future give access to nanometer size
beams. This leads to another type of images through the use of X-ray microbeam-based scanning
imaging approaches, probing for instance the fluorescence or the absorption near the absorption
edges. The diffraction experiments will more and more be combined with complementary
techniques such as imaging or Raman spectroscopy, by performing simultaneous observations.
Development in detector technology will further advance the time and space resolving aspects of
the experiments. The new MAX IV synchrotron radiation facility should be tailored to exploit these
new techniques promising to be essential to the new trends in materials science. The small
electron beam at MAX IV (10µm vertical at the 3 GeV ring) will drastically improve the focussing
and coherence presently available.

General requirements and characteristics of the future source
The needs from industry regarding the MAX IV light source generally coincide with the academic
community in terms of spectral brightness, photon energy range and end stations. The availability
of end stations where samples can be studied both under ambient and non-ambient conditions
and exposed to corrosive gases, liquids or stresses stand out as typical requirements from some of
the industrial users. Considering users support and laboratory facilities the requirements are more
stringent for the industrial use. In general, companies will need assistance from local experts to
set-up and run the experiments. Data analysis will in many cases have to be performed during the
data collection with the aid of in-house experts and computing facilities. Data security sufficient
to protect property rights is needed as well as mechanisms for handling confidentiality issues with
in-house staff through non-disclosure agreements. Sample characterisation equipment will be a
priority, as well as sample storage. Sample preparation facilities (e.g. a chemical/biological
laboratory) in direct connection to a beamline are essential for a safe working environment. In
general the number of samples studied in a synchrotron experiment is much larger for industrial
use than for academic use. Therefore, automation in sample handling, data acquisition and data
reduction is needed.
The automation in sample handling by robots will allow the users to send samples to the MAX IV
and the measurements and the initial data analysis could be handled by local staff avoiding costly
travel and manpower costs for the industry. This will require high expertise of the staff as they
should be both specialists in the field of the measurement technique present at a beamline and
have deep knowledge of the experiments to be performed. Coordination of industrial beamtime
applications by an “industrial user office” in order to ensure the proper beamlines, techniques
and user support, might be considered.
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Although cost of beamtime will certainly be an issue, it is not an overriding factor for most of the
expected users. Instead, user support as outlined above, and rapid access to the MAX IV facility
are the key requirements. The system for allocation of beamtime must allow for industrial users to
obtain beamtime at short notice, preferably not exceeding 1 month in the worst cases. This
requirement is even more stringent for the pharmaceutical industry, where beam time should be
available on a weekly basis in order to ensure timely feedback into the drug design process. Even
for other industrial users it would be desirable to have some beamtime for more standard
characterization that can be accessed within a week to solve problems concerning processes etc.
Such requirements suggest that MAX IV will have staff solely dedicated to serve industrial users
and probably have beamlines dedicated for such users.
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Ultrafast Phenomena
Overview
Through the development in laser technology over the last decades, the studies of dynamic
phenomena on a femto-second time scale have been made possible. The dynamic properties in
solids are related to atomic motion and the relevant time-scale is that of a vibrational period
(~100 fs). This is the time scale on which molecular dynamics, chemical reactions and phasetransitions in solids occur. In chemistry fundamental processes during reactions, like bondbreaking and bond-formation, have been extensively investigated during the last years using timeresolved optical laser spectroscopy on the femto-second timescale. The importance of this
temporal regime was underscored by the award of the 1999 Nobel Prize in Chemistry to Ahmed
Zewail for the application of femto-second lasers to pump/probe spectroscopy studies of ultrafast
chemical dynamics.
It is, however, not possible to directly obtain structural information from these measurements
without pre-knowledge of the potential energy surface. Since in optical experiments the energetic
of binding electrons are probed, a detailed knowledge of the potential energy surfaces of the
ground, and all accessible excited states, is required for interpreting any spectroscopic signal. Xray based investigations, where it is possible to study the structure of the system as a function of
time, present a promising experimental alternative and emerging X-ray based methodologies
provide new approaches, in particular on the study of ultrafast phenomena of systems with
increasing complexity. In the solid state no localised valence states exist, and in order to deduce
information from visible probes, reflectivity, surface harmonic generation, surface deflection or (in
the case of transparent samples) Raman techniques can be used to probe properties indirectly
related to atomic motion.
When X-rays are used as a probe, information about the molecular structure can be deduced
directly from X-ray diffraction. This is the way structure determination of crystalline materials as
well as large molecules has been performed since the discovery of X-ray radiation. However, the
lack of short-pulse X-ray sources and sub-ps detectors for X-ray radiation has put a limit to
probing of dynamic processes using X-rays. Over the last years optical pump/X-ray probe
experiments were mainly applied in order to study structural reorganisation, phonon physics and
dissociation processes in both, the liquid and the solid phase [1-18].

Fig. 1. Fastest event ever studied with hard X-rays.
Non-thermal laser melting of indium antimonide
observed with 9 keV radiation from the SPPS. The
clean and fast pulse reveals the inertial dynamics. [19]
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Time resolved X-ray diffraction has been used to probe non-thermal melting, acoustic phonons in
semiconductors, strain propagation in crystalline materials, phonon folding characteristic to nanostructured materials, optical phonons and associated mode softening and collective motions in
ferroelectrics.
So far two types of X-ray sources have been dominating. On one hand laboratory laser-produced
plasma X-ray sources have a short pulse duration, but strongly fluctuating intensity, low flux and
is radiating in 2π steradian solid angle.
Beamlines at electron storage rings (such as D611 at MAX II) using a femto-second laser
synchronised to the storage ring with ultrafast streak cameras can yield sub-ps time resolution,
but the X-ray flux per unit time is limited.
The SPPS at SLAC is a type of beamline that takes advantage of the possibility to create short,
dense electron bunches in a linear accelerator. Using insertion devices and beamlines similar to
that at an electron storage ring it is possible to overcome most limitations of other types of
sources. In fact at the SPPS it is possible to perform time-resolved experiments in a single shot.
Such data is presented in Fig. 1, and a photo from the first run can be seen in Fig. 2. The short
and clean pulse has also enabled studies of faster dynamics than ever seen at laser-produced
plasma sources. The performance of SPPS could be improved at the MAX IV Linac. The Linac thus
provides the basis of two unique facilities allowing for ultrafast X-ray studies:
•

A hard-X-ray incoherent source (FEMTO-MAX)

•

A VUV/Soft X-ray FEL

Fig. 2. First non-thermal melting run at SPPS. From left to right Kelly Gaffney, Visitor, Visitor, Jörgen Larsson, Ola
Synnergren, Aaron Lindenberg and Tue Hansen
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Areas of interest for the MAX IV facility
Direct visualisation of atomic movements on the sub-ps time scale through time resolved X-ray
scattering has shown to be a groundbreaking tool in material physics and chemistry. One example
is direct imaging of optical phonons on the femto-second time-scale shown in Fig. 3. Several nonequilibrium problems of both scientific and technological interest can be studied with X-ray
probes. A series of such experiments are discussed below.

Fig. 3. Coherent optical phonons in laser-excited Bi. [13]

Condensed matter physics
Upon femto-second laser excitation, strong changes of the effective potential energy surfaces,
which determine the equilibrium structure of a solid, can be induced. This may lead to atomic
rearrangement even on a sub-picosecond time-scale. A very exciting example is the subpicosecond solid-liquid phase transition induced by femto-second laser-irradiation in covalently
bonded semiconductors. This process is often called non-thermal melting since the transition
takes place on a time scale much shorter than the time required to transfer the energy from the
excited electrons to the thermal motion of the lattice, which is of the order of several
picoseconds. Using a novel multi-peak diffraction analysis enabled by a high photon flux, the
onset of non-thermal melting on a femto-second timescale can be studied by tracking the
coherent and incoherent atomic displacements (acoustical and optical phonons) near the melting
threshold. This will enable the understanding of the contribution from atomic vibrations to the
whole dynamics.
The high flux at FEMTO-MAX will allow for studies of photo-induced phase transitions in solidmatter by diffuse scattering. This X-ray scattering technique provides many more details about
microscopic changes during the transition than the integrated intensity in the Bragg spot. This
technique could be applied to photo-excitation of single crystals (e.g. melting type transitions or
solid-solid transitions) and to phase formations. One example is the para-to ferroelectric transition
shown in Figs 4 and 5.
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Fig. 4. The ferroelectric phase-transition in KDP is goverened by proton tunnelling in the double potential.

The ultrafast macroscopic switching of materials in solid state opens new avenues for the
manipulation of matter with light and it will present, in fact, a high potential for new keys in
industrial innovation. Indeed, information storage in materials is based up to now on switching
kinetics governed by slow thermal activated nucleation-growth processes above the ns time-scale.
Switching in a macroscopic or nano-structured material triggered by coherent molecular and
domain wall motions would signify a technological breakthrough. Especially, in relation with the
investigated molecular materials, there is a large demand in optical information processing
(ultrafast writing and/or erasing) and optical devices for telecommunication applications (large
spectral photo-induced changes). In addition, the (dis)appearance of magnetic species controlled
by light (as in spin transition systems) supplies a new channel for information storage. This is
coming up in molecular materials by virtue of photo-induced co-operative and coherent change in
molecular identity, such as its charge state and/or spin state. Thus in some unconventional photoactive materials, the structural relaxation of the localised or delocalized excited states following
the absorption of photons are not independent, as in conventional excitonic or photo-chemical
processes, or for the conventional excitation of coherent collective phonons, but entails a photoinduced phase transition towards a new lattice structure and electronic order, as discovered
during pioneering works performed in Japan. This gives the possibility of an ultrafast tuning of
optical, magnetic, dielectric and other macroscopic physical properties of materials by light pulse
stimuli. This also opens the way for light to induce symmetry breaking from a stable high
temperature phase and so to establish a new self-organised long-range order. In addition light
pulse driven coherent reversal of domain orientations (ferroelectric or other ones) appears possible
with the control of the interplay between the number of excited molecules and the amplitude of
the related soft mode. Indications of such processes have already been observed.
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Fig. 5. Time-resolved recording of a Bragg-spot specific to the
para-electric phase in KDP. The laser drives the phase-transition
via a Raman process. [19]

The exceptional possibilities of ultrafast X-ray techniques promise direct access to see an assembly
of a huge number of molecules in a crystal moving in a regimented way and getting selforganized. This provides an outstanding opportunity for the direct observation of the dynamics of
photo-induced co-operative phenomena as recently shown in pioneering works. These takes place
intrinsically at different scales (spatial and temporal): sub-ps precursor phenomena, such as
formation of (1D, 2D or 3D) dynamical nano-domains (diffuse scattering) and the excitation of
coherent phonons and non-linear excitations, 3D ordering and macroscopic transformation
triggering phase separation at ps time scale. In addition, the collection of complete diffraction
data, needing short wavelength and large detector, will give access to the precise structural
determination of the photo-induced states (average structure) at different stages, from the
precursor phenomena to the establishment of the new meta-stable macroscopic state (in general
phase coexistence). It will take advantage of the experience and methodological progress
acquired around synchrotron and present fs sources. In the same way, a close coupling with
optical pump-probe progresses is needed.

Ultrafast magnetism dynamics
The quest for ever increasing storage capacity and manipulation of data have created a huge
interest in the dynamics of magnetization processes and the underlying physical interactions
which govern, and eventually limit, the speed at which data can be handled. It is therefore clear
that the methods necessary to investigate such processes on timescales down to the femtosecond regime are necessary. Magnetism dynamics includes reversal processes and inherent
fluctuations associated with the reversal process and magnetic phase transitions. Magnetization
processes have previously been studied mainly on the nanosecond time scale or longer. Using
powerful, pulsed light sources, such as lasers and synchrotrons, magnetization events have been
observed on a time scale that is limited only by the duration of the light pulse. Very exciting
results have recently been published by in Nature by I. Tudosa and collaborators [19] who used
the inherent time structure of the Stanford linear accelerator to generate very short magnetic
pulses
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There are several technical challenges that have to be addressed to manipulate the magnetization
in a material on such timescales. Trivial things like creating an appropriately short magnetizing
field become difficult as the duration of the event of interest is reduced. Several groups have
therefore explored the possibility to manipulate the magnetization by means other than magnetic
fields. As demonstrated by recent experiments on laser-induced demagnetization and spin
reorientation, ultrafast lasers have opened new avenues to manipulate magnetization and allow
one to access time scales of 1 ps or less.
Providing ultrafast soft X-ray pulses with high brilliance would finally enable us to directly
investigate how physical interactions on the femtosecond scale conspire to create dynamic
magnetic phenomena without resorting to inferring magnetic properties indirectly. En route, we
will also automatically gain the elemental specificity inherent in the soft X-ray probes and also the
potential to perform imaging of the magnetic interactions as the wavelength of the light is in the
range of tens of Ångström rather fractions of a micrometer.
Using the very promising characteristics of the MAX IV Linac equipped with a variable polarization
undulator, we will be able to perform the first soft X-ray pump-probe experiments capable of
delivering pulses shorter than 1 ps. Initial experiments could also be carried out with waveplates
allowing for work with undulators providing linear polarized radiation. Three classes of
experiments can be envisioned.
1) Synchronized laser-excitation using variable polarization also for the laser systems.
2) Magnetic pulses created by the electron bunches in the Linac. Calculations based on the
available data for the Linac indicate that up to 10 T pulses can be delivered with a duration
of 100 fs.
3) To create both the pump and the probe pulses by feeding the Linac two electron bunches
within the acceptance of one cycle in the Linac.

Chemistry and biology
Time-resolved X-ray diffraction from photochemicals in solution has recently emerged as an
increasingly power technique for observing ultrafast structural changes. This method both
validates hypotheses regarding reaction pathways with structural changes, and has enabled
specific bond-lengths to be measured. This structural technique is highly complementary to
ultrafast spectroscopy and will enable the reaction dynamics of increasingly complex systems to
be understood. On the sub-ps time-scale similar experiments will enable the breaking and
reformation of chemical bonds to be visualised in real-time, and divergent reaction pathways to
be characterised structurally. Unique to the method of time-resolved X-ray diffraction from
solution samples is that a signal also emerges from the solvent cage surrounding the photochemical of interest, such that the intimate relation between the solvent dynamics and reaction
pathway can be probed, as will it become possible to visualise solvent caging phenomena directly.
A set of fundamental light-triggered reactions in the solid state apply the so-called topochemical
principle. Depending on the chromophore packing, photoactivity is selectively given or not, i.e.
reactions with transition state geometries which are not allowed by the crystal packing are
strongly disfavoured. These crystal-packing properties of reactants have far-reaching
consequences e.g. for optical applications of such materials, e.g., photo-driven nanometer-scale
actuators or holographic and three-dimensional memories, as the reversible morphological
changes of blue-white photochromic diarylene crystals show. Unfortunately, no detailed timeresolved studies have been carried out in order to understand their kinetics and structural
mechanisms. FEMTO-MAX will shed light on how reactants form a transient phase following the
absorption of a photon and the structural characterisation, by sub-picosecond to pico-second
X-ray diffraction studies, of the fast intermediates within the reaction cavity. Recent structural
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results suggest that it is possible to follow such photo-induced solid-state dimerisation reactions.
Experiments will show how the topochemical principle and how the photo-chemical dynamics of
medium-sized systems can be strongly affected by their immediate environment. This
understanding will prove instrumental as crystals with novel optical properties are to be tailored.
The key reaction steps in many proteins and other biological systems are simple chemical
reactions like bond dissociation reactions or conformational changes (e.g. cis-trans
isomerizations). In solution these reactions and the coupled solvent response frequently occur on
the sub-picosecond to picosecond timescale. In a protein environment having optimized structure
for maximum reaction efficience, the reactions and the ensuing initial parts of the protein
response can be even faster. Hemoglobin and rhodopsin and photoactive yellow protein
photoreceptors are good examples of such reactions. Today, various forms of indirect ultrafast
optical spectroscopy are the only means to study most elementary steps of biomolecular function.
The FEMTO-MAX source and time resolved diffraction experiments will allow revolutionary new
experiments and insight into the function of enzymes, photoreceptors etc.

Time resolved X-ray spectroscopy
X-ray diffraction provides global structural information and the time resolved versions thereof
achieves global structural dynamics. X-ray absorption spectroscopy (Extended X-ray Absorption
Fine Structure Spectroscopy (EXAFS) and X-ray Absorption Near Edge Spectroscopy (XANES)) is
extensively applied as a powerful probe of local structure, providing information about the
chemical state and local atomic structure of the selected atom. Since XAS spectra can be
measured for essentially all atoms, this spectroscopy can provide detailed information about local
chemical and structural properties (valence state, coordination number and chemical nature of
nearest neighbours, distances) of molecules and materials. XAS does not require crystalline
samples, which makes it useful for the study of e.g. biomolecules, solid state materials, liquid
phase samples, etc. With the development of pulsed X-ray sources (synchrotrons, laser-generated
plasmas) possibilities have emerged of performing time resolved X-ray absorption measurements
with high time resolution. Existing sources have many serious drawbacks – synchrotron X-ray
pulses provide low time resolution (~100 ps) and laser generated X-ray pulses are generally of low
intensity, severely limiting their applicability. The time scale of elementary chemical reactions is
that of picoseconds and sub-picoseconds. Detailed understanding of chemical and biological
reactivity and associated reaction mechanisms therefore necessitate measurements of molecular
structural dynamics on this time scale. FEMTO-MAX and the soft X-ray FEL will allow many new
research opportunities and significantly new knowledge.
Chemical bond breaking and formation, which is the key step in countless chemical and biological
processes. Today, indirect ultrafast optical spectroscopy is used. With the new sources direct
access to the actual structural transformations on the relevant time scale is given.
Isomerizations and conformational changes are important chemical and biological processes. For
instance, the light response of biological organisms are often triggered by a light-induced
isomerization process, e.g. photoreceptors like rhodopsins, phytochrome, blue-light receptors,
skin pigments etc. The molecular level understanding of these processes and their relation to
physiological response is generally poor. Access to molecular scale structural dynamics will
drastically increase the knowledge level.
Optical excitation and structural changes of a molecule triggers solvation and structural
reorganization of the surrounding medium (solvent, protein etc), which in its turn influences the
reaction under study. Today, temporal evolution of optical spectra (indirect information) is used to
monitor such processes. Time resolved XAS spectroscopy is particularly suited to give information
about the dynamics of local environment of a reacting molecule, via coordination number and
chemical nature of nearest neighbors and their distances.
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Dynamics of neat liquids. The dynamics of the surrounding medium of a reaction may have great
impact on the outcome of the reaction. Liquid dynamics are today studied by ultrafast infrared
and multidimensional techniques. Femtosecond XAS would be a powerful and more direct
complement to such studies.
Protein reaction dynamics. Enzymes are proteins at work, executing their tasks by various
structural changes. Thus, understanding of enzyme function requires studies of molecular
structural dynamics. Many enzymes contain metal centres mediating their function. Time resolved
XAS will therefore be a powerful tool for the study of electronic as well as structural changes
associated with enzyme reactions.

Combustion physics
Measurement of structure and size of molecules and nanoparticles in gas-phase by the use of
elastic X-ray scattering (WAXS and SAXS) using hard X-rays will be a powerful tool. The typical
timescales of formation of nano-particles has been calculated to be of one nanosecond. The
structural and therefore the physical and chemical properties of these nanoparticles are
dependent on temperature. The nano-particles can change their structure (as seen by other
groups using molecular dynamics calculation e.g. at 1500 K) very rapidly from, e.g., diamond-like
to more graphitic like configuration in the time scale of some picoseconds. Intermediate states
can also be reached, where caged structures onion-like fullerene or fullerene-diamond like
structures. The combination of hard X-rays, lasers and FEL will in principle allow the study of the
transformation processes of these particles time resolved. In combination with these studies ways
to process nano-particles with more distinct physical and chemical properties can be obtained.
The laser can here be used to trigger the transformations.
Intense hard X-rays (up to 50 keV), i.e., at the lower wavelength range allow the study of the
particle formation processes (nano-particles and soot) during combustion inside e.g. an engine
cylinder. In the specified hard X-ray region, window materials for the X-rays become available and
diagnostics can be done for different stages during a combustion cycle including: Spray break-up
(or atomization), droplet-gas-phase interaction, physical and chemical changes of droplets during
combustion, and the formation and characterization of particles in gas-phase.

Plasma physics
The vast majority of methods used to diagnose shock waves in solids measure macroscopic
parameters, and give no information on the lattice level. On the other hand, X-ray diffraction
affords the possibility to directly measure the lattice spacing, and potentially the phase, of
materials, as they are shocked to pressures up to a few Mbars, where shock melting typically
takes place. The fundamental physics of such shock waves remains elusive – that is to say, the
exact mechanisms by which the material behind a strong shock rapidly attains hydrostatic
conditions is poorly understood. In situ X-ray diffraction allows the measurement of elastic strain.
X-ray diffraction can be used to directly measure the lattice spacing, and potentially the phase, of
materials, as they are shocked to pressures up to a few Mbars, where shock melting typically
takes place. It has not previously been possible to follow shock-driven phase-transitions with high
temporal resolution in real time. This kind of experiments are especially well suited for FEMTOMAX since the low repetition rate (single shot - 100 Hz) and high number of photons per pulse
enables the use of standard high-power femtosecond lasers to generate the plasma.

Atomic and molecular physics
Water is the key compound for our existence on this planet and it is involved in nearly all
biological, geological and chemical processes. Knowledge about the hydrogen-bonded (H-bond)
network structure in water is essential for understanding its unusual chemical and physical
properties.
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The structure that is formed in the liquid phase of water is due to the dynamical motion of water
molecules causing the H-bonds to break and reform on a fast time scale as illustrated in Fig. 6.
Time-resolved pump-probe photon echo and transient hole burning experiments using infrared
(IR) lasers indicate that there are 3 different distinct time scales of H-bond motion, <100 fs, 700950 fs and 5-15 ps. Currently it is not fully understood what these timescales correspond to in
terms of H-bonding. New experimental techniques will be extremely important to obtain
additional information. We propose to use IR pump and FEL probe experiments on liquid water
using ultrafast pulsed soft X-rays. The XAS spectrum of liquid water has a well defined pre-edge
peak that does not exist in bulk ice and is related to broken H-bonds. One can follow the intensity
of this spectral feature for different delay times between an IR laser and the FEL pulse using
fluorescence detection in the X-ray spectrometer. By allowing different orientations of the IR laser
pulse E-vector and X-ray pulse E-vector with respect to each other it will be possible to angleresolve H-bond dynamics. One could distinguish if the breaking of the H-bonds after an O-H
stretch vibration involves bending around the H-bond. Using similar techniques it will also be
possible to detect OH groups in alcohols and NH groups in amino acids and peptides dissolved in
water.

Fig. 6. The initial ultrafast processes in water after excitation of ionizing radiation

An understanding of electron-driven processes in aqueous systems and the subsequent radical
chemistry of these processes is of great importance for a number of diverse fields such as waste
remediation and environmental clean up, radiation processing, nuclear reactions and medical
diagnosis and therapy. The initial stage of relaxation after X-ray absorption generates a primary
photoelectron that relaxes, in part, by creating a cascade of secondary electrons. These secondary
electrons become solvated by other water molecules or induce dissociation of water molecules to
OH species or other radicals. One can use a visible laser to promote solvated electrons in water
and follow the time evolution of solvated electrons using FEL excited O K edge XES
measurements. The solvated electrons should provide an additional spectral feature well above
the valence band of water. One can also expect to detect OH species and other radicals through
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their unique spectral signatures. This experiment could become unique with an optical delay line
where the FEL can act both as a pump and probe allowing for full synchronization.

General requirements and characteristics of the future source
The sources have potential to provide very short pulse duration. Therefore infrastructure and
diagnostics to enable the use of this characteristic is needed.
•

Pulse duration < 100 fs

•

Hard X-rays:10 -10 photons per pulse in 0.1% BW and 0.1 mrad divergence (the photon
number range is experiment specific some require 3 orders of magnitude more than others)

•

An optical laser synchronized to the X-rays better than 100 fs (ideally through direct
synchronization, but recording and binning is an alternative)

•

Tuneability of optical laser 200 nm-10 000 nm.

•

A beamline with wide tunability from the carbon edge around 300 eV up to 12 keV

•

A VUV FEL covering the range up to 300 eV with 10
bandwidth.

•

A variable repetition rate between single shots and 1000 Hz.

•

The X-ray beamline should have different focusing capabilities. The main focusing should be
a 1:1 imaging of the source. Additional focusing should include micro-focusing capabilities

•

Different monochromators with bandwidths around 0.01% and 1% should be available.

•

Direct absolute timing measurements such as photodiodes and X-ray streak-cameras should
be available at each user end station.

•

The ability to use VUV-FEL pump/X-ray probe experiments

6

9

2

12
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photons per pulse in 1% or less
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General Description of the MAX IV Facility
Introduction
A fundamental challenge for the design of the proposed MAX IV facility is that the scientific
demands call for a facility which will deliver spontaneous as well as coherent radiation of very
high quality over a broad spectral range, from IR radiation, VUV radiation and soft X-rays to hard
X-rays. We have performed a global optimization of the design based on these broad demands.
This has resulted in a construction where two MAX IV storage rings will provide spontaneous
radiation of high brilliance. The two rings will be operated at around 1.5 GeV and at 3.0 GeV,
respectively. A new construction of the magnetic lattices has allowed us to place the two MAX IV
rings on top of each other. The prime sources for synchrotron radiation will consist of undulators
and wigglers, which will span the photon energy range from below hundred eV up to several tens
of keV. The plan is also to complement the two new rings by the 0.7 GeV MAX III ring, which will
be relocated from the present laboratory. The MAX III ring will be the prime source for IR and UV
radiation and extends the photon energy range for undulator radiation down to a few eV.
Furthermore, this implies that the MAX IV rings do not need to be designed to host IR beamlines.
A Linac is chosen for injection. The Linac will also be used to generate short X-ray pulses and
coherent radiation. In the first step a device, based on spontaneous emission will be developed for
the generation of ultra-short pulses. In the next step the construction of a Free Electron Laser (FEL)
is planned. As will be discussed below we intend to build a FEL of the second generation.
The MAX IV storage rings will provide electron beams with extremely small emittance. The
construction of a facility with two rings, one for higher and one for lower energies has allowed an
optimization with very few compromises. For the high energy ring an energy of 3.0 GeV has been
found to be (cost) optimal. The exact electron energy for the other ring has not yet been decided.
However, the energy will be rather close to 1.5 GeV and we will in the following refer to this as
the 1.5 GeV ring. The numbers presented for the low energy ring is furthermore calculated for
the case of 1.5 GeV. For the 1.5 GeV ring the horizontal emittance will be as low as 0.34 nmrad.
This implies that the source will be fully diffraction limited up to 410 eV (30 Å). In the vertical
direction, the radiation is diffraction limited up to 4 keV. The horizontal emittance of the 3.0 GeV
ring is 0.8 nmrad. In this case the ring can be operated at 1% coupling, implying diffraction
limited operation in the vertical direction up to 20 keV.
MAX IV will represent a bench-mark in the development of storage rings. The theoretical limit for
emittance will be approached over a wide energy range. Another interesting aspect is that
diffraction limited emittance means that the radiation is to a very high degree spatially coherent.
In this way MAX IV will open up completely new possibilities.
The main radiation sources will be insertion devices. A total of up to 26 straight sections will be
available for this task. Since several storage rings will operate at different electron energies, the
undulators can be optimised for each spectral range without for instance the introduction of long
period high-field devices.
Undulators play an essential role for a high performance of modern synchrotron radiation
facilities. The undulators are specialised to provide radiation with different characteristics. Of
special interest are the superconducting (SC) and cooled permanent magnet undulators at the
MAX IV 3.0 GeV ring. The very short periods and the high fields that can be achieved make it
possible to reach very high brilliance for high X-ray energies, which is of great importance for e.g.
crystallography and microscopy. The rings are specially designed to house small gap SC
undulators with short period lengths.
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The Linac injector will, apart from serving as an injector for the storage rings, be used for short
pulse generation of coherent as well as spontaneous radiation. As an electron source for a Free
Electron Laser in the VUV to soft X-ray region the Linac can be operated in two modes. In one
mode the electron energy is restricted to 2 GeV but the repetition rate can be relatively high
(about 1 kHz). In the other mode the end-point energy is 3 GeV, but the repetition rate is lower
(around 100 Hz). In addition the Linac may be used for the spontaneous emission of ultra-short Xray pulses, generated in a long undulator or in a wiggler. The Linac will be equipped with such
devices already in the first phase of the project. Such devices can also be placed after the Free
Electron Lasers when these have come into operation.
The storage rings, the insertion devices, the linear accelerator and the undulator source for the Xray short pulse production are described in some detail in this report. The description of the FEL
part, however, is less detailed. The FEL technology is developing very quickly and new FEL
principles are currently being worked out. With the fast development of the FEL technology and
nd
new ideas for 2 generation coherent sources, we find it optimal for the MAX IV project to delay
the decision on the detailed design of a user facility for experiments with coherent X-rays. We
st
urgently need the evaluation of the 1 generation coherent sources (mostly based on SASE – Self
Amplification Spontaneous Emission) and the results from new ideas concerning other possible
concepts. We have an active research program on Free Electron Lasers also at MAX-lab using the
present 500 MeV Linac injector. Within a European collaboration (EURO-FEL), experiments will be
carried out aiming at the investigation of the process of coherent harmonic generation. This will
nd
provide us with important knowledge on the design, construction and operation of 2 generation
coherent sources.
All possible FEL concepts that can be foreseen for MAX IV will be based on the Linac technology.
Without loss in performance, considerable costs can be saved by designing a Linac injector in the
MAX IV facility, which can also be used to feed a FEL. The MAX injector is therefore designed to
meet the demands as a FEL electron source. The concepts to achieve these operational goals are
essentially known today.
This Conceptual Design Report (CDR) is a presentation of possible solutions to construct the MAX
IV facility. The design of a system of this complexity calls for a thorough evaluation of many
different subsystems and the interaction between these. The CDR will focus on the various
problems that are connected to the novel aspects of the MAX IV design. Other issues that are
common to existing facilities (like MAX II) and for which the solutions are already known and have
been tested will not be covered in any detail. The CDR will be the basis for the cost evaluation, it
will provide the background for a critical judgement of the scientific opportunities and it will
establish a platform for further optimisation of the design. The next step in the development of
the facility will be a detailed design study which will result in a Detailed Design Report (DDR) for
MAX IV.

Performance/Cost considerations
The MAX IV facility is a very far reaching project, aiming at a performance that approaches the
theoretical limits. In the optimisation procedure we have – as is absolutely necessary in a small
country - given the economical aspects a very high weight. Both the capital and running costs
must be kept at a moderate level. This has been achieved at a level of a very high performance.
The technology used is carefully chosen for an optimum performance/cost ratio. Therefore, novel
technology has been developed at the existing MAX laboratory to meet this demand. Some
examples are:
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•

The construction with one storage ring on top of the other implies that the cost for the
building will be the same as if only one storage ring was built. However, the number of
possible beamlines will be twice as large.

•

A low frequency 100 MHz RF acceleration system is planned to be used for the storage
rings. A superconducting system, the choice of many of the new facilities, is considerably
more expensive and more complex. The 100 MHz system, developed and implemented at
MAX II and MAX III, effectively suppresses the higher order modes in the accelerating
cavities and also gives a low electric consumption due to the high efficiency of the tetrode
amplifiers. A high bucket height is achieved due to the low synchrotron frequency of the
low frequency system. The small dimensions of the vacuum chamber could cause problems
due to the resistive wall instability. However, the long bunches connected to the 100 MHz
RF system effectively reduces this problem.

•

A harmonic Landau-damping system. MAX-lab was the first laboratory to implement this
kind of damping system at a third generation storage ring. Apart from damping the higher
order modes of the accelerating system, it makes the rings less sensitive to vacuum chamber
impedances and reduces the heat load on the superconducting insertion devices by
lengthening the bunches. Passive damping systems of this kind have been installed at
several other third generation SR-facilities world-wide.

•

The magnet technology for MAX IV was pioneered at the present MAX injector and the
MAX III storage ring. The technique of machining out complex magnet structures from solid
steel blocks allows a very high precision compared to conventional technology, and also
leads to a considerably lower price. In the MAX IV case the magnet blocks will also act as
girders, which reduces the alignment errors and further reduces the cost. It is furthermore
the compact and integrated magnet design that makes it feasible to place the two rings on
top of each other.

•

The magnet apertures are much smaller than at conventional facilities. The small dimensions
are in fact a necessity for reaching the high performance since very high magnetic field
gradients are required to attain a small electron beam emittance. Apart from low
production costs of the small magnets, the operating costs in terms of electric power
consumption is reduced compared to conventional magnets.

•

For the vacuum system the new and cost effective technology of NEG-coated vacuum
chambers will be used in the straight sections. This technology enables a much smaller
number of discrete pumps to be used and simplifies the design of heat-absorbers.
Differential pumping is used to attain better vacuum at the electron beam than in the
absorber chambers.

•

The Linac. In addition to acting as injector for the MAX IV storage rings, the Linac also
serves as a source for short pulse radiation. This may be based on the production of
spontaneous radiation as well as coherent pulses from FEL:s. The FEL is designed to operate
also at relatively high repetition rates. This is possible due to the introduction of new
modulator technology and high duty-factor high power klystrons.

Accelerator layout
The MAX IV facility layout is shown in Fig. 1. The 1.5 GeV storage ring is placed on top of the 3.0
GeV ring. The two rings are rotated 15° relative to each other (Fig. 2). The beamlines from the
straight sections will thus be spread out evenly on the hall floor. The MAX III storage ring is
located in the area into which the two injection straight sections are pointing. This area can
anyhow not be used for beamlines on the MAX IV rings but it is large enough for at least four
insertion device beamlines on MAX III. IR beamlines can be placed on the roof of the radiation
shield.
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Fig. 1.
MAX IV facility layout.

The 3 GeV injector Linac is housed in a 300 m long tunnel, 5-7 m below the floor level of the
MAX IV rings. The beam is brought up to the storage rings via an achromatic transport line. A
Lambertson injection septum in each ring will deflect the beam into the respective storage ring.
The undulators for the coherent generation and the undulators and/or wigglers for short pulse
generation are placed close to the Linac axis and below the ground level. The experimental hall
for the short pulse applications will be situated right after the undulator/wiggler hall. This layout
allows for future expansions of the activity. The Linac tunnel as well as the short pulse
experimental hall can be expanded without interfering with the ongoing activity at the storage
rings.
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Fig. 2. Views of the two storage rings.

The layout and design of the storage ring magnet lattice is another important issue. The
introduction of large common girders for several magnet elements was pioneered at the MAX II
construction [1] and was later followed at other facilities world-wide. This design allows for a very
precise alignment between adjacent magnet elements. The tolerances between the big common
girders are more relaxed since the effect of coherent misalignments of alternating focusingdefocusing elements is smaller. This method was further refined at the MAX III ring where groups
of magnets have been machined directly into a common piece of solid steel and no conventional
girders are needed, see Fig. 3.
A similar technique will be used for the rings in the MAX IV case. The small magnet elements will
in this case drive the mechanical vibrational modes to higher frequencies where the noise level is
low. Care will also be taken in the design of the buildings to secure a silent environment.

Fig. 3. MAX III magnets are machined
directly into a common piece of solid steel
sheet

References (General Description of the MAX IV Facility)
1

Design report of the MAX II ring, ISRN LUNTDX/NMT-7019-SE, (1992)
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Storage Rings
In this section the MAX IV 1.5 GeV and MAX IV 3.0 GeV rings will be described. The MAX III ring
has been described elsewhere [1] and no further description of this ring is given here. However,
some of its parameters are summarized in Table 1 together with the values for the other two
rings. The basic parameters for the injector are given in Table 2.
The magnet lattices of the MAX IV storage rings are identical. Therefore the discussion regarding
magnet lattice and dynamic aperture applies to both rings.
Many of the ideas for the MAX IV storage rings have been inspired by the design of high energy
physics damping rings [2, 3]. These rings are characterized by a very low electron beam emittance,
high bunch currents and also by small transverse dimensions regarding apertures and magnet
elements. Many of the instability and dynamic aperture-related problems have already been
investigated for these lattices. The transformation of a damping ring to a synchrotron radiation
storage ring requires the introduction of the straight sections needed for the insertion devices.
This is a delicate problem and the successful combination imposes some restrictions on the length
of the straight sections
Not only is the electron beam emittance essential to achieve a high brilliance, also the
optimisation of the insertion devices is very important. The present development of insertion
devices indicates a tendency towards shorter period lengths and smaller gaps. The MAX IV
storage rings are matched to these new insertion devices.
The MAX IV design focuses on both the soft and hard X-ray regimes. To achieve this in one single
ring would require a 3.0 GeV ring equipped with a number of very long straight sections. As
discussed above this is incompatible with optimal performance. An alternative approach, made
possible by the compact MAX IV design, is to add a second ring at 1.5 GeV energy on top of the
3.0 GeV ring. The low photon energy beamlines are then placed in a ring of lower electron
energy and long undulator periods and high K-values can thus be avoided.
Table 1. Basic machine parameters

MAX III

MAX IV 1.5 GeV

MAX IV 3.0 GeV

Circumference [m]

36

287.2

287,2

Electron energy [GeV]

0.7

1.5

3

Circulating current [A]

0.5

0.5

0.5

Energy acceptance [%]

2

3

3

Horizontal emittance [nm rad]

14

0.34

0.8 1)

Momentum compaction

0.035

7.45*10-4

7.45*10-4

Betatron tunes Qx/Qy

3.7/2.7

26.59/9.184

26.59/9.184

Coupling

0.1

0.1

0.01

Nr of straight sections

8

12

12

Straight section length [m]

3

4.6

4.6

RF [MHz]

100

100

100

Energy loss/turn [keV]

7

42

712 1)

Power consumption [MW]
Including SC wigglers

0.2

0.5

1

1)
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Table 2. Linac injector

Endpoint energy [GeV]
Length [m]
Rep rate [Hz]
Nr of klystron modules
Max power consumption [MW]

Without SLED
2
300
1000
15-20
2.5

With SLED
3.5
300
100
15-20
1.5

Magnet lattice
The figure of merit of a modern synchrotron radiation facility is the emittance of the electron
beam. The emittance is determined by the competition between quantum heating and damping
of the electron beam. The magnet lattice defines the emittance. To achieve a small electron beam
emittance a large number of focusing elements is needed. The equilibrium emittance ε is given by

ε =C

E2
N3

where E is the electron energy, C is a constant determined by the lattice and N is the number of
magnet cells. A magnet cell generally consists of a dipole magnet and associated quadrupole
lenses needed for an optimal focusing of the electron beam.
A small emittance in a storage ring thus
requires a large number of magnet cells
and the ring easily becomes large and
costly as the electron emittance is
decreased. For a given ring size one can
increase the number of magnet cells by
making the cells smaller. Shorter magnet
elements calls for stronger focusing
gradients to keep the electron optics
optimised. The strong gradients needed for
the MAX IV rings are achieved by a
reduction of the transverse dimensions of
the magnet elements which results in a
small bore radius.
Fig. 1. Machine functions of the MAX IV 1.5 GeV
and 3.0 GeV storage rings.

The general trend in light source design is that the magnet apertures are decreased. Small gap
insertion devices will anyhow restrict the aperture of the rings. A careful analysis has been carried
out to find the minimum aperture needed for a safe operation of the rings proposed.
Whenever it is advantageous, different multipole components are integrated into the same
magnet elements. The dipole magnets are equipped with strong magnet gradients and the
focusing quadrupoles have sextupole and octupole components.
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A Multiple Bend Achromat structure is thus chosen for the MAX IV lattice with highly integrated
magnet functions. Each storage ring consists of 12 supercells, a supercell is defined as the magnet
structure between the long straight sections housing the IDs. Each supercell is built up by 5 unit
cells, a unit cell consists of a dipole magnet and two flanking half quadrupole magnets and the
sextupole magnets needed for chromaticity correction. Two matching sections are added to
optimise the machine functions in the 12 straight sections for the insertion devices.
The vertical focusing is taken care of by the gradients of the dipole magnets [4]. In the matching
sections, soft end dipole magnets are introduced to reduce the synchrotron radiation power
hitting the downstream straight section. This will simplify the introduction of superconducting
insertion devices with small gaps.
The chromaticity correction is taken care of by the integrated sextupole component in the
quadrupole magnets and by discrete sextupoles flanking the dipole magnets. The lattice functions
are seen in Fig. 1.

Dynamic aperture and energy acceptance
The strong sextupoles required to correct the high chromaticity make the MAX IV lattice highly
nonlinear. A sufficiently large dynamic aperture is needed both for injection efficiency and for a
good Touschek lifetime. This requires a proper technique for cancellation of the geometric
aberration and minimizing the higher order chromaticities.
The study of the dynamic aperture of the off-momentum particle has shown that it is necessary to
add four families of sextupoles to compensate for the natural negative chromaticities.
Figure 2 shows the dynamic aperture for electrons executing synchrotron oscillations with up to
±3% deviation from the nominal energy. The vacuum chamber dimensions are ± 10 mm
horizontally and minimum (depending on type of ID) ± 2 mm vertically.

