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1. Introduction

New large-scale facilities for investigating the structure and dynamics of matter and
biological systems are currently under construction or are being planned at many
locations around Europe. These facilities are likely to have a large impact on the science
landscape in Europe, and more locally, as some will be located in the immediate
neighbourhood of Denmark. The facilities will enable new analytical capabilities of
matter, which will push the frontiers of science and technology in many areas of
research of importance for Denmark.

Compared to the size of the country, Denmark has traditionally been a large user of such
facilities and has had great impact on their utilisation and scientific programmes. Hence,
new facilities present Danish science with great new opportunities. It is important at the
outset to recognise the strategic nature of investments at large-scale facilities and to
determine the optimal engagement at a national level. As stated in the European White
Book1 on materials research "progress in ... materials science is ... intimately related
•with the development of powerful analytical techniques ". Hence, engagement in large-
scale facilities much be seen as an integral part of a country's long-term strategic
planning within materials and the biological sciences.

New large-scale facilities will not only bring new capabilities, but also challenges in
terms of planning, structuring and funding the scale of the facilities required. This will
require prioritisation. This report provides an overview of the new facilities (including
very rough funding estimates) of importance for Danish science, describes possible
ways of engaging in the various projects and identifies potential user groups. The report
also includes a summary of the status of the current use of existing facilities as a
benchmark. This is done by showing different cross sections through this multiple
parameter space of activities. The intention is that the report should serve as guideline
for making a long-term national strategy for the exploitation of large-scale facilities in
order to help to optimise their impact on science, education and industry within
Denmark, and to safeguard the prominent internationally leading role that Denmark has
in this area.

The report focuses on x-ray and neutron facilities. Nuclear Magnetic Resonance (NMR)
facilities are not included as originally intended since no major NMR facilities are
planned in Europe, at least not on the same scale as x-ray and neutron facilities.
Furthermore, while the x-ray and neutron research groups to a certain extent overlap and
are scientifically interlinked, there does not seem to be significant overlap within the
Danish NMR community.

It is important to understand the various ways user groups interact with large-scale
facilities and how this influences the scope and ultimately the success for the scientific
programmes. Roughly, there are two distinctly different modes of access:

• Standard-user mode: Standard-user mode is where smaller groups perform
experiments using equipment owned, developed and maintained by other groups
or institutions. The access is granted via a short-term proposal system and often
supported by a European access program that covers travel cost. It appears that

1 European White Book on fundamental research in materials science, November 2001, Max-Planck-
Institute Stuttgart, ISBN 3-00-008806-7



experiments of this type can continue without the need for specific strategic
planning and with only marginal economical demands.

• Super-user mode: The Super-user access mode, whereby Danish scientists play a
leading role in the conception, design and construction of new experimental
methods at large scale facilities.

The Super-user mode of engagement has the benefits of providing access for Danish
scientists to the best possible tools and gives preferred access to the instruments,
circumventing the long delay inherent in proposal based systems between applying for
beam time and scheduling of the experiment (easily up to one year). The Super-user
mode is also the best way to preserve and develop in-house competences of both the
scientific and technical staff. A Super-user group benefits from a range of advantages.
In particular, preferential access is required not only for applied work, where the same
types of experiments are repeated many times; preferential access is the key parameter,
alleviating the risk inherent in opening new fields and thereby essential for remaining
competitive. The costs (financial and managerial) inherent in the Super-user access
mode, however, are increasingly becoming too great for a given group, or even institute,
to bear.

The report is based on many sources of information such as input from nearly all groups
using large-scale facilities, from a number of recent meetings and workshop presenting
the new facilities and from long discussions with a number of the key players in the
field. In the recommendations and summary all this information is condensed and
extracted in a short and concise manner. This is done in sections 2 and 3. In section 4,
the background information is given and various statistical data are summarised. A
number of organisations and centres are playing an important role on the national and
European scene; these are listed in Appendix A. The nearly full list of all user groups is
given in Appendix B with descriptions of the various activities mostly based on the
input from the groups themselves. Appendix C is a more thorough account of the
potential use of neutron scattering seen in light of the need for a new advanced
European neutron source in the long term, in particular the possibility of attracting such
a facility to the 0resund region. Finally, Appendix D gives an overview of acronyms
and locations of the relevant large-scale facilities.



2. Large Scale Facilities — New opportunities

At present Europe is investing heavily in new large-scale facilities. For example,
decisions have been made to invest in new national x-ray synchrotron radiation sources
in Germany, Sweden, UK, France and Spain. Planning is also very advanced with new
linear accelerator based x-ray free electron lasers (XFEL) operating in the vacuum ultra
violet (VUV PEL at HASYLAB2 and 4GLS at Daresbury3), and most ambitious of all
an XFEL capable of delivering femtosecond pulses of coherent hard x-rays.

The driving force behind these new sources is the increasing brilliance4, which has
opened new opportunities in biology and materials research. In particular protein
crystallography has expanded tremendously over the last 10 years and constitutes now
about one third of the activities at new synchrotrons. More than 95% of the new
structures that are published within macromolecular crystallography are based on
measurements from synchrotron radiation sources, a dramatic increase over the last
decade. A further driving force is to utilise the pulsed nature of XFEL sources to open
up new areas in time resolved studies of chemical and biological processes.

The European neutron landscape will undergo significant changes in the next decade.
Some of the minor national reactor based neutron sources will close5, and the use of
neutron scattering will become more focussed on the major sources, and in particular on
the new powerful neutron spallation sources emerging in the US and Japan. It is
recognised that Europe needs a new advanced neutron source in the long term in order
to stay competitive within analytical techniques for materials and biological matter.
Planned improvements to the two major European neutrons sources, ILL hi France and
ISIS in UK, both currently world leading, will secure the future in the medium term.

2.1. General observations

• Large-scale facilities play a major role in Danish science and education.
Presently, half a dozen groups are working in the Super-user mode defined
above, and many (-25) smaller user groups also benefit from regular access.

• All major Danish universities are involved and there is significant potential for
further growth.

• The scientific use of large-scale facilities is multidisciplinary and the research
areas spans over several research councils.

• The major platforms for Danish use of x-ray synchrotron radiation are
HASYLAB (65% of the Danish use) and ESRF (20% of the Danish use). Access
to these facilities is through DANSYNC (budget ~5.3Mkr/year). This is unlikely
to change in the short term, but several Danish groups sees the new possibilities

2 www-hasylab.desy.de/facility/fel/
3 www.4gls.ac.uk
4 Concerning the nomenclature. The quality of x-ray sources is measured in brilliance, which is the
number of photons emitted per steradian and per source size. This is in contrast to flux, which is only the
number of photons. Synchrotron x-rays sources from third generation facilities are very small and hence
of high brilliance, which allows for better focusing and imaging, can be achieved. Free Electron lasers are
pulsed sources and yet another term is used, namely peak brilliance, which is the brilliance per timeunit.

Rise's DR3 reactor is such an example.



at PETRA III and MAX-lab as possible new platforms if the lifetime of the
DORIS III storage ring in HAS YLAB expires in the medium term.

• The XFEL project at DESY will open new scientific fields, but will not be a
replacement for the current synchrotron radiation sources.

• Danish neutron scattering has found a new home at the Paul Scherrer Institute in
Switzerland, where more than half of the experiments are carried out today. The
only Super-user group is placed at Ris0, but new groups at the universities have
emerged since the closure of the DR3 reactor. Access to this and other facilities
is through DANSCATT (budget ~1.5Mkr/year).

• The use of low energy synchrotron radiation in Denmark is focussed on the
ASTRID synchrotron in Aarhus, some activities are performed at MAX-lab. The
long-term funding of ASTRID is uncertain.

• There are about 220 scientist involved out of which about half are M.Sc., Ph.D.
students and post docs. All of these scientists use synchrotron radiation sources
and about one third use neutron sources.

• About 210 publications from Danish use of large-scale facilities are published
yearly in international journals, many in high-ranked journals. Hereof
approximately 100 are based on x-ray data, 40 on "low energy" data and
approximately 70 on neutron data.

• There is significant industrial Danish use of synchrotron radiation sources within
materials science and the pharmaceutical industry.

• Denmark has world leading industrial companies within the construction of new
synchrotron radiation sources and instrumentation used in connection with x-ray
and neutron experiments. This includes DANFYSIK, a manufacturer of
equipment for particle accelerators and complete accelerator systems including
new synchrotron radiation sources, and JJ x-ray that design and manufacture
various components.