Fig. 2.
Dynamic aperture for off-momentum
particles at the middle of the straight
section. The results apply to both storage
rings.

In order to keep a long Touschek lifetime it is important that the tune of the off-momentum
particles does not cross any destructive resonance. Also, the amplitude dependent tune shifts
must be kept small. Such tune shifts will make scattered electrons vulnerable to resonance effects.
The tune shift due to momentum deviation is adjusted by a special settings scheme of the
sextupoles (Fig. 3a).
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Amplitude-dependent tune shifts could lock scattered particles with large oscillation amplitudes
into resonances with loss of these particles as a consequence. This amplitude dependence should
thus be compensated to avoid a reduction of the dynamic aperture.
The amplitude dependence of the tune shift has been corrected for by the introduction of an
octupole component in the focusing quadrupole of the main cell (Fig.3b). The octupole field has
also the effect of minimizing the geometric aberration induced by the strong chromatic
sextupoles.

Fig. 3 a. Tune shift with momentum deviation.
The results apply to both storage rings.

Fig.3 b. Tune shift with amplitude.
The results apply to both storage rings.

Effects of insertion devices
In order to investigate the effects of Insertion Devices (ID) on the dynamic aperture, two SC
wigglers of MAX II type [5] and six SC planar undulators [6] have been introduced into the lattice
of the 3.0 GeV ring. The parameters for these ID’s are found in Table 3.

Table 3. MAX IV IDs (wigglers are only used in the 3.0 GeV ring)

K-value
SC Undulator
SC Wiggler

2.2
20

λ0 [mm]
14
60

No. of Periods
200
35

Insertion devices have undesirable effects on the beam dynamics e.g. vertical tune shift and beta
beating. These depend on the length and the magnetic field of the ID as well as on βz in the ID
section. The effects of the IDs have been reduced by the low value of βz (≈1.8m) and the zero
dispersion in the straight sections where the IDs are placed. The compensation for the effect of
the IDs has been achieved by adjusting the strengths of the flanking quadrupole doublet and the
gradients in the flanking dipoles where pole face windings have been used to change the
gradient by up to 10%. The impact of the IDs on the dynamic aperture is shown in Fig. 4.
Another effect of the IDs, especially from the SC wigglers, is a reduction of the emittance. This
reduction is significant. The wigglers are operated at constant fields and have a large impact on
the machine parameters, as e.g. the RF power, and are therefore regarded as parts of the lattice.
The performance and specifications for the MAX IV rings thus include the effect of a set of IDs.
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Fig. 4. Impact of the IDs on the
dynamic aperture of the 3.0 GeV
ring. The bare lattice result also
applies to the 1.5 GeV ring.

Closed orbit correction scheme
The magnet elements of a storage ring can never be positioned at their ideal positions so we have
to assume a statistical variation of their positions. These misalignment errors will result in
deviations of the closed orbit position relative the ideal orbit and a coupling of the transverse
oscillations. This coupling will transfer a horizontal oscillation into the vertical direction. The
horizontal emittance is defined by the magnet lattice chosen while the vertical one is defined by
the coupling.
Once a closed orbit is established, the position of this closed orbit is measured by a large number
of Beam Position Monitors (BPM) and small corrector magnets are engaged to correct the closed
orbit towards the ideal orbit.
The errors of the magnet positions will be reduced considerably compared to conventional
methods by the introduction of the integrated magnet design described below. The analysis of
the closed orbit deviation and the resulting coupling as given below is thus conservative since we
have used more conventional tolerances in the calculations.
The closed orbit correction scheme for the MAX IV lattice consists of using 14 BPMs per supercell
and 14 correctors (12 of these are integrated in the sextupole magnets). The magnet
misalignment errors, used in the modelling of the lattice with the corresponding amplification
factors, are given in Table 4. After the closed orbit distortion has been corrected, the residual
-3
closed orbit distortion causes a coupling in the ring of κ = 3.3 .10 .
Table 4. Magnet misalignments used in the modelling

Amplification factor Ax, Az
---

Dipole

RMS value of error
Field error = 5.10-4
Displacement dx = dz = ds = 0.15 mm

7.5 / 28.5

Quadrupole

Rotation around s (dϕs) = 0.2 mrad
Displacement dx = dz = 0.1 mm
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15.3 / 28.9

Magnets
The small emittance of the electron beams in the MAX IV storage rings requires many magnet
elements and strong focusing dipole and quadrupole gradients. Saturation of the iron of the
magnets is then often an issue at places at some distance from the magnet centers. We are,
however, far from this situation since the small apertures result in moderate field strengths of the
multipole elements.
For the complex MAX IV lattice it is necessary to achieve a high alignment precision of the magnet
elements. A very positive experience was gained at MAX II. The magnet elements, of one tenth of
the ring, were positioned on a common very accurately machined girder without extra
adjustments. Very accurate positioning of the magnets was obtained in this way. The next step of
development was taken at the MAX III storage ring, where self-supporting magnets were
machined out of solid steel blocks. This procedure seems to be the most promising approach for
the MAX IV rings. The magnets will be machined out of solid iron blocks resulting in an integrated
girder-magnet design. A 24 mm gap in the bending and quadrupole magnets is foreseen since
the small gap insertion devices anyhow will define the ring admittance. The small aperture allows
for the introduction of strong multipole fields as mentioned above.

Unit cell dipole magnets
In each of the MAX IV rings there are 60 unit cell dipoles with gradients. Each supercell consists of
five unit cells and two matching cells. Each unit cell consists of one C-type configuration dipole
with chamfered ends and shimmed poles. The magnet parameters are shown in Table 5.
Table 5. The unit cell dipole parameters

1.5 GeV
24
0.8986
0.45362
-4,668
±12

3.0 GeV
24
0.8986
0.90725
-9.337
±12

∆B /B (magnet field)

<1 x 10-4

<1 x 10-4

∆g /g (field gradient)

<1 x 10-3

<1 x 10-3

Dipole gap [mm]
Magnetic length [m]
Dipole field [T]
Gradient [T/m]
Good field region [mm]
Field tolerances:

Unit cell quadrupole magnets
The MAX IV ring has totally 72 combined unit cell quadrupoles with sextupole and octupole
components integrated in the poles. The magnet parameters are shown in Table 6.
Table 6. The unit cell quadrupole parameters ( with +2 chromaticity in both planes)

Minimum bore radius [mm]
Magnetic length[m]
Gradient [T/m]
Sextupole field [T/m2]
Octupole field [T/m3]
Good field region [mm]
Gradient deviation, ∆g /g

1.5 GeV
12
0.3
20.61
371,9
2502
±12
1 x 10-4

3.0 GeV
12
0.3
41.21
743.8
5004
±12
1 x 10-4
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Sextupole magnets
The vertical chromaticity is corrected by four families of sextupole magnets. The sextupole
magnets have been distributed in such a way that one takes advantage of the high value of βz at
the location of the magnet, resulting in a low sextupole strength. The magnet parameters are
given in Table 7.
Table 7. The sextupole magnet parameters (with +2 chromaticity in both planes)

Number of magnets
Minimum bore radius [mm]
Magnetic length [m]
Gradient [T/m2]
Family 1
Family 2
Family 3
Family 4
Good field region [mm]
Gradient deviation, ∆gs /gs

1.5 GeV
144
12
0.1

3.0 GeV
144
12
0.1

618,9
909,45
845,6
980,75
±12
1 x 10-3

1237.8
1818.9
1691.2
1961.5
±12
1 x 10-3

A section of the lattice is illustrated in Fig. 5. Two full dipole magnets flanking the sextupole and
quadrupole magnets are shown. Two absorbers chambers with pumps are also seen.

Fig. 5. A section of the lattice. The overall length of this section is 3.3 m.

Matching cell magnets: Soft end dipole magnets
Both MAX IV storage rings will be equipped with small-gap-short-period insertion devices, among
them cold bore superconducting undulators. The cold bore insertion devices will be very sensitive
to the heat deposited from the beam, especially in the case of the 3.0 GeV storage ring. An
important contribution to the heat load to the superconducting undulators comes from the
synchrotron radiation emerging from the upstream matching dipole adjacent to the undulator.
For this reason a matching dipole magnet with a soft end has been introduced. For simplicity, the
same design will be used for the 1.5 GeV ring as well. The soft end serves as a way to minimize
the synchrotron radiation hitting the cold bore of the downstream superconducting insertion
devices. The matching dipole consists of two parts, one strong field bending magnet and a low
field part.
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The stored electron beam in the 3.0 GeV storage ring is first bent by a hard pole with a magnetic
field of 1.1600 T and then by a soft end where the field steps down to 0.2165 T. The reduced
field strength at the soft end is obtained by having an “air gap” between the pole face and the
return yoke as illustrated in Fig. 6. The “air gap” consists of a block of aluminium onto which the
floating pole is attached. In the proposed design the gradient is distributed between the hard and
the floating pole by having the same magnetic potential surface at the two pole surfaces, which
results in the preferred integrated gradient along the magnet. The distribution of the gradient
between the two pole faces has the advantage of decreasing the field in the inner pole tip of the
hard pole and in this way saturation of the iron is avoided.

Fig. 6. Schematic illustration of the lower half of the soft end magnet.

A prototype of this magnet, shown in Fig. 7, has been fabricated and characterized [7, 8]. The
main characteristics of the soft end bending magnet are summarized in Table 8.

Fig. 7. Protoype of a MAX IV
soft end dipole magnet. The
overall length of the magnet is
about 1 m.
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Table 8. Magnet parameters for the soft end dipole magnet for the 3.0 GeV ring (Measured values within
brackets)

Bending field [T]
Defocusing Gradient [T/m]
Bending angle [°]
Magnet gap [mm]
Magnet length [mm]

Main Pole
1.1600 (1.1600)
10.944 (10.995)
2.9888
24.0
450

Soft Pole
0.2165 (0.2165)
2.0597 (2.0828)
0.3721
24.0
254

Coil specifications:Conductor dimensions 5×5 mm , ∅=3.0 mm
4 pancakes/coil, 2×8 turns/pancake
Nominal current 176 A
2

A comparison between the calculated and measured fields along a straight line in the centre of
the magnet is shown in Fig. 8.

Fig. 8. Calculated and measured magnetic fields along the centre of the magnet. As can be
seen the simulation and the measurements agree very well.

Matching cell magnets: Quadrupole magnets
The quadrupole doublet in the matching cell is used to compensate for the effect of the insertion
devices. The parameters for the two magnets are shown in Table 9.
Table 9. Magnet parameters for the matching cell quadrupoles

1.5 GeV
Gradient [T/m]
Length [m]
Minimum bore radius [mm]

3.0 GeV

Quadrupole1

Quadrupole 2

Quadrupole1

Quadrupole 2

39.49
0.20
12

-32.06
0.15
12

19,75
0.20
12

-16.03
0.15
12
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The radio frequency system
The Radio Frequency (RF) system is of vital importance for the performance of the storage rings. It
must provide the voltage necessary for the required beam lifetime and it should not induce Higher
Order Mode (HOM) instabilities. Other important aspects are the capital and running costs.
Super Conducting (SC) cavities offer a high shunt impedance and a very small contribution of
HOM. In order to achieve the necessary voltage and power two cavities have to be used. One
spare cavity may be needed for operation safety. One straight section with isolation valves
between the cavities is needed in this case. The RF amplifiers could be of the newly developed
Inductive Output Tube (IOT) type. These tubes can have a very high efficiency (>60%) and a
typical power of 80 kW. Four tubes can be combined to a 320 kW amplifier unit. Special
cryogenic knowledge and infrastructure is needed to operate these cavities.
Higher order mode-damped cavities (Euro cavities) as developed in the EU project HPRI-CT-199950011 offer a high degree of HOM damping. These cavities can be housed in the short straight
sections and the same type of amplifiers as in the SC case can be used.
100 MHz cavities as developed for MAX II and MAX III are also HOM-damped. These can be
housed in the short straight sections. The amplifiers are of the tetrode type which offer quite a
high efficiency when operated in the class C mode (>75%).
Any of these three systems are able to carry out the function of the RF system needed and the
final choice among these will require some additional detailed studies. In Table 10 the
characteristics of the three systems are given for the most RF demanding 3.0 GeV ring.
Table 10. Comparison of different RF systems for the 3.0 GeV ring

Operating frequency [MHz]
Nr of cavities
Shunt impedance [MΩ]
Cooling @ 4 K [W]
Refrigerator power [kW]
Amplifier type
Voltage [MV] for 3% bucket height
Total RF power [kW]
Electric power [kW]
Nr of RF amplifiers
Bunch length [m]
Cost
Ease of operation
Resistive wall effect
Higher order mode spectrum
1)

SC
500
2
1)

200
200
IOT
3.2
700
1100
2
0.01
High
Good

“Euro cavity”
500
6
7

100 MHz
100
10
3.2

IOT
3.2
950
1200
6
0.01
Medium
++
Medium

Tetrode
2
825
1100
5
0.05
Low
++
+
Good

Data not available

As an example, we describe the 100 MHz system below. The cavity design is seen in Fig. 9. It is of
the capacitor loaded type. Tuning of the cavity is accomplished by changing its capacitance by a
slight movement of the left sidewall of the cavity. The stepper motor is seen on top of the cavity
and the mechanical transmission system is indicated to the left.
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Three cavities of this type are currently in operation at the MAX II storage ring and another one is
placed in the MAX III ring [9]. The characteristics of this type of cavity have been mapped and the
parameter values are presented in Table 11. The fundamental accelerating mode of the electric
field is concentrated to the capacitor part at one end of the cavity. This mode has a very small
electric field at the other side of the cavity. However, the HOM:s have a substantial electric field at
this back-plate. Damping antennas are introduced at this position to damp the HOM:s while
keeping the shunt impedance of the fundamental mode intact. The cavities have been
conditioned to an accelerating voltage of about 250 kV.

Fig. 9. 100 MHz cavity

Table 11. 100 Mhz cavity parameters

Measured Frequency [MHz]
100
406.26
451.99
605.79
801.77
847.01
907.20
1187.53
1251.66
1435.89

Qtheor
25000
32873
35980
29680
43924
51080
39510
42680
57093
45320

Qdamped
25000
300
320
300
1250
5750
700
3880
1400
4860

Rtheor [ Ω]
3.2*106
16000
251000
73000
224000
11000
98000
247000
29000
452000

Rscaled [ Ω]
3.2*106
146
2232
738
6375
1238
1736
22455
711
48471

The HOM:s have been mapped up to 1500 MHz. Modes above this frequency will not be
activated because of the poor form factor defined by the long bunch length.
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A 200 kW tetrode amplifier could feed two 100 Mhz cavities connected via a magic tee. With
equal transmission line lengths to the cavities, the reflected power can be dumped in a dummy
load placed at the fourth arm of the magic tee. The cavities could be placed in the short straight
sections flanking the long straight sections as shown in Fig.10 below. The separation between the
high-field parts of the cavities will then be exactly three RF wave-lengths.
y
QF
QF

y
S DIP
DIP

QD

QF

Dummy
load
Dummy load

QF

QD DIP
DIP S

QF
QF

Magic tee
Magic
tee
120kW
kWtetrode
tetrode
120

Fig. 10. 100 MHz unit

Five such units are needed for the 3.0 GeV ring. This scheme is highly modular and allows
operation of a ring at somewhat reduced stored current in case of failure of one RF station.
Three Landau cavities will be introduced in the 3.0 GeV ring and two in the 1.5 GeV ring. These
are discussed in more detail below in the section “Beam instabilities”.

Injection
A local injection system consisting of four ferrite kicker magnets will be introduced in one straight
section and injection takes place in the horizontal plane. The horizontal betatron phase is close to
0
180 inside the kicked orbit. The kick amplitude is 5 mm at the septum magnet. A half-sine
current pulse is used to excite the kicker magnets. The kicker arrangement is seen in Fig. 11.
The injection kicker system consists of four kicker magnets arranged symmetrically around a long
straight section. The first kicker is placed in the middle of the short straight section preceding the
dispersion-fitting dipole before the long straight section. The electron beam is kicked outwards.
The kick angle is increased by the defocusing action of the dispersion-fitting magnet and the next
defocusing quadrupole. The next focusing quadrupole will change the angle of the kicked beam
inwards, so the second kicker is needed to get the beam parallel to the closed orbit. The kicker
magnet specifications are displayed in Table 12. The parameter values for the kickers and their
power supplies are quite relaxed.

Fig. 11. Kicker arrangement
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Table 12. Parameter list for the kicker magnets (3.0 GeV ring)

Kicker 1 and 4

Kicker 2 and 3

Inductance [µH]

1.575
0.3
20
30
0.053
0.56

0.326
0.3
20
30
0.011
0.56

Capacitance [µF]

1.62

1.62

Pulse length [µs]
Max voltage [V]
Max current [A]

6

6

495
840
0.59

102
174
0.59

0.2

0.0085

Angle [mrad]
Length [m]
Gap [mm]
Width [mm]
Magnet field [T]

Kicker impedance [Ω]
Electric energy [J]

The injected beam is inflected via a Lambertson septum [10, 11] similar to the ones used in MAX I
and MAX III. The septum is placed in a long straight section (Fig. 12) 8 mm from the centre line
and it deflects the injected beam in the vertical direction. The effective septum thickness is less
than 2 mm. Fig. 13 shows the injection in phase space.

Table 13. Parameters for the Lambertson septum

Length [m]
Magnet field [T]
Deflection angle [mrad]
Effective septum thickness [mm]

1
0.8
80
2

Fig. 12. Detail of the Lambertson septum.

Fig. 13. Injection in phase space.
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Vacuum system
The beam lifetime is mainly restricted by losses induced by the rest-gas pressure and the Touschek
effect. The rest-gas induced losses should preferably be smaller than the Touschek losses. This
requires a partial pressure less than 1 nTorr for CO-like molecules.
The design of the MAX IV vacuum systems is based on the experience from MAX II. Measured
values of the gassing properties are given in [10].
Each of the MAX IV rings has 11 straight sections for insertion devices. These will be the primary
light sources. On each ring there will also be 12 bending magnet ports, one on each supercell.
This scheme will give us the very modular system described below.

Magnet cell vacuum chamber
As described above, one supercell consists of five bending magnets flanked by sextupole and
quadrupole magnets. The supercell consists moreover of two matching sections housing
dispersion matching dipoles and quadrupole magnets. We will describe the vacuum chamber
system of one of the five unit cells in each supercell.

Fig. 14. Schematics of one magnet cell showing the arrangement of the absorbers.

In Fig. 14, the electron beam enters from the left. The first absorber following the dipole magnet
will absorb most of the synchrotron radiation emitted by this dipole plus a small fraction of the
radiated power from the preceding one.
Some of the radiation from the dipole at the left in Fig. 14 will escape this absorber since the
absorber must be placed some distance from the closed orbit. Most of this radiation will be
caught by the next absorber.
A cross section of the vacuum chamber and the absorber arrangement is outlined in Fig. 15. The
electron beam tube is 24 mm wide and the antechamber inner height is 4 mm. The material used
is stainless steel, 2 mm thick.
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Fig. 15. Absorber arrangement. A Titan Sublimation Pump (TSP) is attached to the electron beam tube and the
absorber chamber is pumped by an ion pump and a TSP.

It should be noted that the vacuum conductance between the absorber chamber and the electron
beam tube is limited to some 20 l/s. A differential pumping system can thus be used if a Titanium
Sublimation Pump (TSP) is attached to the electron beam tube. This pump will be loaded with the
gas flow from the absorber, which is limited by the poor conductance to the electron beam tube,
plus the background gassing from the electron beam tube itself. This differential pumping system
will thus result in a lower gas pressure at the electron beam than at the absorber which will be
loaded with the high power radiation.
The high pumping speed of the TSP and the low gas load will result in long time intervals
between sublimations. TSP pumps are preferred to ion pumps in this case for two reasons, they
are less expensive and their pumping speed do not decrease at low pressure. Using the
differential pumping technique discussed above, we gain roughly a factor of ten lower pressure in
the electron beam chamber compared to a conventional absorber design.
One very important factor in this context is the desorption factor η (nr of desorbed molecules/
-6
photon). This factor has been measured to 1*10 in the MAX II storage ring, which is a typical
value for a well conditioned system. In the calculations we used a more conservative value of
-6
3.5*10 . This leaves some safety margin, especially for fluorescence induced desorption as
described in reference [13].
The pressure in the electron beam tube is almost proportional to the pressure in the absorber
chamber. We have assumed a 400 l/s ion pump attached directly to the absorber. It should be
noted that this pumping speed could eventually be drastically increased by using an additional
chamber coated with a Non Evaporable Getter (NEG) material, according to reference [14]. We
will follow this development carefully.
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Table 14. Parameters at the absorber chambers in the 3.0 GeV ring.

Nr of photons/s hitting the absorber
Distance from tangent point (m)
Distance from closed orbit (mm)
Desorption factor η
Maximum perpendicular power density (W/mm2)
Gassing rate (Torr l/s of CO)
Absorber chamber pressure (nTorr of CO)
Electron beam tube mean pressure (nTorr of CO)
Pump speed at absorber (l/s)
Pump speed at electron beam tube (l/s)
Thermal gassing rate (Torr l/(s*cm2))

Chamber 1
4*1018
0.99
40
3.5*10-6

Chamber 2
12*1018
1.55
20
3.5*10-6

67
3.9*10-7
1
0.2
400
100
10-12

27
1.2*10-6
3
0.3
400
200
10-12

Some comments:
•

The perpendicular power density is high, but not prohibitive. An optimised geometry of the
absorbers will be described in the DDR. However, it is already clear that one can avoid the
use of Glidcop as absorber material.

•

The gas load from the absorbers is high. Ion pumps are here complementing the TSPs

•

The gas load on the electron beam tube is low. TSPs are suitable here.

•

The final pressure is mainly given by the outgassing from the absorber and to a lesser extent
by the thermal outgassing rate of the vacuum chamber.

•

Even at a higher thermal outgassing rate, the pumping speed of the electron beam tube
pumps is sufficient.

•

A NEG-coating of the absorber chambers could eventually increase the pumping speed at
the absorbers.

Insertion Device (ID) vacuum chambers
Each long straight section will be equipped with two sector valves to allow maintenance access.
The vacuum chambers for the superconducting IDs are an integrated part of the ID and are
discussed in the chapter on Insertion Devices.
Straight sections housing other types of IDs will be equipped with NEG coated Al chambers of the
same type presently being installed at the MAX II and the MAX III rings.

Matching section vacuum chambers
The vacuum chambers for the matching sections must be dimensioned to house the radiation
from elliptically polarising insertion devices. The design of these vacuum chambers should comply
with the specifications of these IDs which have larger vertical emission angles than planar IDs.
Infrared radiation is emitted at wide angles. Since MAX III is well matched to IR radiation ports the
MAX IV rings are not designed to host IR beamlines. This simplifies the design of the rings.
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Diagnostics
The storage rings will be equipped with a number of standard diagnostic tools, such as betatron
tune measurements, Beam Position Monitors (BPM), beam size measurements, stripline monitors
for dynamic measurements, current monitors, radiation monitors and video cameras. An X-ray
camera will be needed to measure the small beam sizes. None of these tools demand a special
design, so conventional units will be chosen.

Beam lifetime
Two loss mechanisms are dominant for low emittance storage rings; vacuum losses and Touschek
losses. The vacuum losses have two components; the elastic scattering losses and the inelastic
Bremsstrahlung losses.
An electron is lost by elastic scattering when it passes close to a rest-gas molecule and
experiences the electrostatic field of the nucleus. The scattered electron will start oscillating
around the closed orbit and will eventually be lost when hitting an object or if the oscillation
amplitude will exceed the dynamic aperture. Provided that we have sufficient aperture for
injection, this loss mechanism will define the dynamic aperture needed. This value is thus vacuumdependent and the gas composition is of importance since the scattering cross section is Zdependent. The figure of merit is in this case the dynamic phase space area, rather than the
aperture. Hence a lattice with small beta-functions is favourable.
The inelastic Bremsstrahlung losses occur when an electron loses energy at rest-gas collisions. This
effect is mainly dependent on gas pressure and composition besides electron energy.
The Touschek losses occur when electrons are scattered against each other. Transverse
momentum can then be transferred into the longitudinal direction with a change of electron
energy in the laboratory system. Some particles could then be scattered outside the stable
momentum acceptance. The Touschek losses can be calculated according to [15].

π re2 cN b
F (ε A )
=
τ 1 γ 2 (∆p x )3 ε AVb
1

2

where
re is the classical electron radius
Nb is the number of electrons/bunch
γ is the relativistic Lorentz factor
Vb is the bunch volume
∆px is the transverse RMS momentum

⎛ 1 ∆P ⎞
∆P
⎟⎟ and
is the bucket height
P
⎝ ∆p x P ⎠

ε A = ⎜⎜

∞

F (ε A ) = ∫ du ( 2u − ln (u ) − 2)
1

e − ε Au
2u 2
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The Touschek loss rate is thus dependent on the electron density, which gives the collision rate.
As we decrease the beam emittance, the Touschek losses will thus start to increase. At even
smaller beam emittances, another effect becomes pronounced. For sufficiently small beam
emittances, the transverse momentum of the individual electrons will decrease. Consequently, we
will also get a decrease in the fraction of electrons with sufficiently high transverse momentum to
be scattered outside the longitudinal momentum acceptance (F(εA) above.) The Touschek losses
will thus decrease for very small beam emittances. This is clearly the case for the MAX IV 1.5 GeV
ring.
A Landau cavity is used at the MAX II ring to decrease the electron density and thus increase the
Touschek beam lifetime [16]. A similar technique utilising Landau cavities is also foreseen in the
MAX IV case. The momentum acceptance is thus of high importance. This should be large
enough so that only few particles are scattered outside this momentum acceptance.
The different beam loss rates are given in Table 15.
Table 15. Different contributions to the beam lifetime (calculated for 10 mm horizontal aperture).

Beam 1/e lifetime ( [h] @ 0.5 A)
Touschek
Elastic scattering
Bremsstrahlung
Total

MAX IV 3.0 GeV
5
54
80
4

MAX IV 1.5 GeV
33
30
80
13

Some comments:
•

The small emittance of the MAX IV 1.5 GeV ring results in small Touschek losses as
explained above.

•

The gas losses are calculated for 1 nTorr of CO-like molecules. This is a pessimistic value
compared to the MAX II case.

The total beam lifetime is about 4 h for the MAX IV 3.0 GeV ring and much longer for the MAX
nd
IV 1.5 GeV ring. Allowing for 1% beam current variations, a top-up once every 2 minute is
necessary.

Aperture requirements
The minimum aperture required in the storage rings is defined by the requirements on the
injection aperture, the Touschek beam lifetime and the elastic scattering beam lifetime. In
addition we have to consider the closed orbit deviations.
The closed orbit will be corrected at commissioning at low electron currents where the effects of
the beam lifetime and injection efficiency can be disregarded. Once the beam position is
corrected, the requirement on the minimum aperture due to the closed orbit deviation is
negligible.
A feed-back correcting system will take care of continuous closed orbit deviations induced by
temperature variations, changing ID fields, etc.
A particle experiencing a Touschek event will suddenly change its energy and start oscillating
around a new reference orbit in the dispersion (horizontal) plane. The amplitude of the
oscillations is given by the dispersion function at the scattering event and the beta-functions. The
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small dispersion of the lattice makes this effect small. Assuming a maximum energy deviation of
3% the aperture demand is 5 mm in the long straight sections where the horizontal beta function
is at maximum.

Beam instabilities
The bunched beam in the storage rings will induce fields in the surrounding metal walls and these
fields can react back on the beam itself. The theory for this type of phenomenon is well
developed and the mechanism is well understood. The main difficulty is to get a detailed
knowledge of the electric characteristics of the items in the ring.
The theoretical model describes the ring items in terms of impedances characterized by a resonant
frequency, Q-value (indicating the frequency width of the resonance) and shunt impedance.
The bunched beam can only excite the resonant items at discrete frequencies. If we have only one
bunch in the ring, longitudinal impedances can then be excited at the fundamental and the
harmonics of the revolution frequency. These harmonics will also have side-bands at the
fundamental and harmonics of the synchrotron (longitudinal) frequencies.
An arbitrary population λ(t) of short bunches in the ring can to a first approximation be describe
by a Fourier decomposition with Nb terms, Nb being the number of bunches.

λ (t ) =

N b −1

∑a e ω
n =0

i

n

0 nt

where ω0 is the revolution angular frequency.

A more complete description is attained if we include the harmonics of Nbω0 (the RF frequency).
The same Fourier coefficients (an) will be repeated for these harmonics until the influence of the
bunch length starts decreasing their values.
We have two main classes of longitudinal impedances; cavity-like high Q objects, and broad-band
low-Q objects.
The main sources of the first class are the acceleration cavities themselves. The ideal accelerating
cavity should only house the accelerating mode. This is true to a high degree for SC cavities which
do not need to be geometrically optimised for a high impedance of the accelerating mode but
rather for an effective drainage of the higher order modes.
Warm copper cavities will on the other hand generally have an almost infinite number of higher
order modes. These can be drained more or less effectively by special damping antennas or
coupling loops in the cavity.
We can now immediately draw some conclusions. The number of Fourier coefficients an (possible
exciting modes) is proportional to the RF frequency, and short bunches have a richer spectrum of
harmonics. From these points of view, a low frequency of the RF system is of advantage. Landau
(damping) cavities [16] and/or feed-back systems [17, 18] have proven to be effective also for RF
systems of higher frequency, so this argument should not be stressed too far.
Let us look a bit closer at the longitudinal instability caused by Higher Order Modes (HOM) in the
cavities themselves. The rotation bands (at harmonics of the revolution frequency) in the smaller
MAX II ring are separated by 3.33 MHz and the 100 MHz cavities described above work well since
no HOM is excited by a rotation band.
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The rotation bands in MAX IV are separated by 1 MHz only and several of the harmful HOMs are
excited. The cure is to damp the HOMs with antennas or coupling loops. When doing so, the
modes broaden and the probability to excite them increases. The maximum allowed longitudinal
impedance for a 100 MHz RF system and that for a 500 MHz one are shown in Figs 16 and 17.
It should be noted, that a few of the HOMs must be better damped than what was done for the
100 MHz cavities developed for the MAX II case described above.
4
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Fig. 16. Maximum longitudinal impedance as a function of frequency (100 MHz cavity).
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Fig. 17. Maximum longitudinal impedance as a function of frequency (500 MHz cavity). Note the different vertical
scale compared to the 100 MHz case in Fig. 16.
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The other class of impedances are the low-Q ones. As said above, we seldom have a very exact
knowledge of the impedance characteristics of all items in the ring, so this impedance is often
approximated by one cavity with Q=1 and the resonant frequency equal to the cut-off frequency
of the vacuum tube.
Many parts are contributing to this impedance, BPM knobs, bellows (even if they are shielded),
transitions of the vacuum chamber etc. We need this equipment, so all we can do is to try to
build the vacuum system as smooth as possible and make an impedance budget.
Special care should be taken in the MAX IV case, since we plan to use a small aperture vacuum
chamber. This implies a high cut-off frequency and the potential risk of getting higher
impedances since the chamber walls are closer to the beam.
Generally speaking, low frequency RF systems are more vulnerable to this kind of low-Q effects
(turbulent bunch-lengthening) than high frequency ones. Again, the power spectrum of the long
bunches will decrease the frequency range of harmful low-Q impedances
The situation is a bit more complicated for the transverse case. In this case, the power spectrum is
shifted to higher frequencies. This is due to the fact that the transverse oscillation wave number Q
is energy-dependent by the chromaticity (ξ) given by the sextupole magnets

∆Q = ξδ
where δ is the relative momentum deviation of an electron.
The orbit length is also energy-dependent:

∆O
= αδ
O
where O is the nominal orbit length and α is lattice-dependent (momentum compaction factor).
The combined effect will create a snake-like bunch with an oscillation frequency of

∆ω =

ξ
ω0
α

which will be the frequency shift of the power spectrum, Fig. 18. A small emittance ring will
generally have quite a small momentum compaction factor which results in a large frequency shift
of the transverse power spectrum. This frequency shift is in the MAX IV case (both rings) 2-4 GHz,
depending on the chromaticity choice.
The power spectrum is given by the bunch length. If the bunch is long, we will have a larger
number of oscillations along the bunch and thus a smaller line-width.
As in the longitudinal case, we will have higher order modes in the cavities also in the transverse
case. A special transverse coupled bunch instability of growing importance is the transverse
resistive wall instability. This effect is due to currents induced in the vacuum chamber by the
bunched beam. The impedance of this effect is a function of the skin-depth and thus frequencydependent with the most pronounced effect at low frequencies.
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The importance of this instability becomes accentuated due to the introduction of a large number
of small gap insertion devices. For the small apertures of the MAX IV rings, the resistive wall effect
becomes further pronounced.
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Fig. 18. Transverse power spectra and impedances. Cromaticity = 2.

The transverse power spectra and impedances are shown in Fig.18. The resistive wall impedance
and a transverse coupled bunch mode are given by the black curve in arbitrary units. The power
spectra are given for short bunches (500 MHz RF system) by the blue curve and for the long
bunches (100 MHz system) by the red curve. The negative impedances at negative frequencies
yield instability while the positive ones give damping. The 500 MHz system with its broad spectral
distribution will create instabilities while the 100 MHz system only gives damping.
From this discussion, we can conclude, that the choice of the RF system is a delicate one, not only
involving economical considerations. A detailed analysis of the best choice is outside the scope for
this CDR, but should be carried out prior to deciding for a specific RF system.
The MAX IV 3.0 GeV and the MAX IV 1.5 GeV storage rings will be operated with harmonic
Landau cavities, as discussed above. The Landau cavities are operated above a harmonic of the RF
system. The low-frequency slope of the impedance of the Landau cavity will introduce a bunch
lengthening effect without any associated increment of the energy spread. The oscillation
frequency of the particles in a bunch will then become amplitude-dependent and a frequency
spread is thus introduced giving rise to Landau-damping.
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Fig.19. The RF voltages. The electron
bunch is positioned at zero degrees
phase angle.

From Fig. 19, we can see that the voltage derivative is zero for optimum Landau cavity phase,
which gives the bunch-lengthening. This effect is also lowering the effect of longitudinal higher
order modes, since the long bunches are unable to excite them.
The mirror currents in the superconducting insertion devices will introduce heating which is
serious at low cryogenic temperatures. Long electron bunches will reduce this heat effect since
the peak current is smaller. Thus, the bunch-lengthening effect of the Landau cavities simplifies
the design of the superconducting insertion devices.
The Landau damping scheme has successfully been tried earlier at the MAX II ring with the 500
MHz system [16]. A similar scheme is incorporated in the new 100 MHz system. The MAX III ring,
now under construction, is also equipped with a Landau damping system [1]. All rings mentioned
above, MAX II, MAX III, MAX IV 3.0 GeV and MAX IV 1.5 GeV, plus the Aladdin and UVSOR
storage rings have been studied with respect to the effect of the longitudinal coupled bunch
effects [19]. In this study, the impedance of the higher order modes was assumed to be lower
than 10 kΩ. Three of the higher order modes measured in the 100 MHz cavities have higher
values, so they need to be drained more effectively if a 100 MHz system is chosen. Special
dampers should be introduced for this purpose.
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Lars Andersson mounting the vacuum chamber into one of the eight magnet cells of the MAX III storage ring.
(Photo Bengt-Erik Wingren)

213

Linear Accelerator ............................................................................................. 215
Modes of operation ............................................................................................................ 215
High energy mode........................................................................................................... 215
High repetition rate mode ............................................................................................... 215
Specifications ...................................................................................................................... 216
Modulators ......................................................................................................................... 217
Klystrons ............................................................................................................................. 218
Linac pre-injector ................................................................................................................ 218
Storage ring injection and top-up operation ........................................................................ 218
FEL/cascaded Optical Klystron (OK)/short pulse operation..................................................... 219
Time structure..................................................................................................................... 219
Short photon pulse generation and VUV FEL........................................................................ 220
Short X-ray pulses............................................................................................................ 220
Roadmap for coherent radiation generation..................................................................... 220
References (Linear Accelerator)............................................................................................ 222

214

Linear Accelerator
The linear accelerator has similar components as the present MAX-injector. S-band structures are
driven by Stanford Linac Energy Doubler (SLED) systems [1] and high power klystrons. The 3 GeV
injection Linac will be built up from 200 MeV modules as seen below in Fig. 1. A moderate Linac
field gradient of 20 MeV/m is needed in this case. 15 units should suffice to reach 3 GeV, but
since some redundancy is needed, we plan for a Linac tunnel allowing for up to 20 units. The
injector system is highly modular. The units resemble those already in operation at the MAX
injector. The main differences proposed here is that we need to shift to another modulator
technology as described below and that each klystron station will feed two Linac structures
instead of one.

Fig. 1. Linac module.

Modes of operation
The Linac will be able to operate in two modes:

High energy mode
SLED cavities will be used to provide the necessary accelerating gradient. A relatively long RF pulse
will be fed into the SLED cavities and they will deliver a short, high power RF pulse to the Linac.
This mode will be used for injection into the storage rings. The high energy mode can also be
used for the production of short pulses of X-rays. We have also a potential of using this mode for
FEL operation.

High repetition rate mode
The SLED cavities are short-circuited and the klystron power is fed directly into the Linac. This
mode is specially motivated by those VUV FEL experiments that require a higher repetition rate.
The Linac repetition rate could in this case be increased up to a maximum of 1 kHz of 1 µs long
RF pulses at the expense of the energy gain of the Linacs. The Linac filling time is 700 ns, so 300
ns remain for acceleration at the 1000 ns long RF pulses. One could contemplate accelerating up
to 10 electron bunches of 1 nC charge each and separated by 30 ns during the time the Linacs
are filled with RF energy. This could be an attractive option for instance if several parallel
experimental stations should be run simultaneously. The electron bunches within the same
macropulse could then be switched to different stations by fast pulsed magnets.
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The maximum RF pulse repetition rate is defined by the klystron collector losses. High voltage
pulses to the klystron of perfect top-hat form and 1 µs length should give a repetition rate of 1
kHz at 35 MW RF power out from the klystrons. The actual repetition rate with realistic pulseforms will however be a bit lower due to the rise and fall times of the klystron pulse transformers.
Our aim is to design pulse transformers with a small leak inductance to minimize these ramp
losses.
The RF power delivered from the SLED cavities to the Linac structures is seen in Fig. 2 below. The
RF power is normalised to the klystron power.
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Fig. 2. SLED pulse.
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Specifications
Table 1. Parameters for the Linac system

RF repetition rate [Hz]
Max energy [GeV]
Tunnel length [m]
No of modules
Klystron pulse length [µs]
Klystron peak power [MW]
RF [GHz]
Max power consumption [MW]
Power consumption as injector [MW]
Bunch length [ps]
Max bunch charge [nC]
Bunches/RF pulse
Max mean beam power [kW]

With SLED
100
3.5
300
15-20
5

Without SLED
500-1000
2
300
15-20
1

35
3
1.5
0.7
0.1-10
1
1
0.35

35
3
2.5
NA
0.1-1
1
1-10
20

216

The average beam power is rather modest in the injection mode, 0.3 W. At 100 Hz operation (33.5 GeV) the beam power increases to 350 W while the 500-1000 Hz operation at 2 GeV will give
a total beam power of 1-2 kW. Should we accelerate 10 bunches/macropulse, the beam power
would go up to 10-20 kW.

Modulators
The type of modulators that are foreseen are of the solid state switch type [2] as shown in Fig. 3.
This type of modulators offer several advantages compared to the conventional thyratron switch
type:
•

The thyratrones are consumables and they are expensive. The operational cost will be lower
in the solid state case.

•

There are few thyratrone suppliers.

•

The solid state modulators could be run at any repetition rate. The dimensioning of the
components is defined by the peak power, not the average power. The bottle-neck
regarding a high repetition rate will be the klystrons, not the modulators. This is of highest
importance for the high repetition rate FEL case.

•

The solid state modulators are fully programmable regarding repetition rate and pulse
length.

•

Compactness. The solid state modulators are integrated with the pulse tranformer/klystron
units and need only a small space as seen below. This has some impact on the dimensioning
of the Linac tunnel.

The solid state modulators are so far well-proven for lower peak powers (10 MW electric power)
as medical applications define the big market. A study has been carried out together with a solid
state modulator supplier [2] for an upgrading of the modulator power (to 85 MW electric power)
to match our needs. A prototype modulator should be constructed to verify the calculated
performance.

Fig. 3. A solid state klystron modulator.
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Klystrons
Several suppliers can deliver the high power S-band klystrons. The klystrons will be equipped with
improved collector cooling, allowing for the high collector losses discussed above. The
replacement of ageing klystrons could represent a considerable cost. This problem should be
penetrated in some detail.

Linac pre-injector
The two main modes of operation of the Linac system require two or more different Linac preinjector systems. One system will be used for storage ring injection with top-up capabilities and
the others will be used for FEL/short pulse operation. As mentioned above the Linac itself will
operate in two different modes, one with and one without SLED cavities. The design of the preinjector systems builds on the concepts for the LCLS project [3] and on the injection systems being
developed at the existing MAX-injector (Fig. 4).

Main Linac

Bunch compressor

Main Linac

Low emittance gun
at lower energy

EUROFEL

Main Linac

Medium emittance
gun for ring injection

Bunch compressor

Pre-injector Linac

Low emittance gun
Solenoid

10 ps laser

Injection magnet

Current MAX
injector

LCLS / EUROFEL

5 ns laser

Fig. 4. Tentative layout of the pre-injector and Linac system. On top in the figure ongoing research projects are
indicated.

Storage ring injection and top-up operation
The top-up injection schemes could be realised in several ways. One possible scheme is described
below.
Allowing for a current variation of 1% means injection every few minutes. The exact time interval
is of course depending on the actual beam life-time. With top-up injection, the beam life-time is
not that crucial, except for radiation loss reasons. As seen below, each injection will last for a few
seconds at most. In the time between, the Linac can be used for the other purposes as described
above. This will amount to about 99% of the total time.
Top-up will be run with injection every few minutes. Injection will be done bunch by bunch via a
medium emittance photo cathode RF gun. A nano-second standard pulsed laser with repetition
rate of at least 30 Hz drives this gun. Each pulse from the pre-injector adds electrons to (top-up)
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one individual bucket in the ring. Thus, we need almost 100 shots for a complete fill, which takes
slightly more than 3 seconds. The laser power is easily regulated and thus a feedback system can
be implemented to ensure an exact “dose” of electrons. The system can also omit certain buckets
to allow for irregular fill patterns.
To allow bunch by bunch injections a nano-second laser is currently being implemented at the
MAX injector [4]. It will thus be possible to test this mode of operation at the MAX IV pre-injector
in the near future.

FEL/cascaded Optical Klystron (OK)/short pulse operation
The early acceleration in the Linac is especially crucial in the FEL/short bunch operation mode. The
space charge effects at the high charge densities and at low electron energies must be carefully
treated so they do not dilute the bunch to much with an increased beam emittance and energy
spread as a consequence. A fast initial acceleration is then needed and the small emittance
created by a photo-cathode gun should be preserved by the focussing systems during the
acceleration up to an energy defined by the space charge effects. A scheme for this has been
developed for the LCLS [5, 6] which to a large extent also fulfils the demands for the MAX
cascaded OK.

Time structure
The combined operation of the Linac as injector for the rings and for FEL requires a special timing
system. The overall layout of the timing is given in Fig. 5.
Injection cycle
300 s

Injection MAX IV 3 GeV ring
SLED ON, Linac 3 GeV

Injection MAX IV 1.5 GeV
ring SLED ON, Linac 3 (1.5)
0.033 s

0.033 s
3

1
0
0

1

2

3

5 ns

2

5 ns

1

290 s
3.3 s

SLED OFF, Linac 2 GeV

0.1-1 ps

1-2 ms

Fig. 5. Overview of timing for combined operation of storage ring injection and FEL operation.
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Short photon pulse generation and VUV FEL
Short X-ray pulses
The MAX IV storage rings can neither provide fully coherent nor short pulses in the femtosecond
regime. Such radiation is by preference produced in pure Linac based sources using different FEL
techniques. Short ps or fs pulses in the X-ray spectral region can be produced by feeding an
undulator with short Linac pulses. The electron beam parameter values are a bit more relaxed
than in a FEL case, so a higher bunch charge is permissible. Assuming similar bunch current values
as in the SPPS case (3.5 nC, 1 nm rad normalised emittance in both planes, 100 fs long pulse), a
10 m long undulator of the same period length as for the MAX IV storage rings, a peak brilliance
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around 10 could be obtained. It should be noticed, that although the peak brilliance is orders of
magnitudes lower than in a FEL case, the complexity of a SPPS-like facility is also orders of
magnitudes smaller.

Roadmap for coherent radiation generation
As mentioned earlier, the coherent radiation part of the MAX IV CDR is much less detailed than
for the storage ring case. The reason is that in a time of rapid development of different technical
FEL technologies, we find it premature for this project to make detailed decisions at this stage,
which could lead to a waste of capital and a loss of performance. The following roadmap is an
indication of our present plans and we aim to implement the heavy infrastructure necessary for
the next step.
A classical SASE FEL (Self Amplified Spontaneous Emission FEL) is being considered but there are
concerns regarding stability and undulator lengths. A way to overcome these problems is by
seeding techniques and multiplication schemes like harmonic generation [7] and cascaded optical
klystrons [8, 9].
From an initial laser beam higher harmonics are created in a multistep process. Thus in principle
th
up to the 100 harmonic can be created. The upper limit for this scheme is the noise
amplification, which increases as the square of the ratio between the final photon energy and
that of the seed. Tunability is of course an important issue when using this technique, but
schemes are being developed for this (e.g. at BESSY and Elettra). We are closely following the
cascaded optical klystron scheme by our FEL activity at the MAX injector and elsewhere.
Another interesting method is the “Self seeding” that will be introduced on the TTF II in Hamburg
at a later stage [10]. Spontaneous emission (or mildly coherent) is monochromatized and used as a
seed in the following SASE amplifier.
The upper photon energy of a FEL is defined by the electron beam emittance rather than by the
parameters of the IDs. This is the prime reason for the multi tens of GeVs planned for the present
X-ray FEL projects. New electron sources providing smaller emittances could drastically change the
parameter landscape. New electron sources promising smaller emittances are being developed.
Alternative technologies to the photo-cathode technique using field-emission could be an
interesting solution.
The present basic idea for MAX IV is to use a 30-40 nm seed laser beam. This beam is, by a
couple of steps of harmonic generation in FELs, transformed into a few nm, ~100 fs pulse at GW
levels. The radiation will be a replica of the seed laser and thus fully coherent. The concept is
described in Fig. 6.
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2nd stage: 8 nm to 1.6 nm

1st stage: 40 nm to 8 nm

Laser beam

Undulator
Chicane
Fig. 6. Concept of a two stage cascaded optical klystron

To achieve a proper seeding we intend to take advantage of lasers using High Harmonic
Generation (HHG) in gases [11]. Already today one can achieve some tunability with a centre
wavelength from 30 nm to 80 nm (40 eV - 15 eV) in 20-200 fs pulses but only with 1 KW peak
power. Such pulses have to be amplified before they can be used in multiplication schemes. Laser
technology is rapidly developing in this field and higher peak powers will most probably be
available in the future. Another feasible way is to amplify by FEL techniques where a 500 MeV
electron beam in a 6 m undulator will amplify the 1 KW seed pulse to 1 GW peak power (see
Table 2). The amplified pulse will be used as a driver for harmonic generation.
An alternative way is to use standard Ti:sapphire type lasers which are converted in frequency to
around 260 nm and then used as seeds. This technique is what is implemented today at the test
facility at MAX-lab within the EUORFEL project. The advantage is that the necessary laser power is
easily available but on the other hand there is no, or very limited, tunability and it is impossible to
reach a few nm as the noise in the very large number of harmonic stages will kill the process.
Table 2. 40 nm FEL amplifier parameters (to increase the available power from HHG lasers)

Electron energy [MeV]
Peak current [kA]
Energy spread
Emittance, norm [mm mrad]
Undulator period [m]
K-value
Number of periods
Radiation wavelength [nm]
Seed peak power [kW]
Seed pulse length [fs]
Output pulse length [fs]

500
1
10-4
1
0.02
2.4
300
40
1
20-200
> 20

The cascaded optical klystron (Fig. 6) operates in several stages. The first stage uses the amplified
th
th
seed as a source for a harmonic generation in an FEL and the 5 -7 harmonics is extracted and
amplified. This pulse can then be fed into a second stage of harmonic generation again extracting
th
th
the 5 -7 harmonics. Each step needs a fresh electron beam which is achieved either by the
“Fresh bunch technique” [8] or by a “multi bunch beam”[9]. This latter technique is achieved by
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letting electron bunches of different energy, emitted from different guns, co-propagate in the
accelerator and undulators. An advantage is that the electron beam energy can be optimised for
the different photon energy ranges.
The last stage of harmonic generation will be followed by an “afterburner” amplifying the final
pulse by FEL technique to GW power.
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Insertion Devices
General
The synchrotron radiation used at the experimental stations at MAX IV is created in insertion
devices on the straight sections. The insertion devices could be either of undulator or wiggler
type. Both undulators and wigglers consist of periodic arrangements of magnet poles that force
the stored electron beam to oscillate transversely to the direction of motion of the beam and
synchrotron radiation is emitted as illustrated in Fig. 1.

λ0

e

Synchrotron
Radiation

-

Fig. 1. Illustration of the emission of synchrotron radiation in a periodic insertion device.

A wiggler has stronger magnetic fields than an undulator and the synchrotron radiation power
from a wiggler is in principle the sum of the bending magnet radiation power from the poles in
the wiggler. In an undulator the emitted light from the undulator poles interacts, which results in
an amplification of the light at certain resonance wavelengths in the radiation spectrum. The basic
resonance wavelength and the wavelength of the higher harmonics at odd multiples of the basic
wavelength are determined by the undulator period length λ0, the undulator peak field B0, and
the relativistic factor γ of the stored electron beam in the storage ring.
The resonance wavelength λn on axis for the n:th harmonic is

λn =

(

λ0
1+ K2 2
2
2n γ

)

(1)

K is the undulator strength parameter. Instead of wavelength it may be of interest to know the
energy of the emitted photons, which is given by the relation E=hc/λ. For the special case of a
sinusoidal field in the undulator, K also is the maximum deflection angle of the beam in units of
1/γ. For a sinusoidal field in the undulator K is given by:

K=

e B0 λ 0
2π me c

(2)

where B0 is the undulator peak magnet field and λ0 the undulator period length.
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By varying the peak field B0 in the undulator it is possible to change the resonance wavelengths.
The variation of the peak field in a permanent magnet undulator is done by varying the magnetic
gap and in a superconducting undulator the peak field is varied by varying the current in the
superconducting coils. If a lower limit of the K-value of 0.5 is assumed, the maximum K-value that
should be obtained in the undulator must be at least 2.18 in order to get overlap of the first and
third harmonics.
There is a general interest within the synchrotron radiation community, especially at medium
energy rings, in producing undulator radiation with as short wavelength as possible, which
implies using the higher harmonics of the fundamental wavelength. The period length of the
undulator should hence be as small as possible. A small period length in combination with a high
peak field requires that the magnetic gap of the undulator is small. The search for high brilliance
also requires that the beam has a low emittance. The development of the insertion device
technology has, together with the development of low emittance storage rings designed for the
production of synchrotron radiation, been the key to the enormous increase in brilliance of the
synchrotron light sources over the past decades.
The undulators for the 3.0 GeV ring should give undulator radiation at a wavelength as short as
possible. We are hence aiming for the undulator type that gives the highest peak field for a short
period length which leads us towards superconducting or cooled permanent magnet undulators.
The function of the wigglers, which are superconducting, is twofold, they are sources of
synchrotron radiation for experimental stations but they are also working as damping wigglers,
lowering the emittance of the storage ring (this is also true for SC undulators). The brilliance of an
undulator starts to increase with the square of the number of periods but the always existing
energy spread in storage rings of about 0.1 % has a broadening effect on the peaks in the
undulator spectrum and there is only a linear gain in brilliance by increasing the number of
periods to more than about 250 periods. Long straight sections at the expense of having a large
minimum vertical aperture are hence not beneficial for the performance of the light source.
The straight sections of the MAX IV storage rings are 4.6 m long and the vertical stay clear
aperture is 4 mm in the 3.0 GeV ring and 6 mm in the 1.5 GeV ring. For out-of-vacuum devices,
such as conventional planar undulators or elliptically polarizing undulators, extruded Al vacuum
chambers can be used. With a 1 mm wall thickness of the extruded Al chamber and a 0.5 mm
clearance between the chamber and the pole faces, the minimum vertical aperture of the
insertion devices is 7 mm in the 3.0 GeV storage ring and 9 mm in the 1.5 GeV storage ring. The
out-of-vacuum devices will be tailored to the specific needs of the beamlines where they are
installed. The out-of-vacuum insertion device technology is a mature technology and the out-ofvacuum insertion devices for MAX IV can be built with existing technology. The specification of
the out-of-vacuum devices will be treated in detail in the MAX IV DDR. This CDR is concentrated
on the insertion devices for the production of high brilliance synchrotron radiation on the MAX IV
1.5 GeV and 3.0 GeV rings.
The most challenging insertion devices for the MAX IV storage rings are the insertion devices for
beamlines on the 3.0 GeV storage ring requiring high brilliance radiation in the hard X-ray regime.
These undulators will by necessity be in-vacuum insertion devices since a small magnetic gap is
needed in order to obtain a high undulator peak field in combination with a short period length.
Superconducting in-vacuum undulators are foreseen to be an important source of undulator
radiation in the medium energy storage rings. Superconducting undulators give a higher peak
field than undulators based on permanent magnet technology. Superconducting undulators,
however, do not yet represent a mature technology and when estimating the brilliance of the 3.0
GeV MAX IV ring it is also necessary to include the present technology, which is in-vacuum hybrid
type undulators with permanent magnets. The performance of the permanent magnet material
may also be increased by lowering the temperature of the permanent magnet material to 100-
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150 K as suggested in reference [1] and examples of hybrid type undulators at cryogenic
temperatures are also included in this study.
In the sections below, the calculated performance of various undulator techniques for the same
vertical physical aperture is described. The vertical physical aperture in the 4.6 m long straight
sections of the 3.0 GeV MAX IV storage ring is minimum 4 mm. The focus is on finding the
shortest possible period length for a specific K-value of the undulator in order to get undulator
radiation at as high as possible photon energy.

Superconducting undulators
Superconducting undulators represent a promising future technique for short period high field
undulators. The state of the art technology of today, in-vacuum hybrid undulators, have become
a mature technology and without further findings of new permanent magnet materials their
performance are not expected to increase in the future. The cryogenic in-vacuum hybrid
undulators will have a peak field that is about 25 % higher than the peak field in a hybrid
undulator at ambient temperature. By changing the superconducting wire to Nb3Sn [2] or
lowering the temperature of the coils, the peak field of a superconducting undulator could be
further increased. There is also an ongoing development of superconducting wires and materials,
for example superconducting wires made of carbon fibres [3] and NbTi wire with artificial pinning
centres, which may further increase the performance of superconducting undulators.
Superconducting undulators, however, do not yet represent a mature technology and the
technical difficulties connected to the construction and operation of small aperture short period
superconducting undulators have so far prevented the technology from being used on a broad
scale at synchrotron light sources. The limits for the obtainable field precision and also the heat
load to the cryogenic system of a cold bore device installed in a storage ring with demanding
filling patterns are not known at present. A number of short period superconducting undulator
prototypes with a magnetic field strength larger than the permanent magnet technology have
been built [4, 5, 6, 7] and it has been shown that it is possible to install cold bore superconducting
insertion devices on storage rings without severe heat loads on the cryogenic system of the cold
bore device [8]. Development work of superconducting undulators is carried out in Europe [9, 10],
Asia [11] and the USA [2, 12, 13].
The expected peak field in superconducting undulator with the magnetic gap g[mm] and period
length λ0[mm] is found by using a generalised expression [10] of the peak field in a
superconducting undulator with a coil height of 50 % of λ0, a coil width of 34 % of λ0, and a
field enhancing iron pole with a width of 16 % of λ0. The generalised expression for the expected
peak field B0 at 80 % of the maximum current density in the coils for different magnetic gaps g =
3.0 - 6.5 mm and period length λ0 = 9.0 - 15 mm is given by:

B 0 [T ] = (1.85 + 0.194 λ 0 [mm] ) e

−

πg
λ0

(3)

The maximum magnetic field in the coils is in the region of 2.5 T and the current density is about
2
1.1 kA/mm .
For the MAX IV 3.0 GeV storage ring with a vertical physical aperture of 4 mm in the straight
sections, corresponding to a magnetic gap of 4.4 mm, the following parameters of the SCUs are
found:
A K-value of 1.48 at a peak field of 1.32 T is found for a period length of 12.0 mm. This
undulator is called SCU 12.0 in Table 1.
227

A K-value of 2.21 at a peak field of 1.70 T is found for a period length of 14.0 mm. This
undulator is called SCU 14.0 in Table 1.
For the MAX IV 1.5 GeV storage ring with a vertical physical aperture of 6 mm in the straight
sections, corresponding to a magnetic gap of 6.4 mm, the following parameters of the SCUs are
found:
A K-value of 1.58 at a peak field of 1.17 T is found for a period length of 14.5 mm. This
undulator is called SCU 14.5 in Table 2.
A K-value of 2.30 at a peak field of 1.49 T is found for a period length of 16.5 mm. This
undulator is called SCU 16.5 in Table 2.
The generalised expression above only gives an indication of the expected peak field and the peak
field has to be calculated from the actual dimensions of the superconducting coils, which are
given by the wire dimensions. The model of the magnetic structure has to be made in 3D and
include all current carrying wire in the undulator, since the single current carrying wire between
the individual coils and also the current leads feeding the coils will affect the magnetic field of the
superconducting undulator. Fig. 2 shows an example of a 3D model made with the computer
code Radia [14] of a superconducting undulator with standing racetrack coils. A number of
possible arrangements of the superconducting coils and the current leads of superconducting
undulator for MAX IV have been evaluated and the manufacture of prototypes is just about to be
started up.

Fig. 2. Example of a 3D model of the
magnetic
structure
of
a
superconducting undulator with 40
periods. The colours red and green
indicate alternating current directions
in the standing racetrack coils.

The MAX IV rings are matched to superconducting undulators since the soft end bending
magnets and the long bunch length in the stored beam give a moderate heat load to the cold
mass of the superconducting undulator. The heat load to the cold mass in the cryostat in the
MAX IV 3.0 GeV ring is expected to be in the region of 4 W and it will be cooled by local cooling
machines. The total magnetic length of the superconducting undulators, as of the in-vacuum
hybrid undulators, is 3 m and subdivision of the total cold length into two separate cryostats
might be necessary. Prototype work with both the superconducting coils and the cryostat will be
carried out in connection with the DDR.

In-vacuum permanent magnet material undulators
Undulators built with permanent magnet technology are either of hybrid type, whereby the
construction includes poles made of iron or other soft magnetic material, and permanent magnet
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material or constructed from permanent magnets only. The hybrid type undulators have been
chosen in the examples given below. Similar results are also obtained with pure permanent
magnet undulators. The in-vacuum undulators will operate at small gaps and hence the more
radiation resistant magnetic material Sm2Co17 is chosen instead of NdFeB, which has higher
remanence but which is also more sensitive to radiation.
The peak field in a hybrid undulator for a specific period length and magnetic gap is found by
carrying out an optimisation procedure of the geometry of the iron poles and magnet material in
the undulator. The magnetic material Sm2Co17 (Br = 1.05 T) is used as the permanent magnet
material and iron is used as the pole material. The hybrid undulator is at ambient temperature.
For the MAX IV 3.0 GeV ring with a physical vertical aperture in the straight sections of 4 mm the
following parameters are found:
A K-value of 1.53 at a peak field of 1.06 T is found for a period length of 15.5 mm. The
3
dimensions of the magnet material are 50 × 30 × 5.65 mm and the pole material 32 × 24 × 2.1
3
mm . This undulator is called PMU 15.5 in Table 1.
A K-value of 2.28 at a peak field of 1.28 T is found for a period length of 19 mm. The dimensions
3
3
of the magnet material are 50 × 30 × 6.9 mm and the pole material 32 × 24 × 2.6 mm . This
undulator is called PMU 19.0 in Table 1.
For the MAX IV 1.5 GeV storage ring with a vertical physical aperture of 6 mm in the straight
sections the following parameters are found:
A K-value of 1.56 at a peak field of 0.857 T is found for a period length of 19.5 mm. The
3
dimensions of the magnet material are 50 × 30 × 7.3 mm and the pole material 32 × 24 × 2.45
3
mm . This undulator is called PMU 19.5 in Table 2.
A K-value of 2.19 at a peak field of 1.02 T is found for a period length of 23 mm. The dimensions
3
3
of the magnet material are 50 × 30 × 8.6 mm and the pole material 32 × 24 × 2.9 mm . This
undulator is called PMU 23.0 in Table 2.

In-vacuum cryogenic permanent magnet material undulators
Currently hybrid type undulators working at temperatures far below ambient temperature are
being developed [1]. This will enhance the peak field in the undulator since the permanent
magnet material shows an increasing magnetic field performance with decreasing temperatures.
The temperature of the magnet structures in a cooled hybrid undulator is foreseen to be in the
range 77-150 K. The most important effect of the cooling is the large increase of the intrinsic
coercivity, which is higher than 4000 kA/m at low temparatures. With such coercivity, NdFeB
material is at least as resistant to radiation damage as Sm2Co17 material. The other beneficial
aspect of the cooling is the higher remanence achieved.
The peak field in a hybrid type undulator operating at cryogenic temperatures is found by carrying
out an identical optimisation procedure as above. The magnetic material is NdFeB (Br = 1.35 T at
140 K, Br = 1.18 T at 293 K [1]), and iron is used as the pole material. The cold hybrid undulator is
at a temperature of 140 K.
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For the MAX IV 3.0 GeV ring with a physical vertical aperture in the straight sections of 4 mm the
following parameters are found:
A K-value of 1.57 at a peak field of 1.16 T is found for a period length of 14.5 mm. The
3
dimensions of the magnet material are 50 × 30 × 5.05 mm and the pole material 32 × 24 × 2.2
3
mm . This undulator is called CPMU 14.5 in Table 1.
A K-value of 2.25 at a peak field of 1.38 T is found for a period length of 17.5 mm. The
3
dimensions of the magnet material are 50 × 30 × 6.15 mm and the pole material 32 × 24 × 2.6
3
mm . This undulator is called CPMU 17.5 in Table 1.
For the MAX IV 1.5 GeV storage ring with a vertical physical aperture of 6 mm in the straight
sections the following parameters are found:
A K-value of 1.57 at a peak field of 0.93 T is found for a period length of 18.0 mm. The
3
dimensions of the magnet material are 50 × 30 × 6.45 mm and the pole material 32 × 24 × 2.55
3
mm . This undulator is called CPMU 18.0 in Table 2.
A K-value of 2.26 at a peak field of 1.13 T is found for a period length of 21.5 mm. The
3
dimensions of the magnet material are 50 × 30 × 7.75 mm and the pole material 32 × 24 × 3
3
mm . This undulator is called CPMU 21.5 in Table 2.

Superconducting wigglers
The wigglers to be installed in MAX IV will be of the same type as the existing superconducting
MAX-Wigglers at MAX-lab [15]. The period length will be about 60 mm and the peak field about
3.5 T. A number of similar superconducting wigglers using race track coils have been built and
installed at several synchrotron radiation facilities, see examples [16, 17, 18], and the construction
of the superconducting wigglers are not expected to pose any major technical challenges.

Elliptically polarizing undulators
There is a demand for elliptically polarized light at some of the foreseen beamlines at MAX IV.
The energy span for the emitted photons of special interest is 150 eV to 1.5 keV, which preferably
should be covered by the fundamental harmonic of an elliptically polarizing undulator installed at
the MAX IV 3.0 GeV ring. An elliptically polarizing undulator with period length of 52 mm, a
maximum K-value of 4.4 at the minimum gap 9.3 mm covers the specified spectral region. Such
3
an undulator can be constructed in NdFeB blocks with the dimension 52 × 26 × 13 mm . This
undulator is called EPU in Table 1 and Table 2.
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Table 1. Insertion Devices for the MAX IV 3.0 GeV storage ring

Undulator Description

Superconducting
Undulator
Superconducting
SCU 14.0
Undulator
Sm2Co17 Hybrid Type
PMU 15.5
@ 300 K
Sm2Co17 Hybrid Type
PMU 19.0
@ 300 K
CPMU
NdFeB Hybrid Type @
14.5
140 K
CPMU
NdFeB Hybrid Type @
17.5
140 K
Superconducting
SCW
Wiggler
Ellipt.
Polarizing
EPU
Undulator
SCU 12.0

Magnet Physic Period
ic Gap al Gap Length
[mm]
[mm]
[mm]

Peak
Field
[T]

Kvalue

Lengt
h [m]

Number
of
Periods

4.4

4.0

12.0

1.32

1.48

3

250

4.4

4.0

14.0

1.70

2.21

3

214

4.2

4.0

15.5

1.06

1.53

3

193

4.2

4.0

19.0

1.28

2.28

3

157

4.2

4.0

14.5

1.16

1.57

3

207

4.2

4.0

17.5

1.38

2.25

3

171

12

10.2

60

3.5

20

2

33

9.3

6.0

52

0.91

4.4

3

57

Magneti Physica Period
c
Gap l Gap Length
[mm]
[mm]
[mm]

Peak
Field
[T]

Kvalue

Length Number
[m]
of Periods

6.4

6.0

14.5

1.17

1.58

3
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6.4

6.0

16.5

1.49

2.30

3

181

6.2

6.0

19.5

0.86

1.56

3

153

6.2

6.0

23.0

1.02

2.19

3

130

6.2

6.0

18.0

0.93

1.57

3

166

6.2

6.0

21.5

1.13

2.26

3

139

12

10.2

60

3.5

20

2

33

9.3

6.0

52

0.91

4.4

3

57

Table 2. Insertion Devices for the MAX IV 1.5 GeV storage ring

Undulator

SCU 14.5
SCU 16.5
PMU 19.5
PMU 23.0
CPMU
18.0
CPMU
21.5
SCW
EPU

Description

Superconducting
Undulator
Superconducting
Undulator
Sm2Co17 Hybrid Type
@ 300 K
Sm2Co17 Hybrid Type
@ 300 K
NdFeB Hybrid Type @
140 K
NdFeB Hybrid Type @
140 K
Superconducting
Wiggler
Ellipt.
Polarizing
Undulator

Expected brilliance in the MAX IV 3.0 GeV ring
The expected brilliance for the harmonics 1, 3, 5, 7 and 9 for the different undulators in Table 1
when installed into the MAX IV 3.0 GeV ring has been calculated with the software package
SPECTRA (version 7.2) from the SPring8 laboratory in Japan [19]. The beam parameters in the
middle of the straight sections of the 3.0 GeV MAX IV storage ring are given in Table 3. The beam
parameters in Table 3 in combination with the undulator parameters in Table 1 have been used as
the input parameters for the SPECTRA calculations.
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Table 3. Beam parameters used as input to SPECTRA

Beam energy
Stored current
Energy spread
Horizontal betafunction
Horizontal emittance
Vertical betafunction
Vertical emittance

E
I
∆E/E
βx
εx
βz
εz

=
=
=
=
=
=
=

3
500
0.0011
8
0.86
1.8
0.0086

GeV
mA
m
nm rad
m
nm rad

Fig. 3 shows the calculated brilliance for the undulators in Table 1 with a K-value in the range 0.51.5 and Fig. 4 shows the calculated brilliance for the undulators in Table 1 with a K-value in the
range 0.5-2.2. As expected, the highest brilliance is found for the undulators with a K-value in the
range 0.5-1.5, while the undulators with a K-value in the range 0.5-2.2 show a lower brilliance
but also full tunability over the whole energy range. Fig. 5 shows the brilliance for the harmonic 3
and 5 for the undulators SCU 14.0 and PMU 19.0 in the photon energy span 6-16 keV.
From the calculated brilliance curves it can be concluded that the 3.0 GeV MAX IV storage ring is
of great potential as an X-ray source already when using the state of the art technology of today
with in-vacuum hybrid undulators and the performance will be further increased by the
introduction of superconducting undulators.
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MAX IV 3 GeV
1.E+18
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Photon Energy [eV]
Fig. 3. Brilliance for the harmonics 1, 3, 5, 7 and 9 for the undulators in Table 1 with a K-value in the range 0.51.5.
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Fig. 4. Brilliance for the harmonics 1, 3, 5, 7 and 9 for the undulators in Table 1 with a K-value in the range 0.52.2.
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Fig. 5. Brilliance for harmonics 3 and 5 the undulators SCU 14.0 and PMU 19.0 in the photon energy span 6-16
keV.
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Expected brilliance in the MAX IV 1.5 GeV ring
The expected brilliance for the harmonics 1, 3, 5, 7 and 9 for the different undulators in Table 2
when installed into the MAX IV 1.5 GeV ring has been calculated. The beam parameters in the
middle of the straight sections of the 1.5 GeV MAX IV storage ring are given in Table 4.
Table 4. Beam parameters used as input to SPECTRA

Beam energy
Stored current
Energy spread
Horizontal betafunction
Horizontal emittance
Vertical betafunction
Vertical emittance

E
I
∆E/E
βx
εx
βz
εz

=
=
=
=
=
=
=

1.5
500
0.00049
8
0.34
1.8
0.034

GeV
mA
m
nm×rad
m
nm×rad

Fig. 6 shows the calculated brilliance for the undulators in Table 2 with a K-value in the range 0.51.5 and Fig. 7 shows the calculated brilliance for the undulators in Table 2 with a K-value in the
range 0.5-2.2.
Figs 6 and 7 demonstrate the advantage of the two-ring concept where the rings are operated at
different electron energies. Low photon energy undulator radiation is achieved without the
introduction of very long period undulators with high K-values. The shorter period lengths in the
MAX IV 1.5 GeV ring undulators result in a more optimum design of the IDs and a very high
brilliance.
Even lower photon energies can be attained with longer period undulators. For example, a 3 m
long undulator with a period length of 50 mm and a K-value of 2.54 would give a brilliance of
19
2
2
1.9×10 [Photons/(s 0.1%BW mm mrad )] at a photon energy of 100 eV.
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Fig. 6. Brilliance for the harmonics 1, 3, 5, 7 and 9 for the undulators in Table 2 with a K-value in the range 0.51.5.
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Fig. 7. Brilliance for the harmonics 1, 3, 5, 7 and 9 for the undulators in Table 2 with a K-value in the range 0.52.2.
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Proposal for the first phase beamlines at the MAX IV facility
This section contains a description of the proposed first phase beamlines to be built at the MAX IV
facility. The proposed designs and scientific areas of these beamlines are based on an analysis of
the user demands, as for instance formulated at a number of workshops. The proposal is
designed to take full advantage of the unique performance of the MAX IV accelerators.
A set of beamlines is described for the 0.7, 1.5 and 3 GeV storage rings as well as for the 3 GeV
Linac that covers a broad spectral range from the IR to hard X-rays.
For the 0.7 GeV storage ring (the transferred MAX III ring) no new beamlines are proposed.
However, since these beamlines will be part of the MAX IV facility and add to its capabilities they
are described in the same way as the new ones.
For the 1.5 and 3 GeV storage rings a number of new beamlines are proposed. In addition to
these there are possibilities to relocate certain beamlines from the present MAX II facility. These
possibilities are also briefly described in this section.
One of the beamlines proposed in the first phase build-up is intended for short pulse X-ray
experiments using the unique properties of the 3 GeV Linac.
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0.7 GeV storage ring

Infrared Microscopy
Description
This is a beamline for infrared microscopy at the 0.7 GeV MAX III storage ring. It can provide
infrared spectra over the wavelength region from 1 micron to 200 micron of microscopic samples.
It can also provide IR images with diffraction limited spatial resolution using IR mapping or a focal
plane array detector. The technique has applications in materials science, medicine and biology,
analytical chemistry, forensic science and archaeology.

Technical data
Energy or wavelength
range

Between ~1.0 µm and 200 µm

Energy resolution

0.25 cm

Source

Bending Magnet Radiation 100 mrad Horizontal x 50 mrad
Vertical

-1

- 0.030 meV

Flux @ first optical element 4.8x1013 Phot/s/0.1%bw @ 10 µm for 200 mA stored current
Optics

Combination of flat and ellipsoidal mirrors.

Sample environment

Microscope coupled to a Fourier transform IR spectrometer bench
Fluorescence microscopy ATR and glansing incidence objectives
Infrared transparent windows for sample handling

Beam size at sample

10x10 µm , or 20x20 µm

Detectors

InSb, MCT and Si bolometer single element detectors and a
128x128 Focal plane array MCT detector available.

Polarization

More than 75% linear

2

2

Scientific opportunities
Materials science

Microscopic analysis defects in solids. Changes in composition at
interfaces. Chemical composition changes with temperature.

Geology, Atmospheric
Science

Identification of inclusions in minerals. Chemical imaging of
inclusions constituents. Identification of aerosol particles.

Biology, Medicine

Infrared spectroscopy of individual cell. Imaging of structure
elements inside individual cells. Study of human tissues. Bacterial
identification.

Archaeology,
Forensic Science

Chemical analysis of historic artefacts.
Technical evidence.

Thin films

Analysis and chemical imaging of thin films, protection layers,
polymeric coatings.

Applied research

Solution of micro analytic problems in many different fields.
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Beamline status
Beamline 73 at MAX I is currently used for setting up a new endstation for infrared microscopy. A
Bruker 66v/S FTIR spectrometer is combined with a Hyperion 3000 microscope. Beamline 73 is in
operation since many years and the microscope is under commissioning. The present funding
covers the transfer of this beamline to MAX III.

Appendix (Infrared Microscopy)
The utilization of infrared light is part of almost all developing programs at existing or planned
storage ring facilities. Compared to conventional thermal IR-sources, synchrotron radiation offers
a signal advantage (2-3 orders of magnitude in favourable cases) in two areas: in the low energy
-1
region (Far-infrared ≤700 cm ) and when the light needs to be focused onto a small (diffraction
limited) spot. The latter is the motivation for using synchrotron light for infrared microscopy.
Infrared microscopy has its major advantage as an analytical tool in two situations: the sample is
intrinsically small or a spatial image or map (on the µm scale) is required. For sophisticated
statistical treatment of the spectral information in images a high signal to noise ratio is also highly
desirable [1]. A statistical treatment of the measured data becomes essential as an image can
-1
consist of 150 000 vibrational spectra all covering the 900–10 000 cm spectral region.

Materials science
Conventional infrared microscopy is already in use for materials science. However, the improved
sensitivity and spatial resolution obtained by a storage ring source will open up new frontiers and
allow studies that were previously impossible. Experience shows that SR sources allow one to
operate routinely at the diffraction limit which, in general, is not possible with thermal sources.
Below follow some examples of areas where SR based infrared microscopy is particularly
promising.
•

Studies of small crystals, e.g. protein crystals, from near-IR all the way down to the far-IR
region.

•

Friction and wear, studies of lubricants confined between surfaces [2].

•

High-pressure studies of materials for fundamental studies of e.g. water.

•

ATR studies and mapping of rough and none-transparent/none-reflective samples, e.g.
wood and textile.

•

Gracing incidence studies for detection of monolayer coverages of molecules adsorbed on
metallic surface of e.g. electric components.

•

Samples of rare or expensive materials such as interstellar dust particles [3], archeological
materials and paint from art objects.

•

Forensic science
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Biology and biomedicine
Infrared vibrational spectroscopy is, besides NMR, the most widely used analytical tool for studies
of organic molecules and materials. Combined with a microscope it therefore offers many highly
interesting or even revolutionary opportunities in biology. For instance, the technique allows, in
principle, to probe the chemical composition inside individual cells. A biological cell is typically 5 –
30 µm while the diffraction limit resolution ranges from 3 to 12 µm depending on wavelength of
the light used. Samples of living materials can also be studied, as no vacuum is needed. A recent
review of the benefits of synchrotron based infrared microscopy for biological and biomedical
applications is found in e.g. [4]. Other examples were infrared microscopy has been used are:
•

Samples of human skin, bone and hair and individual cells have been successfully studied
[5].

•

Differentiation of benign from malignant prostatic tissues [6].

•

Monitoring of biochemical kinetics during disease treatment [4].

•

Discrimination between different lipids in different locations in a human hair [7].

The microscopy beamline at MAX I is still in its infancy but some projects in the field of biology
and biomedicine have already started.
•

Protein distribution in mice brain. The aim is to compare the two imaging techniques TOFSIMS and infrared microscopy for this type of samples. For instance the influence of sample
preparation on the protein distribution will be studied. The project is in cooperation with SP
(Swedish National Testing and Research Institute) in Borås and Karolinska Institutet,
Stockholm.

•

Biocompatibility of implant materials, investigations of bone tissues in the vicinity of
different implant materials. Cooperation with Nobel Biocare AB, Göteborg.
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High Resolution Infrared Spectroscopy
Description
This is a beamline for high resolution infrared spectroscopy and surface adsorbate spectroscopy in
-1
the far-infrared region (≤ 800 cm , 100 meV) at MAX III. It can provide infrared spectra over the
wavelength region from 1 micron to 500 micron of gaseous and solid samples. The technique can
be used to study deformations of molecules, intermolecular motions in small molecular clusters,
and fundamental processes in ultra cold solids. The high brilliance of the far infrared part of the
synchrotron radiation and the high stability of the FTIR spectrometer makes the beamline very
suitable for infrared spectroscopy of molecules adsorbed on surfaces.

Technical data
Energy or wavelength
range

Between ~1.0 µm and 500 µm

Energy resolution

0.001 cm

Source

Bending Magnet Radiation 100 mrad Horizontal x 50 mrad
Vertical

-1

- 0.0012 meV

Flux @ first optical element 4.8x 1013 Phot/s/0.1%bw @ 10 µm for 200 mA stored current
Optics

Combination of flat and ellipsoidal mirrors.

Sample environment

High resolution FTIR spectrometer
Cryostat (≤ 4K)
-11
UHV chamber (~10 Torr)
Gas cell, maximum optical path length 150 m, Operating range
90-350 K.
Molecular beam

Detectors

InSb,MCT and Si bolometers

Polarization

More than 75% linear

Scientific opportunities
Chemical physics

Rotationally resolved infrared spectroscopy of gaseous molecules,
including of low frequency deformation modes.
Rotationally resolved infrared spectroscopy of intermolecular
motions in gaseous molecular clusters.
Infrared spectroscopic studies of ultra cold solids with very sharp
absorption bands, for instance solid para hydrogen.

Surface science

Far infrared spectroscopy of molecules adsorbed on solid surfaces
in ultra high vacuum

Materials science and
geoscience

Infrared spectroscopy on materials at extreme pressures in
diamond anvil cells
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Beamline status
Beamline 73 at MAX I is a shared IR spectroscopy and microscopy beamline. When transferred to
MAX III it is anticipated that this will be separated into two beamlines. The minor additional
funding for this will be applied for before the MAX IV project.

Appendix (High Resolution Infrared Spectroscopy)
MAX-lab has pioneered the development of high resolution spectroscopy on gaseous molecules
and molecular clusters based on infrared SR light [1-4]. Beamline 73 at MAX I is the one and only
high resolution FTIR spectrometer in operation at any synchrotron in the world. Others are now
following. One high resolution FTIR beamline at the Canadian Light Source is expected to be in
operation later this year and one is a part of the infrared program decided for SOLEIL.
The radiation from MAX III can be used as a high brilliance source for infrared spectroscopy. The
normal source for broad band infrared spectroscopy is a black body radiator. Its brilliance is set by
its temperature and material considerations put a severe limitation on the brilliance that can be
obtained. The brilliance of the synchrotron radiation from MAX III is orders of magnitude higher.
In routine spectroscopy the sample is at least some millimetres in diameter and the needed
resolution of the order of a few wavenumbers. For such experiments high brilliance is not needed.
In high resolution spectroscopy, the size of the source limits the resolution and high brilliance is
needed to achieve high sensitivity. For spectroscopy on adsorbed species on single crystal
surfaces, one uses light at near grazing incidence making the effective size of the sample less than
a millimetre which makes it desirable to have a high brilliance source, the advantage is most
pronounced in the far-IR region. Spectroscopy at very high pressure is normally carried out in
diamond anvil cells which are small and limit severely the size of the source that can be used. Also
here a high brilliance source is needed for high sensitivity.

High resolution vibrational spectroscopy
High resolution infrared vibrational spectroscopy can give information on conformation properties
of flexible molecules, on the binding and structures of molecular and atomic clusters and on the
energy flow between different parts of molecules. Also unstable molecules (free radicals, ions) can
be studied provided a good source for the generation of the species of interest is available. The
far infrared region is of crucial importance. It remains the last frontier in spectroscopy, as no
convenient and bright light sources (e.g. lasers) are available. In molecules, deformation modes
are found here, which determine their ability to deform, for instance to facilitate some reaction. In
molecular clusters, the intermolecular vibrations are found here. The frequencies of these are
direct measures of the binding energies of the cluster and a thorough knowledge of their values is
necessary for theoretical treatments of energy transfer in molecular systems, for the
understanding of condensed phases and for a complete understanding of reaction dynamics. In
the mid infrared region, laser sources are available, but broad band FTIR measurements are often
used since they are much more convenient. In the far infrared region synchrotron radiation based
FTIR spectroscopy is particularly advantageous, offering an order of magnitude higher signals than
conventional sources. We have used the radiation of MAX I in combination with a high resolution
FTIR spectrometer and a long path gas cell to observe intermolecular vibrations of molecular
complexes. These spectra could not be obtained with a conventional source. A molecular beam
source would make it possible to extend these studies to a much larger number of systems, since
the requirement that the cluster has to have a finite vapour pressure is no longer applicable.
The low temperature in the beam means that even very weak complexes are formed, the Doppler
width is very small and only very few rotation states are populated. The latter point means that
the intensity is concentrated to a small number of lines, which very significantly improves the
signal to noise ratios. The gain in signal in a gas phase infrared spectrum is limited by the fact that
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gas phase lines have Doppler widths, which makes it unnecessary to use higher resolution than
-1
-1
0.001 cm at frequencies above 500 cm unless molecular beams are used. In the very far
infrared, however, the resolution offered by the best available FTIR instruments is lower than the
Doppler width. A highly interesting project would be to combine the Fourier transform IR with a
Fabry Perot interferometer. By using FTIR spectra for different settings of the Fabry Perot etalon, a
spectrum with an order of magnitude higher resolution than the original FTIR spectra may be
obtained. This means that one can reach laser resolution in a spectral region, where no good laser
sources are available. The high brilliance of the synchrotron radiation is essential for this
measurement scheme.