• The only education and expertise in accelerator physics in Denmark is located at
ISA in Aarhus. This is of great value to DANFYSIK A/S hi particular and hence
it is important to maintain this expertise.

2.2. Major recommendations

The use of large-scale facilities is an integral part of Danish science and has a high
international reputation. It should be viewed as a national asset, and treated in a strategic
manner in the future development of Danish science and education. On this basis, the
following recommendations are made:

• Maintain support for current x-ray and neutron research at major facilities.

• Secure long-term, i.e. longer that 10 years strategic funding for new investments.



• Establish a central organisation connected to the research ministry to plan and
manage access to large-scale facilities with representation from the research
councils, the universities, Ris0, other "sektorforskningsinstitutes" and industry.

• Establish a graduate school to secure the training of the next generation of
scientists to use the large-scale facilities.

• Utilise the synergy effect between existing detector groups to develop detectors
for the x-ray and neutron communities.



10



3. Five key issues for immediate attention

The following key issues have been identified as being the most urgent for Danish
science order to stay in the forefront of European science.

• ASTRID: At the storage ring ASTRID in Aarhus decisions to secure the long-
term funding are urgently needed. These decisions include the possibility of a
new beam line for European VUV users and whether to build a new-dedicated
low energy synchrotron source complementary to MAX-III mentioned below.

• New neutron sources: It is recognised that Europe needs a new advanced
neutron source in the long term. However a decision will only be made in the
medium term. Until then Denmark must secure its capabilities by the
collaboration with the PSI and eventually by entering a European collaboration
with the American SNS facility at Oak Ridge National Laboratory, which is due
to start operation in 2006.

• PETRA-III: It has been decided to restructure the present electron storage ring
PETRA-II into a dedicated high-brilliance synchrotron radiation source from
January 2007. If Denmark wants to participate in a Super-user mode providing
instrumentation of beam lines, such a decision must be taken within the next 1 to
2 years.

• XFEL: The German government has approved the building of an x-ray free
electron laser at DESY. This is a major undertaking, which will open up entirely
new scientific fields. The project will be international and the close proximity to
Denmark combined with the Danish stronghold in synchrotron radiation
suggests that Denmark should consider participating.

• MAX-lab: Danish user groups have entered a Super-user mode with the new
protein crystallography beam lines at MAX-lab. More support for running the
beam lines will be needed. Increased use of the materials science beam line can
be expected from the Copenhagen University groups, Ris0 and Haldor Tops0e
A/S. Furthermore a new high brilliance low-energy machine MAX-III is
presently being constructed and plans are being made for a new 3 GeV ring
MAX-IV. These facilities are conveniently located within one hour's drive from
the Copenhagen area and could have a major impact on the science scene in
Denmark. Denmark must decide at which level it wants to participate in these
projects.

In the following sub-sections, each of these issues is discussed in more detail, and
various scenarios for different levels of support are outlined. The time frames and the
funding levels are only very rough estimates in order to show "the order of magnitude".
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3.1. ASTRID

ASTRID is a low energy machine that serves a number of niche markets well. A broad
scientific field across many disciplines including medicine is covered and all
universities and Ris0 are involved in the usage. ASTRID has primarily been a regional
source, but has in the last five years become an important national facility and recently
also an international facility supported by EU via the access programs. Due to the lack
of low energy storage rings in Europe, ASTRID could for a modest investment in the
short term fill a gap in the European landscape. In the longer perspective, a new facility,
which should complement the possibilities at MAX-III, should be considered. This
facility will not produce x-rays.

The facility has an important regional role because it is attracting international guests
and collaborators to AaU, which is important for the local scientific activities and in-
house research. Furthermore, ASTRID fills will a gap in the European landscape of low
energy storage that will come particularly visible in the near future when the Daresbury
synchrotron in the UK and SuperACO at LURE will close in the coming years.

ASTRID offers a number competitive scientific possibilities, for instance in circular
dicroism of proteins, a field that has increasing use both nationally and internationally.

ASTRID is mainly funded locally by the university and is supported by EU via the
large-scale facility access program. Furthermore, it has some contracts with DESY for
development of components for the VUV PEL facility. These funds have helped the
laboratory to fill an economic gap, but the contract is short term. If no national funding
will be provided the long-term survival of a synchrotron radiation facility in Aarhus is
questionable.

Upcoming decisions:

Immediate Decision on national support for running ASTRID
Short term Consideration is being given in Aarhus to turn ASTRID into a

dedicated synchrotron source
Decision on the role of ASTRID as European facility of VUV
radiation

Medium term Building of a new high brilliance storage ring

Funding level:

None
Some
Medium

Large

ASTRID will be closed in the medium term
ASTRID will play a role as a national facility
ASTRID -will be an important part of the European Facilities in the
low energy regime (~10 Mkr total)
Establishing a new high brilliance low energy machine (-20 Mkr
total)
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3.2. New neutron sources

About 70 scientists per year are using neutrons part time or full time in their research
resulting in about 70 publications per year. Many of these are published in highly
ranked journals like Nature, Science and Physical Review Letters, in the last five years,
hereof 25 in these three highly ranked journals.

The user groups have mainly been centred on Ris0, but after the closure of the DR3
reactor, several new user groups have been established at the universities and KU, AaU,
DTU, SDU, RUC and KVL have activities. Ris0 has still the only national Super-user
group in neutron scattering. The group is internationally very well recognised and acts
as a national driving force for spreading the use of neutron scattering to universities.
The collaboration between Ris0 and the Paul Scherrer Institute in Switzerland is a very
good base for enlarging the activities on a national scale, in particular by increasing the
educational efforts. Potential for new activities exists especially in material science and
chemistry, nano-science and magnetism, Earth sciences, protein crystallography and
membrane physics.

It has been recognised that Europe does need a new advanced neutron facility in the
long term, but the decision whether to build a new European spallation neutron source
will only be made in the medium term. However, hi order to keep Europe at the front of
neutron science, it is essential to undertake a European effort in the use of high intensity
spallation neutron science at the American SNS spallation source, which is currently
being built at Oak Ridge National Laboratory. Such an undertaking should be supported
by the FP6 EU programme. Denmark with its strong tradition in neutron science could
play a prominent role in such a European effort. The price tag for such an effort is
difficult to estimate at present, but could be around 20 MEuro extra funding over 5 to 10
years, out of which Denmark should contribute -10 %, i.e. 1.5 to 2 Mkr/year hi order to
be a serious partner.

A European effort as described above will put Denmark in a key role when decision
about a new advanced European neutron source has to be taken. Such a facility would
most likely be very similar to the European Spallation Source, which has recently been
proposed6. The facility would cost -1500 MEuro over 10 years for two target stations
and -900 MEuro for one target station. Assuming that Denmark would contribute 1.5 %
this would amount to an investment of-20 Mkr/year over 10 years.

The Region Skane in Sweden has been proposed as a possible site for the ESS. Due to
the proximity to Copenhagen, such an initiative would have a large impact on the
science and education in that area and would also have a large socio-economic impact7.
It is very difficult to estimate the contribution to ESS from Denmark in such a case, but
it would probably be of the order of 100 Mkr/year during the construction phase of -10
years and -20 Mkr/year during the running phase. If Denmark and Scandinavia are to
be serious players in this game, neutron scattering must be supported significantly
during the coming years, for instance by securing the participation in a European effort
at SNS and by combined Scandinavian efforts at e.g. PSI.

6 www.ess-eiffOpe.de/en/index.php
7 Gunnar T5rnqvist, Science at the Cutting Edge - The Future of the 0resund Region. Copenhagen
Business School Press (2002). ISBN 87-630-0101-2
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Upcoming decisions:

Immediate Strengthen collaboration Rise/universities with focus on education
Extend the use of PSI to all universities and eventually to
Scandinavia

Short term Decision on Danish participation in ILL and/or ISIS
Decision on Danish engagement in a European Project spear-
heading the use of spoliation sources at SNS at Oak Ridge
supported by FP6

Medium term Decision on participation in ESS

Funding:

None Only few standard user groups will be able to continue
Some Strong engagement at PSI via DANSCA TT(1.5 Mkr/year)
Medium Participation in SNS effort (additional 1.5 to 2 Mkr/year)
Large Participation in ESS on a European level (~20 Mkr/year)
Super large ESS in Scandinavia (-100 Mkr/year)

3.3. PETRA-HI

Germany has just decided to invest in the rebuilding of the PETRA storage ring and into
a high brilliance synchrotron radiation source. The rebuilding will start January 2007
and user operation is expected the year after. Present plans include 13 beam lines. The
source will have a brilliance that surpasses the present highest brilliance sources by a
factor of about two. The source will be operated at electron energy of 6 GeV, which will
give high performance in the high photon energy regime, a regime only covered in
Europe today by the ESRF.