Far-IR surface vibrational spectroscopy
In spite of substantial efforts in the field of infrared spectroscopy of surface adsorbates during the
-1
past 15 years the energy region below 800 cm (100 meV) remains elusive. Essentially, only
atomic H [5] and O [6] and diatomic species such as CO [7] and NO have been studied on metal
surfaces. Most of the hindered motion of the adsorbate with respect to surface is, however,
found in this energy region. This motion dictates e.g. diffusion along the surface. It is also
essential for the understanding of chemical transformations and selectivity at surfaces. Recent
progress in QM electronic structure calculations of cluster models [8, 9] have demonstrated that
the energy of intramolecular vibrational modes of surface adsorbates often can be determined
within 1%. Therefore high resolution experimental data of the hindered modes will be crucial for
further development of theoretical modelling of surfaces and surface adsorbate interaction.

Vibrational spectroscopy at high pressures, the GPa region
Spectroscopy at very high pressures can give important information on the bonding in different
phases. It is much used to study minerals that are thought to exist in the interior of the earth.
Here the samples are of necessity very small, which means that only a small part of the surface of
a thermal source can be used. Also here the high brilliance of the synchrotron radiation is very
valuable.

Fundamental aspects of SR infrared light
The development of this beamline will also be important for explorations on how synchrotron
based infrared light can be utilized in the future. There are still many things to learn about the
stability and noise sources in SR light in the infrared region. Indeed infrared beamlines may be
used as diagnostic tools for beam stability [10]. The microscopy beamline is highly specialized
with a very complex optical system dedicated to one specific task and will therefore be unsuitable
for this type of investigations.
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Ultra High Resolution Normal Incidence Monochromator Beamline
Description
The beamline consists of a ultra high resolution normal incidence monochromator connected to
an elliptically polarized undulator covering all polarizations and an energy range from ~5 to 50
eV. The beamline is designed in such a way that it is possible to have multiple branches dedicated
to different types of experiments.
The main branch is equipped with an experimental station dedicated to high energy-, angle- and
spin-resolved photoemission. It is combined with a III-V MBE system for in situ studies of
compound semiconductors. The station is dedicated to studies of a variety of samples from solid
state physics, surface and interface science, nano science, and magnetic materials.
There are plans to add a second branch to the beamline, which will make possible other types of
experiments, such as gas phase spectroscopies and luminescence measurements on solids.

Technical data
Energy or wavelength
range

5 to 50 eV

Energy resolution

Ultimate resolution ~10 over the entire energy range.

Source

Elliptically polarized undulator, minimum gap of 16 mm,
st
27 periods with period length 69 mm. Only the 1 harmonic of
the undulator radiation is used.

5

14

Flux @ first optical element ~1- 5x10 photons/s/0.1%bw at 100 mA stored current.
Optics

The pre-optics, a combination of three mirrors, focuses the
radiation onto the entrance slit in the vertical direction and onto
the spherical grating in the horizontal direction.
The monochromator is a normal incidence 6.65 m off-axis eagle
type with the provision of holding five gratings in total.
The post-focusing optics (KB mounted mirrors) will be separate
for the two branch lines.

Sample environment

Solid state end station: UHV station for ultra high energy-, angleand spin-resolved photoemission. A III-V based MBE system will
be connected to the end station. Sample preparation facilities
include evaporators and gas dosing, sample transfer system and
sample characterization by e.g. LEED, RHEED and Auger.
Second branch: Several experimental stations capable of
handling gases, liquids and clusters are available as well as a LHe
cooled station for luminescence work.

Beam size at sample

Solid state end station: ~ 0.3 mm horizontal by 0.1 mm vertical.
Second branch: not decided.

Flux on sample

The beamline has approximately 10 -10
photon energy range.

Detectors

Solid state end station: The main instrument is a VG Scienta
R4000 hemispherical electron analyser with a detector system
that allows both energy-, angle- and spin-resolved
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measurements. The ultimate energy resolution of the analyzer is
about 1 meV and the ultimate angular resolution is better than
o
0.1 .
Second branch: Various end stations provided by user groups:
electron, ion and photon spectrometers, set-ups for timeresolved and coincidence experiments, and a luminescence
detector.
Polarization

Variable elliptical, including the circular and linear limits

Scientific opportunities
Basic/applied science

Angle resolved photoemission is the only exact tool to measure
the valence electronic structure. An angle-resolved photoemission
spectrum is a direct visualization of the spectral function, and its
line shape carries information about the dimensionality of the
system and electron correlations induced for example by
electron-electron, electron-phonons, electron-impurity
interactions etc.
Some examples are studies of low-energy excitations in strongly
correlated systems, high Tc superconductors, colossal
magnetoresistance, half-metal compounds, quantum well states
of metals on metals and metals on semiconductors; direct
observation of collective excitations in the form of for e.g.,
spinons and holons; studies of the ferromagnetic phase of diluted
magnetic semiconductors and magnetic quantum dot structures;
studies of electronic and structural changes due to phase
transitions in one and two dimensions, Fermi surface nesting and
formation of charge density waves, ferro-antiferro and order
disorder transitions in 2D and 1D organic molecular arrays,
dimensionality changes of the electronic structure from 3D to 2D
by intercalation; studies of electronic properties of artificial
structures.

Materials synthesis
(including magnetic
materials)

In situ monitoring and real-time mapping of the electronic
structure during growth processes of new materials aimed to
reach high curie temperature for magneto-electronics
applications (spintronics) by molecular beam epitaxy, e.g., diluted
magnetic semiconductors based on III-V and II-VI compounds,
superstructures formation such as magnetic quantum dot
structures e.g., MnAs and MnSb dots embedded in GaAs,
growth of half-metals e.g., MnBi and MnSb films on GaAs and
growth of single and multiple graphene layers.

Atomic physics

Interference effects and channel interaction in subvalence and
shallow core excitation and decay processes in open-shell atoms
(metal vapours).
Electron correlations in photoionisation processes of rare gas
atoms close to their subvalence ns shells.

Molecular and cluster
studies

VUV-induced,
electronic-state-dependent
molecular
VUV
fragmentation
patterns,
studied
by
high-resolution
spectroscopies.
Coupling of rotational-vibrational nuclear motion to the
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electronic excitations for larger molecules.
Subvalence excitations and their decay in ionic molecules
(monomers, dimers and clusters), studies of the symmetry and
interference effects.
Photofragmentation dynamics and time-resolved studies of
molecules and clusters.
Valence electronic structure and vibrational properties of small
gas-phase clusters.
Cluster size dependent development of the electronic band
structure of metallic clusters by electron-ion coincidence
spectroscopy.

Beamline status
The beamline is financed and presently under construction and the experimental station for angleresolved photoemission is under commissioning. Funding for a branch line for gas phase
experiments and luminescence has been applied for by Finnish and Estonian research groups.

Appendix (Ultra High Resolution Normal Incidence Monochromator Beamline)
Angle resolved photoemission
Angle-resolved photoemission is the method of choice for characterization of valence electron
states in the bulk and at the surface of a solid. This is basic information for understanding
electronic properties. The method is therefore applied whenever a solid showing some novelty
regarding structure or properties is encountered: it may be a quasi-crystal, a low dimensional
structure, a superconductor, a magnetic semiconductor or, to give an example that has gained
strong interest quite recently, a single atomic layer of carbon atoms, graphene.
The growing interest in preparing novel artificial structures and the fact that angle resolved
photoemission provides unique information about valence electrons suggests that the method will
be of long-lasting interest. This view is strengthened by the fact that with the excellent
characteristics of the present endstation combined with the high light intensity from MAX III, the
beamline gives the opportunity to use photoemission also to obtain quantitativily new information
about details of the electronic excitation spectrum which are of fundamental interest and often
have a direct bearing on transport phenomena exploited for the development of electronic or
magneto-electronic devices. Such phenomena are typically governed by the dispersion of a tiny
fraction of the valence electrons, by the interaction among these electrons and/or between these
electrons and the atomic vibrations or with defects in the atomic order. Of general interest is the
electron-phonon interaction, which governs the electrical conductivity of an ordinary metal and is
responsible for superconductivity. It is easy to predict that interest in these interactions will be
perennial but that the studies will increasingly turn to artificial structures designed to achieve
certain properties or to clarify the interaction of particular interest. Angle resolved photoemission
is the only exact tool for measuring the valence electronic band structure. An angle-resolved
photoemission spectrum is a direct visualization of the spectral function, and its shape carries
information about the dimensionality of the system and electron correlations.
Below we list a number of research fields where the NIM beamline on MAX III facility is expected
to deliver results of widespread interest.
Magnetic semiconductors. The quest is for a semiconductor in which the electric current at room
temperature is carried preferentially by electrons of one spin orientation. As often stated in
science outlooks, success with this would be a milestone in material science and have a huge
impact on the information industry. Regarding temperature the goal is not yet achieved but
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Swedish researches are at the forefront. The work is based at MAX-lab since sample preparation,
made with MBE, and initial characterization is made there and the new NIM beamline on MAX III
will also yield the crucial spin information. In one line of the research magnetic impurities, like Mn
atoms, are introduced in a semiconductor like GaAs. The preparation is intricate. Agglomeration
of impurity atoms must be avoided and impurity content optimized. Furthermore the location of
the magnetic atoms with respect to the host atoms is important. Two types of sites have been
identified, one being advantageous and the other detrimental to magnetism. Recent work at
MAX-lab has demonstrated a way out of this dilemma, namely a procedure whereby the atoms in
the evil sites are preferentially removed by diffusion induced by a surface layer. Other methods
have been tried with success. One is δ-doping, samples are prepared such that the impurity atoms
are found in single atomic layers in the host material. Another is to seek out half-metals, such as
MnBi, which may be grown in epitaxy on a semiconductor such as GaAs or Mn doped GaAs. In
the latter case the half-metal could be used for spin injection.
Low dimensional systems (films, wires and dots). Common for low D objects is that the proximity
of boundaries imposes restrictions of wavelengths and energies for electrons, phonons, plasmons
magnons etc and this is reflected by size dependent properties. The objects of interest for solid
state physics and applications typically do not appear in isolation but are bordered by other
matter on one or more sides. For the experimentalist one important objective will be to find
material combinations and preparation procedures that give objects, which are well defined with
respect to dimensions and atomic order and have properties of potential applied or fundamental
interest. Angle-resolved photoemission has turned out to be an excellent tool to monitor both
growth and electronic excitations of adsorbed films, islands and rows of atoms, as well as the
interaction between light and matter. With the new facility one can now proceed to investigate
details of the excitation spectrum related to the many interesting phenomena peculiar to or easily
discerned only for low D systems. To the latter belongs the electron-phonon interaction, which is
less obscured when the level structure is discrete. Of obvious interest is the increased electron
correlation in low D, which can induce ground states and excitations quite different from those of
most 3D systems. This is a challenging area for both experiment and theory with continued
interest guaranteed by the fact that electron correlation is responsible for properties of technical
interest like high temperature superconductivity and colossal magnetoresistance. Ultra-thin film
structures generated the first nano-sized spintronics device with large scale applications, namely
the magneto-resistive reading head. Particular current interest is attracted by the demonstration
of potential for graphene based electronics. The recent pathbreaking experiments in UK and US
were made with samples that were prepared by a micro-mechanical process. Swedish MAX-lab
user groups have characterized one or few layers of graphene prepared by a simpler method,
which may be more easily adapted to large scale fabrication. Continued work at MAX-lab on
graphene is clearly stimulated by the observation that the material has not merely academic
interest.

Gas-phase studies
Atomic physics. Photoionisation of rare gas inner valence s-electrons is interesting for the
investigation of electron correlative effects, such as the minima in the s-shell photoionisation cross
sections, and the one-photon excitation of neutral doubly excited states and their subsequent
autoionisation. Since the autoionisation of the doubly excited states in many cases leads to
excited states in the singly ionized rare gas atom, the fluorescence of these excited states is used
for an indirect spectroscopy of the doubly excited states using synchrotron radiation with very
narrow bandwidth.
Open-shell atoms (such as metal vapours) have the first inner shell resonances in the VUV-range.
The resonant Auger decay channel via such resonances and the valence photoionization channel
populate the same final states and and strong interference effects are expected. The
measurements of the photoionization cross sections and their angular behaviour in free atoms
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and molecules at the photon energy region of 5 - 50 eV are also of great interest from the
theoretical point of view, as channel interaction can become very strong in this energy range.
Molecular and cluster studies. The VUV-induced dissociation processes of molecules have a sharp
dependence on the excitation energy causing both state- and energy-selective fragmentation
patterns. The richness of molecular states due to, e.g. the molecular field splitting and the
rotational and vibrational motions and couplings, requires very narrow photon bandwidths. The
fragmentation patterns can be studied both with charged (electrons and molecular ions) and
neutral particle detection (fluorescence), often yielding complementary information. Particularly
studies of the VUV-induced dissociation of greenhouse gases is of acute environmental
significance.
The response of ionic compounds to VUV-radiation can often be described using well-established
atomic and ionic models and the influence of the ionic environment regarded as a perturbation.
This allows to pinpoint specific molecular effects (symmetry-dependent electron correlation
effects, charge transfer, molecular field splittings etc.) and to study them in detail. Also,
exceptionally strong lifetime vibrational interference effects have been observed in the inner
valence excitation and decay of alkali halide molecules and the availability of intense narrow-band
VUV radiation is needed to study such phenomena, particularly when using time-resolved
spectroscopy.
When both ions and electrons are measured in coincidence, one can be size-selective at the single
cluster level in the VUV region, where the photoexcitation does not destroy the cluster. One can
then proceed from monomers and dimers to larger clusters, and study the evolution of the
valence electronic band structure, for example in the metal clusters from insulator to conductor.

Luminescence measurements
Luminescence methods are powerful tools for the investigation of basic properties of materials.
The study of the intrinsic emissions in the excitation region of 4-40 eV gives invaluable
information concerning the band structure of the material, relaxation properties of its electronic
excitations, which often play determinant role in operation of scintillators, light converters, lasing
materials etc. The luminescence study of intrinsic defects, colour centres and impurities helps to
understand, e.g., the processes of energy transfer and radiation damage in the material. The
application of polarized light gives information on the symmetry of luminescence centres. The
sensitivity of luminescence methods is by two orders higher than that of absorption or magnetic
resonance methods generally used for investigation of relevant centres in crystals. The
combination of a synchrotron radiation source with UV and visible light sources gives an
advantage to the study of recombination luminescence necessary to reveal the features of
electron-hole processes in the material. Investigation of fundamental mechanisms of defect
creation in solids by means of sensitive luminescence methods enables to develop new materials
such as radiation resistant materials or erosion diagnostic devices for future nuclear fusion power
plants. In nanotechnology, where a few photons originating from samples of nanoscale
dimensions have to be detected, high sensitive luminescence methods give great advantages as
well.
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Angle Resolved Photoemission
Description
The beamline consists of a spherical grating monochromator connected to an undulator port of
MAX III. The linearly polarized light is used for photoelectron spectroscopy in the energy range 10
– 160 eV. The end station has two electron analysers for angle resolved measurements. One
analyser can be rotated in both the horizontal and vertical planes inside the vacuum chamber. The
second is a fixed analyser with a two dimensional detector. The set up is designed for high energy
and angle resolution studies of the electronic structures of materials.

Technical data
Energy or wavelength
range

Between 10 and 160 eV

Energy resolution

E/∆E = 4x10 - 1.5x10

Source

Linear pure permanent magnet
53.6 mm period length. Kmax =4.0

3

14

4

14

undulator.

Flux @ first optical element 2.3x10 (E= 25 eV), 1.5x10 (E = 80 eV), 8.0x10
Photons/s/0.1%bw for 100 mA stored current.

27
13

periods,

(E=130 eV)

Optics

Combination of flat mirror and plane elliptical mirror for vertical
focusing at monochromator entrance slit. Spherical grating
monochromator (5.5-5.8 m, 162 deg.) with 3 gratings and
movable exit slit. High order light suppression with coated plane
mirrors. Re-focusing after monochromator exit slit onto sample
position with KB-mounted spherical and plane elliptical mirrors.

Sample environment

Analysis chamber for electron spectroscopy equipped with two
energy analysers, LEED and mass spectroscopy (base pressure mid
-11
10 Torr range). Sample manipulator for heating and liquid
helium cooling. The samples can be moved to two different
preparation chambers. The larger one is equipped with LEED and
mass spectroscopy and various ports for evaporation sources.

Beam size at sample

About 100 µm horizontal direction, 25 µm – 1 mm vertical
direction depending on photon energy and monochromator exit
slit width.

Flux on sample

About 2.0x10 (E= 25 eV), 1.3x10 (E = 80 eV), 1.1x10 (E=130
eV) Photons/s/0.1%bw for 500 mA stored current.

Detectors

1) Hemispherical energy analyser with a 50 mm radius and a
single channeltron detector (ARUPS10 by VG). The angle
resolution can be varied electronically in steps (±2°, ±1.4°, ±0.8°,
±0.4° and ±0.2°). The analyser is mounted on a goniometer that
allows both horizontal and vertical angle scans. Ultimate energy
resolution of the order of 15-20 meV.

13

13
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2) A bolt-on hemispherical analyser with a two-dimensional
detector (SPECS Phoibos 100). Angle acceptance can be varied in
steps (±13°, ±8° and ±4°) with angle resolutions of (0.4°, 0.15°
and 0.1°), respectively. The ultimate energy resolution is 3 meV.
The analyser can be rotated around the lens axis for maximum
flexibility.
Polarization

Linear polarization

Scientific opportunities
Soft matter

High-resolution angle-resolved photoemission is important for
determining the structural and electronic properties of organic
thin films, an area of increasing importance for e.g. molecular
electronics applications. Examples of important scientific issues
are: donor and acceptor levels as well as electron affinities in
organic-organic donor-acceptor systems e.g. for solar cell
applications. Symmetry and ordering of occupied valence orbitals
in self-organised molecular layers. Charge-vibrational coupling at
organic-inorganic interfaces can be investigated using UV light
with ultra-high energy resolution. This is important
fundamentally, as well as for the understanding of charge
injection in organic electronic devices.

Materials science/ Surface
science

Angle-resolved photoemission is the standard method to
characterize valence electron states in the bulk and at the surface
of a solid. It provides basic information for understanding
electronic properties. The combination of high energy and high
angle resolution is very essential when studying many of the
systems that attract current interest. The method is applied
whenever a solid showing some novelty regarding structure or
other properties is encountered. It may be a one or two
dimensional structure, a quantum well structure, a
superconductor, a quasicrystal or an organic material. The
excellent characteristics of the upgraded endstation of BL 33
combined with the high light intensity from MAX III provide the
opportunity to use photoemission also to obtain qualitatively
new information about the electronic structure of various
materials and material systems.

Beamline Status
BL 33 is a highly productive veamlie at MAX I. It is presently being upgraded and will be moved to
MAX III in the second half of 2006.
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Appendix (Angle Resolved Photoemission)
Angle-resolved photoemission is the standard method to characterize valence electron states in
the bulk and at the surface of a solid. It provides basic information for understanding electronic
properties. The combination of high energy and high angle resolution is very essential when
studying many of the systems that attract current interest. The method is applied whenever a
solid showing some novelty regarding structure or other properties is encountered. It may be a
one or two dimensional structure, a quantum well structure, a superconductor, a quasicrystal or
an organic material. The excellent characteristics of the upgraded endstation of BL 33 combined
with the high light intensity from MAX III provide the opportunity to use photoemission also to
obtain qualitatively new information about details of the electronic excitation spectrum. Such
information is of fundamental interest and has often a direct bearing on transport phenomena
exploited for the development of electronic devices. Such phenomena are typically governed by
the dispersion of a tiny fraction of the valence electrons, by the interaction among these electrons
and/or between these electrons and the atomic vibrations or with defects in the atomic order. Of
general interest is the electron-phonon interaction, which governs the electrical conductivity of an
ordinary metal and is responsible for superconductivity. It is easy to predict that interest in these
interactions will be perennial but that the studies will increasingly turn to artificial structures
designed to achieve certain properties or to lay bare with clarity the interaction of particular
interest.
The upgraded version of BL 33 connected to an undulator port at MAX III is an ideal set up for
high resolution valence band studies both in terms of energy- and k//-resolution. A very important
factor is the possibility to use low photon energies (down to 10 eV) to enhance the k//-resolution.

Low-dimensional metallic structures on semiconductor surfaces
Metallic nanostructures, e.g. quantum wires and dots, is a ”hot” topic and will be of increasing
importance. Electronic structure studies require very high energy and angular resolution, as well
as very high photon flux in the UV range. Several recent studies have shown that the electronic
structure of one dimensional structures may exhibit periodic lattice distortions (Peierls distortions)
or charge density wave transitions at low temperature and they are interesting for nano-scale
electronic devices. An interesting issue is whether a system changes from a metallic to a
semiconducting state when it goes through a low temperature phase transition. The proposed or
expected electronic gaps may be on the order of 10 meV or less, which requires both sample
cooling and an experimental setup with very high energy resolution. Besides, the electronic states
under investigation may disperse in energy as function of k//, which makes the angle resolution of
the spectrometer an important factor. in order to record data with high k//-resolution not only the
angle resolution but also low photon energies are important. A recent example are In chains on
Si(111) which show a surface band gap of 10-20 meV. To unambiguously verify the existence of
such a small gap the BL 33 at MAX III is an ideal experimental set-up combining high energy and
angle resolution, liquid He cooling of the sample and low photon energies.

High TC superconductors
These materials all have complicated electronic structures that are not well understood and they
display several interesting properties. Photoelectron spectroscopy can give detailed information
about the energy and momentum of the quasi particles in the material or show that a quasi
particle description of the material is not possible. In all cases, it is obvious that the energy
resolution of the experimental setup needs to be equal or better than the relevant energy scale in
the material. In the case of high TC superconductors, the relevant energy scale is given by the
superconducting gap and is on the order of 30 meV. Typical experiments that are of interest are
mapping of the Fermi surface, mapping of the gap symmetry and the study of the shape of the
pile up peak below the gap. One would like to have an energy resolution on the order of a few
meV and still be able to collect spectra within a reasonable time. To address the Fermi liquid or
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non-Fermi liquid question in high TC superconductors, a similar resolution would also be needed.
At beamline 33 at MAX III all the requirements for the energy and angular resolutions for
performing these types of studies are met. The second analyzer with the 2-D detector is very well
suited for Fermi-surface mapping which is essential for the studies of superconductors. The full
rotational freedom of the ARUPS10 analyzer is ideal for symmetry determinations of the electronic
states.

Photoelectron diffraction
PhotoElectron Diffraction (PED) is a powerful technique for determination of the geometric
structure of surfaces. In a PED experiment, the photoemission from core-levels of surface atoms is
measured with respect to emission angle and excitation energy. The power and usefulness of the
PED technique has been dramatically enhanced by the new third generation synchrotron radiation
sources. Their high photon flux and brilliance allow fast data acquisition of very large PED data
sets, combined with high energy resolution. Another advantage is the possibility to choose
different kinetic energies. At high kinetic energy, single-scattering dominates, leading to the socalled forward-focussing effect and making the analysis simple. At low kinetic energy, multiplescattering dominates, which makes the diffraction pattern more sensitive to the whole 3dimensional structure around the emitter, but also requires more sophisticated theoretical models.
An additional advantage is that at low kinetic energy the surface sensitivity is increased, allowing
the separation of the core-level signal from the substrate into bulk and different surface
contributions.
Beamline 33 at MAX III is in many ways an excellent station for photoemission studies of
semiconductor surfaces. Spectra can be taken with very high resolution and the energy range
covers the core levels of the most important semiconductor materials, e.g. Si, Ge, Ga, As, In, Sb.
In addition, the sample can be cooled with a liquid helium cryostat. BL 33 has the advantage of
having a rotatable analyzer. Thereby the incidence angle of the light can be kept constant when
changing the detected emission angle.

Soft matter
High-resolution angle-resolved photoemission is important for determining the structural and
electronic properties of organic thin films, an area of increasing importance for e.g. molecular
electronics applications. Examples of important scientific issues are: donor and acceptor levels as
well as electron affinities in organic-organic donor-acceptor systems e.g. for solar cell applications.
Symmetry and ordering of occupied valence orbitals in self-organised molecular layers. Chargevibrational coupling at organic-inorganic interfaces can be investigated using UV light with ultrahigh energy resolution. This is important fundamentally, as well as for the understanding of
charge injection in organic electronic devices.
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Ultra-High Resolution VUV Scattering
Description
The beamline is designed to deliver ultra-high resolution, high intensity X-rays in the range 30 to
600 eV with variable polarization making full use of the very low emittance of the MAX IV 1.5
GeV storage ring. The emphasis is on resonant inelastic X-ray scattering with variable polarisation
and meV resolution for photon energies below 100 eV to cover e.g. the M edges of the 3d
transition elements. The beamline should also provide a very competitive source for resonant soft
X-ray emission in the 100-600 eV range. This resource will enable several new activities in applied
and fundamental research, nanoscience, materials science, chemical physics and related
disciplines.
The beamline needs to be provided with a monochromator with very high resolution (1 meV @ 75
eV and 10 meV at 300 eV) and a refocusing arrangement that yields a spot of the order of 1
micron. The optical design needs to be such that the photon energy distribution over the beam
on the sample is as sharp as possible without pronounced tails in order to resolve very low energy
loss features close to the elastic scattering signal. This beamline is complementary to the beamline
we propose for the higher end of the soft X-ray spectrum at the 3.0 GeV ring, and many of the
scientific objectives coincide.

Technical data
Energy or wavelength
range

30-600 eV

Energy resolution

100000 @100 eV

Source

Elliptically Polarising Undulator

Flux @ first optical
element

1 x 10 photons/s/0.1%bw for 500 mA stored current

Optics

Plane Grating Monochromator (PGM) with refocusing optics.
Combination of flat, cylindrical and toroidal mirrors, cooled
where necessary. Grazing incidence beam-splitter for holographic
imaging.

Sample environment

High and Ultra High Vacuum as necessary. Cooling and heating
sample stage.
Cells with ultrathin windows and differential pumping for studies
of gases and liquids. Possibility to install ion sources and traps.

Beam size at sample

~1x1 µm with refocusing optics.

Flux on sample

1x 10 photons/s/0.1%bw.

Detectors

Soft X-ray spectrometer, designed to take full advantage of the
small sample spot, and to attain the highest transmission and
resolving power in the low-energy range. Soft X-ray Fourier
transform spectrometer. Set-up with beam splitter and CCD
detector for holographic imaging. Yield detectors based on
multichannel plates, photodiodes, etc. Set-ups for optimization
of novel coincidence techniques

Polarization

Variable circular, elliptical and linear.

16

2

14
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Scientific opportunities
Atomic and molecular
physics

For fundamental atomic physics the double excitations of He
remain a challenge. RIXS experiments with an overall energy
resolution around 1 meV will open a new door to fundamentals
of electron correlation. Vibrational resolution, and polarization
dependence will bring many new insights to fundamental
molecular physics, e.g., regarding dynamics (vibronic coupling,
symmetry breaking, ultrafast dissociation) and structure of highly
excited states.

Liquids

The liquid state is still virtually unexplored. RIXS at a high
brilliance source has prospects to make significant contributions
in several fields, of which only a few can be mentioned here. 1.
Electrochemistry: in situ characterization of wet processes
relevant for battery technology. 2. Corrosion: direct monitoring
of the changes in substrate electronic structure in wet aggressive
environments. 3. Fundamental studies of solubility and mixture in
hydrogen bonded liquids: such studies are relevant for several
fields, including pharmaceutics, biology in general and
environmental science.

Correlated materials

The RIXS process populates low-energy excitations which are
relevant for material properties. In spite of recent advances, it is
obvious that the most important structures close to the Fermi
level can be resolved only with increased energy resolution. At
low energies, e.g. the transition metal M edge resonances
facilitate RIXS experiments with an overall energy resolution of
around 1 meV. Important classes of materials include high-Tc
superconductors and novel magnetic materials

Actinide chemistry

RIXS has found an important application in actinide chemistry,
and has already made significant contributions, of utmost
important for the management of radioactive waste. Especially
this concerns the understanding of the redox chemistry and
speciation of actinides in natural waters as well as actinide
species sorbed or precipitated onto solid surfaces. This type of
studies will benefit directly from the envisioned increase in
brilliance at MAX IV

Nanostructures

RIXS facilitates the study of true bulk properties in
nanostructured materials, and can even be used to study
nanonstructures which are passivated by e.g. an oxide layer. This
has proven to be important for C60 related compounds and
semiconductor nanostructures with potential for device
applications.
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Appendix (Ultra-High Resolution VUV Scattering)
This also covers the scientific case for the Very High Resolution Soft X-ray Spectroscopy beamline
proposal for the 3.0 GeV ring.
Resonant inelastic soft X-ray scattering (RIXS) spectroscopy is a technique with many unique
properties, some of which have been successfully demonstrated at third generation synchrotron
radiation sources (see e.g. [1, 2]) To fully exploit these properties, however, increased brilliance of
the photon sources is called for: the enhancement envisioned at MAX IV has long been the dream
of the RIXS spectroscopist. RIXS is one of the few X-ray spectroscopies that benefits directly with
every increase in brilliance and monochromator resolution – no space charge effects or core hole
lifetime broadening set any limits. Thus, it is clear that cutting edge RIXS experiments, being much
more than simply one of several analyses techniques, demand a beamline design that is solely
optimised for them.
With the high brilliance of MAX IV, the intense photon beam from an undulator can be highly
monochromatised and focused to a very small spot on the sample. This is an ideal source for a
secondary soft X-ray spectrometer, and to take full advantage of this situation new instruments
must be developed. For the low end of the soft X-ray spectrum a new plane grating spectrometer
with optics that collect emission from a large solid angle is being constructed and due for
commissioning shortly. Recently, we have demonstrated Fourier transform spectroscopy at 20 eV
energy and expect that in the future this limit can be pushed towards the soft X-ray region and
yield unprecedented energy resolution. For the high energy end of the spectrum it is necessary to
employ a separate spectrometer with a design optimized for more grazing angles. This and the
need to optimize the performance in each energy region are the technical motivations for
proposing two beamlines equipped with state-of-the-art soft X-ray spectrometers: one beamline
at the 1.5 GeV ring and one at the 3.0 GeV ring, for the low-energy region and high-energy
energy region of the soft X-ray spectrum, respectively.
This pair of beamlines would also allow one to exploit the partial coherence of the photon beam
to perform unique holographic imaging and phase contrast experiments using a wave front
beamsplitter. Finally, this would allow us to develop new coincidence techniques such as X-ray
Emission Threshold Electron Coincidence (XETECO) spectroscopy, and multicoincidence
techniques using a magnetic bottle. Therefore the end-stations will require appropriate flexibility.
The scientific motivation for building a pair of beamlines lies in the complementarity of the
possible ultra-high resolution, polarization dependent RIXS experiments in each energy region.
Below we will briefly describe the method and list some experiments which demonstrate its
feasibility.
•

The RIXS technique is an element specific probe due to the involvement of core
excitations. The resolution and tunability of synchrotron radiation allows also for chemical
state selectivity, which is important for the study of complex molecules and dilute species,
for example in geosciences and environmental remediation but also for nanostructures
and nanostructured materials.

•

The photon-in photon-out nature of the RIXS technique allows probing of the true bulk
properties. This is especially important for materials such as the high Tc superconductors
or generally in the complex oxides, and nanostructures where the stoichiometry near the
surface may not be exactly controllable.

•

It allows probing buried interfaces with sub-monolayer sensitivity, which is important for
multilayer systems in real semiconductor devices or in magnetoelectronics applications
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•

Photons also penetrate through thin windows which are able to separate gas-phase and
liquid samples from the ultra-high vacuum. Apart from enabling studies of liquids and
gases, it also facilitates the study of e.g. electrochemical processes at the solid - liquid
interface and biological samples in their natural wet state.

•

With well-defined polarization, photons offer a unique and element specific tool for the
determination of magnetic moments, alignment and ordering. This provides important
information for individual atomic constituents in magnetic multilayer based systems in
magnetoelectronics and new complex materials.

•

Photons are insensitive to electric and magnetic fields and partially also insensitive to a
gaseous environment. This allows for the investigation of real materials under a controlled
atmosphere and temperature as well as in the presence of extremely high magnetic or
electric fields.

•

Sample charging or space charges do not present a problem. Thus metal-insulator phase
transitions may be followed spectroscopically, or nanostructures protected by an isolating
shell can be studied with high resolution.

Applications of RIXS spectroscopy are found in many areas of solid state physics, materials science
and chemical physics, and the number of applications is constantly growing. The use of RIXS to
study low energy excitations in strongly correlated materials, compounds of transition metals and
rare earths, has become a widely spread technique. The feasibility of investigating buried
structures owing to the finite penetration of soft X-rays compared to electrons makes RIXS a
powerful tool, also for various in situ studies of processes where the sample needs to be
separated from the vacuum system by a thin window. For instance, molecular properties of liquids
and in situ studies of chemical reactions are examples where the direct probing of the valence
band as offered by RIXS allows interesting studies to be made. In the following are presented a
few examples of studies that illustrate the abilities and prospects of RIXS spectroscopy in various
fields.

Fig.1. Si L emission spectra of 1- and 3-ML Si
buried at 10 nm in GaAs, compared with bulk Si L
emission. 120 eV photons were used for the
excitation.

Owing to the finite attenuation length of soft Xrays, probe depths of up to several hundred
nanometers can be attained. The bulk probing
capability of X-ray spectroscopy is often a useful
asset in materials research, since the decisive
structure for a certain property often lies buried
at an interface or below a capping layer. An
example demonstrating the depth probing
capability is shown in Fig. 1. An ultra-thin layer of
silicon was buried at 10 nm depth in a gallium
arsenide matrix, and it was investigated by means
of Si L emission excited by synchrotron radiation.
Three different samples were studied, 1
respectively 3 monolayers of Si buried in GaAs,
and, as a reference, bulk Si. One observes clear
differences between the spectra. For the 1-ML
case all Si atoms neighbor Ga or As atoms and
their states are found to mix strongly into the Si
states, while for the 3-ML Si layer, where 1/3 of
the Si atoms have only Si atoms as nearest
neighbor, this effect is fairly small. This example
demonstrates the feasibility to study electronic
structure and chemical bonding in buried
structures. Such studies have so far been
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restricted to elements with rather large RIXS cross section, like Si at the L edge. With the MAX IV
brilliance this can become a standard method to study electronic structure of buried structures in
general.

Fig. 2. RIXS spectra of Sr2CuO2Cl2 at the M2 and M3
edges. The observed features are about 0.2 eV despite
the 1.5 eV lifetime width of the M2,3 hole state. Lower
part shows calculated spectra.

In other X-ray spectroscopies the energy resolution is limited by the short lifetime of the core hole
state to typically 0.1-1 eV. In RIXS spectra, however, only the sharpness of the excitation and the
resolution of the recording instrument determine the detail to which the final states can be
studied. This has significant consequences for the application of resonant X-ray emission
spectroscopy, and it encourages strongly the efforts to reach higher resolution in experiments.
The independence of the intermediate core state lifetime broadening on the resolution of the
RIXS spectrum is clearly demonstrated in a study of low-energy excitations in Sr2CuO2Cl2, where
the role of dd excitations for the mechanism of superconductivity was investigated. The study was
carried out at the Cu 3p edge, i.e. M edge RIXS, and although the natural lifetime width of the
Cu 3p hole state is 1.5 eV, it was possible to obtain 0.2 eV resolution in the resonant RIXS
spectrum, as shown in Fig. 2.
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Fig. 3. Angular resolved O K RIXS spectra of
NiO

This is one important motivation for a beamline
which reaches far below 100 eV. Note, also that
the energy-losses which can be studied are severely
limited by the strong elastic peak, which masks
essential excitations at lower losses than 0.5 eV.
Obviously, higher energy resolution will solve part
of the problem, but as the intensity of the elastic
peak is large, it is also important to reduce the
wings of the monochromator function. Our
experience is that the wings are more cumbersome
at monochromators based on spherical gratings
than those based on plane gratings, clearly
speaking in favor of a PGM solution. We will make
a thorough investigation with the aim of
optimizing the monchromator function in this
respect. This may lead to unorthodox solutions,
possibly with multiple gratings.
At higher energies the elastic peak is not a serious
problem. High-resolution RIXS at the oxygen Kedge of correlated materials can provide a path for
obtaining unique information about local
excitations and perhaps even more importantly
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about nonlocal excitations (solid state effects). This has been recently demonstrated at the O Kresonance of NiO where nonlocal charge transfer from a neighbouring Ni-O cluster gives rise to a
pronounced shoulder in the RIXS spectrum. Figure 3 shows that the low-energy range is
dominated by local dd-excitations (at about -0.8 eV). By taking advantage of the angular
anisotropy of the scattered linearly polarized X-rays also contributions from nonlocal magnetic
excitations (with an associated loss energy on the order of 1-2 eV) have been identified for the
first time. The present energy resolution in the RIXS spectrum was on the order of 0.5 eV. Again,
we expect lower-lying excitations that could be resolved when corresponding technology
becomes available. Given a higher count rate, electron dynamics can be studied by using the
detuning technique, by which essentially the scattering duration time can be varied. Spectrum B
in Figure 3 indicates that the scattering intensity may be affected by the electron rearrangement
during the scattering process.
Magnetic Circular Dichroism (MCD) effects in NEXAFS as well as in RIXS are particularly strong at
the 3d-transition metal L-edges. While MCD in NEXAFS is a widely used, mature technique,
MCD-RIXS is still under development. So far, it has suffered from insufficient brilliance of the
photon sources. With a beamline at the 3.0 GeV ring employing an undulator that allows variable
polarization a significant breakthrough can be expected: low-energy losses with magnetic
contrast would become accessible for the first time. This may lead to the unique possibility of
element specific investigations of magnon band structures.
For the management of radioactive waste, it is
important to understand the redox chemistry
and speciation of actinides in natural waters as
well as actinide species sorbed or precipitated
onto solid surfaces. As a general rule, oxidized
forms of the actinides U, Np and Pu are more
mobile than the reduced forms. For U there is
a difference of several orders of magnitude
between the possible concentrations of U(VI)
and U(IV) in groundwater. For spent nuclear
fuel, its long-term toxicity is dominated by the
actinides.
If they can be maintained in
reduced form, their relative immobility will
ensure a very low, if any, risk for exposure to
man. RIXS has proved to be very sensitive to
the charge state of the actinide compounds, as
illustrated in Fig. 4, which shows U
-6
precipitated from a 2 x 10 mol/L U(VI)
carbonate solution onto an iron coupon and
for comparison RIXS spectra from UO2 and
UO3. A reduction to U(IV) can clearly be seen.
Even in their oxidized forms, however, the
solubilities of the actinides are very low,
implying extremely dilute samples. A dedicated
beamline at the 1.5 GeV ring, with appropriate
instrumentation allows for detailed RIXS studies
which will facilitate in situ determination of the
chemical reaction rates of uranium and
plutonium.
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Fig. 4.
Enhanced inelastic part of soft X-ray
scattering spectra of UO2, UO3 and U adsorbed on
the Fe foil (elastic peaks are at 0 eV). The energy
of the incident photons was set to 100 eV. The six
spectra of adsorbed U were randomly measured
from different 1 mm × 150 µm areas on the
surface of the Fe sample

1.5 GeV storage ring

Fig. 5. The experimental RIXS spectra show how methanol 6- and 8-chain configurations interact with water
molecules to form new mixing structures.

Our microscopic understanding of liquids in general is very much based on the study of spatial
and spatio-temporal correlation functions, based on neutron and X-ray diffraction. Recently it has
been shown that RIXS can provide detailed information on the local conformations and their
electronics structure. The observed entropy increase upon mixing alcohol and water is much
smaller than expected for an ideal solution. RIXS spectra associated with possible molecular
arrangements reveal that both rings and chains are present in liquid methanol. Upon mixing with
water we find that the microscopic structures largely are retained, and that new structures are
formed (Fig. 5).
Solubility mechanisms in general is an important objective, and improved microscopic
understanding has ramification for many disciplines, such as pharmaceutics, molecular biology
and environmental science. The liquid phase is also essential for wet corrosion and
electrochemistry, with large interest for battery technology.
Due to space limitations it is here only possible to mention a few pertinent examples of studies for
which the higher brilliance obviously gives a significant improvement. Finally, we like to
emphasize that the RIXS technique still is under development, and that new instrumental
development is needed to take advantage of the new experimental opportunities.
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Soft X-ray Nanoscience and Spectromicroscopy
Description
The XPEEM and SXTM soft X-ray spectromicroscopy beamline at MAX IV will provide ~60-1500eV
photons in a high brightness, high flux, and small spot size beam. The beamline consists of an
elliptically polarized undulator (EPU) source and a collimated plane grating monochromator which
feeds two branch lines, one optimized for scanning transmission X-ray microscopy (SXTM), the
other for X-ray photoemission electron microscopy (XPEEM).

Technical data
Energy or wavelength
range

~ 60 – 1500 eV

Energy resolution

Ultimate resolution 0.05 – 0.1eV, an optimized high flux, lower
resolution (E/∆E ~ 1-3000) mode will be included

Source

Elliptically Polarized Undulator (EPU)

Flux @ first optical
element

>2x10 Phot/s/0.1%bw below 400 eV for 500 mA stored
current

Optics

Collimated Plane Grating Monochromator (cPGM), zone-plate
optics for final focussing in SXTM

Sample environment

Two endstations:
X-PEEM microscope: two ultra high vacuum chambers
-11
(preparation and analysis) with a base pressure in the low 10
Torr range, cooling and heating stages, sample preparation
facilities, e.g,. evaporators and gas dosing, sample transfer
system, sample characterization by e.g., LEED and electron
spectroscopies
STXM microscope: transmission measurements are made in a
helium atmospheric pressure. Wet or highly outgasing samples
are acceptable. The sample thickness can be up to about three
absorption lengths at the absorption edge, typically between 50
and 100 nm.

Beam size at sample

XPEEM: Refocusing optics using bendable mirrors will allow for a
variable spot in order to optimize the flux for different field of
views between 1 and 50 µm
STXM – the ultimate spot size and spatial resolution is defined by
the outmost zone width of the Fresnel zone plate and is ≤20 nm
at the current state of zone fabrication.

Flux on sample

XPEEM: >5x10 Phot/s/0.1%bw below 400 eV for 500 mA
stored current
9
STXM: >1x10 Phot/s/0.1%bw in a 20 nm spot below 400 eV
and 500 mA

Detectors

XPEEM – Micro channel plates with phosphor screen,
STXM – Scintillator detector for transmission. Possibilities for
mounting other detectors

Polarization

Linear (0° to 90°), Circular (right, left)

15

13
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Scientific opportunities
This beamline offers unique possibilities to combine methods for extracting elemental, chemical,
magnetic and electronic information by electron spectroscopies with capabilities to perform
imaging at resolutions down to the nano-meter range. Thus the well-established knowledge on
electron spectroscopies can be directly used to study systems where ordering occurs on length
scales down to the nm range. This is highly relevant for emerging nano-science & technology as
well as for many traditional areas from medicine, biology, chemistry, physics, and materials
science. The synergetic effects of combining two research areas, electron spectroscopies and
nano-science & technology, where Swedish groups have a very strong international standing
would be most beneficial to the future development of both of these areas. Our present
understanding of the structure and function of everything from viruses, cells and genes to
quantum dots and carbon nanotubes have to a large extent been driven by the invention and
improvement of microscopy techniques. As a result spectromicroscopy facilities are being
proposed or built in USA, Germany, England and elsewhere as a growing community of
researchers from many scientific disciplines realize that spectromicroscopy offers new possibilities
in microscopy complementary to, but equally important as, the more established methods.
Below we first give a list of some of the outstanding scientific opportunities offered by this
beamline and second describe a selected few of these in more detail.
Basic science

Macroscopic and microscopic phase separation in strongly
correlated systems, charge and spin inhomogeneities in high
temperature superconductors (HTSC) and giant magnetoresistive
(GMR) manganates.
Quantum size effects in one-dimensional (nano-wires) and zerodimensional (quantum dots) nano-objects.
Magnetic exchange coupling of magnetic layers across a
nonmagnetic or a magnetic spacer layer and its dependence on
the thickness.

Nanoscience

Investigating the chemistry of nucleation, segregation,
interdiffusion and growth of individual self-assembled
nanostructures such as carbon nanotubes, semiconductor/oxide
nanowires and quantum dots.
Electronic
and
photonic
spectroscopy
of
individual
nanostructures – correlating functionality and surface chemistry.
Direct chemical/electronic characterization of operational/
operating nano-sensors and other nano-and quantumelectromechanical devices - in realistic liquid/gaseous
environments.
Phase transitions in two-dimensional systems.

Corrosion and
heterogeneous catalysis

In situ studies of topography, surface chemistry, and surface
structure changes induced by corrosion. For instance,
autocatalytic oxidation at lattice defects, reactions on catalytic
metal- and oxide- nanoparticles, and aqueous corrosion of
materials under electrochemical control.

Magnetic materials

Imaging of magnetic structures with full spectroscopic
information inherent to X-ray magnetic circular dichroism
(XMCD) at the nano-scopic level.
Element-specific magnetic imaging of buried layers.
Ferromagnetic/antiferromagnetic interfaces; magnetic domain
structure.
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Polymer electronics,
including sensors and
displays

NEXAFS imaging to study electronic properties of polymers at the
surfaces and interfaces involved in forming electronic junctions in
polymer mixtures.
Chemically specific X-ray linear dichroism to provide spatially
resolved information from polymeric materials on the orientation
of specific chemical bonds.

Growth mode and
structure of thin films

Local chemical and structural environment with submicrometer
lateral resolution to clarify issues related to the links between
growth mode, structure, morphology of thin films, and their local
physical properties.

Archaeology/history

Depth resolved studies of very small sample volumes, originating
from rare and highly valued historic objects, with high spatial
resolution and chemical-sensitive image contrast.

Environmental science

Studies of transport and chemical of reactions of harmful
substances through soil and other materials.

Biology

Spatially resolved studies of living tissue and cells, without the
need for dehydration of chemical fixation.

Other comments
The present day lateral resolution limit of state-of-the-art X-PEEM is about 25 nm. A key limitation
is the severe chromatic and spherical aberrations of the immersion lens used. There is a solution
to this problem, an electron mirror which has spherical and chromatic aberrations of similar
magnitude to the objective lens but opposite in sign. When used in combination with a properly
designed objective lens, the aberrations can be markedly reduced with the perspective to reach
lateral resolution as low as 2-5 nm [1, 2].
Finally, in order to meet future requirements for adding new experimental techniques, permanent
as well as temporary, the design of the beamline will be such that a third experimental chamber
can be added in order to allow for the introduction of novel microscopy techniques such as
spectro-holography [3].
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Appendix (Soft X-ray Nanoscience and Spectromicroscopy)
In this appendix some selected applications are described.

Spatially inhomogeneous phenomena in corrosion (and heterogeneous catalysis)
Local phenomena and spatial inhomogeneities are highly important for many important forms of
corrosion, e.g. atmospheric corrosion, pitting corrosion, crevice corrosion and stress-corrosion
cracking. These heterogeneities can either be inherent to the corroding material due to, e.g.,
variations in composition and/or structure, grain boundaries, and point- or other kinds of defects,
or alternatively they can develop as a natural part of the electrochemically driven corrosive process
itself with its separate anodic and cathodic areas. Characteristic length scales are from the µm
down to the nm range and, in case of atomic-like defects, even below. In order to bring our
fundamental understanding of these corrosion-related phenomena forward, probes are needed
that combine spatial resolution in the low nm range with elemental and chemical specificity.
Additionally, the probes should preferably allow for in situ capability at high enough pressure to
retain a wet metal surface (> a few torr) in order to avoid disturbance of the electric double layer
at the solid-liquid interface, and also short data acquisition times to allow time resolved
measurements. With such methods in place it becomes for instance possible to follow corrosioninduced topography changes and corresponding surface chemistry and surface structure changes
of a corroding heterogeneous metal or alloy surface exposed to a liquid under electrochemical
control. The possibilities of measuring a metal in contact with a liquid in the pressure range of up
to a few tens of Torr would open up a new type of corrosion science. Our present understanding
of aqueous and atmospheric corrosion would be largely expanded with spectroscopy and
microscopy experiments providing complementary and in many ways much more detailed
information. To mention a few examples: the coordination chemistry of important corrosion
stimulating ligands containing S, N and Cl can be explored at the solid/liquid interface, the
molecular orientation of surfactants and self-assembled monolayers with corrosion-inhibiting
properties can be revealed at the same interface, and the structure and properties of passive films
can be explored in great detail.
Finally, it is important to note that most of the scientific challenges addressed in corrosion science,
as described above, also apply to investigations of heterogeneous catalysis, which would
consequently benefit in a similar fashion from the proposed beamline.

Direct probing of chemistry, growth, and function of nanoscale structures
The application of self-assembled nanostructures in such diverse fields as physics, chemistry,
biology and medicine are being aggressively pursued by a large number research groups
worldwide [4]. This has resulted in the emergence of a wealth of fascinating self-assembled lowdimensional nanostructures such as nanowires, nanotubes, quantum dots, and nanoparticles
made from a large variety of materials. The structures can even be incorporated into top-down
technology as for example computer chips [5]. The proposed spectromicroscopy beamline at MAX
IV offers a wide range of very unique opportunities to directly study chemistry, electronic/photonic
properties, and growth of these structures and their incorporation in functioning devices.
A key issue in using nanostructures for actually tools and devices is a very high degree of
control/understanding of the nanostructure growth process. The nucleation and growth of
nanostructures such as nanowires, nanotubes or quantum dots occur very locally on the surface
as a result of very small clusters or even individual atomic scale defects on the growth substrate –
which can be directly probed at the spectromicroscopy beamline.
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Nano Electro Mechanical Systems (NEMS), hold great promise as future machines, manipulating
and sensing very small amounts of matter down to single atoms. However, as NEMS have very
large surface to bulk ratios their mechanical properties are strongly influenced by surface structure
and they often use surface specificity for function – as a result it will be extremely important to
have tools as the spectromicroscopy beamline to monitor the surface chemistry/structure. Another
interesting aspect will be to study electronic structure with nanoscale precision probing electron
density and surface chemistry changes of nanoelectronics/photonics in operation. Such electronic
devices are also strongly influenced by their surfaces – as have very recently been used actively for
sensing cancer markers by nanowire field effect transistors [6].
It is envisioned that future nanoelectronic/photonic or mechanical devices with truly novel
properties will rely on quantum effects such as tunnelling, quantum coherence and quantum
confinement. To realize quantum effects, device structures will have dimensions down to a few
nanometers – length scales that can be reached with the proposed microscope.
When devices are scaled down to nano size it is no longer reasonable to view various parts of the
device as separate non-interacting surfaces and often the device and the object to study will be of
the same size. As a result, to diagnose and understand device operations it will be necessary to
study the device on the nanoscale – in operation, in its real environment. This will be possible at
the spectromicroscopy beamline and will not only lead to a better understanding of the link
between surface structure (geometric/electronic/chemical) and nano-device properties, but will
also strengthen the ability to develop novel nanostructures ideally tailored for specific devices and
experiments.

Strongly correlated systems (including high temperature superconductors)
From a fundamental as well as also a more technological point of view it is dissatisfying that
materials with a highly correlated electronic structure are still not fully understood today. For
instance, the microscopic mechanisms behind high temperature superconductivity (HTc) are yet
not settled upon, despite more than a decade of intensive research. Recent experimental evidence
for HTc-related cuprates and Giant Magneto Resistive (GMR) manganates [7, 8] suggests that
charge and spin inhomogeneities may be at the heart of the HTc superconducting and GMR
effects. The parent compounds are in both cases antiferromagnetic (AFM) insulators and holes
introduced into such a dielectric have a strong tendency to form clusters. The size of these
clusters essentially depends on the dopant mobility and ranges from several nanometers for
immobile dopants up to a fraction of a micrometer as it was demonstrated [9] for a La2CuO4+x
superconductor with high excess oxygen mobility. The phase separation in La2CuO4+x takes place
in an easily accessible temperature region (250-400K) and can be followed simply by imaging the
Fermi-level intensity. The combination of sensitivity to the electronic and magnetic structure along
with an ultimate sub-10 nm spatial resolution offered by the proposed XPEEM at MAX IV makes
this a unique technique to study such a formation of metallic and spin clusters and eventually the
dielectric-metal transition in strongly correlated systems.

Dichroic microscopies
Dichroism refers to the polarization dependence of the photon absorption by a material. The
effect originates from anisotropies in the charge or spin of the material. Charge-related
anisotropies are found, for instance, in chiral molecules, which are molecules with a built-in
handedness. Spin anisotropy, in contrast, is inherent to magnetic structures and gives rise to the
Magnetic Circular Dicroism (MCD) effect. Both anisotropies can be investigated using soft X-ray
dichroism. The technique is extremely powerful due to its elemental (in most cases even chemical)
sensitivity provided via the photon energy dependence of the absorption. Combining the element
specificity with a spatial resolution on the 10 nm scale will provide unique possibilities for studying
chirality and magnetism in systems with spatial nanometer range inhomogeneities. Such spatial
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structuring can be due to the underlying structure of the material, i.e., it occurs in artificial nanostructured materials, or it can develop spontaneously as a consequence of the chirality or
magnetism itself, i.e., it manifests itself as a domain formation in magnetic systems.
Soft X-ray dichroism measured with high spatial resolution allows, for instance, the study of the
magnetic configuration of ferromagnetic (FM) materials assembled from nano-clusters. This is a
hotly debated subject since evidence exists that, on a certain length scale, such systems form a
correlated spin glass rather than a domain structure. These ordering phenomena can be
investigated in detail by XPEEM, with which, e.g., the magnetic correlation length as a function of
temperature can be monitored. X-ray Magnetic Linear Dichroism (XMLD) can be used to study
antiferromagnetic (AF) materials. This will be most valuable for AF/FM interfaces that provide
exchange bias in spin-valve devices for magnetic recording. For instance, recent XPEEM results [10]
from Co/NiO(001) interfaces clearly demonstrate that the AF spin structure near the interface
significantly deviates from that expected from the bulk, which makes XPEEM the only possible
technique to study such interfaces.
Circular dichroic microscopies can also be used to study the chiral functionalization of surfaces in
general and of nano-structured materials and devices in particular. A full understanding of the
interaction of chiral molecules and NanoElectroMechanical Systems (NEMS) with chirally
functionalized surfaces would greatly increase the development of chirality-sensitive NEMS
detectors for use in, e.g., biology or medicine. Similarly, the first-principles development of nanostructured catalysts for the production of chiral molecules would mean a quantum leap forward.
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Soft X-ray Spectroscopy and Surface Reactions
Description
The beamline is dedicated to studies of a variety of samples from solid state physics and
chemistry, surface and interface science, nano science, life-sciences and soft matter. The beamline
receives radiation from an elliptically polarized undulator covering all polarizations and an energy
range from ~60 to 1500 eV with an ultimate resolution of better than 20000. The beamline
includes two branches, the radiation can be directed into each of these e.g. by means of a flipmirror. One of the experimental chambers will be dedicated to advanced soft X-ray spectroscopy
and one to high pressure soft X-ray spectroscopy.

Technical data
Energy or wavelength
range

~60 to 1500 eV in linear mode, ~75 to 1500 eV in circular mode

Energy resolution

Ultimate resolution >20000@1 keV,
>100000@100eV for a 1800 l/mm grating

Source

Elliptically Polarized Undulator (EPU), period approximately 40
mm

Flux @ first optical
element

>2x10 Phot/s/0.1%bw below 400 eV 7x10 Phot/0.1%bw @
1000 eV for 500 mA stored current
14
>2x10 Phot/0.1%bw at >85% circular polarization for 500 mA
15
up to 1 keV (>1x10 below 450 eV in circular polarization)

Optics

Collimated Plane Grating Monochromator (cPGM)

Sample environment

Two endstations:
1. UHV spectroscopy: two ultra high vacuum chambers
-11
(preparation and analysis) with a base pressure in the low 10
-5
Torr range, maximum pressure during measurement: ~1 x 10
Torr, preparation chamber: sample cleaning provisions, heating &
cooling (LHe) stages, sample preparation facilities e.g.
evaporators and gas dosing, sample transfer system, sample
characterization by e.g. LEED. Experimental chamber: molecular
beam facilities for in situ dosing
2. High pressure spectroscopy: two ultra high vacuum chambers
-10
(preparation and analysis) with a base pressure in the 10 Torr
range, differentially pumped high pressure cell (up to 25 Torr),
liquid sample cell, preparation chamber: sample cleaning
provisions, heating & cooling (LHe) stages, sample preparation
facilities e.g. evaporators and gas dosing, sample transfer system,
sample characterization by e.g. LEED.

Beam size at sample

Refocusing optic using bendable mirrors to allow for a variable
spot in order to meet the requirements of the various
experimental techniques and situations.

Flux on sample

A cPGM typically has an efficiency of 1-5 % in this photon
energy range

Detectors

1. Hemispherical electron energy analyser (XPS), electron and
fluorescence yield detectors (XAS), soft X-ray spectrometer (XES)

15

>40000@400

eV,

14
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2. Hemispherical electron energy analyser adapted for use with
the high pressure and liquid cells, electron and fluorescence yield
detectors (XAS), soft X-ray spectrometer (XES)
Polarization

Variable elliptical, including the circular and linear limits

Scientific opportunities
This beamline with its two separate experimental stations and state of the art photon flux and
energy resolution will allow for a further development of the very successful Swedish tradition
within electron spectroscopies and fundamental surface and solid state science as well as facilitate
an expansion of these methods to systems under more realistic conditions regarding the
surrounding pressure. Many of the results from this beamline will also serve as necessary input
knowledge for full utilization of the potential offered by the spatially resolved soft X-ray beamline
also proposed for MAX IV.
To mention just a few general examples, the improvements regarding flux and resolution will
allow breaking the 1 second limit in time-resolved studies of reactions, high precision
investigations of line-shapes, extension of high resolution work to binding energies above 500 eV,
etc. The use of an EPU will facilitate use of dicroism effects for investigations of magnetic
materials and chiral systems. The high pressure spectroscopy chamber will open up completely
new possibilities for studying the interaction between solids (or liquids) and a surrounding gas
phase of importance for understanding e.g. how the presence of reactant gases influences the
detailed atomic structure and function of catalysts and the detailed physics and chemistry of
corrosion phenomena. Likewise this instrument will present unique possibilities for studies of
liquid surfaces, of solid-liquid reactions and of systems, e.g. biological materials, under wet
conditions.
Below we first give a list of some of the outstanding scientific opportunities offered by this
beamline and second describe a selected few of these in more detail.
Basic science

Advances in the understanding of photon-electron and electronelectron interactions in materials: studies of core levels at binding
energies above ~500 eV (e.g., 2p levels of the 3d transition
metals) with similar quality as previously obtained at lower
binding energies; studies of strongly correlated materials and
low-energy excitations in, e.g., rare earth metals.
Advances in the understanding of the vapour-solid surface
interaction: studies of surface geometric and electronic changes
upon vapour exposure; studies of second order interactions
(hydrogen bonding, metal and ion complex formation, hostguest architectures); studies of interface dynamics.
Fundamental studies of the thermodynamics and kinetics of
oxide, nitride, and carbide formation and of the reduction of
these.

Biological and medical
research

Spectroscopic X-ray analysis of samples which outgas much such
as human and other biological tissue (bones, hair, skin, etc.),
chiral biological structures.

Corrosion

In situ (atmospheres and liquids) studies of corrosion processes,
dependence of corrosion on partial pressure and/or the presence
of a liquid film.
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Catalysis

In situ and real-time studies of catalytic reactivity and catalyst
structure, phase diagram mapping, analysis of chiral catalysts, in
combination with a laser setup: photocatalysis.

Materials synthesis

In situ and real-time mapping of growth processes such as
Chemical Vapour Deposition (CVD). Studies of the chemical and
structural state of additives which improve the growth of desired
materials, e.g., the enhancement of nano-wire growth by
organic solvents in some systems.

Environmental chemistry

Analysis of trace elements in soil, vegetation and other biological
material including, for example, identification of the chemical
state, e.g. the oxidation level, of the trace elements. Reactions
between inorganic and organic materials.

Liquids

Surface structure and chemistry of liquids, ion solution in liquids,
surface structure and reactivity of homogeneous catalysts.

Femto- and attosecond
dynamics

Measurement of electron-dynamics processes down to 100 attoseconds or below via the core hole clock method.

Soft matter

The structure and stability of the interfaces between hard and
soft materials in order to successfully fabricate opto-electronic
devices for a variety of applications. Fundamental studies of
building blocks for molecular devices on a nanometer scale in
order to tailor these materials on a detailed level.

Magnetic materials

X-ray magnetic circular dichroism (XMCD) and X-ray magnetic
linear dichroism (XMLD) in absorption, allowing for investigations
of ferro-, ferri- and antiferromagnetic material. Investigations of
both in situ and ex situ samples. Magnetic dichroism in novel
molecular magnets prepared in situ in the form of thin films.
Magnetic properties of CVD produced oxides (nanostructures
and films) doped with magnetic ions. Magnetic dichroism and
electronic structure of CMR oxide materials.

Other comments
In order to meet future requirements for adding new experimental techniques, permanent as well
as temporary, the design of the beamline will be such that a third experimental chamber can be
added at a later stage.
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Appendix (Soft X-ray Spectroscopy and Surface Reactions)
In this appendix some selected applications are described.

X-ray spectroscopy on liquids
As compared to solid materials and isolated gas phase molecules, liquids are a largely unexplored
class of matter when it comes to an understanding of their electronic structure (including excited
states) and the precise bonding geometry and bond dynamics of their constituent molecules. The
reason for this is two-fold: first, liquids are inherently difficult to understand due to the prevalence
of a dynamic network of weak inter- and intramolecular interactions such as hydrogen bonds,
and second, experimentally liquids are difficult to study by element and chemically specific
techniques such as electron and X-ray spectroscopy. This is due to their large volatility, which
largely interdicts the use of these vacuum-based techniques. Thus, even the structure of the most
common liquid of all, water, is still under debate [1, 2]. The atomic-scale as well as the more
macroscopic geometric structures of liquid solutions of ions (salts) and organic molecules are even
less well-explored. Only recently has a deeper understanding of these [3] started to emerge.
The proposed High Pressure branch line with a dedicated liquid cell setup and its electron, X-ray
fluorescence, and (fluorescence and electron yield) X-ray absorption capabilities will make it
possible to explore the geometric and electronic structure of pure liquids as well as solutions of
ions and molecules. A combination of these techniques will make it possible to study aspects like
the bond dynamics in liquids, the detailed influence of the liquid solvation shell on the electronic
and geometric structure of ions, molecules, and clusters, the macroscopic structure of solutions
(bulk versus surface), reaction processes in liquids (homogeneous catalysis), and the dynamics of
excited molecular states in liquids. Hence the research will contribute to a deepened
understanding of biological and artificial processes such as molecular recognition in living tissue,
homogeneous and chiral catalysis, and ion chemistry.

Investigations of relevance for catalysis (and corrosion and oxidation phenomena)
Often the reactivity and selectivity of a catalyst cannot be directly derived from results obtained at
-5
pressures below 10 Torr normally used in surface science experiments. One of the major reasons
for this is that new surface phases, widely differing from those observed at lower gas pressures,
can become dominant and completely determine the reactive properties at the higher pressures
and temperatures employed in catalysis. Understanding these phases and the atomic scale
processes underlying their formation is a necessary prerequisite for the development of first
principles descriptions of general catalytic processes – and of a number of other phenomena
including oxidation and corrosion of materials.
Recent investigations of single crystal model systems have, for instance, revealed that not only the
bare metal but also the metal-oxide surface must be considered in oxidation catalysis and
furthermore have shown that the relevant oxide layers may only exist at the surface [4, 5].
Whereas high resolution core level spectroscopy (HRCLS) has played a vital role in this
-5
development, full utilization of its potential was hampered by the pressure limit of ~10 Torr
during measurements. New results [6] have, however, demonstrated that raising the pressure limit
to 1 Torr permits in situ HRCLS studies of the oxidation and reduction of a Pd surface. Clearly,
these high-pressure HRCLS (as well as X-ray Absorption and X-ray Emission) experiments can be
extended to studies of catalytic surfaces under reaction conditions. An increase of the maximum
-5
permissible pressure from 10 to the tens of Torr range would enormously increase the
possibilities to extract relationships between reactivity (measured by analysis of the product gas)
and (in many cases transient) surface phases and adsorbed molecular fragments in a wide range
of temperatures and pressures relevant to many industrial catalytic processes. The elemental and
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chemical specificity of the soft X-ray techniques makes these the obvious choice for studies of
multi-element surfaces, e.g., of reversible adsorbate induced segregation for alloy surfaces and/or
the role of additives. Also, it has recently been demonstrated [7] that reactions occurring at
atomic steps can be distinguished by HRCLS making it possible to address the influence of the
coordination numbers of the surface atoms on the reactions. Finally, it should be noted that
results obtained from the present area averaged methods, are most important input for studies of
catalytic reactions – and likewise of oxidation and corrosion – by laterally resolved soft X-ray
methods. For instance, studies of small catalytically active particles by XPEEM and STXM rely on
information obtained from well characterized single x-tal surfaces.

Natural (soft) X-ray dichroism in systems of biological and medical importance
Chiral centres play important roles in many biomolecular processes such as in peptide synthesis,
protein folding, receptor specificity, cell signalling and enzymatic reactions. Likewise, they are the
central components of synthetic asymmetric catalysts. The chirality can be probed by circular
dichroism in the infrared, visible, and uv regions. In addition, also natural (soft) X-ray dichroism
(NXCD) has emerged as a new powerful tool for probing chirality within structural molecular
biology, biomolecular physics, and material science for medical applications during recent years
(see, e.g., [8, 9]). Due to the relative weakness of the natural dichroism effect a fundamental
prerequisite for the further development of the NXCD technique is the availability of beamlines
that can provide high fluxes of circularly/elliptically polarised light in the soft X-ray regions. The
here proposed spectroscopy beamline will provide the necessary flux of polarised photons, and,
hence, it will be possible to study the chirality of molecular systems such as crystalline amino acids
and peptide sequences. A further step forward will then be the investigation of the chiral
functionalization of materials for medical applications. For example, nanomagnets can be
developed as contrast enhancers for magnetic resonance imaging (MRI), which is a powerful
medical imaging technique. The enhancers will be biofunctionalized using chiral neurotransmitters
in order to make them tissue and cell-specific. The measurement of element-specific magnetic
and natural X-ray circular dichroism, both possible at the spectroscopy beamline due to the
availability of circularly polarised light, will contribute greatly to an enhanced understanding of
how to design the biofunctionalization of the nanomagnets. Similarly, it will be possible to study
other chiral agents for the use in medical applications.

Fundamental electron spectroscopies and surface/interface science
As noted in the recent international evaluation of Swedish Condensed Matter Physics (Swedish
research council), the access to synchrotron radiation at MAX-lab has brought about much highquality condensed matter research, in particular in surface and interface science and the electronic
structure of solids. The strong Swedish tradition in spectroscopy combined with the MAX-lab
sources and beamline facilities has placed several Swedish groups in world-leading positions. The
spectroscopy/high pressure beamline is necessary in order to remain competitive and push the
front-line further. Much of the resulting advancement of basic knowledge in electron
spectroscopies and surface/interface science is necessary in order to fully unlock the potential of
several of the other new methods at MAX IV, e.g. high pressure electron spectroscopies and
XPEEM, and to facilitate investigations of systems of increasing complexity, e.g., supported nanosized catalytic alloy particles and/or adsorbed large molecules.
The large improvement in resolution (and flux) will facilitate further investigations of line-shapes.
Vibrational effects in core level spectra of adsorbed molecules are of paramount importance, for
instance, in studies of hydrocarbon involving catalytic reactions. Vibrational effects, electronic
structure effects on the screening of the core hole, and peak splittings due to lowering of the
symmetry (e.g. crystal fields) all come together in producing environment dependent line-shapes.
In addition to providing information on the electronic structure, these effects must be understood
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when using core level spectroscopies to study e.g. reactions at low coordinated sites as found on
small particles.
The large flux and resolution improvement as well as the option of using elliptically and circularly
polarized light will also render possible exciting new studies of electron dynamic processes in the
femto- and attosecond regimes by what is called the core-hole clock method [10-12]. These
include, for instance, the study of electron transfer times coupled to weak oscillator strength
transitions, to higher binding energy transitions in metals and organometallic compounds, and to
excited states with short lifetimes. Likewise, it will be possible to study the spin dependence of
electron transfer times in condensed matter.
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Soft X-ray Gas Phase Spectroscopy
Description
Soft X-ray beamline dedicated to the spectroscopy of gaseous samples (atomic and molecular
gases, clusters) and “dirty matter” (outgassing surfaces, liquids). The beamline is optimized for
experiments at a very high energy resolution of incident light and emitted particles, but also
provides high flux for studying very dilute samples.

Technical data
Energy or wavelength
range

90 – 1500 eV (1. and 3. harmonic), up to 2000 eV with higher
harmonics.

Energy resolution

100 000 (at 100 eV) – 20 000 (at 1000 eV)

Source

Elliptically polarizing undulator (EPU) (41 mm period).
Special electron bucket fill patterns for time-resolved
experiments.
Laser system for cw and pulsed light in the 350-1000nm
wavelength range.

Flux @ first optical
element

>2x10 Phot/s/0.1%bw below 400 eV 7x10 Phot/0.1%bw @
1000 eV for 500 mA stored current
14
>2x10 Phot/0.1%bw at >85% circular polarization for 500 mA
15
up to 1 keV (>1x10 below 450 eV in circular polarization)

Optics

Collimated Plane Grating Monochromator (cPGM). Bendable
refocusing mirror allows to have separte foci along the
beamline.

Sample environment

Differential pumping for high gas loads (sample pressures up to
-4
10 torr).
Ability to handle corrosive, reactive, flammable and toxic
samples.
Compatible with high-temperature (up to 2000K) evaporation
and sputtering sources.

Beam size at sample

Focused to meet the requirements of various end-stations, design
2
goal 50x50 µm

Flux on sample

A cPGM typically has an efficiency of 1-5 % in this photon
energy range

Detectors

Permanent end station:
High-resolution electron spectrometer (e.g. SES R4000) with
optional spin-resolving detector.
Provided by user groups:
Coincidence set-ups.
X-ray emission and photon induced fluorescence end-stations.
Set-up for time-resolved experiments.

Polarization

Rotatable linear + circular (up to 1500 eV), linear up to 2000 eV.

15

14
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Scientific opportunities
Atoms

Laser-aligned and –excited atoms.
Time-resolved studies of metastable states.
Magnetism at the atomic level.
Auger cascade decay pathways of inner-shell excitations.
Doppler-free sub-lifetime spectroscopy.
Complete experiments – experimental determination
wavefunctions.
Resonant inelastic X-ray scattering.

of

Molecules

Vibrationally resolved spectroscopy of fixed-in-space molecules.
Spectroscopy of laser-fragmented molecules.
Rotationally resolved Auger Resonant Raman spectroscopy.
Dichroic properties of chiral molecules.
Dissociation dynamics using multicoincidence techniques.
Chemical state specific investigations using inner-shell
photemission.
Resonant inelastic X-ray scattering.
State- and bond-specific molecular dynamics studies using
electron, ion and coincidence spectroscopies.

Negative and positive ions

Electron correlation and atomic ground state properties.
Core spectroscopy of ions.
Two-colour experiments.

Clusters

Structure and dynamics of small clusters by coincidence
techniques.
Size-dependent properties.
Two-colour experiments.
Doped clusters.
Surface-studies of clusters and cluster adsorbates.

Liquids

Core spectroscopies of free surfaces of molecular liquids and
solutions.
Surfaces of liquid mixtures.
Ionic surfactant systems.
Molecular orientation phenomena at liquid surfaces.

Soft materials

Resonant inelastic X-ray scattering.
Dissociation and charge transfer in polymers for molecular
electronics.
Magnetism in organic-based materials
Two-colour experiments on (hybrid) organic systems
Resonant photoemission on (hybrid) organic systems

Other comments
A tandem configuration is proposed for the end stations, using movable focus position of the
monochromatized light. User end stations will be positioned behind the permanent end station
(electron spectrometer). Permanent end station will allow a clear straight-through path for the
light for the user end stations. Side-access port for the permanent end station, for the attachment
of sample preparation systems. User experiments will be mounted on a common movable
platform, they can be prepared, pumped down and tested off-line, then attached to the beamline
without breaking the vacuum in the end station.
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Appendix (Soft X-ray Gas Phase Spectroscopy)
Studies of atoms, molecules and clusters
Atoms and molecules are the smallest building blocks of matter we meet in daily life. Any process
that changes matter can be most easily understood in atoms and small molecules. The
information obtained can then be utilized to gain insight into more complex systems such as
macromolecules, molecules adsorbed on surfaces, and solids. The transition from atoms and
molecules to solids can be mapped continuously by studying clusters, which are aggregates of a
small number of atoms or molecules.
Investigations of prototype systems yield knowledge at the fundamental level, and provide the
most stringent tests for theoretical models that are developed to describe nature. The electronic
structure and its behaviour are especially important since they determine most physical and
chemical properties of the substance. For example, some of the most important environmental
issues such as global warming or ozone depletion are related to physical-chemical properties and
chemical reactivity of small molecules and free radicals.

Soft X-rays and new high-brilliance sources
Our knowledge of the electronic structure of matter is largely based on spectroscopic studies of
its interaction with electromagnetic radiation. In this field, the experiments using the soft X-ray
regime from 100 eV to a couple of keV have proven to be the most beneficial and informative.
This energy range covers all the ionization edges in the photoabsorption of the lighter elements
up to silicon. It is therefore possible to probe the complete electronic structure of most of the gasphase molecules and organic compounds. Although the ionization of the deepest inner shells of
the heaviest elements is in the hard X-ray range, the useful information about their electronic
structure and dynamics is revealed already by studying the less tightly bound electrons. The soft
X-ray range also provides the flexibility to probe different shells and sub-shells, fine-tuning the
quantum mechanical transitions and the dynamic response of the matter, thus revealing different
aspects of its electronic structure.
Undulator insertion devices at synchrotron storage rings are the superiour sources of
electromagnetic radiation for such studies. These devices have the flux and brilliance of the soft Xray emission that is far exceeds the parameters of any traditional sources. Furthermore, the soft Xray undulator for the proposed soft X-ray beamline at MAX IV will exceed the brilliance of any of
the present-day soft X-ray undulators by up to two orders of magnitude! The design of the
magnetic lattice of the undulator of choice also allows to generate linearly (with rotatable
polarization plane) as well as elliptically polarized radiation. One foresees five major impact areas
of these developments:
1) The vast majority of spectroscopic experiments use monochromatized radiation, for which
the radiation flux available at the sample should be always considered together with the
radiation bandwidth (resolution). The increased source brilliance translates directly into
reduced measurement time or, alternatively, into higher practically feasible resolution. The
first means a more effective use of the facilities and allows to study quickly deteriorating
samples, the second allows for a much finer probe of the electronic structure, revealing
details that are “blurred” by the resolution limitations of the current experiments.
2) Higher radiation flux at the sample means that studies of processes with lower cross
sections and studies of very dilute targets will become feasible.
3) New types of experimental set-ups will be developed, utilizing the increased brilliance and
higher flux. One major trend is to combine several different aspects of the photoresponse –
detecting electron(s), ion(s) and/or photon(s) in a single coincidence experiment. Specific
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forecasts are not possible here, but the precedent shows that with each new generation of
the synchrotron radiation sources, a spur of activity in instrumental design follows.
4) Rotatable linear polarization plane gives convenient and fast means to study the angular
distribution of the emitted particles, without changing the geometry of the experimental
set-up. This extends the range of the angularly resolved studies considerably.
5) Circularly polarized light will allow dichroic studies.
Consequently, major increase in high-precision results in gas-phase spectroscopy can be predicted
confidently. Although the area of impact is very broad, some scientific highlights are provided
below:

Selected research areas
With the increased photon flux, the high-resolution experimental mapping of the electronic
structure and dynamics of atoms can be extended into deeper inner-shell regions, utilizing the s.c.
Auger Resonant Raman Effect. Relativistic and inter-channel interference effects, as well as
cascade relaxation become important for the processes involving deeper electron shells.
In molecular spectroscopy, additional degrees of freedom are added by the nuclear motion –
vibrations, rotations and fragmentation. The interaction between the electronic and nuclear substructures of the molecules has been studied keenly. The proposed beamline would bring such
experiments, like studies of electronic-state-specific dissociation processes, to a new level. It
would be especially advantageous for coincidence measurements, where physically relevant
parameters of several particles originating from the same quantum mechanical event are
measured simultaneously. Coincidence studies allow one to understand complex chains of
reactions from the initial excitation to final products.
Another example of the advantages of the new beamline for the more complex, integrated
experiments can be found in the combined laser-soft X-ray studies. Such experiments allow us to
probe laser-excited atoms or molecules by SR or v.v., again revealing completely new aspects of
their properties. One can reach even further by the experiments on positive or negative ions. The
latter, for example, possess unique properties due to the lack of long-range interaction between
an electron, removed by X-rays, and the remaining neutral atom. These studies have also been
hindered by the limited photon flux.
Cluster science is a field of research that aims at understanding the development of material
properties going from single atom to extended solid, and is of large fundamental and applied
interest (nanotechnology, materials engineering). Gas-phase clusters are notoriously difficult to
study and it would have great scientific benefits to obtain high-resolution, high-intensity
spectroscopic data on their electronic properties and nuclear motion upon excitation.
Since the proposed beamline will be suitable not only for gases but for any samples with high
vapour pressure, studies of liquids are relevant. As compared to solid materials and isolated gas
phase molecules, liquids are a largely unexplored class of matter – even the structure of the most
common liquid of all, water, is still under debate.
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Many studies of applied science can be performed:
Chiral centres play important roles in many biomolecular processes such as in peptide synthesis,
protein folding etc. They are also the central components of synthetic asymmetric catalysts. Also,
for example, nanomagnets can be developed as contrast enhancers for magnetic resonance
imaging (MRI). The chirality can be probed by circular dichroism. The measurements of elementspecific magnetic and natural X-ray circular dichroism will be possible as the beamline will provide
circularly polarised light.

Summary of beamline characteristics
The beamline is designed to provide a flexible framework for the development of new
experiments and to cover the full chain of complexity from single atoms to molecules, clusters,
nanostructures and surfaces. In addition to the high brilliance of the source and high flux at the
sample combined with the state-of-the-art resolution, the proposed beamline will have the
following special properties:
• Capability of covering the most important inner electron photo-ionization edges up to the
second long row elements in the periodic system.
• Flexible polarization including rotatable linear polarization and circular polarization.
• A system for insulating the low vacuum sample region from the UHV beamline optics.
• Possibility of treating a variety of samples including gases (also at relatively high pressure),
metal vapours, supersonic beams, ion beams and solid outgassing samples.
• Possibility of fast switching between a variety of end-stations.
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Nanofocussing: Microscopy and Spectroscopy (NANO-1)
Description
The nanofocussing beamline NANO-1 will be one of the first nanofocussing beamlines at MAX IV.
The aim is to produce an X-ray beam focussed down to 10nm in the energy range 5-40keV. This
beamline will focus on microscopy and spectroscopy. The beamline will have precise coupling of
undulator gap scan and monochromator scan to enable a fixed exit beam position and flux over a
wide energy range. The optics will have collimating refractive lenses, a liquid nitrogen
monochromator followed by achromatic Kirkpatrick-Baez focussing mirrors.
The small vertical beam size of 11.4 micrometer (FWHM) can be focussed to 10 nanometers with
a 100m long beamline without significant loss of flux. The established focussing elements such as
Kirkpatrick-Baez mirrors, Fresnel zone plates and refractive lenses have already proved to be
capable to reach this focussing. Special care will be taken to assure temperature control down to
0.05 C. Vibrational control will be achieved by high fundamental natural frequency of the
structural components in the 30 Hz range or higher range. On-line metrology, high accuracy
linear stages and ultra low run out rotation stages will be used in addition to active feedback of
optics/sample angles with respect to the incoming beam by means of beam position monitors. It
is to early to discuss detection systems but the developing hybrid pixel detectors should be close
to maturity in 3-4 years from 2006. Particular care will be taken to assure a stable fixed exit beam
over extended energy regions. In addition to extreme focussing capability the beamline will
provide high coherence options for, in particular, phase contrast imaging.