Many of the user groups that would participate in a national engagement in the PETRA-
III beam lines are today involved in DANSYNC and cover a large scientific field
including material science, condensed matter and macromolecular crystallography.
PETRA III would most likely take over a significant part of this community. There are
potentially new groups at DTU and AUC in material science that would be interested in
exploiting the use, in particular using micro-tomography and high energy x-rays. The
participation in PETRA-III would to a large extent secure the future of Danish
synchrotron users after lifetime of the DORIS-III storage ring has expired.

An effort hi a national material science initiative in PETRA-III should be considered
seriously. Denmark has a long tradition for leading the development of new instruments
at HASYLAB, which could serve as a platform for entering the PETRA-III initiative.
Such a materials science effort should include groups at AaU, AUC, KU, DTU, HTAS
and Ris0. The funding level for such a PETRA-III initiative is difficult to estimate, but
would require of the order 2 Mkr/year extra funding over a longer period.

A possibility exists in forming a partnership with GKSS in Germany. GKSS will play a
key role for developing instrumentation and beam lines for materials science in
HASYLAB. They are complementing their in-house neutron based efforts by a major
initiative at the PETRA III storage ring. They plan to build several beam lines plus the
necessary instrumentation. However, PETRA III will only be operational by 2008 and
in order to get started now, GKSS is planning materials science project at the present
DORIS-III storage ring. This project is called "HARWIII". A minor Danish effort in
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this initiative could facilitate the participation in a partnership with GKSS at a later
stage in the PETRA-III project. This will allow the continuation of the successful
Super-user mode several Danish groups has had in HASYLAB. It is recommend
entering the collaboration broadly to cover all Danish material science groups. The
Danish interest would in particular be in texture and phase analysis and
microtomography.

Decisions:

Immediate Identification of a national Super- user group
Short term Decision on how and at -which level Denmark should be engaged in

building instruments for materials science at PETRA-III. Additional
funding required is of the order 2 Mkr/year

Medium term

Funding:

None Danish use via access — no preferred use
Some Development of sample environments - no major influence
Medium Partnership -with GKSS in a materials science centre at PETRA-III

(>2 Mkr/year)
Large

3.4. XFEL

The German government has just decided to support building an x-ray Free Electron
Laser Facility (XFEL) at DESY. The entire project requires additional funding of-700
MEuro and the construction period is about 10 years. The German government has
secured half the funding necessary, the remaining half must be found in international
collaborations. If Denmark participates at a 1.5 % level this would require funding of
the order -10 Mkr/year as an entrance fee plus additional funding for supporting
research groups.

The XFEL will be a huge step forward in x-ray science. As an example, there will be an
increase in 10 orders of magnitude in peak brilliance, which is a step similar to the step
going from laboratory x-ray sources to the ESRF. Hence, it is very difficult at present to
exactly identify the future user groups, but a small group exist at NBIfAFG that has
experience from tabletop femtosecond x-ray sources.

The facility will only have a limited number of beam lines, which will focus on
exploiting the time structure and coherent properties of the x-ray photons. XFEL will
not replace synchrotron sources for standard determinations of the structure of matter
As a guide for predicting the future user groups it is worthwhile mentioning that the
proposals for the new VUV PEL facility come one-third from atomic/molecular
physics, one-third from time resolved condensed matter proposals and one-third from
plasma physics. Hence, it is to be expected that an entirely new community with a
mixed background in laser physics/condensed matter will form the major user groups at
the XFEL.

Although the XFEL has great potential for ultra fast experiments in biology and
materials science, it is to be expected that the first user groups will mainly consist of
physicists probably centred at AaU, KU and Ris0. If Denmark is going to take part in
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the XFEL project, it is urgent to identify the user groups and support them relatively
soon, as competing groups already have been formed at many places in Europe. In
particular it is worth mentioning that Denmark via KU is participating at a small scale in
the femtosecond x-ray project at Stanford, which will give invaluable in-sight in
femtosecond x-ray physics. This effort could serve as a base or inspiration for a future
involvement in the XFEL.

DESY is at present building a VUV PEL facility that is planned to enter user mode in
2004/2005. Apart from a contract for developing apparatus given to AaU from DESY it
was not possible to identify national interest in this facility.

Decisions:

Immediate Support Danish activities at Stanford using femtosecond x-ray
beams

Short term Decision on Danish participation in an international XFEL project
Establishing Danish user group in time resolved experiments or
atomic/molecular physics

Medium term

Funding:

None No Danish participation
Some Support for the Stanford project
Medium
Large Establishing of a Danish user group at the XFEL facility and

participation in the project (> 10 Mkr plus additional funding to
support groups)

3.5. MAX-lab

MAX-lab experiences an increased Danish use of the facilities, in particular for protein
crystallography. This is to a large extent due to the new possibilities offered by the new
MAX-II synchrotron combined with the proximity to Copenhagen. Danish funds have
provided about 15 Mkr for a new high throughput facility for protein crystallography.
All Danish groups in structural biology are participating in this new facility, but funds
are lacking for a long-term beam line support that could give full scientific output of the
resources invested. Without long-term support the Danish user groups cannot expect to
have a major influence on the long term planning of the facility.

New opportunities also exist in materials science and an increasing Danish use of
MAX-II can be expected for instance in surface and interface science, in chemistry and
catalysis. Danish groups are also involved in the use of low energy photons at the
MAX-I facility and potentially interested in MAX III when is project is finished. MAX-
lab could develop into an interesting alternative to the Danish use of HASYLAB.

Plans are emerging for a new MAX-IV synchrotron radiation source, which could partly
be based on new linear accelerator principles. This would be a major facility in the
0resund region. In the medium term it should be decided if Denmark should participate
in the building of a new source MAX-IV.
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Decisions:

Immediate
Short term
Medium term

Funding:

None

Some

Medium
Large

Secure protein crystallography effort at MAX-lab
Decision on Danish commitment to MAX-lab
Decision on Danish Participation in MAX-W synchrotron

Only access via EUprograms
Not effective use of Danish protein crystallography investment
MAX-lab would be an important facility for the Copenhagen science
region (2 Mkr/year)

Participation in MAX-IV synchrotron (funding level unknown)
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4. Background information

4.1. Status

4.1.1. Low energy x-rays — the status ofASTRID
By S0ren Pape M0ller

Introduction

At the Institute for Storage Ring Facilities (ISA) and the Department of Physics and
Astronomy at the University of Aarhus, the research with synchrotron radiation is
mostly based on the source ASTRID, a storage ring specialised in the low energy
regime, up to photon energies of 700 eV. The present experiments at ASTRID cover a
wide range of science. Topics include scattering experiments with electrons, atoms and
ions or angle-resolved photoemission from complex materials, the study of real-life
catalysts, medical imaging for fertility studies, environmental research of the chemistry
in the upper atmosphere and structural biology.

There are two main factors, which make ASTRID the source of choice for these low
energy experiments. First of all, sources for low energy synchrotron radiation are
scarce: the emphasis in the world of synchrotron radiation in recent years has been on
the production of high energy x-rays with energies above 5 keV, largely in pursuit of
protein structures and material science. This is reflected in the present and future
sources such as BESSY II (D), ELETTRA (I), ESRF (F), SOLEIL (F) and DIAMOND
(UK). Indeed, the problem of the drought of low energy synchrotron radiation has been
recognised and is under consideration for review by the European Science Foundation.
Equally important, the firm integration ofASTRID into a university environment makes
this source unique because it leads to a very close co-operation between the scientists
planning the experiments and the staff building and running the source. This permits a
considerable flexibility and has produced several experimental set-ups, which are
unique, of exceptional quality and considerable complexity.

These factors have also contributed to the increasing international interest in ASTRID.
While ASTRID has had many international users already in the past years, the value of
the source was recognised recently by the EU, in granting ASTRID the status "an
installation being rare in Europe, that provides world-class service essential for the
conduct of top quality research". In connection with this, access to ASTRID for
European scientists is now supported via the "Trans-national access to Research
Infrastructure" contract.