Technical data
Energy or wavelength
range

Between 5 and ~40 keV

Energy resolution

∆E/E between 10 to 10

Source

Superconducting or cryogenic undulator

Flux @ first optical
element

photons/sec/mm /0.1% bandwidth
~10
depends on final insertion device design)

Optics

Combination of reflective, diffractive and refractive optics

Sample environment

Sample position monitor and manipulators
High pressure cells (Diamond anvil-type)
In situ sample stages with temperature
environmental control

-2

14

-4

2

(exact

and

numbers

gas/liquid

Beam size at sample

Vertical: 10 nanometers and up
Horisontal: 200 nanometer and up without sacrificing flux; can
be reduced but with flux reduction. Horisontal slits close to
source

Flux on sample

Will depend on the choosen configuration of optics , degree of
focussing and bandwidth. The proposed optics have at present
all efficiencies in this energy range of about 40% with an
acceptance aperture of 100-200 micrometers.
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Detectors

Area detector (Hybrid pixel detector)
Avalanche photo diodes
Energy dispersive detectors (Ge most likely)

Polarization

Linear

Scientific opportunities
Soft matter

Microscopic analysis of inclusions in polymers, polymer
interfaces, chemical imaging of components and crystallinity,
deformation under stretching. Notably studies of single polymer
fibres. Use of phase contrast imaging.

Geology, archaeology

Identification of inclusions in minerals. Chemical imaging of
inclusions constituents. Interface studies, grain boundaries
between minerals, archaeological minerals. Study of water
recirculation in deep earth mantle, chemical composition
changes of minerals under high pressure. Trace element analysis
of artefacts. High-pressure studies.

Biology, biomedics,
environmental studies

Studies of interfaces for organic/inorganic implants. Use of phase
contrast imaging.
Studies of single cells in biological materials. Studies of cellular
processes and responses to stimuli. Elemental mapping in cells,
plants and pollution products such nuclear fallout and soots.

Chemistry

Studies of fast reactions and surface/interface phenomena,
electrochemistry. In-situ studies of catalytic processes.

Thin films

Analysis and chemical imaging of thin films, protection layers,
magnetic systems.

Applied research

Studies of single grains and grain boundaries in metals and
alloys. In situ time-resolved nucleation studies. Studies of
semiconductor materials such CMOS gates (32nm next goal),
connects, quantum dots and novel nanostructures such as
nanowires. In-situ studies of chemical reactions and devices such
as batteries, solar cells, hydrogen storage. Time-scales down to
milliseconds. In-situ studies of the growth of nanowires.

Other comments
Critical control of temperature, vibrations and beam/sample positions will be needed. Dynamic
feed back of elements will be considered. A facility for characterisation and alignment of nano
sized materials will be needed. The beamline length will be 100-120m allowing the prescribed
focussing with a shortest free space around the sample of 10cm. The NANO-1 beamline will
concentrate on microscopy, spectroscopic and nanofluorescence methods with special
implications for environmental and biological systems. Cooled refractive lenses in front of the
monochromator will provide collimation and reduction of the heat load on the monochromator.

Appendix (NANO-1)
Combined with NANO-2
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Nanofocussing: Diffraction, Imaging and µ-tomography (NANO-2)
Description
The nanofocussing beamline NANO-2 will be one of the first nanofocussing beamlines at MAX IV.
The aim is to produce an X-ray beam focussed down to 10nm in the energy range 5-40keV. This
beamline will focus on diffraction and imaging. The beamline will be tunable over a large energy
range. The optics will be have collimating refractive lenses, a liquid nitrogen monochromator
followed by modular in-line optics with refractive lenses and Fresnel zoneplates.
The small vertical beam size of 11.4 micrometer (FWHM) can be focussed to 10 nanometers with
a 100m long beamline without significant loss of flux. The established focussing elements such as
Kirkpatrick-Baez mirrors, Fresnel zone plates and refractive lenses have already proved to be
capable to reach this focussing. Special care will be taken to assure temperature control down to
0.05 C. Vibrational control will be achieved by high fundamental natural frequency of the
structural components in the 30 Hz range or higher range. On-line metrology, high accuracy
linear stages and ultra low run out rotation stages will be used in addition to active feedback of
optics/sample angles with respect to the incoming beam by means of beam position monitors. It
is to early to discuss detection systems but the developing hybrid pixel detectors should be close
to maturity in 3-4 years from 2006. Particular care will be taken to assure a modular design with
easy change of focussing conditions. The beamline will provide flexible detector configurations to
achieve extreme, medium to normal spatial resolution.
In addition to extreme focussing capability the beamline will provide high coherence options for,
in particular, phase contrast imaging. Change of polarisation with quarter wave plates will be
considered.

Technical data
Energy or wavelength
range

Between 5 and ~40 keV

Energy resolution

∆E/E between 10 to 10

Source

Superconducting or cryogenic undulator

Flux @ first optical
element

~10 photons/sec/mm /0.1% bandwidth
(exact numbers depends on final insertion device design)

Optics

Combination of reflective, diffractive and refractive optics.
Quarter wave plates.

Sample environment

Sample position monitor and manipulators
High pressure cells (Diamond anvil-type)
In situ sample stages with temperature and gas/liquid
environmental control

Beam size at sample

Vertical: 10 nanometers and up
Horizontal: 200 nanometer and up without sacrificing flux; can
be reduced but with flux reduction. Horizontal slits close to
source

Flux on sample

Will depend on the chosen configuration of optics, degree of
focussing and bandwidth. The proposed optics have at present
all efficiencies in this energy range of about 40% with an
acceptance aperture of 100-200 micrometers.
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Detectors

Area detector (Hybrid pixel detector)
Avalanche photo diodes
Energy dispersive detectors (Ge most likely)

Polarization

Linear

Scientific opportunities
Soft Matter

Microscopic analysis of inclusions in polymers, polymer
interfaces; chemical imaging of components and crystallinity,
deformation under stretching. Notably studies of single polymer
fibres. Use of phase contrast imaging.

Geology, archaeology

Identification of inclusions in minerals. Chemical imaging of
inclusions constituents, Interface studies, grain boundaries
between minerals; archaeological minerals; Study of water
recirculation in deep earth mantle; chemical composition
changes of minerals under high pressure. High-pressure studies.

Biology , biomedics,
environmental studies

Studies of interfaces for organic/inorganic implants. Use of phase
contrast imaging.

Chemistry

Studies of fast reactions and surface/interface phenomena,
electrochemistry. In situ studies of catalytic processes.

Thin films

Analysis and chemical imaging of thin films, protection layers,
magnetic systems.

Applied research

Studies of single grains and grain boundaries in metals and
alloys. In situ time-resolved nucleation studies. Studies of
semiconductor materials such CMOS gates (32nm next goal),
connects, quantum dots and novel nanostructures such as
nanowires. In situ studies of chemical reactions and devices such
as batteries, solar cells, hydrogen storage. Time-scales down to
milliseconds. In situ studies of the growth of nanowires.
Imaging of magnetic domains subjected to stimuli.

Other comments
Critical control of temperature, vibrations and beam/sample positions will be needed. Dynamic
feed back of elements will be considered. A facility for characterisation and alignment of nano
sized materials will be needed. The beamline length will be 100-120m allowing the prescribed
focussing with a shortest free space around the sample of 10cm. Cooled refractive lenses in front
of the monochromator will provide collimation and reduction of the heat load on the
monochromator.
The NANO-2 beamline will concentrate on diffraction and imaging with special implications for
materials science including biological and electronic systems.
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Appendix (NANO-1 and NANO-2)
The new 3.0 GeV storage ring at the MAX IV facility will open up new possibilities for extreme
focussing and the use of unprecedented coherence of an X-ray beam up to energies of 40keV or
beyond. The small electron beam size of Sz=10 microns in the vertical and Sx=200 microns in the
horizontal is drastically smaller than the existing sources. (The ESRF has Sy=25 microns and Sz=800
microns.) It will thus be possible to focus down to X-ray spot sizes of 10 nanometer in the vertical
and the possibility to place beam defining slits close to insertion devices gives the opportunity to
shape the beam horizontally from symmetric to elongated probing beams. The projected beam
divergence is equally impressive with vertical divergence Sv=10 microrads and horizontal
divergence Sh= 25 microrads. (ESRF Sh=30 and Sv=20 microrads). The transverse coherence is
proportional to the length of the beamline divided by the size of the beam and coherence length
can thus easily reach 100 microns or beyond.
In the first wave of beamlines at the MAX IV two nanoprobing beamlines are planned to utilise
the unique properties of the novel design of the 3 GeV storage ring. In order to obtain maximum
flexibility for the two beamlines the beamlines will be of the order 100 meters from the source.
10 nanometer vertical beam can then be obtained with a modest demagnification factor of 1000
and a working distance between the sample and the last focussing element of 10 centimetres.
Presently the most interesting focussing devices are refractive lenses, Fresnel zone plates and
Kirkpatrick-Baez focussing mirrors (KB) which all have properties allowing the goals stated above.
The efficiency in the prescribed wavelength region (5-40keV) is now about 40% or better and
rapid development is under way.
The nanofocussing beamlines will be designed to perform fluorescence, diffraction, spectroscopy
and imaging experiments on the nano to micron scale. Of particular interest is nanofluorescence
and contrast phase imaging. Phase contrast imaging uses the density differences in the sample
and will thus allow the visualisation of materials will tiny differences in neighbouring elements.
This is of particular interest for biological material, lightweight alloys or magnetic domains.
The beamline optics will be designed to be modular and flexible to allow an easy change from
modest to extreme focussing to facilitate the identification of areas of interest with subsequent
high-resolution studies of these regions.
The two beamlines will be divided into one beamline for microscopy and spectroscopy with
precise energy scanning capability and fixed beam position (NANO-1).The precise coupling of
undulate gap scanning and monochromatisation will be implemented The beamline will thus have
a precise scanning monochromator followed by KB mirrors or other emerging achromatic
focussing devices. The second beamline (NANO-2) will concentrate of diffraction, scattering,
imaging and µ-tomography applications, and in order to be flexible, the design will concentrate
on in-line optics such as refractive lenses and Fresnel zone plates, which are easy to align and can
be moved in and out of the beam (transfocators).The use of flexible detector configurations for
extreme, medium to normal resolution will be implemented. Beamline NANO-1 will be particularly
useful for environmental, biological and magnetic studies whereas NANO-2 will concentrate on
materials science including biological and electronic systems.
On the detector side we foresee that the rapid development of hybrid pixel detectors will have
reached maturity in the next coming five years. These pixel detectors will have smart circuitry
allowing rapid read out and energy discrimination to allow background reduction and large
possibilities for tailoring the detectors to the needs.
The new facility will enable wide research on nanoscale materials from synthesis to metrology,
chemical and structural determination and property characterisation. Emerging research areas
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such as nanocarbon structures, spintronics, new oxide materials, imaging of magnetic domains,
bioinorganic joined hybrids and nanophotonics will need a facility such as presented in the MAX
IV project.
Here we foresee the possibility to follow in situ the growth of carbon nanostructures, nucleation
of metals and alloys, studies of grain boundaries and crack distributions and progression,
mapping of the elemental distribution of atoms in cells and other biological material as well as the
interactions at surfaces and the diffusion of elements in electronic materials. The penetration
power and X-ray beam flux will allow in situ of chemical processes under actual operating
conditions such as high pressure or high temperatures.
The characterisation of materials on the nano size scale is necessary to provide a framework for
understanding the fundamentals and to provide the background for theory and simulations
necessary for design of new types of functional systems, which will be needed to remedy the
need for new energy sources and ecologically clean products. It is now timely to start the design
of the new facilities in order to be ready for the emerging future needs of academia and industry.
Thus we propose that the two nanofocussing beamlines NANO-1 and NANO-2 will enter into a
detailed design phase as soon as possible.
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Macromolecular Crystallography: High-throughput and Phasing
(MX-1)
Description
MX-1 is one of two proposed phase I beamlines for macromolecular crystallography at MAX IV.
The beamline is designed to have a high energy resolution, to be rapidly tuneable with its
wavelength range extending to long wavelengths and to be stable, allowing optimized phasing
experiments. At the same time the stability and ease of use will enable high-throughput structure
determination. The unprecedented emittance of MAX IV gives a more parallel beam for a given
focus size than at any current MX station. The beam size will be suitable for what is expected to
be a typical crystal size in 5-10 years. The low divergence makes the beam suitable for the largest
unit cells and will allow higher quality data to be collected from weakly diffracting crystals.

Technical data
Wavelength range

0.7–2.5 Å

Energy resolution

< 2.0 x 10 Å with Si(111)

Source

PMU19 in-vacuum undulator, 1.5 m long, giving 78 periods.
th
Tuned to 1 Å (7 harmonic) the total power from the undulator
is 4.1 kW of which 0.12 kW passes the primary slits (or 0.07 kW
with a 0.25 mm diamond window).
To achieve a smooth energy spectrum for energy scans the
undulator should allow gap scans.
In addition to the proposed undulator there is space in the
straight section for a second undulator that could serve a second
beamline in the future.

Flux at first optical
element

5 x 10 photons/s/0.1%bw at 1 Å for 500 mA stored current.
The heat load at 1 Å at the first optical element is 70 W total
2
2
power with 50 W/mm orthogonal to the beam (8 W/mm on the
st
2
1 monochromator crystal; 21 W/mm at 2.5 Å) with low energy
filtering by a 0.25 mm diamond window.

Optics

Liquid-N2 cooled double crystal monochromator, Kirkpatrick-Baez
mirrors for vertical and horizontal focusing (cylindrically shaped
mirrors with a 1 µrad slope error).

Sample environment

Minidiffractometer and associated mini-kappa goniometer head
of the type currently under development at the ESRF, or better,
with smallest possible sphere of confusion, i.e. < 2 µm. With a
kappa geometry the crystal orientation can be chosen to
minimize the time between collection of anomalous pairs and
fully complete data be collected in all cases. It also gives the
possibility to use the polarization dependence of the anomalous
signal for phasing; Rapid sample changer. The rapid sample
changer is a prerequisite for high-throughput operation but also
allows the best crystal to be chosen from many, therefore
increasing the chances of successful structure determination;
Removable helium path to be able to work at long wavelengths;
Fluorescence detector and online micro-spectrophotometer
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(wavelength range 250-800 nm). The online microspectrophotometer allows the monitoring of radiation damage
and therefore the optimization of data collection for phasing, but
it is also important for monitoring e.g. redox states of
metallosites for high-resolution data collection. More detailed
analyses of metal centres will be facilitated by the availability of
an online fluorescence detector and software optimised for
various types of X-ray absorption spectroscopy e.g. EXAFS;
Cryo system (optionally a He system to improve the EXAFS data
quality).
Beam size at sample

60 x 30 µm FWHM

Flux on sample

1 x 10 photons/s in 60 x 30 µm with 0.1 x 0.1 mrad crossfire.

Detector

State of the art detector at the time of commissioning. A large
detector size with small pixel size and point spread function is a
requirement to be able to work with large unit cells. Low noise is
a requirement to be able to work with weakly diffracting crystals.
The detector could be a CCD-based detector such as is available
now or a so called pixel detector presently under development
that will give lower noise and therefore better data.

Polarization

Linear

2

13

2

2

Scientific opportunities
Macromolecular
crystallography

De novo structure determination using the multiple and single
wavelength anomalous dispersion methods (MAD and SAD).
Easily useable for the rapidly developing sulphur SAD method.
Structure determination of macromolecules at atomic resolution
(< 1.0 Å).
The small focus size of the beamline will allow small crystals to
be routinely measured at the beamline. At the same time the low
emittance of the MAX IV ring will give an extremely parallel
beam at the sample allowing better data to be collected of
weakly diffracting crystals. User friendly beamline easy to
understand for novice users.

Structural genomics

All of the above, as well as high-throughput collection of many
data sets using state-of-the-art sample changers and software.
The small focus size is well adapted to typical crystals from highthroughput crystallization.

Kinetic structural studies

Study of reaction mechanisms in enzymes. Tracking of the
reaction progress using UV/vis spectroscopy.

Appendix (MX-1)
Combined with MX-2
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Macromolecular Crystallography: Microfocus (MX-2)
Description
MX-2 is one of two proposed phase I beamlines for macromolecular crystallography at MAX IV.
The beamline is designed to allow data collection from crystals that are 10 µm or smaller and at
the same time give a small beam divergence, allowing high-quality data to be collected from large
unit cell crystals, e.g. of viruses and large macromolecular complexes, as well as from more
"average" crystals. Like MX-1 the beamline will permit state-of-the art phasing experiments using
the multiple wavelength anomalous dispersion method (MAD) and its single wavelength variant
(SAD) but with a slightly more restricted wavelength range. The extreme stability requirements on
beam and sample will make many operations such as changing wavelength, sample centring,
sample orientation and the use of a micro-spectrophotometer more difficult and therefore the
beamline is less high-throughput than MX-1.

Technical data
Wavelength range

0.7–2.0 Å (or 0.5 -2.0 Å for an undulator such as CPMU17.5 or
SCU14)

Energy resolution

< 2.0 x 10 Å with Si(111)

Source

PMU19 in-vacuum undulator, 3.0 m long giving 157 periods.
However, to be able to go to shorter wavelengths and to obtain
a higher flux a cryogenically cooled or a superconducting
undulator could be used (e.g. CPMU17.5 or SCU14).
th
Tuned to 1 Å (7 harmonic) the total power from the PMU19
undulator is 8.2 kW of which 0.24 kW passes the primary slits (or
0.14 kW with a 0.25 mm diamond window).
Optionally, the undulator should allow gap scans to achieve a
smooth energy spectrum for energy scans.

Flux at first optical
element

1 x 10 photons/s/0.1%bw at 1 Å for 500 mA stored current
(PMU19).
The heat load at the first optical element 140 W total power with
2
2
st
100 W/mm orthogonal to the beam (15 W/mm on 1
2
monochromator crystal at 1 Å; 25 W/mm at 2.0 Å) with low
energy filtering by a 0.25 mm diamond window.

Optics

Liquid-N2 cooled double crystal monochromator, Kirkpatrick-Baez
mirrors for vertical and horizontal focusing (elliptically shaped
mirrors with 1 µrad slope errors). The stability of the optical
elements and the diffractometer are extremely important for the
reliability of the beamline and they should preferably be built on
a common stable base to avoid internal movements of the
beamline elements. The source is demagnified by a factor of
approximately 20, demagnifying movements of the electron
beam with respect to the beamline elements by the same factor.

Sample environment

Minidiffractometer and associated mini-kappa goniometer head
of the type currently under development at the ESRF, or better,
with smallest possible sphere of confusion, i.e. < 2 µm. With a
kappa geometry the crystal orientation can be chosen to
minimize the time between collection of anomalous pairs and
fully complete data be collected in all cases. It also gives the
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possibility to use the polarization dependence of the anomalous
signal for phasing; Rapid sample changer. The rapid sample
changer allows the best crystal to be chosen from many,
therefore increasing the chances of successful structure
determination; Removable helium path to be able to work at
long wavelengths; Fluorescence detector and online microspectrophotometer (wavelength range 250-800 nm). The online
micro-spectrophotometer allows the monitoring of radiation
damage and therefore the optimization of data collection for
phasing, but it is also important for monitoring e.g. redox states
of metallosites for high-resolution data collection. More detailed
analyses of metal centres will be facilitated by the availability of
an online fluorescence detector and software optimised for
various types of X-ray absorption spectroscopy e.g. EXAFS; Cryo
system (optionally a He system to improve the EXAFS data
quality).
Beam size at sample

10 x 7 µm FWHM

Flux on sample

2 x 10 photons/s in 10 x 7 µm with 0.8 x 0.4 mrad crossfire.
Slitting down the beam with the primary slits can give e.g.:
12
2
2
2 x 10 photons/s in 10 x 7 µm with 0.2 x 0.2 mrad crossfire.

Detectors

State of the art detector at the time of commissioning. A large
detector size with small pixel size and point spread function is a
requirement to be able to work with large unit cells. Low noise is
a requirement to be able to work with weakly diffracting crystals.
The detector could be a CCD-based detector as available now or
a so called pixel detector presently under development that will
give lower noise and therefore better data.

Polarization

Linear

2

13

2

2

Scientific opportunities
Macromolecular
crystallography

De novo structure determination using the multiple and single
wavelength anomalous dispersion methods (MAD and SAD).
Easily useable for the rapidly developing sulphur SAD method.
Structures of membrane proteins and large macromolecular
complexes from weakly-diffracting microcrystals. Data collection
from crystals with large unit cells. Structure determination of
macromolecules at atomic resolution (< 1.0 Å).

Structural genomics

All of the above, as well as rapid collection of many data sets
using state-of-the-art sample changers and software. The small
focus size will allow high-quality data to be collected of
microcrystals from high-throughput crystallization.

Kinetic structural studies

Study of reaction mechanisms in enzymes. Tracking of the
reaction progress using UV/vis spectroscopy.
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Appendix (MX-1 and MX-2)
Macromolecular crystallography (MX) is the most powerful tool for the determination of the
detailed three-dimensional structure of biological macromolecules, obtaining thereby an increased
understanding of their function. There is essentially no size limit; the structure can be determined
of any macromolecule from small peptides to very large viruses and assemblies such as
transcriptionally active RNA and DNA polymerases given successful crystallization. We have
chosen to design two beamlines for MX at MAX IV and their specifications have been determined
by a number of current and anticipated future trends in MX:
Structure determination by anomalous dispersion methods. The de facto method for the structure
determination of new proteins for which no homologue is available in the Protein Data Bank has
become multiple or single wavelength anomalous dispersion (MAD and SAD). This requires rapid
-4
and accurate tuneable beamlines (with an energy resolution of 1 x 10 ). Natively bound metal
ions can be used, the protein can be produced to contain near-native SeMet instead of Met,
crystals can be soaked in concentrated solutions of halides or the scattering of native sulphur
atoms in the protein can be exploited. All of these can result in electron density maps of very high
quality. During one visit to the synchrotron users require more and more often the flexibility to
change wavelength, either for structure determination by MAD or SAD methods, or to check
quickly for the presence of a bound metal ion. MAD stations have no drawbacks for the collection
of data where the wavelength is not so important. Thus both MX-1 and MX-2 have been
designed to be quickly and accurately tuneable MAD stations. Exploitation of native sulphur
scattering requires relatively long wavelengths. We have thus chosen the higher wavelength
boundary of both stations to permit this increasingly popular "sulphur SAD" method and have
included equipment (for example a removable helium path) to improve the signal-to-noise ratio of
data collected at these wavelengths.
Large systems and small crystals. Large systems such as macromolecular complexes have always
been accessible to MX (for example the first structure of a virus was published in 1978) but this
was generally restricted to assemblies with high internal symmetry. However, around the turn of
the millennium there has been an explosion in structural information from large asymmetric
complexes such as the ribosome, RNA and DNA polymerases and membrane proteins, often in a
variety of relevant functional states. We anticipate that this development will continue, in
particular the study of integral membrane proteins, which represent around half of the known
targets for drug molecules but whose structures are still underrepresented in comparison to those
of soluble proteins. These large systems always have large cell dimensions and often produce
smaller crystals than "average" proteins. In order to obtain optimal signal-to-noise ratio as much
of the incident beam as possible must be focused on the sample. However, focusing increases the
beam divergence which can lead to overlap of diffracted reflections on the detector. MAX IV is
the perfect solution to this problem due to its extremely low emittance. The smaller the beam
divergence is from the outset, the smaller the problems associated with focusing. Both beamlines
have been constructed to take advantage of the extremely low emittance of MAX IV, but in
particular MX-2 has been designed as a microfocus beamline where macromolecular crystals
smaller than those generally in use today (down to 5–10 µm) can be examined. Small focal size
at the sample is also invaluable for larger samples, as it can alleviate problems associated with
radiation damage simply by allowing one to move to a fresh part of a crystal. Large detectors with
high resolution and low point spread functions will be implemented to permit resolution of many
diffraction orders from crystals with large unit cells.
High-throughput (HTP) data collection. The structure-based drug design processes carried out
principally by the pharmaceutical industry are a driving force for the development of highthroughput methods for MX data collection. The design of chemicals that can bind to specific
sites on the macromolecule is difficult and requires extensive experimentation. A dynamic
interplay between the design and synthesis of new compounds and structural studies of their
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interactions with the target molecule is essential. This requires rapid and accurate collection of
large numbers of data sets, often of the same protein in complex with many small molecule
inhibitors. However HTP methods are also of great benefit for the whole MX community and may
eventually lead to a paradigm shift in data collection. Instead of taking the first crystal that
diffracts acceptably well (due to the time and effort involved in manually changing samples) HTP
beamlines will allow experimenters to scan through a large number of crystals and use the one
that diffracts best. In addition the radiation damage often induced by undulator X-ray sources
also requires a return to merging of data from several crystals, which had become unpopular
during the 1990s with the advent of cryo-cooling. Finally the MAX IV beamlines will allow data
collection in a fraction of the time required at the current MAX II MX beamlines. Since MAX IV
will only have two MX stations instead of the five in operation at MAX II at the time of
operational hand-over, it is thus essential to make sure that effectiveness is as high as possible,
i.e. that manual sample handing does not dominate at the cost of data collection. For all of these
reasons the MX beamlines at MAX IV will be equipped with the latest in HTP sample changer
technology.
In order to permit systematic explorations of the conditions providing optimal diffraction from
cryo-cooled macromolecular crystals we will keep a close eye on developments in the area of
"post-crystallization crystal improvement". At present there are two exciting methods: the
concepts of careful humidity adjustment in the crystal environment prior to flash-cooling,
developed in Robert Huber's lab [1] and of high-pressure (> 100 MPa) cryo-cooling as developed
in the Grüner group at CHESS [2]. We will equip the beamlines and associated laboratories (vide
infra) with the most advanced equipment available at the time of commissioning for such
diffraction improvement.
Combination of spectroscopic and crystallographic methods. Many structural studies are carried
out on redox-sensitive metalloproteins where the arrangement of ligands around a metal ion and
the oxidation state of the latter can be affected by the X-ray dose absorbed during data
collection. This means that the protein is not in the same state at the end of data collection as it
was at the beginning. The ability to monitor spectroscopic changes from the crystalline sample
alleviates this partly by giving the possibility to monitor constantly the oxidation state(s). We have
thus chosen to equip both stations with online UV-visible spectrometers which will allow simple
measurements. In addition station MX-2 will be equipped with a fluorescence meter which will
allow the measurement of EXAFS (Extended X-ray Absorption Fine Structure) data from the same
crystals that diffraction data are being collected from, permitting a detailed analysis of eventual
changes in metal coordination during the experiment. This technique is currently only
implemented at a few MX beamlines in the world, but we will keep a close eye on developments.
Online measurement of UV-vis spectra also allows the monitoring of certain types of radiation
damage to no-metalloproteins, e.g. the photoreduction of disulphide bridges.

Time resolved studies
Since experiments resolved on a very short time scale will be possible at the LINAC facility, and
since the 3 GeV ring will not be optimised for short pulses, the MX beamlines will not be
constructed to allow ultra-fast experiments. However, the beamline will thus be equipped with
the fastest shutters that the budget allows. The future development in hybrid pixel detectors,
which we hope to implement at MAX IV if the technology has stabilised by the time of
commissioning, allows extremely fast readout.
Overall considerations
Both beamlines should be robust and user-friendly, in part due to the rapid turnover of users at
MX beamlines, many of whom are at the graduate student level and are relative newcomers to
the methods.The beamlines will also be equipped with a state-of-the art user support laboratory
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where users can prepare and manipulate their samples. It is essential that both beamlines are built
physically close to each other and in proximity to the user laboratory for ease of access.
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High-Resolution Powder Diffraction and Small/Wide Angle X-ray
Scattering (SAXS/WAXS)
Description
This is a combined High Resolution Powder Diffraction and Small Angle X-ray Scattering (SAXS)
and Wide Angle X-ray Scattering (WAXS) beamline. The different set-ups will be mounted in two
separate experimental hutches but utilize the same undulator, front-end and optics. This provides
a cost and space effective configuration. The two stations can not be operated independently but
to ensure a reasonable fast switching time between the set-ups extra attention will be paid to the
accuracy of the optics beam diagnostics will be mounted after all optical elements of the
beamline. The uniquely low emittance of the MAX IV ring will permit a design where a small X-ray
spot size can be combined with a low divergence for the SAXS/WAXS set-up. By simply changing
the bending of the mirrors one can obtain a larger but extremely well collimated beam for the
upstream powder diffraction set-up.

Technical data: Both stations
th

Energy or wavelength
range

Between 5 and 30 KeV when utilizing up to 9 harmonics from
the undulator

Energy resolution

~10 with Si(111) monochromator crystals

Source

A 3 m long in vacuum cryogenic permanent magnet material
undulator (CPMU 17.5). At max K=2.25 the total power emitted
is 16.5 kW and tuned to 1Å it is 11.5 kW. After an aperture of
100*75 µrad and a 0.25 mm thick Diamond window in the
front-end is the power reduced to 410 respectively 300 W.

Flux @ first optical
element

8*10 Phot/s/0.1%bw for 500 mA stored current.

Optics

A liquid N2 cooled fixed exit double crystal Si(111) at 20 m
followed by a KB pair of mirrors where the first is a bimorph
mirror that can go from collimating the beam in the vertical
direction for the power diffraction set-up to focusing on the
down stream SAXS/WAXS set-up. The second mirror is a flat but
cylindrical bendable Rh-coated mirror for focusing on the
SAXS/WAXS set-up and will be moved out of the beam for the
powder diffraction experiments. The second mirror could also be
a bimorph mirror with a possibility to either collimate or if a
smaller horizontal beam size is preferred, focus for the powder
set-up and focus for the SAXS/ WAXS.
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Technical data: Powder diffraction
Sample environment

Cryogenic systems (a N2 cryojet/ stream as well a He cryostat)
Furnaces (up to 2000 K)
Humidity chamber
Laser (excitation)
Stress and strain

Beam size at sample

1.0x0.6 mm

2
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Flux on sample

6*10 Phot/s at 1Å and 10

Detectors

A combination of a high resolution instrument and a Position
Sensitive linear Detector (PSD) for fast data collection where both
parts could be used simultaneously. The diffractometer consists
of two heavy duty high precision rotation stages. One for the
Si(111) analyser crystals and the Avalanche Photo Diodes (APD)
and one for the PSD detector.
The angular resolution of the high resolution instrument will be
limited by the rocking curve of the analyser crystals to ∆2θ ≤
0.0012°. To speed up the data collection several crystals/
analysers should be mounted.
The position sensitive detector mounted at a negative 2θ will
have a mush faster read out (down to a few milliseconds)
enabling fast kinetic studies. In addition it should be possible to
rotate the diffractometer so that the X-ray beam can bypass it
onto an experimental table situated behind the diffractometer,
where additional set-ups could be mounted such as an area
detector for texture studies.

bandpass @30 m

Technical data: SAXS/WAXS
Sample environment

Rapid mixing devices
Stop-flow cells
Vapour, Magnetic field, Precision thermostat chambers
Furnace
Shear cells

Beam size at sample

Down to 190*30 µm @ 44 m or 200*100 µm
with a divergence of 30*20 µrad

Flux on sample

About 6*10 Phot/s at 1 Å and 10

Detectors

There is a rapid development for both area and (PSD) at the
moment so the detector technology is still to be finalised. The
requirements for both detector systems should be high dynamic
range, fast read out and good resolution.

Polarization

Linear

2

13
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bandpass

Scientific opportunities: Powder diffraction
Inorganic chemistry

Chemical studies of fast reactions (down to milliseconds).
Parametric studies: Sample automation would enable for
instance enable screening samples with varying compositions.
Compressibility and thermal expansion studies.
Structural studies of novel materials or materials where single
crystals can not be prepared, i.e. zeolites and other porous solids
which are interesting for waste treatment, gas storage etc.
3+
Structural studies of laser excited systems Mn -> Mn , artificial
photosynthesis
Diffraction studies of fluids at high 2 theta angles.
In situ studies of – Hydrogen storage materials, Battery systems,
Fuel cells, Catalysts.

291

3.0 GeV storage ring
Geology/Archaeology

Phase identification of very small quantities of minerals, clays,
traces of paint composition etc.
Structural changes of minerals under high pressure and
temperatures.

Biology, Biomedics

Macromolecules: Studies of phase transformation as function of
temperature leading to improved methods of preparation of
single crystals or determination of structure deformations due to
incorporation of heavy atoms in the structure.
Dialysis, confirmation of a molecule when exposed to a varying
salt concentration.
PT mapping of pharmaceutical solids.

Applied research

Analysis and expertise of various applied problems in a short time
scale.
Texture studies of foils.

Scientific opportunities: Small & wide angle X-ray scattering
Soft matter

Liquid crystals, nucleation and growth of crystals and phase
separation.
Gels, alignment under external fields.
Structure and interactions in colloidal suspensions and emulsions.
Characterization of gelation and polymerisation.
Polymers: factors affecting wetting and dewatting.
Semi-crystalline polymers can be studied with the combination of
SAXS and WAXS

Biology, Biomedics

Characterization of proteins that is amenable to crystallization.
Proteins in solution.
Dynamical processes such as protein folding.
Biopoymers, biological membrane fusion, relationship between
structure and properties.
Muscle diffraction.
Nucleation and growth of crystals.

Applied Research

Paper industry: particulate dispersions.
Studies of fibres that are used in many novel nanomaterials.
Microemulsions, particle synthesis in mineral processing.
Grain and defect structures in nanocrystalline metals and
ceramics.
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Appendix (High-Resolution Powder Diffraction and Small/Wide Angle X-ray
Scattering (SAXS/WAXS))
Beamline layout
The beamline has been calculated around a 3 meter long cryogenically cooled in vacuum
undulator with permanent magnets (CPM17.5) that has an energy range from 5 to 30 KeV when
th
utilizing up to the 9 harmonics. The maximum total power emitted from the undulator will be 16
kW at K=2.25 and when tuned to 1Å (K=1.874) 11.5 kW. An aperture accepting 100 * 75 µrad
in the front end there will significantly reduce the heat load on the optics downstream. It is
followed by a 0.2 mm thick water-cooled diamond window separating the beamline from the
storage ring vacuum as well as working as low energy filter and absorbing all radiation below 5
keV. The total power of the beam passing both the aperture and the diamond-window is at
K=2.25 410 W and at K=1.874 300 W. At 20 m from the source there is a fixed exit, cooled
Si(111) double crystal monochromator. The heat load on the first crystal of the monochromator
2
2
will be in the order of 125 W/mm at max K=2.25 and 20 W/ mm at K=1.874 (λ =1 Å). It must
be cooled with liquid N2 to achieve thermal stability. The monochromator is immediately followed
by a guard slit and thereafter, at 22 m, by a pair of KB mirrors. The first is a cylindrical bimorph
mirror that will either collimate the beam in the vertical direction for the powder diffraction
experiments or focus it on the SAXS/WAXS set-up. The second mirror is flat but cylindrically
bendable and will focus the beam in the horizontal direction for the SAXS/WAXS set-up. It will be
moved out of the beam for the powder diffraction measurements. The resulting beam size will be
1 * 0.6 mm with a divergence of 29 * 3 µrad for the powder diffraction set up and it possible to
obtain a 1 : 1 focus at 44 m with a beam size of 190 * 30 µm and slightly detuned from the 1 : 1
focus it is possible to obtain a beam size of 200 * 100 µm with a divergence of 30 * 20 µrad.

Fig. 1. Schematic layout of the beamline
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Experimental hutch 1 - Powder diffraction
At 30 m from the source in the experimental hutch 1 a high resolution diffractometer will be
mounted. The diffractometer will consist of several Si(111) analyser crystals coupled with
Avalanche Photo Diodes (APD) that will ensure best possible angular resolution matching the very
small divergence (29*3 µrad) of the X-ray beam. This in combination with good count rates and a
wide range of different sample environments (varying temperature, pressure, electric field,
humidity as well mechanical stress and strain) will make it possible to perform detailed structural
analysis of complex materials at an array of different conditions. The sample handling will be fully
automated to enable high-throughput investigations. In combination with the high resolution
instrument there will also be a position sensitive linear detector with a fast read-out mounted at a
negative 2θ angle on the diffractometer. This detector will provide a possibility to make kinetic
studies down to 0.05 seconds regime. There will also be a possibility to let the X-ray beam bypass
the diffractometer onto an experimental table with user manufactured temporary set-ups in
combination with an area detector. When the powder diffraction station is not used the
diffractometer is rotated so that an additional beam flight tube could be mounted and the X-ray
beam can bypass into the next experimental hutch.

Experimental hutch 2 – SAXS/ WAXS
The SAXS/WAXS sample will be situated 39 meters from the source and in front of it beam
defining and guard slits to minimize the parasitic scattering cone as well as a fast shutter and a
beam intensity monitor are placed. The sample to the SAXS detector distance can be varied up to
10 meters with an evacuated modular tube system. The KB mirrors will have the possibility to
provide a 1 : 1 at 44 meters from the source with a beam size as small as 190*30 µm but if
slightly detuned from the 1 : 1 focus a beam size of 200*100 micron with a divergence as low as
30*20 µrad can be reached. A low divergence is important for all SAXS experiments and becomes
increasingly important as the scattering angle gets smaller. The complete tube and detector
system can be translated back and forth to permit large variations in the sizes of sample
environment cells and to minimize the air path once the sample is in place. When special
precaution must be made to minimize the background signal for weakly scattering samples such
as proteins or other biomacromolecular substances in solutions the tube system can be attached
via the sample chamber to the beam pipe to permit windowless measurements.

Fig. 2. The SAXS/WAXS set-up in experimental hutch 2

The wavelength is continuously and tuneable between 5 and 30 keV permitting anomalous SAXS
(ASAXS) experiments. The beamline will be equipped with two different detector system capable
of measuring data at low and wide angle simultaneously (SAXS and WAXS) and will be rapid
enough for time dependent studies. Extra attention will be made on making sure that the
beamline can offer a wide variety of different sample environments and enable data collection on
polymers, biological materials as well as solution scattering, fibres, foils or powders. Thus
attracting users from all disciplines.
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Powder diffraction
Powder diffraction is the principal technique for structure determination of materials that do not
form large single crystal. It is therefore often used for novel materials where the synthesis is yet
not well characterized. It is also most often the method of choice to obtain structural information
of samples at non-ambient conditions.
The proposed beamline would be a very competitive powder diffraction beamline for energies up
to 30 keV. Utilizing the extremely low divergence (29* 3 µrad) and high intensity of the X-ray
beam from a cryogenic cooled in vacuum undulator (CPM 17.5) on the MAX IV ring combined
with a high resolution powder diffractometer equipped with a wide variation of sample
environment cells will permit the researchers to perform detailed structural analysis of also very
complex materials. By combining the high-resolution diffractometer with a very fast read-out (ms)
Position Sensitive Detector (PSD) structural information can also be obtained from very fast events,
an area where the technique of powder diffraction methods have hardly any competitors.

High-resolution
The aim of the proposed design of the beamline with a very low divergence of the X-ray beam
combined with a high resolution diffractometer is to have a station where it is the sample and not
the instrument that determines the resulting resolution of the diffraction pattern. The resolution
of the instrument would be determined by the Darwin width of the Si(111) analyzer crystals to <
0.002° a figure that is well matched by the very low vertical divergence (3 µrad) of the X-beam. It
will for instance enable Rietveld refinement of also very large and complex molecules such as
macromolecules, an area which until very recently has not been accessible for powder diffraction.
Macromolecular structures as large as 129 amino acids/ 996 atoms [1] has been solved but more
likely applications might be as a compliment to single crystal method to solve questions like phase
transformation as function of temperature leading to improved methods of preparation of single
crystals, or determination structure deformation due to incorporation of heavy atoms in the
structure [2]. The high resolution is the key parameter for almost all powder diffraction studies,
i.e. it reduces the problem with peak overlapping, it enables ab initio structure determinations
from powder diffraction data, it simplifies the identification of minor phases in multi-phase system
and it increases the accuracy in the peak shift determination in thermal expansion or
compressibility studies.
Wavelength
The possibility to tune the wavelength permits anomalous scattering experiments to exploit
resonant effects which yield element specific information or distinguish neighbouring elements. In
this way elements can be traced in for example disordered oxide catalysts and minerals. Another
possibility is simply to choose a wavelength energetic enough to penetrate sample chambers or to
penetrate the sample for depth profiles measurements. Harder energies also allow greater
penetration of the sample and by changing the energy some control of the depth profile at for
instance strain mapping measurements are obtained. The wavelength range of 5 – 30 KeV will
suit most applications.
High-throughput
An automated sample handling system will enable high-throughput investigations which open up
a new field of screening large amounts of samples. Enabling parametric studies of systems with
for instance samples produced at only slightly different conditions, i.e. to survey the effects of
temperature, pH, humidity on the crystallization or to follow the evolution of a structure with
measurements at very many compositions across a series. This would also make it possible to
simply send premounted powder samples to the synchrotron where a complete cassette of
samples can be loaded in the same time enabling remote data collection, an attractive option for
especially the commercial users.
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Kinetics
The high resolution diffractometer should be complimented with a fast PSD detector that can be
mounted in the negative 2 theta direction for simultaneous data acquisition. There is a rapid
development for these types of detectors but the Mythen2 detector [3] developed at the Swiss
Light Source might be a good representative of the present status. It has 15 000 microstrips
mounted over 60° giving a resolution of 0.004° that can be read out within a few milliseconds
permitting structural studies of very fast events/ reactions. Such as phase transformations in crash
cooled samples or self propagating reactions as the study of the high temperature synthesis of
magnesium zinc ferrites [4] where 250 scans where obtained with a time resolution of 0.14
seconds to study the reaction. Fast detector systems will make it possible to detect intermediate
states, which are often crucial for the understanding of the kinetics and thermodynamics of
chemical/physical processes.
Sample environments
A wide range of non-ambient cells should be offered at the beamline. These must be well
incorporated both in the hardware for easy interchangeability but also in the software for
automated data acquisition. A temperature range of a few Kelvins up to 2000°C could be
covered by a combination of a He-cryostat, a liq. N2 croyjet and furnaces. As a compliment laser
excitation could also be considered. The fruitful combination of a large temperature range and
high resolution powder diffraction was for instance shown in a study of the lattice parameters in
Sm 2.75C60 temperature dependency [5] showing a giant negative lattice response below 40 K due
to a temperature-induced valence transition. Other environment cells that should be available at
the beamline are humidity, pressure (medium pressure range of a few kbars) and gas cells. In situ
structural studies at various conditions are applications where powder diffraction gives unique
possibilities. An increasing amount of synchrotron beam time is devoted to such studies. The
combination of a high resolution instrument and a large variation of easy to use sample
environment chambers would be extremely useful for a wide range of applications and would
ensure large user community. In situ studies of catalysts, hydrogen storage materials and fuel cells
under operating conditions, studies of new battery materials under charging/recharging, studies
of crystallization (wanted or unwanted) of materials like metallic glasses, insulating materials,
alloys, concrete etc, thermal expansion and compressibility studies of new materials are just a few
examples were demand for synchrotron beam time is expected to continue increase in the future.
Also commercial users have expressed interest in different combinations like pharmaceutical
industry interest in P-T mapping especially combined with a controlled humidity.
Additional set-ups
It should be possible to let the X-ray beam bypass the diffractometer onto an experimental table
behind it. It would permit users to build up more bulky set-up of their own but an area detector
with a single axis goniostat should, however, be available as a standard set-up. It could for
instance be used for measurements on stressed and textured samples where it is important to
collect a 2D- powder pattern, i.e. studies of steel foils.
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Small angle X-ray scattering
Scope & materials of interest
Small Angle X-ray Scattering (SAXS) is a technique to provide information on the size and shape
of an object as well as their inter-particle interactions. The structural information that is obtained
is typically in the nanometer length scale (1- 1000 nm). The method has so far not been available
at MAX-lab although there is a strong Nordic interest. The studies could include a large range of
materials, physical processes and practical applications which are listed below. The items in each
column usually relate to many of the entries in either of the other two columns giving rise to a
large matrix of scientific problems that currently investigated in academia and industry
Materials

Processes

Practical applications

Liquid crystals

Nucleation and growth of
crystals and phase separation

Pharmaceutical delivery systems

Synthetic and Biopolymers

Biological membrane fusion

Foods

Particulate dispersions

Spinodal decomposition

Paper

Microemulsions

Particle synthesis

Mineral processing

Micelles

Phase transitions

Personal care products &
cosmetics

Emulsions

Gelation

Cleaning

Gels

Alignment under external fields Coatings (paints)
(shear, electric, magnetic)

Mesoporous materials

Ceramics

Nanoparticles

Amyloidosis

Magnetic particles

Natural products e.g. wood

Protein mediated cellular
signaling

Catalysts – polymers supported

Proteins in solution

Structural transition between
Traction fluids and lubricants
various biologically active states including responsive materials
(e.g. ferrofluids)

Protein:non-protein complexes Formulation of non-soluble
(organic compounds,
biomolecules (biodrugs,
surfactants, polymers,
membrane proteins)
ligands…)

Biodrug formulation

Drug development
SAXS cameras for these communities need to access a range of structures from a few Ångström
to almost a micrometer. To understand alignment, two-dimensional detectors are needed with
fast response and shuttering to observe kinetic phenomena. Experiments are often combined with
WAXS measurements and with complex sample environments for processing samples. A wide
range of sample environments will be offered and many cells will also be developed by user
groups but there must be facilities to interface these easily to instruments to ensure rapid change
between experiments and ease of alignment.
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Existing fields
SAXS as a standard tool and dynamics. Mesostructure is central to many areas of soft-condensed
matter and SAXS is considered a standard technique to determine structures at equilibrium and
under external fields. Likewise suprastructure (defined as complexes of structures, intrinsically
unfolded structures, evoked structural states or dynamic structures) defines state-of the art for the
field of structural biology. SAXS alone or in combination with other biostructural techniques will
be the method of choice for these studies.
Examples of growing fields
Polymers. Synthetic and biopolymers are studied in solution and as bulk materials. Experiments
include determination of phase behaviour and structure in block copolymers, interactions of
molecules in solution as well as the shape of aggregates of macromolecules. Many of these
materials can be tailored to produce specific structure or properties on a nano-scale. They selfassemble and spontaneously organise.
Particles. Studies of particulate colloids are interesting for their industrial applications and as
models for mesoscale liquids and liquid crystals. An interesting example arises from work on
plate-like particles using SAXS. The size and shape of the particles in dispersion can be confirmed
but of more importance is the determination of liquid crystalline type structures.
Self assembled systems. Amphiphiles and surfactants will often self-assemble into a range of
structures that depend on their concentration in solution. These range from isotropic dispersions
of micelles (aggregates of molecules) to a range of lyotropic liquid crystalline phases such as
lamellar, cubic and hexagonal phases. Under appropriate conditions vesicles and self-assembled
interfacial structures are also formed. The influence of external fields is important and changes in
a surfactant system under shear have attracted considerable interest.
Biological macromolecules. Solution SAXS enables the direct study of folded or (partially) unfolded
proteins under (physiologically) relevant conditions. Complex formation and/or structural changes,
mediated through other biological macromolecules (DNA, RNA, proteins) or non-biological
(macro-) molecules (ligands, lipids, ions, polymers, surfactants) enable structure: function studies,
formulation studies, direct structural characterization of very large complexes (non-accessible via
other methods). Novel high-throughput methods currently developed in Copenhagen
(http://sc.dfh.dk/saxs) will enable direct visualization of suprastructural changes under a large
number of experimental conditions.

Novel SAXS experiments at MAX IV
The new high brilliance beams at MAX IV open the possibility of experiments that are currently
impossible and will allow completely new science in several fields. A few examples are listed
briefly below:
•

Use microfocus to observe single particles (combined with laser tweezers or in capillary
flow). Variations between particles or molecules and statistics of distributions can thus be
determined directly.

•

Exploit high brilliance for dynamics (structural changes in real time of less than 1 ms) of
polymer molecules and colloidal assemblies changing under varying applied fields (stress,
electric, magnetic etc).

•

Use high brilliance for studies of lateral structure in thin (nm) films e.g. polymer dimensions
in confinement, aggregates.

•

Develop GISAXS as a scanning microscopic tool.

•

Exploit high brilliance for high-throughput biological experiments in nano-volumes.
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Microfocus X-ray Spectroscopy
Description
The beamline is intended for high-resolution microfocus spectroscopy on samples in the energy
range 2 - 30 keV. The beamline will facilitate non-resonant inelastic X-ray scattering (NRIXS),
resonant inelastic scattering (RIXS), X-ray emission spectroscopy (XES), resonant Raman
spectroscopy (RRS), partial fluorescence yield (PFY) and X-ray Raman scattering (XRS). State-ofthe-art facilities for X-ray absorption spectroscopy (XAS) and X-ray fluorescence (XRF) studies will
also be implemented.
In Inelastic X-ray Scattering (IXS) and RIXS spectroscopies the local electronic structure and spin
state of e.g. 3d transition metal compounds can be probed, and also the lowest unoccupied
molecular orbital resonances are better isolated as compared to conventional K-edge
spectroscopy. XRS gives the possibility to probe low Z-elements, in e.g. pressure cells, using highenergy X-rays and in this way obtain similar information as with soft X-ray absorption
spectroscopy. Microfocus XAS combined with XRF element mapping, as well as fluorescence yield
measurements on highly diluted samples will be important beamline techniques. The aim is to
measure metal concentrations in sub-ppm ranges on important systems in environmental,
biochemical and materials sciences.
The first optical element would be a double-crystal monochromator followed by two harmonic
rejection mirrors. Collimation of the pre-monochromatic beam will be performed by compound
refractive lenses or the harmonic rejection mirrors. The high energy-resolution monochromator
would be inserted before a pair of bi-morph microfocussing mirrors in Kirkpatrick-Baez
configuration that provides a micron-sized beam on the sample.
In the experimental hutch there will be space left behind the IXS/XAS-station for setting up
additional experiments using a separate re-focusing stage. One important technique that can be
foreseen is high-energy photoelectron spectroscopy.

Technical data
Energy or wavelength
range

2 - 30 keV (0.7 - 6.2 Å)

Energy resolution

∆E/E = 1.4×10 (Si 111), 5×10 (Si 311), 4x10 (High-resolution
-2
monochromator), 10 ("pink beam"), stability: ±0.01 eV/day

Source

CPMU 17.5 Hybride undulator @ 140 K

Flux @ first optical
element

4 x 10 Phot/s/0.1%bw @ 9.7 keV for 500 mA stored current

Optics

DCM with cryogenically cooled and temperature regulated first
crystal. Quick- and piezo-XAFS capabilities. Plane or bendable
harmonic rejection/collimation mirrors, Pt- and Rh-coated.
Compound refractive lens for collimation. High-resolution
monochromator. Microfocussing bi-morph KB-mirrors before
sample.

Sample environment

Fast scanning motorized sample stage with sub-micrometer
resolution. Integrated optical microscope with video capture and
beam position indication. Inert gas and UHV compatible (sample

-4

-5

-6
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transfer system from e.g glove box). Integrated closed-cycle 10K
cryostat with optional exchange gas operation for fast sample
changes. Diamond-anvil cell (DAC). High-field large-bore
magnet.
Beam size at sample

1.5 x 0.2 µm to 800 x 200 µm (h x v) @ 9.7 keV, 7 harmonic.

Flux on sample

2.2 x 10 Phot/s/0.1%bw @ 0.2 x 1.5 µm (h x v) @ 9.7 keV

Detectors

Large array fluorescence detectors with fast electronics for ultradilute specimens. Photo-diode arrays and ion-chambers. Totalelectron yield (TEY) measurements facilities for surface sensitivity.
Crystal analyzer array for IXS. Hybrid pixel detectors.

Polarization

Linear (circular with phase retarders)

2

2

13
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Scientific opportunities
Life sciences

Individual cells study. Imaging biochemical composition inside
individual cells: Apoptosis et Necrosis, Tumoral cells. Study of
human tissues: hair, skin, bone, brain. Bacterial identification.

Environmental science

Speciation and structural information on environmental
contaminants in complex material environment. Solid-liquid
interface interactions. Microbial biofilm heavy-metal interactions.
Aqueous solute complexes. Poorly crystalline materials. Imaging
and mapping of contaminant in bioactive samples.

Earth and planetary
science

Chemical speciation in heterogeneous materials. Identification of
inclusions in minerals. Chemical imaging of inclusions
constituents. Trace element partition studies. Interface studies,
grain boundaries between minerals. Diffusion, sorption and
zonation mapping. High-pressure studies: low-Z K-edge
spectroscopy inside diamond anvil cell via X-ray Raman
technique. Spin-state sensitive high resolution emission
spectroscopy under pressure and at extreme temperature.

Physics

Analysis and chemical imaging of thin films, protection layers and
interfaces. Many-body phenomena. Collective excitations. Weak
scattering processes. Detailed electronic structure. Fermisurfaces, Electron-electron correlation. Heavy Fermion systems,
Fermi liquids, Mott insulator. Decay pathways for deep core
holes. Tests of advanced relativistic theories. Electron and nuclear
dynamics on the attosecond time scale. Recoil photoemission.
Accurate size determination of clusters using photoemission.
Depth profiling and bulk studies of liquids and solvents.

Chemistry

In situ studies of synthesis and reactivity. Poorly crystalline coordination compounds. Structure of water and aqueous
solutions. Mixed valence systems. Catalysis. Carbon K-edge
spectroscopy of polymers via X-ray Raman technique.

Materials science

Heterogeneity of new ceramics and composite materials. In situ
studies of solid fuel cells and batteries. Electronic structure of
superconductors and semi-conductors. Spin-information on
magnetic materials and GMR-systems.
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Nano science

Micro-fluorescence analysis and mapping of nano-sized particles.

Archaeology

Trace analysis and fluorescence mapping of ancient samples.
Structural characterization.

Appendix (Microfocus X-ray Spectroscopy)
The purpose of the microfocus high-resolution X-ray spectroscopy beamline is to serve research
communities with the possibilities for high-resolution spectroscopic techniques, such as Resonant
and Non-Resonant Inelastic X-ray Spectroscopy (RIXS, NRIXS) and X-ray Emission Spectroscopy
(XES). Furthermore, X-ray Absorption Spectroscopy (XAS) and fluorescence (XRF) techniques will
be implemented for studies on both bulk and micro-sized samples.

This beamline will provide highly competitive facilities for IXS and XAS experiments in very diverse
research fields, from life sciences to fundamental physics. Some of the major benefits and
advantages of the beamline for the XAS community would be:
•

Microfocus beam (<1µ) with high flux (10 -10 ph/sec/0.1%bw).

•

Fast exchange between "pink" and monochromatic beam on the same beam spot.

•

Extended energy range: 2 - 30 keV.

•

Simultaneous XAS and XRD measurements.

•

High energy resolution.

•

Ultra-stable optical components.

•

Fast mechanics for time-resolved studies, in the millisecond range.

•

Many sample environments (UHV, cryostats, magnets, furnaces, pressure-cells, reaction
vessels).

•

High sensitivity for measurements on sub-ppm metal concentrations.

•

High degree of automatic beamline control.

•

All measurements integrated in the same sample stage ("mount sample - measure
everything at once").

•

Close and fast beam-time access for the Nordic and European communities.

12
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Inelastic scattering and high-resolution emission spectroscopy
High brightness synchrotron radiation offers several unique possibilities to extend the applicability
of X-ray spectroscopy. If the inelastically scattered radiation or the emission spectra are energyanalyzed with the resolution of 0.2-1 eV by means of crystal spectrometer, more precise and
complementary spectroscopic information can be obtained. This can be utilized in the study of
weak radiation-matter interaction processes to gain fundamental information on the electronic
structure of materials. Furthermore, the extra information obtainable via energy analysis can give
valuable insight beyond standard X-ray spectroscopy. The installation of high-resolution
spectrometer at the beamline will open up possibility to carry out both fundamental research as
well as to complement the traditional absorption spectroscopy for novel applications affecting a
broad user community.
The MAX IV storage ring is excellently suited to provide a world leading beamline for high
resolution studies and can be attractive worldwide due to its highly competitive performance.
Furthermore, it will guarantee faster and exceedingly desired access to high-resolution energy
analysis which is anticipated to increase rapidly in near future due to the numerous applications in
several scientific disciplines.
Resonant Inelastic X-ray Scattering (RIXS). The RIXS process is a second-order interaction
phenomenon where few-eV electronic excitations in the valence band are resonantly enhanced by
tuning the incident energy in the vicinity of a deep core hole. The advantage of this technique is
the bulk sensitivity and possibility to map dd-transitions. The significantly higher count rates due
to the resonant enhancement gives access to much wider class of materials and applications
within different fields (e.g. physics, chemistry, biology and geophysics) are rapidly increasing.
Non-Resonant Inelastic X-ray Scattering (NRIXS). Non-resonant X-ray inelastic scattering measures
the dynamic structure factor, related to the density-density correlation function and dielectric
response function. This gives direct information on the macroscopic behaviour of sample, such as
its reflectance and refractive index. This offers complementary information compared to optical
techniques and more bulk sensitivity than electron energy loss spectroscopy.
X-ray Emission Spectroscopy (XES). Much deeper insight to the electronic structure beyond
absorption can be gained by measuring the X-ray emission spectra with high energy resolution.
For example, minute changes due to the oxidation or other change of chemical state can be
observed. Furthermore, the highly focused and intensive synchrotron radiation offers also a
possibility for studies under extreme sample conditions. The high-pressure studies are expected to
be one of the most rapidly expanding activities within this field.
Partial Fluorescence Yield (PFY)/Resonant Raman Scattering (RRS). The analysis of the X-ray
absorption near edge structure is limited by the intrinsic broadening due to the finite life-time of
the core-hole. In certain case it is possible to enhance the energy resolution beyond the life-time
broadening limit by monitoring the partial fluorescence yield by a crystal analyzer or by utilizing
the so called resonant Raman scattering. In RRS, mapping of the complete two-dimensional
energy space (incident/scattered energy) gives a complete picture of the absorption/emission
processes and the involved electronic states.
X-ray Raman Scattering (XRS). One unique feature of IXS technique is the possibility to control
both the energy and momentum transfers. This can be utilized in the IXS measurement of nonresonant core excitations for low Z-elements while similar information to conventional absorption
spectroscopy can be obtained. These measurements are nowadays referred to as X-ray Raman
scattering. The advantage is a bulk-sensitivity due to the penetrating hard X-rays. This opens up
possibilities for previously impossible in situ measurements within various harsh sample
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environments (e.g. high pressure/temperature or chemical reactions within a cell). XRS is especially
suitable for carbon and oxygen K-edges which opens up a huge potential field for applications in
chemistry (e.g. water and polymers). This technique is becoming a more easily applicable
spectroscopic tool. The popular FEFF-software for EXAFS-analysis will soon include an extension to
calculate momentum transfer dependent XRS. This could lead to a vast increase of experimental
activities utilizing this technique and request for suitable beamlines.

X-Ray absorption spectroscopy
XAS represents a number of techniques that has been under development at synchrotron sources
during the last decades. Most synchrotron sources world-wide have dedicated beamlines for XAS
experiments both on bulk and micro-sized samples. However, very few beamline incorporate such
extended energy-, focus-, and fast-scanning ranges at very high photon flux levels as the
proposed beamline. The microfocus capabilities, with a beam diameter of <1 µm (FWHM) on the
sample, makes fluorescence mapping with very high spatial resolution possible. The scanning
capabilities of the monochromator should allow fast and complete EXAFS energy scans with a
time resolution in the second range, and also short XANES-scans in the millisecond time scale
(piezo-XAFS). Energy dispersive XAS will give the fastest time-resolution. The sample stage will
also provide means for surface sensitive studies like grazing-incidence X-ray absorption fine
structure spectroscopy and X-ray standing wave studies.
Life sciences. The high sensitivity of XAS combined with time-resolved techniques gives
possibilities for structural studies of e.g. important metalloproteins close to natural conditions,
and experiments on very low concentrations of e.g. Zn in metalloproteins would be facilitated by
the proposed beamline. The possibilities with time-resolved studies allow the investigation of
substrate turnover at active sites in bacterial proteins.
Earth and planetary sciences. Identification, chemical speciation, and imaging of inclusions in
heterogeneous minerals are topics where XAS can provide detailed information, by combined
micro-XRF and micro-EXAFS.
Physics and chemistry. Synthesis and reactivity can be studied by in situ XANES with a time
resolution in the micro-second range for studies of e.g. phase and oxidation state changes.
Materials science. In studies on the phase-change mechanisms, diffusion and crystallization–
amorphization processes are important areas where the beamline will give possibilities for timeresolved XANES and precise EXAFS studies.
Nano science. XAS can be used to determine the electronic behavior of the different capped/
supported nano-particle systems, regarding the electron/hole density of d states. Surface and size
effects, as well as the role of the microstructure can be studied through EXAFS analysis.
Archaeology. Sulphur is a general problem in waterlogged wood in ancient samples. SulphurXANES showed that the natural content of sulphur in the Vasa battleship is converted to sulphuric
acid which is detrimental to the wood.
Environmental science. The combination of X-ray fluorescence (XRF) and XAFS with micro-sized
beams have been very important for the speciation of metals in combustion fly-ashes. These
waste products are of high interest for obtaining clean exhaust gasses from large facility power
plants. Micro-XAS and micro-XRF tomography experiments can reveal such details as the element
distribution in the particles, and exactly where a specific element is situated within a particle.
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High-energy photoelectron spectroscopy
The proposed beamline will be equipped with the high-resolution monochromator needed for
high-energy photoelectron spectroscopy (HE-PES). In a second phase of beamline development it
will be possible to implement additional experimental stations behind the IXS/XAS-station, e.g.
offering the user community new opportunities in high-energy photoelectron spectroscopy on
solids, clusters, liquids or gases.
Today, photoelectron spectroscopy (PES) using synchrotron radiation is one of the bestestablished and most powerful tools to investigate the electronic structure of matter. One
inherent characteristic of PES in the ultraviolet and soft X-ray regimes is its surface sensitivity: For
electron energies below 1 keV roughly half of the PES signal comes from the topmost atomic
layer of the sample. Bulk sensitive PES experiments can be achieved by exciting photoelectrons to
higher kinetic energies (to 10 keV), since the inelastic mean free path of the electrons increases
with kinetic energy.
There are very many interesting classes of materials where the surface regions have different
electronic properties than the bulk, for instance when the stoichiometry in the near surface region
deviates from the bulk. These differences can be correlated to phase transitions which, for
example, can lead to completely different transport properties or magnetic ordering phenomena.
These materials include high Tc superconductors and colossal magneto-resistance (CMR) materials,
buried interfaces, semiconductor heterostructures, field effect transistors (FETs) and solar cells.
The technologically relevant and useful properties are completely determined by the electronic
structure at or near the interfaces
There are many areas where the possibility to perform PES at high ambient gas pressures are
interesting, for instance in studies of heterogeneous catalysis or liquids and solvents, and the use
of high kinetic energy electrons opens up new possibilities in this field.
Beyond the above mentioned scientific applications, high-energy PES would also give new
opportunities in fundamental research on photoionisation, for instance the study of the validity of
the dipole approximation, which has been fundamental for the theoretical description of the
photoionisation process, and for testing advanced relativistic theories needed to simulate spectra.
Shell dependent effects on the chemical core binding energy shifts have not been extensively
studied until today, but with high-resolution high-energy PES, such investigations become
possible. High photon energies also enable resonant excitation of deep core level holes, allowing
the study of de-excitation spectra. The lifetimes for deep lying core-holes are in the subfemtosecond or attosecond range, which may even make processes related to electron dynamics
observable. In this energy range one will reach very deep core holes and will be able to
disentangle, with high resolution, the different pathways for decay. It will then be possible to
study inter-resonant interference phenomena since one can reach the same final state by different
pathways (cascade processes). Another interesting prospect is to perform studies of the branching
between photoelectron emission and Compton scattering, i.e. the relative importance of half
collisions versus full collisions.
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Very High Resolution Soft X-ray Spectroscopy
Description
The beamline is optimized to deliver high intensity, sharply monochromatized X-rays in the range
250 to 1000 eV with variable polarization, making full use of the very low emittance of the 3 GeV
storage ring. Emphasis is on resonant inelastic X-ray scattering at variable polarisation and very
high resolution for first row elements at the K edge, 3d transition elements at the L edge, for
lanthanides at the M edge, and for actinides at the N edge. This beamline will enable several new
activities in applied and fundamental research, nanoscience, and materials science, as well as
related disciplines.
The beamline needs to be provided with a monochromator with very high resolution (10 meV @
2
500 eV) and a refocusing arrangement that yields a spot of the order of 1x1 micron . This
beamline is complementary to the beamline we propose for the lower end of the soft X-ray
spectrum at the 1.5 GeV ring, and many of the scientific objectives coincide.

Technical data
st

Energy or wavelength
range

250 - 1200 eV (using the 1 harmonic).

Energy resolution

Resolving power 50 000 @500eV to 20 000 @1000eV

Source

Elliptically Polarising Undulator

Flux @ first optical
element

1 x 10 photons/s/0.1%bw for 500 mA stored current

Optics

Plane Grating Monochromator (PGM) with refocusing optics.
Combination of flat, cylindrical and toroidal mirrors, cooled
where necessary. Grazing incidence beam-splitter

Sample environment

High and Ultra High Vacuum as necessary. Cooling and heating
sample stage.
Cells with ultrathin windows and differential pumping for studies
of gases and liquids

Beam size at sample

~1x1 µm with refocusing optics.

Flux on sample

1 x 10 photons/s/0.1%bw.

Detectors

Soft X-ray spectrometer, designed to take full advantage of the
small sample spot, and to attain the highest transmission and
resolving power. Set-up with beam splitter and CCD detector for
holographic imaging. Yield detectors based on multichannel
plates, photodiodes, etc.

Polarization

Variable circular, elliptical and linear.

15

2

14
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Scientific opportunities
Atomic and molecular
physics

High brilliance is essential to bring gas-phase RIXS further.
Vibrational resolution, and polarization dependence will bring
many new insights to fundamental molecular physics, e.g.,
regarding dynamics (vibronic coupling, symmetry breaking,
ultrafast dissociation) and structure of highly excited states.

Liquids

The liquid state is still virtually unexplored. RIXS at a high
brilliance source has prospects to make significant contributions
in several fields, of which only a few can be mentioned here. 1.
Electrochemistry: in situ characterization of wet processes
relevant for battery technology. 2. Corrosion: direct monitoring
of the changes in substrate electronic structure in wet aggressive
environments. 3. Fundamental studies of solubility and mixture in
hydrogen bonded liquids: such studies are relevant for several
fields, including pharmaceutics, biology in general, and
environmental science.

Correlated materials

The RIXS process populates low-energy excitations which are
relevant for material properties. In spite of recent advances, it is
obvious that the most important structures close to the Fermi
level can be resolved only with increased energy resolution.
Especially important classes of materials include high-Tc
superconductors and novel magnetic materials

Actinide chemistry

RIXS has found an important application in actinide chemistry,
and has already made significant contributions, of utmost
important for the management of radioactive waste. Especially
this concerns the understanding of the redox chemistry and
speciation of actinides in natural waters as well as actinide
species sorbed or precipitated onto solid surfaces. This type of
studies will benefit directly from the envisioned increase in
brilliance at MAX IV

Nanostructures

RIXS facilitates the study of true bulk properties in
nanostructured materials, and can even be used to study
nanonstructures which are passivated by e. g an oxide layer. This
has proven to be important for C60 related compounds, and
semiconductor nanostructures with potential for device
applications.

Other comments
In the coming detailed design work for this beamline the possibility of including photoelectron
spectroscopy with ultra-high energy resolution will be thoroughly investigated.

Appendix (Very High Resolution Soft X-ray Spectroscopy)
See the appendix for the Ultra-High Resolution VUV Scattering beamline proposed for the 1.5
GeV ring.
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Magnetism: Spectroscopy and Spectromicroscopy
Description
Elliptically Polarising Undulators (EPU’s) have proved excellent for producing radiation in variable
states of polarisation, a prerequisite for the vast majority of spectroscopic techniques used to
investigate magnetism. Because of the operational nature of EPU’s it is necessary for the fist
harmonic to cover the relevant energies which include the transition metal L edges and
Lanthanide M edges.
We require a focussed, monochromatic illumination in the sample region of a variety of
specialised experimental end-stations. To accommodate the necessary analysis instruments, two
branch lines are proposed: one for pure spectroscopy and one for magnetic imaging.
Specifications are in the Table below.

Technical data
st

Energy or wavelength
range

Between <250 and 2500 eV. (<250 to 1200 eV using the 1
harmonic.)

Energy resolution

A resolving power of between 30,000 and 3,000 for the
specified energy range.

Source

Elliptically Polarising Undulator of pure permanent magnets, 45
mm period, Kmax=4.

Flux @ first optical
element

1.0 x 10 Phot/s/0.1%bw for 500 mA stored current

Optics

Combination of flat, cylindrical and toroidal mirrors, cooled
where necessary.

Sample environment

High and Ultra High Vacuum as necessary. Cooling and heating
sample stages

Beam size at sample

100x100 µm to 10x10 µm depending on branch line. (1x1 µm
anticipated with refocusing optics in special end-station.)

Flux on sample

5.0 x 10 Phot/s/0.1%bw.

Detectors

Multichannel plate detectors, photodiodes, CCD.

End stations

1) UHV high field (3.0 T) station for absorption spectroscopy and
element specific hysteresis of ex situ samples.
2) UHV vector field (1.0 T) end station for both in situ and ex situ
samples. Spectroscopy and soft X-ray scattering, element
specific hysteresis and magneto optical studies and speckle
spectroscopies.
3) UHV spectroscopy end station for in situ samples.
4) UHV XPEEM for both in situ and ex situ samples. Fields (0.3 T)
in prep chamber.

Polarization

Circular, elliptical and linear with inclined modes.

15

2

2

2
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Scientific opportunities
Fundamental magnetism

Electronic structure, magnetic anisotropy, spin and orbital
moments, exchange bias phenomena, spin glasses, molecular
magnetism, rare-earth magnetism, magneto-optical phenomena

Magnetic imaging

Domain
structures
(size,
distribution,
coupling
etc.)
nanomagnetism, magnetic clusters, magnetic quantum dots,
imaging with coherent X-rays (speckle, holography and photon
correlation spectroscopy).

Development of
spectroscopic methods in
magnetism

X-ray intensity fluctuation spectroscopy (XIFS), Magneto-optical
interactions with soft X-rays (intensity and polarization analysis).

Magnetic coupling

Ferro-, ferri-, antiferro- and superparamagnetic systems

Magnetism dynamics

Dynamic phenomena on intermediate timescales (>~1 ns).
Precession, switching in patterned structures

New directions

Nanomagnetism, spin-polarized transport in low-dimensional
structures; Investigations of bio-magnetic systems, magnetic
clusters, molecular magnets, geological samples

Applied research

High moment materials, high anisotropy materials. Spin based
devices (spin-valves, MRAMs, TMR devices, spin injection)
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Appendix (Magnetism: Spectroscopy and Spectromicroscopy)
This beamline will deliver high brilliance variable polarization X-rays. A unique feature is that the
first harmonic, providing fully circular polarization X-rays, will cover the energy range 250-1200
eV energies, which includes the transition metal L edges and Lanthanide M edges. I1011 is the
latest undulator-based beamline at MAX II. It will greatly benefit from being relocated to MAX IV.
The expected life-span is such that a recycling of essentially all hardware, with necessary
modifications, is natural. Additionally, this will mean that the proposed beamline will be available
at the time the 3 GeV ring is commissioned.

X-ray magnetic spectroscopy
X-ray magnetic spectroscopy has been the decisive technique to prove the existence of
ferromagnetism in low-dimensional systems. Single magnetic atoms on surfaces represent the
ultimate dimension limit. Careful XMCD studies are capable of addressing such systems. The
fundamental detection limit will depend on the full circular polarization and high photon flux
delivered by the EPU at the 3 GeV ring. Below, an illustration is given of how XMCD was used to
investigate spin and orbital moments for Co quantum dots deposited on a Pt surface. With the
XMCD technique it is possible to understand how the relationship between changes in the spin
and orbital moments develop due to anisotropic interaction with the substrate. This again has
direct consequences for the magneto-crystalline anisotropy for the system, which is manifested in
direct measurements of the magnetization by e.g. SQUID magnetometry.

Fig. 1. Magnetic Co adatoms on Pt surfaces [1]. The
XMCD spectra, recorded for normal and grazing
incidence, reveal a large anisotropy in the spin and
orbital moments.

The XMCD technique cannot be applied to antiferromagnetic materials in which the antiparallel
orientation of atomic moments leads to a zero net magnetization. A spectroscopy based on
linearly polarized X-rays, the X-ray magnetic linear dichroism (XMLD) technique, has been
established for the investigation of antiferromagnetic materials. The XMLD has mostly been used
in absorption mode, i.e., secondary electrons created in the photo-excitation process are
detected, which inherently are only those electrons escaping from the surface region. A versatile
alternative technique, XMLD in reflection was developed in which a photon-in/photon-out
measurement is made, capable of probing deeply buried antiferromagnetic layers. This technique
has been used to study deeply buried NiO layers, covered with Co, Ta and Cu layers of a total
thickness of 100 Å [2]. Fig. 2, shows the XMLD in reflection spectrum recorded at the Ni L3-edge
of the buried NiO layer. An advantage of the XMLD-in-reflection technique is that it provides an
easily measurable signal and can be applied to industrial samples, with e.g. buried layers.
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Fig. 2. XMLD-in-reflection spectrum measured at
the Ni L3 edge of a buried NiO layer. Magnetooptical investigations provide information on the
optical constants of the sample. Magnetic properties
are thus inferred.

X-ray magnetic imaging
Imaging the physical, chemical and magnetic domain structure of magnetic systems is of
fundamental importance in pure and applied magnetism research. Today, a number of imaging
techniques providing such opportunities have emerged. Spectromicroscopy combines the
chemical sensitivity of spectroscopy with imaging. This is a general feature of the techniques
described here. In general, we envision new techniques that rely on micro-focusing can be
realized for e.g. spectroscopies performed in reflection. We will briefly outline such methods
below.
X-ray microscopy (STXM) relies on Fresnel zone plates to focus soft X-rays down to < 20 nm and
obtain images by scanning the sample under this fixed focus. Such zone plates require coherent
synchrotron radiation. MAX IV, with unprecedented low emittance, is ideal and will offer excellent
performance. With STXM one can investigate many materials – polymers, cells, plants, soil,
minerals, wood, etc – with the goal of understanding the chemical basis for fine scale structure
which often controls the properties or determines the function. Naturally our interest is
magnetism.
Photoelectron emission microscopy (PEEM) photoelectrons are used to image the electronic
structure of the local element species. Photoelectrons escape from a very thin surface layer due to
the large probability for inelastic losses. Therefore PEEM is primarily used to study surface and thin
film phenomena. Thus, PEEM and STXM are related and complementary techniques.
Imaging with coherent X-rays Spatially coherent soft X-ray scattering now combines the unique
elemental specificity of soft X-ray spectroscopy with the spatial and dynamic information available
in dynamic light scattering. Crucially, the soft X-ray aspect provides information on length scales
that are central to understanding material properties.

References (Magnetism: Spectroscopy and Spectromicroscopy)
1
2

P. Gambardella et al., Science 300, 1130 (2003)
P. Oppeneer et al., Phys. Rev. B 67, 052401 (2003)
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Materials Science and Extreme Sample Conditions
Description
In the design of the MAX IV 3.0 GeV storage ring two wigglers are incorporated to achieve the
low emittance. These damping wigglers drastically reduce the emittance of the ring and are
necessary for the optimal design. However these wigglers also produce high energy photons,
which can be used for synchrotron radiation research. The High-Energy beamline is proposed to
access the energy range 15-100 keV. The high-energy spectrum can not be accessed by the
proposed undulator beamlines.
The main applications will be in materials science research where high penetration of samples and
sample chambers is necessary. Of particular interest are studies at non-ambient conditions such as
high-pressure or high or low-temperature studies, where the environmental chambers have to be
penetrated. In high-pressure studies diamond-anvil cells and large volume presses will be used
and in the high/low temperature studies furnaces and cryostats will be employed. The materials
engineering community will need access to high-energy photons to penetrate bulk engineering
components such as components found in the automotive and aeronautical industry. Stress and
strain relationships and penetrating imaging of bulk materials is of large interest to commercial
users. In situ studies of materials under external stress are therefore of large interest and efforts
will be made to provide rapid and repeated access presently not available at other high-energy
synchrotron radiation facilities.
The wiggler has a large horizontal beam and the design will utilize, in the first phase, parts of the
beam to provide two experimental stations. One station will concentrate on non-ambient
conditions and bulk characterization whereas the second station will concentrate on single crystal
studies and diamond anvil cells with focused beams down to the micrometer range. One further
experimental station can be incorporated at a later stage.

Technical data
Energy or wavelength
range

15 - 100 keV or 0.12 - 0.8 Å

Energy resolution

Main beamline: ∆E/E = 1.4 × 10 (Si111), 5×10 (Si311), 1 × 10
(Multilayer)
-4
Side station: ∆E/E = 2 × 10 (Si111)

Source

Super-conducting wiggler

Flux @ first optical
element

2 x 10 Phot/s/0.1%bw @ 15 keV,
14
2 x 10 Phot/s/0.1%bw @ 100 keV
2
(@ 23 m, 70 x 3 mm (h x v) aperture)

Optics

Main beamline: Vertically collimating first mirror, Double-crystal
monochromator with cryogenically cooled first crystal. Focusing
mirrors after monochromator.
Side beamline: Bragg or Laue crystal monochromator to split the
wiggler beam and second Bragg crystal for higher resolution.
Modular compound refractive lens after monochromator

-4

-5

-1

15
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Sample environment

Main station: DAC, LVP, Double-sided laser heating, Cryostats,
Furnaces, UHV-vessels, High-field magnets
Side station: Diffractometer, DAC, Capillaries, Small cryostats and
furnaces

Beam size at sample (h x v) Main station: 10 x 10 µm2 to 2000 x 500 µm2
2
2
Side station: 10 x 10 µm to 1000 x 500 µm
13

Flux on sample

~10 Phot/s/0.1%bw @ 15 keV (unfocused)
12
~10 Phot/s/0.1%bw @ 15 keV (focused)

Detectors

Fast and large area detector, Energy dispersive fluorescence
detector, Scintillation detector, photo-diodes, ion-chambers

Polarization

Linear (Circular with Ge phase retarders)

Scientific opportunities
Life science

High pressures and temperatures (T~300-600 K; 0.1-1 kbar) are
becoming important in pharmaceutical/biotechnology materials
design and in "origins of life" research. In situ XRD structure
determination of proteins and other biomolecules at medium
resolution at these "extreme" conditions is essential.

Earth and planetary
sciences

Reproduce thermodynamic conditions present in deep earth and
planetary interiors; Deformation and chemical composition
changes of minerals under high pressure; Determination of
elastic moduli and equation of state. Rheological studies in the
LVP.

Materials science

High-energy micro-tomography gives opportunities for
technically important materials to be characterized in situ;
Investigations of amorphous materials and solid-amorphous/
amorphous-amorphous phase transitions; Analysis of new
ceramics and composite materials; In situ studies of solid fuel
cells and batteries; Electron-density studies of single crystals; In
situ powder diffraction studies of complex materials; Timeresolved in situ characterization of material reactivity and
structural properties. High-pressure synthesis of super-hard
materials and in situ investigation of non-quenchable phases.
Investigation of thermal and electrical conductivity and viscosity
in materials and fluids.

Nano science

X-ray diffraction and element-specific spectroscopic studies of
nano-materials; Investigation of the high-pressure properties of
materials with nano-sized particles.

Physics

Solid-liquid interface interactions; Analysis of thin films,
protection layers and interfaces; High-pressure studies of
insulator-metal transitions and magnetic properties. X-ray
magnetic circular dichroism (XMCD) experiments; Collect
experimental data for stringent tests of computational models;
pT-dependence of local structure in fluids; Crystal to amorphous
and amorphous to amorphous transitions.

Chemistry

Studies of supercritical fluids and corrosion. In situ synthesis and
reactivity studies at non-ambient conditions.
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Appendix (Materials Science and Extreme Sample Conditions)
The proposed High-energy beamline will serve two highly active synchrotron user communities:
Materials science and Extreme sample conditions research. It is based on one of the superconducting wigglers that are needed for damping the electron beam in the 3 GeV ring. While it
can not compete with larger rings like ESRF, Spring8, Petra and APS in the high-energy research
field above 100 keV, there are large user communities interested in the energy range 15 - 100
keV. It is proposed to be a "work-horse" with a simple optical setup for high-energy X-ray
diffraction and spectroscopy.
This beamline will provide highly competitive facilities for high-energy materials science
experiments in the broadest possible scientific field. Some of the major benefits and advantages
of the beamline for the Materials Science community will be:

•

High-energy range: 15 - 100 keV

•

Micro-focus (10-1000 µm) with high flux (10 -10 ph/sec/0.1%bw).

•

Monochromatic and "white" beam available.

•

Simultaneous X-ray diffraction and spectroscopy.

•

Time-resolved studies in the millisecond range

•

Flexible sample environments (UHV, cryostats, magnets, furnaces, pressure-cells, reaction
vessels)

•

High degree of automatic beamline control

•

Most measurements integrated in the sample stages

•

Rapid beam-time access for the Nordic and European communities

12

13

Beamline Design
As may be seen from the High-energy beamline layout below, it is split into two beamlines. The
rationale behind such a solution is the possibility to have two independent experiment stations
working simultaneously from the same insertion device. As one of the first phase beamlines at
MAX IV, the main beamline branch should be operational from "day one". If space is left for the
branching monochromator, the side station could subsequently be added onto the beamline. The
main beamline would be equipped with a focusing Laue double-crystal monochromator (LDCM)
Optics Hutch
BM
Wiggler

BM

Side station
CRL

LDCM

Control-room

Main station

CRL

Fig. 1. Beamline layout.
BM = Branch monochromator crystal
LDCM = Laue double-crystal monochromator
CRL = Compound refractive lens

to facilitate both X-ray diffraction and spectroscopy experiments. For a small beam spot on the
sample, compound refractive lenses (CRL) will be used. The CRL can be made modular for
operation at different energies and to vary the focal length. For energy-scanning spectroscopy the
LDCM alone would provide a focal spot diameter of 0.1 mm, sufficient for many types of
experiments. The side beamline is proposed to use a focusing diamond crystal to branch off part
of the beam, followed by a silicon Bragg or Laue crystal to increase the energy resolution. The
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side beamline will have limited energy scanning capabilities, and for effective focusing CRLs are
optimal.