Present synchrotron radiation research at ISA

Below a more detailed overview on the present synchrotron radiation based research at
ISA/ASTRID is given. It is noted that the areas covered by ASTRID-based research
develop and change markedly over quite short periods of time and it is not possible to
predict in broad terms what interests ASTRID will serve in detail in the medium to long
term.

(i) Environmental studies involving the spectroscopy of trace gases important
in the atmosphere of the Earth, especially those implicated in global warming and
stratospheric pollution. There are experiments in this area on two different beam lines,
for electron and light spectroscopy. This work is included in a EU network.
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(ii) Medical and biological imaging: Amongst a number of other projects, the
synchrotron radiation-based x-ray microscope is used for the imaging of sperm and
relates to issues of infertility and testicular cancer. There is strong medical involvement
in this project with staff in local hospitals and clinics.

(iii) Circular dichroism as a tool for investigating protein structure: Circular
dichroism is as an important addition to the many techniques which biochemists use to
determine protein structures. A particularly important application, of special interest to
the pharmaceutical industry, will be the determination of membrane protein structures
and development of a database hi this area, in collaboration with other synchrotron
radiation laboratories e.g. in the UK. Circular dichroism can determine the content of
various fold motifs in the secondary structure of proteins. The extension of circular
dichroism to the UV region at synchrotrons adds greatly to the information content,
since e.g. peptides and pheromones have strong absorption bands in this region.

Although circular dichroism does not give the complete molecular structure, as e.g. x-
ray diffraction, it is swift and does neither need high concentrations nor crystallisation.
Hence it is becoming increasingly important in modern proteomics. Due to the fast data
taking time it is furthermore well suited for the study of conformal changes due to
external factors like temperature and pH. This has been substantiated by users of the
ASTRID facility, one out of three worldwide, both from abroad and Denmark.

(iv) Absolute cross-sections for electron-induced events in molecules are
measured and form part of an essential database for the modelling of industrially
important plasmas (included in a EU network).

(v) Electron scattering for radiation damage studies with participation under a
EU COST program.

(vi) Angle-resolved photoemission is used to study the electronic structure of
complex materials such as high-temperature superconductors, thin molecular films and
artificial nano-structures.

(vii) Standard techniques such as ultraviolet photoemission are applied to novel
materials such as thin polymer films and real-life industrial catalysts in collaboration
with industrial users (Haldor Tops0e A/S).

These experiments are performed on the existing seven beam lines of ASTRID. Four of
these beam lines get the synchrotron radiation from bending magnets at the corners of
the storage ring: the SX-700 and SGM-1 (mainly photoemission) the UV-1 (absorption
and circular dichroism) and the x-ray microscope, hi addition to these magnets, the ring
also contains a more sophisticated radiation source, a so-called undulator that is built
into one of the straight sections. Radiation from the undulator can be sent through any
chosen one of the remaining three beam lines: the SGM-2 electron scattering system
and Unduline (atomic and molecular physics) or the SGM-3 (angle-resolved
photoemission).

Outlook

As mentioned above, ISA has obtained a contract with the EU on trans-national access
to the research infrastructure embodied in ASTRID, which has recognised this facility
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as an installation of high value to European science, providing world-class service
essential for the conduct of top quality research. This contract has increased the number
of foreign users of the facilities. In 2002, the number of foreign visitors at ISA will be
around 80 with about 65 using synchrotron radiation. The number of Danish users
amounts to approximately 60, with around 45 using synchrotron radiation. The Danish
users are distributed with approximately 50% from AaU and the rest from elsewhere in
Denmark. The output in form of publications is about 55 international publications out
of which about 40 with co-authors from the in-house staff.

The demand for low energy synchrotron radiation will increase in the future both in
absolute terms and per presently available resource. Already now this can be seen at
ASTRID where the increased demand for synchrotron radiation has lead to increasingly
more synchrotron radiation use over the last 2 years, at the expense of heavy ion
experiments using the storage ring. The rising number of users is expected to accelerate
this trend. With the demise of the Super-AGO facility in France in 2003 and the future
demise of the Daresbury synchrotron in the UK, the demand will soon be much higher
than that which can be provided by ASTRID and the only other source in this energy
regime, the new MAX-III machine which replace MAX-I and is presently under
construction at MAX-lab.

A possibility exists to enlarge the capabilities by a new undulator beam line for photons
in the range ~8 eV to 150 to 200 eV. Such an enterprise is estimated to cost in the range
of 1.5 MEuro, but will eventually be performed in collaboration with external partners,
since it would fill emerging gap in the European capabilities in low energy synchrotron
radiation.

A new storage ring at ISA

An important step into the future could therefore be a new synchrotron radiation source
at AaU taking advantage of the major technical advances that have been made in storage
ring design in the last years. The main upgrade necessary will consist of a small-
emittance, high brilliance storage ring, ASTRID 2000, which would have several
undulators, an emittance a factor of 25 lower than in ASTRID and a slightly higher
energy (800 MeV), to provide diffraction-limited UV and soft x-ray synchrotron
radiation. A design for such a storage ring has been prepared and the ring can be built
for a modest amount around 20 Mkr, partly through the re-use of a large amount of
equipment from the ASTRID facility, most notably the beam lines with experimental
stations. This new instrument will rival or outperform other available sources today in
the field of low energy synchrotron radiation and it is important to appreciate that there
is expertise in-house at AaU to build this instrument.

The new source would not only add to the quantity of available low energy synchrotron
radiation, it would also give a whole new quality, making a breed of entirely new
experiments possible. One possibility could be time-resolved circular dichroism,
measuring directly protein folding and unfolding, a whole range of new medical
imaging experiments, photo-ionisation spectroscopy of molecular ions and cold electron
interactions with biological material and photoemission with a very high angular
resolution for the study of nano-structured materials. Of course, the usage of a new ("3rd

generation") machine would reflect in the longer term the interests of the new
community that would grow up around it. However, areas like photobiology, medical
imaging, nano-engineering/science and radiation damage are clear candidates for
subject areas in which scientists from Denmark and all of Europe would be very likely
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to use a new instrument. These are also areas, which have been highlighted by the EU as
areas of special interest.

Accelerator expertise

As an accelerator and synchrotron-radiation laboratory, the expertise at ISA has resulted
in a major transfer of research and development. For instance the design and
construction by ISA of the so-called seeding option for the VUV free-electron laser at
DESY and the ongoing consultancy to DANFYSIK A/S, which has resulted in major
export contracts in excess of 100 Mkr.

Finally, it is important to point out that the existence of a major accelerator laboratory in
Denmark has a significant effect on science, technology, education and industry and that
low energy synchrotron radiation is an area where future developments, using the
existing expertise, can have a considerable impact on a worldwide scale at a cost
affordable for a small country. In a European context, ASTRID already constitutes an
important Danish contribution to the suite of large research facilities. Apart from this,
educational aspects are also very important in assessing how Denmark should proceed
in allocating support for large-scale projects. Suffice it to say, that experience shows
that ASTRID is a very effective vehicle for education, introducing students to many
areas of hands-on basic training and emphasising to them the interdisciplinary nature of
modem research, as well as its strong international aspect.

4.1.2. Synchrotron radiation

As seen from the statistics over the use of x-ray synchrotron radiation sources, the main
providers of x-rays to Danish users is HASYLAB and ESRF. This is not likely to
change in the near future, although the use of the facility at MAX-lab will increase the
coming years due to the Danish initiative at the new protein crystallography beamline.

4.1.2.1. ESRF

The European Synchrotron Radiation Facility (ESRF) in Grenoble is the world leading
synchrotron radiation facility today. Together with HASYLAB it is the prime sources of
radiation at present for Danish research and will be that for the next decade.

In 1988, twelve European countries joined forces to create a world-class synchrotron
radiation facility. Since then, five more countries have joined the group. ESRF has the
legal status of a French company with its shares owned by 8 partners, which includes 12
countries. These 12 countries are the founders of ESRF. Furthermore, another five
countries have joined as associate partners. Denmark participates in the ESRF via its
membership of NORDSYNC a consortium of the four Nordic countries. Formally
NORDSYNC is the member of ESRF. Denmarks contribution to ESRF is ~7Mkr
annually, which is 28.5% of the total Nordsync contribution.

The mam Danish users of ESRF are the Ris0's groups in the Materials Research
Department and at the Danish Polymer Centre/Ris0, the x-ray group at NBIfAFG, the
Protein Crystallography groups at KU, DFU, AaU, DTU, Novo and the Carlsberg
Laboratories and the Chemistry group at AaU.
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4.1.2.2. DESYandHASYLAB

Denmark has been using the facilities at HASYLAB for more than 20 years. Today
about 65 % of the beam time used by Danish x-ray scientists is accounted for by
HASYLAB. Denmark does not pay any contribution to HASYLAB, but HASYLAB is
part of the EU Large Scale access program and is supported from EU to open their
facilities for external EU user groups. It is in principle possible to get travel support, but
the amount of administration for Danish users has become out of proportion compared
to the amount of support obtainable.

In 1979 the first Danish x-ray scattering instrument was placed at HASYLAB in an
initiative led by Jens Als-Nielsen, then Head of the Physics Department at Ris0, now
professor at NBIfAFG. The instrument was first of its kind and paved the way in
investigating structures of surfaces, both solid surface and in particular liquid surfaces.
When HASYLAB took the next step by introducing wigglers as radiation sources
around 1985, Ris0 was offered the possibilities to build a new instrument. When the
DORIS ring was rebuilt in 1992 to incorporate more straight sections to accommodate
more insertion devices, Ris0 built two new instruments, one for solid surfaces and one
for liquids. All instruments are still in operation and have continuously been upgraded,
in particular the first instrument. This instrument is also being used for student training.

At DESY a new situation is emerging. The DORIS-HI storage ring has provided
HASYLAB with x-ray photons for about 25 years. It provides high flux, but not high
brilliance. For a large number of applications high flux is sufficient, but a rapidly
increasing number of new areas require high brilliance. In order to stay competitive new
initiatives for high brilliance are required. At DESY there are three outstanding new
initiatives, namely the PETRA-III synchrotron and the two free electron lasers, a soft x-
ray laser (VUV PEL) and a hard x-ray laser (XFEL).

DESY
Storage rings sources
DORIS III -high flux

PETRA III - high brilliance

Linear accelerator
VUV-FEL - VUV radiation

XFEL - hard x-rays

The new reality at DESY

PETRA-III is a project to re-use the PETRA electron storage ring, so that it becomes a
dedicated synchrotron. The storage ring PETRA-II serves as an injector to HERA, but
will from January 2007 be a dedicated synchrotron radiation sources operating at 6
GeV. Initially, the PETRA ring was commissioned as a high-energy physics storage
ring to study e+e" collisions and the ring was instrumental in the experimental discovery
of the gluon. In the late eighties it was rebuilt to serve as an injector to the large high-
energy physics project HERA, which expires January 1, 2007. Because of its large
circumference and the possibility to insert so-called damping wigglers to the ring it can
achieve a brilliance higher than the ESRF today. This will turn the PETRA-III ring into
the highest brilliance ring worldwide. The PETRA-III project includes only a limited
number of about 13 new beam lines.

Several workshops have been organised in 2002 to make a science case for PETRA-III.
A complete technical design report including the science case will be ready at the end of
2003. At present the project is considered to be a national project of the order of
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magnitude of about 100 MEuro. The German Research Ministry has approved the
project. Although other countries presumably will not be asked to participate at the
national level, it is expected that laboratories or institutions will be asked to participate
in a Super user mode, similarly to the Ris0 participation previously in HASYLAB, for
instance by building new instruments. This will require of the order of 20 MKr extra
funding totally distributed over a number of years. The rebuilding can only start early
2007, hence user operation can only be expected in 2008.

Bird's view of the proposed PETRA III User facility at DESY. The wavy arrows mark the position.

There is significant interest in this project from the Danish users participating in
DANSYNC. It looks especially promising for the possibilities of hard x-ray science, an
area that none of the other national facilities can cover due to their lower electron
energies. Hard x-rays are of particular interest in materials science due to their high
penetrating power. This is an area that is spearheaded by the Danish
"Grundforskningscenter" named "Metal structures in four dimensions" and serious
considerations should be made on how to include this Danish expertise in PETRA-III.
Another very interesting possibility is micro tomography for 3D imaging of materials
and biological tissue. This is a fast growing area with great potential for industrial and
technological use. Groups are Ris0 and AU are currently using this technique at
synchrotron facilties and an in-house facility exists at AUG. At present the resolution is
around 1 micron, but will get better as the detector resolution is improving.

XFEL at HASYLAB

The free electron laser is a radical new way to produce x-rays, which will revolutionise
our ability to understand materials and soft matter. The large TESLA project for a
combined high-energy physics/free electron laser project was presented in March 20018.

The x-ray radiation is produced by Self Amplified Spontaneous Emission (SASE) in
long undulators (-250 m) located on a very long (-3.7 km) linear electron accelerator9.
Thereby it is possible to generate fully transversely coherent x-ray radiation pulses with
an exceptionally high brilliance of 1012 to 1013 photons in a single pulse and pulse
duration's (i.e. time resolution) of-100 femtosecond. The XFEL project is designed to

8 The technical design report can be found on www-hasylab. desy.de
9 For a popular description see: R. Feidenhans'l, L. Gerward and J. Staun Olsen, Kvant 10 (2), 16 (1999)
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reach lasing at x-ray energies around 10 keV. Aside from the lasing lines, The XFEL
spectrum contains an incoherent, broad component from spontaneous emission,
reaching photon energies up to 100 keV, while keeping the very narrow time structure.

The high peak brilliance, of around 1033 photons/(s mrad2 mm2 0.1 % bandwidth) - 10
orders of magnitude larger than current days ESRF or APS - makes it possible to use
very narrow beams of the order of 100 nm, while retaining a high intensity. This has
profound implications for handling ultra-small samples, like "nano crystals" or confined
geometries (e.g. lubrication), as well as for tomography and for microscopy
applications. The penetrating power of the high-energy spontaneous emission spectrum
is particularly interesting for applications in materials science. The high peak brilliance
also open new possibilities for studying e.g. melting phenomena, plasmas, electronic
phenomena atomic/molecular and even "one-shot" experiments where an entire
scattering spectrum is recorded from the photons in a single femtosecond pulse.

XFEL: Birds view of the proposed site for the XFEL laboratory at Ellerhoop, 16 km north northeast of
DESY. The TESLA linear accelerator and the beam lines of the XFEL laboratory are indicated.

The time resolution of 100 femtosecond is crucial for detailed studies of structural
evolution in fast processes. Typical applications would be in pump-probe experiments
where chemical reactions and/or structural changes are initiated by a pump-pulse and
subsequently monitored by a probe-pulse at a well-defined time delay. The time
resolution is then given by the pulse duration, i.e. -100 femtosecond. Liquid-solid and
solid-solid phase transitions induced by light can be studied. A number of such
experiments have already been performed with the weak laser-generated plasma
sources, but only on particular, very strongly diffracting samples. In combination with
the high brilliance, a full time-resolved scattering pattern can be obtained in a single
pulse. Therefore, it will be possible to study fast, irreversible reactions, e.g. samples at
extreme pressures, obtainable only by explosive compression. Very important will be
photo-induced structural change in small molecules and light-induced structural change
in proteins, the "holy grail" of ultra fast biology. More so, diffraction signals can be
obtained from single protein molecules before they disintegrate due to radiation
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damage, making it possible to solve protein structures without the need to crystallise the
proteins first.

Furthermore, schemes are investigated in order to reach the attosecond regime for the x-
ray pulse length. This would open entirely new scientific fields to study time dependent
atomic and molecular phenomena. First experiments in this time regime have just been
done at a laboratory-based source, where it was possible to follow the ejection of an
Auger electron in real time10.

The German research ministry has just approved (February 2003) the project as a
European project. The total funding required is estimated to -700 MEuro, out of which
Germany is expected to cover 50%. Due to the close proximity to Denmark, such a
project could have significant national impact, if groups are being identified to
participate and the necessary funding is available.

At DESY the plans were to have a VUV laser open for user operation in 2004 with
maximal energy of about 200 eV (60 A). The building has progressed significantly.
However, due to budgetary problems, the project might be delayed 1 to 2 years. ISA at
AaU is participating in the design and construction of a bypass and seeding option for
the TTF II. ISA is developing a monochromator for this purpose.

4.1.2.3. Other femtosecond x-ray sources

There are presently two main technologies proposed for the production of hard x-ray
sources with pulse duration shorter than 100 femtoseconds:

• Free electron lasers will produce monochromatic pulses of extreme high
brilliance. There are two proposed facilities (XFEL in Hamburg and Linear
Coherent Light Source (LCLS) in Stanford). The first could be finished is 2011,
the latter maybe in 2008.