Research Areas
Materials engineering
X-ray tomography of samples in thick-walled vessels require high energy photons to characterize
the three-dimensional (3D) plastic displacement gradient field in bulk materials. A number of
properties of materials including fatigue, fracture and component performance are governed by
the magnitude of strain fields around inhomogeneities such as inclusions, voids and cracks. By the
use of high-energy X-rays (high q-range), the full strain tensor can be derived directly from the
diffraction signal of materials. The focus size of the beam entering the main experiment station
would be possible to adjust (in the range 0.1-100mm) for optimal sample coverage. The endstation is proposed to be based on a heavy-duty multi-circle diffractometer, suitable for heavy
samples.
Electron density studies
The high energy range can be used for single-crystal studies to high q-values, allowing precise
determination of the electron density around atoms. The side station would be optimized for this
type of single-crystal diffraction experiment.
Extreme sample conditions
For in situ research on samples held at non-ambient conditions in thick-walled vessels, such as
diamond-anvil cell (DAC) and large-volume press (LVP), a synchrotron X-ray source is necessary for
collection of high-quality data. X-ray diffraction experiments with DAC techniques have been
made to pressures above 400 GPa and several thousands of degrees using laser heating (Fig. 2).
The large-volume press (LVP) will be of the Paris-Edinburgh type, which can reach 10 GPa (30 GPa
is under development) and 2000 K. The LVP can provide the possibility for recovering substantial
amounts of quenched samples for further studies. The high energy facilitates effective penetration
through e.g. diamond windows and reduces attenuation effects within the sample. Another
important benefit of the high energy is an increased observed region in reciprocal space
compared to lower energies. This is important because the available apertures of most DACs are
relatively small (10 - 45° in 2θ).
Both beamline branches would be optimized for DAC
experiments. By the use of fiber-optics, the same lasers
could be used for double-sided laser-heating at both
stations. LVP experiments should be performed on the
main station, especially if white-beam exposure is required.
There are numerous research possibilities for samples at
extreme conditions, such as in situ time-resolved
experiments on reactions in the DAC or LVP. For example,
direct observations of melting of iron - important in the
geochemistry and geodynamics of the Earth’s interior - can
be made by double-sided laser heating in the DAC.
Another example with importance to the Earth core
composition is the solubility of e.g. magnesium in iron,
which is very small at ambient pressure. It can be increased
to more than 10 at% at ~100 GPa.
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Fig. 2. The principle of the laserheated DAC.
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Ultrafast X-ray Science
Description
The first branchline at the Linac based short pulse facility (FEMTO-MAX) is designed to provide
100 fs bursts of X-rays enabling the real-time study of atomic motion. The X-ray source is coupled
to a synchronised femtosecond laser. This enables the study of photo-induced process in samples
ranging from single crystals to small molecules in a solvent.

Technical data
Energy or wavelength
range

Between 3 keV and 20 keV

Energy resolution

Two options 0.02% and 1%

Source

Undulator radiation 10 m undulator / 3 m wiggler

Flux @ first optical
element

1 x 10 Phot/s/0.1%bw at sample, 100 Hz, 100 fs pulse
duration, @1 nC bunch current

Optics

A toroid mirror and two exchangeable double crystal/double
mirror monochomators

Sample environment

Vacuum 1 x 10 hPa (mBar) or air.

Beam size at sample

<400*400 micrometers

Flux on sample

About 4 x 10 photons/s/0.1%bw at sample, 100 Hz, 100 fs
pulse duration

Detectors

Deep-depletion
photodiodes

Polarization

Linear polarisation in phase 1, elliptical polarisation (100 eV- 3
keV) under consideration

10

-6

9

CCD

camera,

X-ray

streak

camera

and

Scientific opportunities
Material physics

Direct imaging of real-time molecular motion in laser-irradiated
samples. Studies of phase-transitions and other critical
phenomena

Semiconductor physics

Measurement of dynamically controlled transport properties.
Nm-resolution ultrasonic measurements of hetero-structures

Chemical physics

Ultrafast imaging of laser-induced chemical reactions via X-ray
diffraction and EXAFS

Biophysics

Time-resolved X-ray diffraction of protein crystals following
photo-activation.

Magnetic dynamics

Investigation of switching times of magnetic domains

Applied research

Spray imaging in combustion processes
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Other comments
A laser synchronised to the X-rays with an accuracy of 1 ps is available. The arrival time of the
laser with respect from X-rays is measured and logged with 50 fs accuracy. The laser is tuneable
between 5 micrometers (0.24 eV) and 200 nm (6 eV), where it provides >10 µJ of energy per
pulse. The highest power is available at 800 nm (100 mJ/pulse). The laser pulse duration is 20 fs at
800 nm and is below 400 fs throughout the spectral range.
The synchronisation is prototyped at D611. We can reach a synchonisation of 1 ps rms at 500
MHz and 5 ps rms with 100 MHz. This is due to amplitude noise which gives rise to a phase error.
At 2.3 GHz, one can thus expect about 200 fs rms. Commercial systems with slightly better
performance exist, but the jitter between the electron bunches and the RF is likely to exceed 500
fs. Therefore, a feed-back and timing log system is needed. This system uses visible radiation and
has been tested at Lund Laser Centre. An accuracy of 30 fs can be anticipated, and the pulse
length is automatically measured every shot.
The prototype for the dual bandwidth monochromator is in operation at D611.

Appendix (Ultrafast X-ray Science)
Studies of the structure and dynamics of materials are of fundamental importance for key
scientific problems directly related to programming materials using light, enabling new storage
media and new manufacturing techniques, for obtaining sustainable energy by mimicking photosynthesis and for gleaning insight into chemical and biological functional dynamics. Due to the
emergence of X-ray sources with high peak brilliance, the field of pico-second X-ray diffraction
has developed rapidly over the last few years. The key technology behind future breakthroughs in
this area is the generation and detection of very short and very intense X-ray pulses with
-15
femtosecond (10 s) duration.
The most advanced technologies utilize structures of about 100 nm diameter and manipulate
their properties in about 1 nanosecond. In contrast, scientific experiments can already be carried
out on single atoms in about 100 attoseconds. The gap between technological practice and
scientific principle is more than SIX ORDERS OF MAGNITUDE in both space and time. Any society
based on technology will benefit from scientific and technological knowledge from within this
gap area. The femtosecond X-ray beamline at MAX IV will provide a necessary first step for
Sweden, as it will have pulse lengths on the time scale of atomic vibrations (fs) at wavelengths
matching inter-atomic distances (Å). Direct visualisation of atomic movements on the sub-ps time
scale through time resolved X-ray scattering will break new ground in material physics and
chemistry.
The MAX IV source is conceptually based on SPPS which is a unique sub-picosecond X-ray source
developed at Stanford. Due to the construction of an X-ray free electron laser on the same Linac,
the SPPS will cease operation in early 2006. Hence the Linac based X-ray beamline at MAX IV
proposed here, which will have performance superior to the present source at Stanford, will be a
unique international facility.
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Unique features
•

Ultrashort pulses allow for real-time movies of atomic motion.

•

World-leading ultrafast EXAFS source

•

Brightest European short-pulse X-ray source (in anticipation of X FEL at DESY)

Scientific opportunities
Direct imaging of phase-transitions
Using the Linac X-ray beamline at MAX IV it would be possible to create atomic-scale movies of
phase transitions. Upon femtosecond laser excitation strong changes of the effective potential
energy surfaces, which determine the equilibrium structure of a solid, can be induced. This may
lead to atomic rearrangement even on a sub-picosecond time-scale. [1].
Direct studies of optical photons
It will be possible to observe optical phonons and directly measure not only the mode but also the
amplitude of the motion. The first demonstration experiments on Bi have been carried out using a
laser-produced plasma X-ray source. With a source which is orders of magnitudes brighter, it will
be possible to do systematic studies and study the interplay between phonon-softening and
phase-transitions
Picosonics
When a short-pulse visible radiation interacts with a semiconductor strain-waves with sharp
features are created. These features can be used to identify buried structures such as
heterostructures and boundaries between materials. The spatial resolution that is possible to
obtain from these ultrasonic pulses with fast temporal structures is approximately 30 nm. These
sonic pulses can become a groundbreaking tool for investigations of nano-structured materials
[2].
Shockwaves
X-ray diffraction can directly measure the lattice spacing and the crystalline phase of materials, as
they are shocked to pressures up to a few Mbars, where shock melting typically takes place. The
fundamental physics of such shock waves remains elusive – that is to say, the exact mechanisms
by which the material behind a strong shock rapidly attains hydrostatic conditions is poorly
understood. In situ, sub-picosecond X-ray diffraction can shed considerable light on these issues.
Transport-properties in nanostructures
Surface strain can be used as a temperature probe. As a material is heated, it expands. This can
occur on a picosecond timescale. X-ray diffractions measures the distance between lattice planes
and can be used as a picosecond thermometer. Such measurements have recently been
demonstrated on a bulk semiconductor at D611 at MAX II. The higher flux on the MAX IV LINAC
beamline will allow for similar measurements on carbon nanotubes and other nanostructures
Chemistry in solution and solids - Diffraction
Time-resolved X-ray diffraction from photo-chemicals in solution has recently emerged as an
increasingly power technique for observing ultra-fast structural changes. This method both
validates hypotheses regarding reaction pathways with structural changes, and has enabled
specific bond-lengths to be measured. This structural technique is highly complementary to ultrafast spectroscopy and will enable the reaction dynamics of increasingly complex systems to be
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understood. On the sub-ps time-scale, the breaking and reformation of chemical bonds to be
visualised in real-time, and divergent reaction pathways to be characterised structurally. [3]

Chemistry in solution - EXAFS
X-ray absorption spectroscopy (Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS)
and X-ray Absorption Near Edge Spectroscopy (XANES)) is extensively applied as a powerful probe
of local structure, providing information about the chemical state and local atomic structure of
the selected atom. This spectroscopy can provide detailed information about local chemical and
structural properties (valence state, coordination number and chemical nature of nearest
neighbors, distances) of molecules and materials and does not require crystalline samples, which
makes it useful for the study of e.g. biomolecules, solid state materials, liquid phase samples, etc.
Photo-biology
Time-resolved X-ray diffraction from well diffracting crystals of light sensitive proteins has been a
subject of great interest. With ultra-fast techniques, reaction dynamics of e.g. retinal molecules
within bacteriorhodopsin or light-driven motions within a bacterial reaction centre will be
visualised in real time. Such studies will address how structural effects guide basic light-driven
phenomena with biological systems, where light is exploited for its energy content and these
issues lie at the heart of bioenergetics.

References (Ultrafast X-ray Science)
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Relocation of Beamlines I311, I411, I511 and D1011 at MAX II to
MAX IV
Description
Below follows a description of the performance at MAX IV of a set of beamlines presently in
operation at MAX II.
Beamline I311 is an undulator based VUV, soft X-ray beamline with two end-stations. One is
aimed at high resolution X-ray Photoemission Spectroscopy (XPS) and X-ray Absorption
Spectroscopy (XAS) on clean and adsorbate covered surfaces. The second station is equipped with
a SPELEEM instrument for photoemission electron microscopy (LEEM, PEEM, XPEEM).
Beamline I411 is based on an upgraded version of the monochromator and end-station previously
used at beamline 51 at MAX I. The beamline has an undulator source and covers the photon
energy range 50 eV to about 1500 eV. The end-station has the unique versatility of being able to
handle both solid, liquid and gaseous samples. Thus the beamline is well suited for high resolution
electron spectroscopy on free atoms and molecules as well as for studies of liquid and solid
surfaces. There are also possibilities to add other types of detectors, e.g. for electron-ion
coincidence measurements.
Beamline I511 is an undulator based VUV, soft X-ray beamline aimed at high resolution X-ray
Photoemission Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS) and X-ray emission
spectroscopy (XES). The beamline has two branch lines; I511-1 and I511-3, utilizing a common
undulator an monochromator with a flip-mirror placed immediately after the exit slit to direct the
radiation alternately into these two stations.
The I511-1 experimental station is equipped with analyzers for XPS, XAS and XES on clean and
adsorbate covered surfaces under UHV.
The I511-3 experimental station is equipped with analyzers for XAS and XES and can handle nonUHV compatible solids and also gases.
Beamline D1011 is a bending magnet beamline with two experimental stations. High energyresolution XPS and NEXAFS in the first chamber and XMCD in the second chamber. Both
chambers work under UHV conditions and are equipped with LEED, ion guns, gas sending
systems and versatile sample manipulation, heating and cooling in a broad range. The elliptical
polarization mode available at MAX II will not be possible at MAX IV.
Which beamlines should be relocated will be decided at the time when MAX IV starts to operate.

Technical data at MAX IV
Energy or wavelength
range

I311 : 24 – 1500 eV
I411 : 27 – 1500 eV
I511 : 51 – 1500 eV
D1011 : 30 – 1500 eV

Energy resolution

I311 : 2x10 – 5x10 E/∆E
4
3
I411 : 2x10 – 3x10 E/∆E
4
3
I511 : 2x10 – 5x10 E/∆E
4
3
D1011 : 1.3x10 – 1.5x10 E/∆E

4

3
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Source

Linear hybrid-type permanent magnet undulators (1.5 GeV ring):
I311 : 38 periods, 66 mm period length. Kmax =4.95 (21 mm gap)
I411 : 43 periods, 59 mm period length. Kmax =5.00 (17 mm gap)
I511 : 49 periods, 52 mm period length. Kmax =3.77 (17 mm gap)
D1011 : Bending magnet radiation on the 3.0 GeV ring.

Flux @ first optical
element

I311 :6x10 (1000 eV) – 1.5x10 (200 eV) Phot/s/0.1%bw for 500
mA ring current
14
15
I411 : 1x10 (1000 eV) – 1.8x10 (200 eV) Phot/s/0.1%bw for
500 mA ring current
14
15
I511 : 1.8x10 (1000 eV) – 2.2x10 (200 eV) Phot/s/0.1%bw for
500 mA ring current
12
13
D1011 : 4x10 (20 eV) – 3.4x10 (1500eV) Phot/s/0.1%bw for
500 mA ring current

13

15

Flux increase of more than three times due to top-up operation
with higher stored ring current compared to MAX II. The MAX II
average current is ~135 mA. D1011 will gain even more at high
photon energies due to the higher critical energy of the 3.0 GeV
ring.
Optics

I311 : Modified SX700 with spherical horizontally focusing premirror, spherical vertically focusing mirror and movable exit slit.
Bendable KB-mirror set for post-focusing to first experimental
chamber. Fixed KB-mirror set for focusing into the SPELEEM.
I411 : Modified SX700 with spherical horizontally focusing premirror, plane-elliptical vertically focusing mirror and fixed slit
position. Post-focusing into experimental chamber with toroidal
mirror.
I511 : Modified SX700 with spherical horizontally focusing premirror, spherical vertically focusing mirror and movable exit slit.
Bendable KB-mirror sets for post-focusing into each branch-line’s
experimental chambers.
D1011 : Modified SX700 with spherical horizontally focusing premirror, plane-elliptical vertically focusing mirror and fixed slit
position. No post-focusing into the first experimental chamber
and two spherical mirrors for post-focusing into the second
experimental chamber.

Beam size at sample

~100 µm to a few mm, varying for the different experimental
stations.

Flux on sample

About 5 % (at 80eV) – 1 % (at 1000eV) of the flux at first optical
element, 0.1% bw.

Polarization

Linear polarization
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Scientific opportunities
The beamlines have been in operation on MAX II for several years. They serve more than 250
users every year in the fields of surface, bulk, atomic and molecular science using methods like
XPS, XES and XAS under UHV and higher pressure conditions. By relocating a set of beamlines to
MAX IV they can continue to serve the large community with improved experimental possibilities
mainly due to the increased photon flux and constant ring current. With these relocated
beamlines and the planned new beamlines it will be possible to provide fast access which, for
some groups, is crucial.

Other comments
We have investigated two possibilities of relocating the beamlines to MAX IV. The two possibilities
are:
•

Relocation with large modifications of the monochromators to convert them into collimated
plane grating monochromators (cPGM).

•

Relocation of the beamline, undulator and experimental stations, with only moderate
modifications and replacement of ageing equipment.

With the large modification option we can obtain an improvement in resolving power. However,
most of the optical elements must be replaced due to the change in optical layout. Large
modifications of the vacuum chambers will also be necessary. We anticipate the cost for this
modification to be a large fraction of the cost for a new beamline. The advantage of making the
modification is in the versatility in operation the cPGM gives where the exit slit is at a fixed
position yet allowing for a free choice in Cff value. This allows for optimisations for high energy
resolution, high order suppression and extended on-blaze operation leading to high photon flux.
The second option will allow us to reuse most of the beamline components including the optical
elements. We anticipate that one beamline can be transferred in a few months. Thus the
interruption of measurements will be acceptable. From discussions with current user groups we
expect the beamlines to be competitive for several years. The improvement in photon flux will
greatly shorten data acquisition time which is beneficial for most user groups. The cost for
transferring one undulator beamline is estimated to 4-5 MSEK including front-end, girders, water
and electricity supply, optics upgrade, computer systems, platforms, beamline control etc. The
relocation cost for beamline D1011 is estimated to 3-4 MSEK. The drawback of not making the
modification to a cPGM geometry is the implications with a movable exit slit, and more restricted
operation modes.
We suggest the second option due to the considerably lower cost, short relocation time, and the
demands from the user community of large capacity of experimental time with the current level
of performance. Some of the most demanding experiments can not be carried out on these
beamlines but for these situations other beamlines are suggested in the first phase. These
relocated beamlines can also be used for pre-studies and education.
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Relocation of Beamlines I811 and I911 at MAX II to MAX IV
Description
Below follows a description of the performance at MAX IV of a set of beamlines presently in
operation at MAX II.
Beamline I811, is an X-ray beamline intended for material science research (absorption and
diffraction experiments) in the photon energy range 2.3 -20 keV which corresponds to a
wavelength interval of 0.6 - 5 Å. The beamline design is based on vertical collimation of the beam
by a cylindrical mirror before a double-crystal monochromator, and vertical focusing on the
sample by a second cylindrical mirror. The horizontal focus is obtained by sagittal bending of the
second monochromator crystal. A station for XAFS experiments is operational.
I911 is a multi-branch beamline for macromolecular crystallography which can serve up to five
independent experimental stations. The four side-stations are operated at fixed wavelengths using
bent focusing monochromator crystals in Laue or Bragg geometry. The central branch is tunable in
the range 0.7-2.0 Å and is optimized for MAD experiments. The beam is vertically collimated by a Rhcoated mirror, monochromatized by a Si(111) double-crystal monochromator and focused by a Rhcoated toroidal mirror.
Today both I811 and I911 receive radiation from super-conducting multi-pole wigglers (49 poles)
on MAX II. A bending magnet source on the MAX IV 3.0 GeV ring will give a lower but still useful
photon flux.
Beamline I811 will be relocated to MAX IV as a highly competitive facility for bulk XAFS. To what
extent stations from beamline I911 will be relocated will be decided at the time when MAX IV
starts to operate.

Technical data (at MAX IV)
Energy or wavelength
range

I811 : 2 300 – 20 000 eV
I911-1 : 1.25 Å
I911-2 : 1.043 Å
I911-3 : 0.7 – 2.0 Å
I911-4 : 0.91 Å
I911-5 : 0.97 Å

Energy resolution

I811 : 7×10 E/∆E
4
I911-3 : ~10 E/∆E
3
I911-side stations: ~10 E/∆E

Source

Bending magnet radiation on the 3.0 GeV ring.

Flux @ first optical
element

1 x 10 (10000 eV) - 3 x 10 (2400 eV) Phot/s/mrad/0.1%bw for
500 mA ring current

Optics

I811: Vertically collimating Rh-coated mirror, Double-crystal
monochromator with sagittal focusing second crystal. Vertical
focusing Rh-coated mirror.
I911-1, I911-5: Bent diamond crystal, multilayer focusing mirror
I911-2, I911-4: Bent Si crystal, multilayer focusing mirror
I911-3: Double crystal monochromator, toroidal focusing mirror.

3

13

13
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Beam size at sample

I811: 0.5 to a few mm
2
I911-3: 0.3 x 0.2 mm
2
I911-side stations: 0.4 x 0.2 mm

Flux on sample

I811: 10 - 10 photons/s/0.1%bw
11
I911:~ 10 photons/s/0.1%bw

Polarization

Linear polarization

11

12

Scientific opportunities
The beamlines have been in operation on MAX II for several years. They serve about 200 users
every year in the fields of chemistry and environmental sciences (I811) and life sciences (I911).

Other comments
In the plans for the first phase beamlines at MAX IV there are new possibilities for XAS (EXAFS,
XANES) using e.g. nano- or micro-focused beams and photon energies higher than present at
MAX II. For the XAS experiments we see a large and growing user community. If the overall
capability in measuring time on the new beamlines will turn out to be inadequate a relocation of
beamline I811 to MAX IV at the time when MAX II is closed down would be a very cost effective
way of achieving a vast increase in available beamtime.
The flux at a I911 relocated to MAX IV will be comparatively low but would still be very useful e.g.
for crystal screening that cannot be accommodated at the proposed new beamlines, MX-1 or
MX-2. Since it is expected that there will be many facilities for automated crystallization
experiments there will also be a large demand for facilities screening for crystals of high enough
quality for diffraction data collection as a part in the crystallization optimization process. These
crystals will generally need a synchrotron beamline for efficient screening since a lab-based x-ray
source will have too low flux and too large beam divergence. The relocated I911 could also be
used for screening crystals prior to data collection at MX-1 or MX-2. For well diffracting crystals a
relocated I911 would also be useful for data collection. It would also be most valuable for
educational purposes.
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Infrastructure at MAX IV
For a user facility there are high demands on the infrastructure. Compared to the present MAXlab the demands will change in several ways. The user community will be significantly larger and
there will be new scientific disciplines represented. There will be an increasing number of users
who have no background in synchrotron radiation and synchrotron radiation instrumentation.
This requires a high level of support. Furthermore, to exploit the tremendous potential for the
research facilities it is important that user groups have the possibility to set up experiments in the
most efficient way at the laboratory. This requires space for assembling and testing experimental
set-ups. It may also require possibilities to run certain experiments at the laboratory and even to
keep experimental set-ups in the beamline hutches for repeated experiments. The possibility to
store equipment between measurement periods is also important. Standardization of sample
mounting and modularity of experimental systems are other important issues to be addressed.
There is also a need for laboratory space for preparing of samples under controlled conditions.
Chemistry laboratories have to be provided. Laboratory equipment such as fume hoods,
centrifuges, furnaces, refrigerators, balances, high-pressure cells and calibration lasers etc has to
be available. There is also demand for controlled storage of gases and chemicals.
There will also be a need for advanced and specialized laboratories to make maximum use of the
experimental opportunities. These may for instance be facilities for automated synthesis of protein
crystals. With the strong focus on nanofocus beamlines there will be a strong need for
appropriately equipped preparation and characterization laboratories adjacent to these.
It is important that users can be provided with office space during the experimental shifts. In
many cases it is also important that users have the possibility to stay after the completion of their
measurements, having access to e.g. the computer software. There will also be the demand from
certain companies and scientific institutions to have access to permanent facilities at the
laboratory.
The new facility will heavily rely on high throughput area detectors and huge amounts of data will
be produced each operational shift. This requires high-speed data transfer networks and sufficient
data storage capacities have to be ensured.
The layout of the general facilities will be such that maximum integration is obtained between
MAX-lab personnel and users. To create possibilities for informal interaction between the various
personnel and user categories has always been given high priority in the planning of MAX-lab and
this has proven to be very successful.
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Community aspects of the MAX IV facility
The world-class performance and versatility of the proposed MAX IV facility will allow a large
number of key scientific and technological areas to exploit the facility. The resulting concentration
of top-class expertise in a number of important fields (all using synchrotron radiation based
methods) will create a multi-facetted but still focussed research environment at the highest
international level. This will greatly influence other research activities in the surrounding society.
This applies not only to academic research but also to research and development performed
within commercial high-tech companies. The construction and subsequent operation of the MAX
IV facility also requires access to a number of advanced industries within e.g., high power radio
frequency technology, magnet technology, detector technology, and advanced machining. For
these reasons it is important for MAX IV to be located in an environment where a strong
advanced scientific and technological infrastructure is in existence. Research and development
activities are also positively influenced by the fact that this type of facility enhances the
possibilities to attract further major investments, for instance regional or European centres of
excellence in important research areas as well as new high-tech industries emerging from MAX IV
based research and development. Tangential impact on local commerce will certainly lead to
growing hotel and restaurant sectors; an aspect which is welcomed by both the university and
high-tech companies.
In summary, the MAX IV facility will have a strong positive impact on society in a number of
different ways: strengthening of academic and commercial research, attracting and creating new
high-tech companies and scientific centres, and boosting the local service industry.

Academic impact
The wealth of new research opportunities made available by MAX IV is discussed in detail
elsewhere in this document. Clearly, the facility will increase the level of research in important
fields in this part of Europe and a large number of scientists will incorporate the MAX IV facility as
a natural part of their research programs. Presently, more than 600 scientists perform research at
MAX-lab each year. This number will further increase by a significant factor at the realization of
the MAX IV facility. The present users represent research groups from more than hundred
industry, academic and government laboratories and come from more than 25 countries.
Approximately 50 % of the users are from Sweden, the other Nordic countries represent another
25%, and scientists from the rest of the World account for the last 25%. Scientists from most
Swedish universities make active use of MAX-lab in their research. The strong emphasis on
synchrotron radiation based methods in the research programmes of the more than 100 research
groups using MAX-lab annually is perhaps best illustrated by the steady increase of the number of
users over the years and the heavy oversubscription of all beam lines. The demands of the user
community will be met for decades by the new MAX IV facility. An important point to keep in
mind is that as the scope of laboratory activity widens, entirely new user groups will be targeted.
The potential for industrial use of the facility should not be underestimated.

Industrial impact
MAX IV will have a large and diverse industrial impact. Many high-technology companies will use
the MAX IV research opportunities as part of their research and development efforts. Such efforts
are already today the case at MAX-lab, especially for companies in the pharmaceutical area, but
also materials science oriented companies, e.g. companies involved in molecular electronics
devices, have been actively using the facility. We foresee a strongly increasing industrial use in
emerging nano-technologies and materials science as many of the new probes and techniques at
MAX IV are particularly well suited for the kind of investigation in demand by industry.
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Experience from today’s synchrotron radiation facilities is that indirect industrial involvement is
large. Many of the research projects using the facilities have strong industrial links. An analysis of
the situation at the European Synchrotron Radiation Facility ESRF in Grenoble indicates that as
much as 30% of user activity falls within this category.
MAX-lab is a truly national and regional resource for industry. Convenient access to a versatile
research centre such as MAX IV is likely to influence research policy decisions on the location of
future scientific infrastructure not only on a Nordic, but even on a European scale. In order to
attract the industry-based user community, major efforts will be made to provide rapid access,
efficient user support, and on-line data analysis. Many industrial applications could, for instance,
be provided via mail order in direct collaboration with the Nordic academic community. The
emerging coexistence between academia and industrial companies is evident in the creation of
the Idéon Science Park in Lund. More than 180 companies have been started as spin-off projects
based on ongoing research at universities and laboratories such as MAX-lab. We foresee a
continuation of this trend, and a motivation for MAX-lab to be physically located close to this
creative arena.
Industry benefits from academic education and research also in other ways. In particular, access to
well educated young researchers is vital to the development of knowledge-based high-tech
industries. For instance, the highly qualified research personnel trained in bio-molecular structure
determination are frequently recruited to biomedical companies. In addition, industrial research
and development benefits from academic research, and from new tools available through
academic research methods and techniques. In an increasingly knowledge-based society an
increasing fraction of academic work becomes relevant for industrial applications. Thus we
foresee an increasing transfer of knowledge and technology between industry and the MAX IV
environment. As discussed in the section on Educational Aspects of MAX IV, such transfer of
knowledge can also take place through more formal educational programmes involving R&D
personnel employed at industrial companies.
The build-up of a high-tech facility like MAX IV will also have a significant direct impact on
industry in the local region, in Sweden, and in all the countries involved in the projects. Most of
the facility is built by subcontracting, which implies that the technology development is delegated
to external companies. Involvement in the development of a world-leading high-technology
facility will lift the competence and the technological level in many of these companies. This and
the resulting exposure of their products and competence provide a potential basis for
development - and in many cases also world-wide commercialisation - of new products. Several
examples of this are already evident at MAX-lab.
Scienta/Gammadata AB is a company with an annual turn-around of several hundred million SEK.
The company provides cutting-edge electron and X-ray spectrometers developed by Swedish
synchrotron radiation researchers. These products have provided the core of the company activity.
The company is continuing to expand within the field of synchrotron radiation instrumentation
and is now also providing complete beamlines. As a step in this expansion, Gammadata most
recently acquired a major international company in this field, Vacuum Generators (VG). Also
collaborative projects between the company, MAX-lab and academic groups, for new high
performance instruments (financed by VINNOVA and VR) exist.
The accelerator development at MAX-lab has also led to the development of commercial
accelerators manufactured by e.g. Scanditronix AB. This knowledge is now transferred to several
companies in Sweden that are continuing activities in this area.
Danfysik A/S in Denmark is one of the primary manufacturers of synchrotron radiation equipment
in the world. The product range is wide: from accelerators and accelerator components to
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insertion devices and monochromators. Danfysik has for instance provided key components for
the superconducting MAX-wigglers, developed by MAX-lab. Several of the insertion devices at
MAX II have furthermore been constructed in Finland by VTT. The first superconducting wiggler
that was developed for MAX I was also developed in Finland as part of a development program
for superconducting technology. Scanditronics Magnet AB has together with MAX-lab developed
the new types of magnet structures for MAX III. This is of large importance since it forms the basis
for the magnet technology for MAX IV. The company is a possible supplier of the magnet
structures for MAX IV, as well as for other accelerator laboratories and accelerator manufacturers
in the world. Kempower OY in Finland is a recognized manufacturer of power supplies to large
accelerator facilities (LHC – CERN). The possibility of making a high repetition rate Free Electron
Laser using a warm (as opposed to superconducting) technology is based on the development by
a small company in Sweden, which provides a new type of solid state high power pulsed
modulator.
MAX II was built with a new technique for making support structures for all magnets. Several
other laboratories have followed these ideas and the small regional company that delivered this to
MAX-lab has since then delivered similar components to several laboratories worldwide.

Location of the laboratory
Lund is already an internationally recognized centre for both electron storage rings and for
advanced synchrotron-based spectroscopies. The next generation machine will build on resources
generated during the development of earlier machines, and on the resources available within the
present laboratory and the university. Scientific personnel presently working at MAX-lab are key
players in the planning phase for the next generation, as well as in the realization of the new
facility. The core scientific directorate of the laboratory is active within international networks
within both user activity and accelerator technology. Another key point is the user community:
the new machine has been designed with the needs of the present user group as a guiding
concept, and both the laboratory staff, and the user community, will play an important role in the
continuity of operation during the buildup and operating phase of the new rings. Based on this
community, and on the advent of a new world-class facility, we expect MAX-lab to play a key role
as a Centre of Excellence on the national, Nordic and European levels.
Communications, both international and national, are well developed in the Malmö-Lund region.
Sturup airport is within 25 km of Lund and frequent trains to Copenhagen airport (Kastrup) across
the Öresund bridge make international travel highly convenient. Lund is furthermore very well
situated at the main railroad connection between Stockholm, Malmö and the continent. These
connections put both Stockholm, and London within a four-hour travel radius.
The laboratory activities will have a significant impact on local business as well. Frequent travel to
the laboratory for meetings, schools and conferences will be measurable on the local scale, and
longer term visits by the user community are expected to generate growth in the hotel and
restaurant branches. It is expected that dedicated guest houses will be required to serve users at
the laboratory; the location close to the Idéon Research Park will serve a similar consumer group.
Although MAX-lab is a national research facility, the ties to Lund University are strong. The joint
appointment of faculty from the university, and the academic study programs connected to the
laboratory are unique in the context of such laboratories worldwide. The university directly
supports a number of projects at the laboratory, and is involved in the laboratory development
plans. Part of the MAX-lab accelerator physics group has e.g. been funded by the University for
performing long-term accelerator research. This has ensured a scientific environment where
accelerator physics has flourished, leading to an ongoing development which is crucial for both
the present status enjoyed by MAX-lab, and for the future of the laboratory.
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Lund is also a one of the proposed sites for the ESS (European Spallation Source) neutron-beam
facility. Neutrons and photons are highly complementary probes of material, and are important
for studies in a variety of scientific disciplines. Although these facilities would be separate
laboratories, the synergistic effects on local scientific infrastructure could be substantial. For this
reason neutron facilities and synchrotron radiation laboratories are often located on a common
campus, such as in Grenoble, France, and Oxford, UK.
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Educational aspects
Excellence in advanced education
The diverse MAX IV user community will create a vibrant scientific environment with outstanding
expertise in many scientific areas. This expertise – as well as the diversity of disciplines covered –
will lay the foundation for advanced research-oriented education programmes spanning the
traditional borders between subject areas. We envision a multifaceted educational platform:
outreach activities for the general public, undergraduate and graduate university education,
advanced national and international workshops and schools, and specialized courses requested by
and directed towards advanced knowledge-based industry.
A strong educational core is a vital component of any large-scale research facility, since it enables
efficient links between the advanced research and facilities at the laboratory and the communities
that either do or – even more importantly – do not yet utilize the laboratory but have the
potential to do so. Education is a key to promoting knowledge transfer to industrial research and
to companies. Additionally, the laboratory must provide educational support in order to facilitate
efficient access to the facility and to secure the knowledge necessary for future development of
the facility infrastructure.
The large number of visiting research groups, each having unique expertise in specific areas, will
create a highly dynamic, interdisciplinary scientific environment at MAX IV. Many of the visiting
research groups have developed complementary courses and programs at their home institutions
directed towards their own specific fields. The educational resources and scientific knowledge
resulting from these many groups has a size and a level of interdisciplinarity that is impossible to
achieve at any single institution. These intellectual resources provide the means to create an
educational programme which is unique in a regional, national, and even international
perspective. In doing so, a key role of the laboratory will be to coordinate and steer the
intellectual resources into a number of educational programmes as detailed below and to
coordinate these programmes with the resources offered by user universities. Such a coordinated
effort will have a strong impact on the scientific areas utilizing synchrotron radiation and in
particular will promote a multidisciplinary approach to research.

Educational activities at MAX-lab
MAX-lab figures in several courses and specialized programs, both in Lund, and nationally.
Courses in accelerator technology and in accelerator physics are offered within the regular
curriculum in Lund. MAX-lab is a key component of several courses on synchrotron radiation
based research at other universities. Active research at the laboratory is the centrepiece of the
pioneering multidisciplinary undergraduate course “Scientific Frontiers“(Vetenskapens Frontlinjer).
Students become adepts within a research project at the laboratory; the goal is to stimulate
undergraduate students by experiencing modern front-line research at an early stage in their
scientific career. Laboratory work at MAX-lab is included in several other courses which cover
topics such as radiation physics and spectroscopy. Presently the laboratory is developing a
package of courses within accelerator physics and the use of X-ray methods in modern research
as a programme within the Bologna project.
Presently graduate courses at MAX-lab cover a wide variety of different topics. Courses are given
in accelerator physics, synchrotron radiation instrumentation and related topics. The laboratory
coordinates graduate studies in accelerator physics at Lund University. A number of PhD students
have been educated and are now active in industry, at MAX-lab or at other synchrotron radiation
laboratories in the world. Research schools (summer courses) on synchrotron radiation based
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science have been organized biannually by the laboratory since 1988. The schools attract students
from the Nordic countries, the Baltic countries, the European Union, and Russia.

Fig. 1. Students at the Nordic summer school in Synchrotron Radiation Science 2005

The laboratory is active in a variety of outreach activities. Popular descriptions of the laboratory
and research highlights are printed on a regular basis. The laboratory regularly organizes tours of
the facility for high-school students, university students and outside groups. A set of exhibits
where experiments and accelerator physics are presented in a pedagogical fashion are
permanently set up in the laboratory. The laboratory has opened its doors to the general public
on several occasions; these open house events stimulate the laboratory to find new ways of
communicating science, and create a more open attitude towards the public. The latter is highly
important for larger-scale developments such as MAX IV.

Outline of educational activities involving MAX IV
Presently MAX-lab is characterized by a strong, multidisciplinary research environment with a
foundation of highly educated staff, working with a dynamic group of researchers ranging from
postdoctoral fellows to internationally acknowledged research leaders. We foresee an overall
strengthening of these elements, and in particular expect longer term stays of guest researchers
and research specialists to increase. We foresee a similar expansion of educational activities
covering the following areas:
•

Accelerator physics: MAX-lab will play a leading role in development of accelerator
technology, and as a key node in international networks. In this context the training of
both research students, and even undergraduate students is a key to developing the
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infrastructure needed for both national and international future development. The impact
of a high-quality educational program will reach far beyond the storage ring community;
worldwide there are thousands of particle accelerators operating in medical, industrial, and
research arenas and several companies designing, manufacturing and selling particle
accelerators and related equipment are established in the Nordic countries. The connection
to industrial research should not be underestimated; microwave technologies developed
within mobile communications have played a decisive role in storage ring development and
hence constitute a common denominator for both technology and personnel. It is
imperative that Sweden and the Nordic countries provide the necessary competence in this
area of technology.
•

Undergraduate programme in research-oriented natural science: Scientific research at
modern synchrotron radiation laboratories is highly interdisciplinary. This is in line with the
needs of high-tech industry where new product development relies on a base drawing on
several traditional scientific disciplines. Many of the front line scientific challenges for a
physical scientist are already today found in the life sciences, or in areas traditionally
belonging to chemistry. Based on these developments we propose a research oriented
Master’s programme within the Bologna framework at Lund University, with a large part of
the work being carried out at MAX-lab. An important aspect of the program lies in the
environment already found at MAX II where graduate students and younger researchers
from different disciplines brainstorm about common problems.

•

Undergraduate research: A widely developed programme of involving undergraduate
students in research activity exists in the US mainly at four-year colleges. The diverse
research activity at a synchrotron radiation laboratory would be an ideal platform for such a
program where students could work on summer internships or projects during the
academic term. An introduction to research activities at MAX-lab is already active through
the interdisciplinary course: “Scientific Frontiers” (Vetenskapens frontlinjer). We foresee a
formal program with a pool of short term projects designed to introduce students to
scientific research, publication and presentation of research projects. Fundamental aspects
of research such as research ethics and good practice would be a natural part of the
program.

•

Summer research schools: The success of the present biannual Summer School in
Synchrotron Radiation illuminates several important aspects of the summer school program
which provides an impetus for further development of this theme. The school has served to
solidify networks of young researchers which are highly important for future scientific and
career development within Scandinavia and the Baltic region. With a larger more diverse
research arena at MAX IV, we foresee annual week long courses on specialized topics
within accelerator research and applications of synchrotron radiation: “Materials science,
nano-research, crystallography, cluster research, surface physics, magnetism etc”

•

Nordic research school. With MAX IV as a Northern European Center of Excellence the
research competence of user groups in the region can be strengthened by a focused
training program for research students. With a broad knowledge of experimental tools and
a familiarity with the various elements of the accelerator systems, optical devices and
infrastructure (vacuum technology, high-voltage systems, control systems, detectors)
researchers working during granted beam time will be more efficient. More importantly a
solid background covering safety, radiation physics and good experimental practices can be
important for ensuring a safe laboratory environment even for round-the-clock running.

•

Specialized courses for the needs of advanced industry. The laboratory also constitutes an
important resource for Swedish and Nordic industry. Today there are several key industrial
players connected to research at MAX-lab. These range from very large biomedical
industries to companies focussing on development of accelerators and spectrometers. In
order for potential user companies to gauge the impact of research opportunities at MAXlab a professional outreach program is necessary. The aim of such a project is to recruit
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industrial users who are trained in an intensive course aimed at orienting the industrial user
to working in the laboratory environment. A plan for carrying out experiments should be
developed in collaboration with laboratory staff.

Summary
The symbiotic effects of a focussed educational programme at MAX IV and an international
research facility can be dramatic given the great potential for creating a globally unique center for
synchrotron radiation science. Special emphasis on accelerator physics, and on the
crossdisciplinary nature of much of the ongoing research can make an impact on Swedish (and
Nordic) higher education. The programme can provide competent resources for both academic
research, a safer laboratory environment, and create a solid connection to industrial research. The
educational programmes can exploit the larger base of users from other Swedish universities and
function as a center in a national educational network. The resulting educational activity will on
all levels – public outreach, undergraduate, graduate, and post-graduate - define a new and truly
multidisciplinary approach to higher level education.
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