• Recirculating linacs with femtosecond bunch compression and insertion devices
will produce synchrotron-like pulses (pink beam) with 80 femtosecond duration.
Thus, the time-resolved experiments known from synchrotrons (ESRF in
particular) can immediately be carried to the femtosecond domain. The sources
will be suited both for diffraction and absorption, although the intensity will be
much less than the XFELs. There are considerations on if and how to include a
recirculating linac scheme in a proposed new source MAX-IV.

A third, singular project is the Sub-Picosecond Pulsed Source in Stanford. This is a
temporary installation that is already under construction. It is scheduled to run for about
2 years (2003-2004) before being taken down to allow room for LCLS. It functions
much as the proposed recirculating linacs, only it uses the existing SLAC linac. It is
mainly planned as a test facility for LCLS. DANSYNC has provided x-ray optics and
there may be Danish participation (Christian Rischel, KU) in some experiments.
Supporting this initiative would bridge a participation in the larger XFEL project in
Hamburg.

10 M. Drescher, M. Hentschel, R. Kienberger, M Uiberacker, V. Yakolev, A Scrmizi, T
Westerwalbesloh, U Heinzmann and F Krausz, Nature 419, 803 (2002).
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4.1.2.4. MAX-lab

MAX-lab is the institution hosting the national Swedish synchrotron sources placed in
Lund. MAX-lab has a number of different synchrotrons, both in operation, under
construction and in planning. Due to the proximity to the Copenhagen area facilitated
by the opening of the 0resund bridge, MAX-lab has become a very interesting option
for Danish user groups. MAX-lab today is operating two synchrotrons: MAX-I and
MAX-II and a third ring MAX-III is under construction.

Mortochromator

'N,

Sketch of the Cassiopeia beam line setup.

MAX-I: MAX-I is a fairly old synchrotron operating at 550 MeV and hence is
dedicated for soft x-rays. It will probably be shut down after the commissioning of
MAX-III.

MAX-IL A new third generation synchrotron radiation source MAXII, operating at
1.5 GeV, was commissioned a little more than 5 years ago. From the beginning a
combined powder-diffraction/protein-crystallography beam line was in operation. With
the increasing pressure on access for protein crystallography, one part time beam line
was by far too little and a new beam line, Cassiopeia, is scheduled to come on line at the
beginning of 2003. The beam line is supported from Danish funds with about 15 Mkr.

MAX-III: A new low energy synchrotron MAX-III is currently being built. It will be
a third generation synchrotron source with high brilliance. It will be placed in the same
building as MAX-I and funds for transferring part of the beam lines from MAX-I to
MAX-III are secured. After installation if MAX-III around 2003/2004 MAX-I will most
likely be shut down. MAX-III will be a fully dedicated third generation synchrotron
radiation source at the forefront of synchrotron science. It will serve a large Swedish
user group in spectroscopy of solids, a field in which Sweden traditionally is at the
forefront.
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MAX-IV: Future plans at MAX-lab are the building of MAX-IV, which would be a 3
GeV synchrotron. The design of this machine is based on new technology and is very
challenging. A proposal for a design study has just been submitted to the Wallenberg
foundation. The plans include a linac driven source as part of the injector system.
MAX-IV would be a major facility on a Scandinavian and European scale, which would
require serious consideration from the Danish community on how Denmark could or
should be involved.

The Swedish research Council (Vetenskabsradet) has recently made a review of the
National Laboratories in Sweden to which MAX-lab belongs. It concluded that MAX-
lab was what at the forefront of synchrotron radiation research and is well positioned in
the Copenhagen-Malmo region, where there is a considerable concentration of research
laboratories and universities. It was also realised that MAX-lab has a strong Danish-
Swedish collaboration within structural biology. It was also recognised in the review
that MAX-lab is grossly under funded in operational cost by a factor 2 to 3. This
illustrates the need for supporting the Danish initiative with running cost and
manpower, since only very marginal support can be expected from MAX-lab.

In the use of MAX-II there is an immediate, large interest, especially in protein
crystallography from Danish user groups at KU, AaU, DFU and DTU. A new protein
crystallography beam line will start commissioning in spring 2003. The beam line
contains five end stations and has had a very significant Danish contribution from KU
in the planning and construction phase. Danish users have contributed 15 Mkr for
constructing the end stations including major contributions from Novo Nordisk A/S.
The new facility will induce a quantum leap for Danish protein crystallography,
especially due to the proximity of the source. This is important since transportation of
protein crystals is not trivial. Danish users are guaranteed 15% of the beam time on the
Danish funded beam lines, but only 10% of the Swedish beam line that has special
capabilities for varying the x-ray energy. Denmark is not contributing to the running
cost of the beam line (or to the MAX-lab facility) and cannot expect to have any
influence on the running of the beam line. One possibility would be to contribute to the
running cost by financing a beam line scientist. This is a very common mode of
operation for many Swedish universities at MAX-lab.

Furthermore, the new materials science beam line will open early 2003. The instrument
is state of the art and could be used by several Danish user groups. It is designed to
surface and interface studies of which there is significant interest centred at Ris0 and
KU. The beam line will be able to perform extended absorption x-ray fine structure
(EXAFS) studies for which there is significant Danish interest from Haldor Tops0e A/S.
The existing powder diffraction beamline has also many Danish user groups, especially
from DTU.

Danish groups from KU are also involved in the MAX I, in particular for infrared
microscopy.

4.1.2.5. Other European synchrotron laboratories

SLS: The Swiss Light Source at the Paul Scherrer Institute is a
third-generation synchrotron light source. With an energy of 2.4 GeV, it provides
photon beams of high quality for research in materials science, biology and chemistry. It
has been operational since about summer 2001 and at present four beam lines are
installed. One Danish group has been using the powder diffraction station. More use can
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be expected when the materials science beam line is fully operational including
tomography and surface x-ray scattering.

DIAMOND: DIAMOND is the new UK synchrotron to be built at the
Rutherford Appleton Laboratories Oxford. It will have an electron energy of 3 GeV and
will complement the ESRF, which is mainly designed to produce very high-energy x-
rays. Diamond will fulfil an important need for the UK research community and their
collaborators by helping to satisfy an increasing demand for access to synchrotron light.

SOLEIL: SOLEIL is the new French synchrotron to be constructed
near Paris. It will have electron energy of 3.0 GeV. It aims at being the best device
worldwide in the fields of VUV and soft x-rays, while remaining competitive in the
field of x-rays of medium energy, up to about 15 keV. Thus the possibilities it offers
will complement those of the ESRF, which is optimised for hard x-rays. SOLEIL's
performance will greatly surpass LURE's current sources, which will be
decommissioned at the end of 2003.

LLS: LLS is a new Spanish synchrotron to be built in Barcelona. It
will be similar to SLS.

4.1.3. Neutron sources — the status of Danish neutron scattering

4.1.3.1. Introduction

Because the assets of neutrons are less commonly known than those of x-rays they are
presented in the following short preamble.

Neutrons used for scattering experiments are moderated to slow velocities, typically
giving them energies in the range 0.2 to 300 meV. This corresponds to wavelengths of
20 to 0.5 A. These properties match typical inter-atomic and inter-molecular distances
and excitation energies in materials. Neutrons interact with matter and neutron
scattering is therefore useful in the study of structure and dynamics of materials in ways
similar to x-rays. Neutrons cannot replace x-rays, the two types of radiation are
complementary tools and each of them has features that make them unique. The neutron
scattering technique was originally used in solid-state physics and structural chemistry,
but has lately found useful application within other parts of science, e.g. biology,
biophysics, soft condensed matter, materials science, engineering - and latest geology.

Compared to the well-known properties of x-rays, the most important properties of the
neutron are:

• The neutron interacts with the nuclei of matter, not with the charges. The interaction
is weak, meaning that neutron scattering results are easily quantised on an absolute
scale, e.g. for comparison with theoretical models.

• The neutron penetrates most matter (typical penetration depths are 1-10 cm) and is
therefore ideal to study large bulk specimens and samples inside cryostats, furnaces
and magnets, in pressure cells, process equipment and under wet conditions.

• The neutron scattering amplitude varies randomly throughout the periodic table and
is even different for different isotopes of the same element. This means that e.g. H, C
and O are easily detected. Importantly, the difference in scattering amplitude
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between the common isotope of hydrogen (H) and the heavy hydrogen isotope
deuterium (D) is very pronounced, providing a contrasting means of "highlighting"
specific subgroups of e.g. large biological molecules.

• The neutron has a magnetic moment and interacts thus with magnetic moments
inside materials. The magnetic interaction is of the same magnitude as the nuclear
interaction.

• The energy of the neutron is (as stated above) comparable with typical vibration
energies in condensed matter and the energy sensitivity of a measurement can be
varied. The range of energy transfers in today's instrumentation covers more than 8
orders of magnitude: From 80 neV to 30 eV, meaning that dynamics with
frequencies of 20 MHz to 7000 THz can be studied.

Neutron scattering is in general an intensity-limited technique and typical experiment
times at present range from hours to weeks. This implies severe limitations for time-
resolved studies. The limited flux further implies restrictions on sample sizes of, for a
single crystal around 1 mg for diffraction studies and 100 mg for inelastic studies. Any
gain in neutron flux will thus have the potential to be utilized fully, expanding the range
of problems to address with neutron scattering. Development of stronger neutron
sources are of the highest importance to the technique.

4.1.3.2. Ris0 andPSI11

The Ris0 reactor DR3 served Danish science as a neutron source over four decades.
Although the neutron flux at DR3 was limited on an international scale, the
instrumentation at DR3 was world leading and user service was given high priority.
Therefore DR3 attracted many domestic and foreign users and guests and served since
1992 under a number of EU framework programs as a large-scale facility.

After the permanent shutdown of DR3 in September 2000, Danish neutron scattering
was without a home base. Many foreign neutron sources did, however, propose to start
formal collaboration with the Ris0 neutron group and in January 2001 a 6-year
agreement about collaboration and transfer of instruments was signed between Ris0 and
the Paul Scherrer Institute (PSI) in Switzerland. PSI has a rather new (1997) neutron
source, SINQ. This source is a pseudo-continuous spallation source, meaning that it
uses the same type of instrumentation as a reactor based source. SINQ has still unused
beam ports and two DR3 instruments have already been moved to SINQ and one is
about to be moved, The three instruments are:

• The flexible cold neutron triple axis spectrometer RITA-2 (June 2001)
• The small angle neutron scattering instrument, now called SANS-2 (June 2002)
• The flexible high-flux triple axis spectrometer RITA-1 to be installed in

2003/2004

The instruments provide unique possibilities for condensed matter physics and polymer
research. The performance of SINQ is around 1.7 times better than at DR3 and it is
planned to increase the performance by another 50% in 2005. Together with a planned
improvement of beam optics, this will e.g. make RITA-2 compatible with the best
spectrometers at ILL for dynamic investigation of condensed matter. The agreement

1' www psi ch
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between Ris0 and PSI secures Danish neutron users priority access to beam time
corresponding to 20 beam weeks per year for each instrument installed. This beam time
may be distributed over the whole SINQ instrument suite, which is rather versatile.
Presently, the available Danish beam time at SINQ is being used by Danish groups
from KU, AaU, DTU, SOU, KVL and Ris0.

4.1.3.3. ILL and ISIS

Other European neutron sources are ILL in France and ISIS in the UK. The world
leading reactor-based facility is the Institute Laue-Langevin (ILL)12. The reactor has a
power of 60 MW as compared to the 10 MW at Ris0's DR3 reactor. ILL is at present
undergoing a "millennium program" with a refurbishment of all instruments in order to
stay at the forefront of research.

ILL was founded in January 1967 on the initiative of France, Germany and the UK. The
aim of this enterprise was to create an intense source of neutrons entirely dedicated to
civil fundamental research. The partners behind the ILL are the founding countries
France, Germany and the UK together with the associated partners Czech Republic,
Austria, Italy, Russia, Spain and Switzerland. Recently the member countries of the ILL
signed a contract for another ten year's of operation.

ISIS13 is a major neutron spallation facility at the Rutherford Appleton Laboratory site
running at 160 kW. Until the American 1.4 MW SNS source is operational, ISIS is the
world brightest neutron spallation facility. The source was approved in 1977. The first
neutrons were produced in late 1984 and ISIS was officially inaugurated in October
1985.

A second target station has just been funded (-100 M£) and European funding and
international collaboration will be sought to fill the instrument suite.

4.1.3.4. SNS14

The SNS (Spallation Neutron Source) is a project for a strong (1.4 MW) American
neutron source. Six DOE laboratories suggested the SNS, and the American Congress
approved it in 1998. Construction began in 1999 near Oak Ridge, Tennessee. The
construction is expected to last until mid 2005 with commissioning at the end of 2006.
The first user experiments are expected in 2008. Although SNS only has one target
station, the budget is very similar to ESS with 1400 M$. Already now, upgrade plans
are being Major contributions by Beate Klosgen, Bente Lebech, Kim Lefinann, Des
McMorrow, Kell Mortensen, S0ren Pope M0ller and many more
made for a low frequency, short pulse target station. SNS will initially be equipped with
11 instruments, all of which will become the best of their class in the world, but more
than 20 instruments can be hosted on each target station.

Already 5 years before beginning of operation, SNS has attracted two major research
laboratories to the site: Joint Centre for Neutron Research and Centre for Nanophase
Materials Science.

12 www.ill.fr
13

14

13 www.isis.ral.ac.uk
www.sns.gov
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4.1.3.5. The ESS project15

ESS is an abbreviation for European Spallation Source, which is a proposal to build the
most powerful neutron source in the World. Most neutron sources of today are based on
nuclear reactors, but ESS will use the spallation principle to generate short and bright
pulses of neutrons. Spallation is the process where a nucleus is hit by a fast nuclear
projectile, thereby releasing small parts of the nucleus, e.g. neutrons. At ESS, protons
are accelerated to an energy of 1.334 GeV to collide with a target of a heavy element.
The target nuclei expells neutrons, which are then slowed down. The neutrons are then
led into neutron guide tubes and transported to the experimental areas.

Spallation
intra-nuclear cascade

impinging fast target nuclei
particles _.

inter-nuclear cascade

-1 Giga
electronvolt

cascade
particle

proton highly excited
neutron nucleus evaporation

The principle of neutron production by spallation.

www.ess-europe.de
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The high neutron intensity at ESS, together with the possibility to use time-of-flight
measurements at the pulsed spallation source, means that ESS instruments will be
typically 30-600 times more powerful than the best currently available instruments. This
will mean a vast expansion in the areas of science than can benefit significantly from
neutron scattering. A presentation of the science case for neutrons is given as Appendix
C.

A sketch of the proposed ESS site. The long linear accelerator feeds the two target stations (bottom and
left of the picture). The office complex is blue, while the white buildings are meant for various technical
purposes.

The full ESS will be equipped with two target stations: One providing "short" neutron
pulses (50-200 us, 50 Hz) for high-resolution experiments, and one providing "long"
pulses (2 ms, 16 2/3 Hz) for high-flux experiments. The corresponding American and
Japanese neutron sources (SNS and J-PARC, both already financed and projected to be
ready in 2008) will both initially have only a short-pulsed target station. The long
pulsed target station, to benefit mainly soft condensed matter, surface investigations,
and low energy spectroscopy, will thus be unique to ESS. It has been considered to
build the ESS in two stages. The first stage would then be the long pulsed target station.
Instruments at ESS will in general be a factor of 10 better than the planned instruments
at SNS and J-PARC: a factor of 2.5 from the larger proton current and a factor of 4 from
better design of neutron moderators and instruments.

ESS will be a large research centre. It will run around 200 days per year, using 100 MW
of power. ESS will employ around 650 people directly on site. In addition to this, ESS
will create jobs in the nearby region, with services, subcontractors, etc. However, ESS
will most of all be a user facility with (estimated) 4000-5000 users annually. The typical
user will be a specialist in his/her field of science, not in the technique of time-of-flight
neutron scattering. The expertise of the users is then complemented by the knowledge
of the instrument responsible in the ESS staff, typically 3 persons per instrument. In
addition to this, specialized data analysis software will provide the users with means
and methods of analysing the large data sets generated in each experiment.

The construction of the ESS facility is planned to take 8 years followed by one year of
pre-operation. The construction costs of the ESS facility amount to 1552 Million € at
2000 prices. This figure includes not only capital investments for all components
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necessary for the ESS baseline but also the 3300 years of manpower (in-house plus
subcontracted staff) required during construction.

With regards to the organisation of the facility, the ESRF model will be chosen with a
few minor optimisations. The in-house staff will comprise about 650 including 50
Ph.D. students. The ESS will be a highly user oriented facility operating more than 40
instruments in User Service Mode (USM) for 5.500 hours per year. The operational
budget thus amounts to 142 Million € at 2000 prices. This budget includes a recurrent
investment for developments, completion of the instrument suite and later the
systematic refurbishment/enhancement and replacement at a rate of 3 instruments per
year.

4.2. Education

Education is important for participation in international large-scale facilities and should
be considered as an integral part of investments in such facilities. The facilities give
young scientists access to the most advanced tools within their community and exposes
them to the international environments and atmosphere.

However, the pace of development and technical innovation of the three techniques is so
rapid that it is becoming increasingly difficult for young researchers and Ph.D. students
to gain an overview of what is possible. Hence, it is recommended to form a Graduate
School on understanding and visualizing the structural properties of materials and
biological matter using large-scale facilities. This would supplement the already
existing series of summer schools in "Applications of Synchrotron Radiation in
Biology, Chemistry and Physics", which are organised about every 3 to 4 years in
Sandbjerg estate by Aau/Ris0. A key activity of the Graduate School would be to
provide lecture courses in all of the techniques, so that the students can gain an up to
date overview of the full potential of the different methods. The experimental character
could be strongly emphasised through experimental activities, both in home laboratories
and during extended stays at central facilities.

One of the main objectives would be to provide a co-ordinated approach to the
education of Ph.D. students in these research areas and thereby maximise the benefits
for Danish society of the investments in major research facilities. A second key
objective is to allow Denmark to play a leading role in the development of the next
generation of sources and to train scientist to make full use of the great opportunities
they offer.

4.3. Industry

Application of synchrotron radiation by Danish industry is significant and has increased
in particular in the pharmaceutical industry over the last five years. Three companies are
outstanding in their use, Haldor Tops0e A/S, Novo Nordisk A/S and Carlsberg
Laboratories. Their activities can be found Appendix B.

Denmark has two world leading industrial companies within the construction of new
synchrotron radiation sources and instrumentation used in connection with x-ray and
neutron experiments. These are listed below.
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4.3.1. Industrial Companies

DANFYSIKA/S16

DANFYSIK A/S is a leading supplier of equipment for particle accelerators and
complete accelerator systems, including injectors, booster synchrotrons, accumulator
rings and storage rings. Furthermore the company manufacture insertion devices and
optical beam lines for synchrotron radiation sources. Their equipment can be found at
most accelerator laboratories worldwide, including the synchrotron, spallation neutron
facilities and even at many steady state neutron sources.

The staff (115 in total) includes approximately 1/3 engineers and physicists and they
maintain a fairly comprehensive in house knowledge within the field of accelerators. In
addition they have good experience in extending the know-how through the work with
research laboratories in collaborative R&D projects (e.g. with ESS via Ris0) and in
technology transfer agreements (e.g. with ISA at AaU and with ESRF). ISA and IFA at
AaU is a useful source for recruitment staff with accelerator expertise. In the recent two
deliveries of synchrotrons at ANKA in Karlsruhe (500 MeV) and at the Canadian Light
Source (2.9 GeV) collaboration with ISA has been very successiul.

The coexistence within one country of a highly reputed accelerator team (ISA) and a
leading commercial supplier of synchrotron systems (DANFYSIK) is unique. It is in
DANFYSIK's strong interest that this comprehensive national expertise within the
accelerator field is maintained and further developed.

JJx-ray17

JJ-x-ray is a small, expanding company supplying highly specialised components for
synchrotron radiation and neutron scattering equipment. The company has a major
shares of the NORDSYNC deliveries for the Nordic "just retour18" to ESRF.

4.4. User overview including statistics

The Danish users can roughly be divided into three user groups:
• X-rays19 users, which is divided into two subgroups: (i) Condensed matter and

materials science (ii) Protein crystallography
• Neutron users
• Soft x-ray users

Typical Super-user groups in Denmark are:
• The Ris0/KU groups in material science/material physics engaged at PSI,

HASYLAB and ESRF
• Haldor Tops0e A/S engaged in HASYLAB
• The protein crystallography user groups from AaU, KU, DTU and DFU

engaged in the new beam line Cassiopeia at MAX-lab

16 http://www.danfysik dk/
17 http://www.jjxray.dk/
18 Ratio between share of purchases and share of contribution.
19 X-rays is in this context loosely defined in practical terms as x-rays being able to pass a beryllium
window, m contrast to soft x-rays Hard x-rays are x-rays with energies above 50 keV and have hence a
high penetration into condensed matter
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• The chemistry group at AU engaged at NSLS and very active user of
many other facilities

• The high pressure group from KU/DTU
• ASTRID

4.4.1. Modes of Operation

A survey of the Danish user groups and their activities is given in Appendix B. All
major universities have groups using large-scale facilities. The distribution between
groups and facilities is summarised in the table below.
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The groups are categorised into the following classes:

S = small user
M= medium user
L = large user
P = potential user
XL = host of a facility

However, there are significant differences in the size of the different groups and their
mode of operation at the large facilities, the assessment is only to be considered as a
guide.

Briefly, the universities and laboratories involved are:

University of Copenhagen (KU)
At NBIfAFG there are several groups active at HASYLAB. One group is very active in
femtosecond time resolutions and is involved at Stanford. One group is also active at
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ESRF and MAX-lab. There is strong collaboration with Ris0, in particular concerning
neutron scattering.

At the Department of Chemistry there is a major engagement at MAX-lab in a new
facility for protein crystallography. There is a group active at MAX-lab in infrared
spectroscopy. Another group is actively using ASTRID and there is occasional use of
the single crystal neutron diffractions instruments at ILL.

The Nanoscience Centre is actively involved in using HASYLAB mostly in
collaboration with Ris0.

University ofAarhus (AaU)
The ASTRID synchrotron is clearly heavily used and integrated in the Department of
Physics and Astronomy. Users from other departments, such as the Department of
Molecular Biology, are also active at ASTRID.

The Department of Chemistry have several groups engaged in both x-ray synchrotron
radiation experiments and neutron scattering. One group has Super-user status at the
Brookhaven synchrotron NSLS. The Department of Molecular Biology is very active
user of synchrotron radiation for protein crystallography and it uses, ESRF, MAX-lab
and ELETTRA. The Department of Physics and Astronomy also has a group using x-
ray synchrotron sources, mainly the ESRF.

The Department of Orthodontics has a group active in using Computer Aided
Tomography at HASYLAB.

Technical University of Denmark (DTU)
The Department of Physics has a group in high-pressure physics and nano-crystalline
research actively using HASYLAB and ESRF and a group that studies nano-particle
magnetism at SINQ.

The Department Environment & Resources at DTU has activities in x-ray
tomography at APS in the USA.

The Department of Chemistry has several active groups mostly engaged at MAX-lab,
but also a small group use neutron scattering results for molecular dynamics calculation.

In the Department of Chemical Engineering a small group is engaged in polymer
research and is using small angle neutron scattering at SINQ.

University of Southern Denmark (SDU)
The Institute of Physics has several user groups active in soft x-rays, in particular at
ASTRID. Interest exists in using MAX-lab. Furthermore a group in membrane physics
is active in x-ray synchrotron radiation and neutron scattering.

Pharmaceutical University of Denmark (DFU)
The Department for Medicinal Chemistry has a large group in protein crystallography
and is using MAX-lab, ESRF and HASYLAB.

The Royal Veterinary and Agricultural University (KVL)
One group is using ESRF for investigation fibrils and another group is using ASTRID.
Recently, one group has started using SINQ for the study of magnetic soil particles.

Aalborg University (AUC)
Two groups from the Institute of Physics, who mainly are soft x-ray users of the
ASTRID synchrotron. The groups also use international sources.
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Roskilde University (RUC)
One group at IMFUFA is an active user of both synchrotron x-ray and neutron
scattering and recently also at ASTRID.

Ris0 National Laboratory (Ris0)
At Ris0 many groups are involved in large-scale facilities. In fact Ris0 is the largest
user in Denmark. In the Polymer Department both synchrotron x-rays and neutron
scattering are an integral part of the research program. ASTRID is used for electronic
characterisation of polymers. The Material Research Department also has many groups
using both synchrotron x-ray and neutrons. Ris0 has Super-user status both at ESRF,
HASYLAB and SINQ. One Ris0 group has also used the SLS.

Danish Space Research Institute
One group is using synchrotron radiation for testing x-ray mirrors and detectors at
various synchrotron facilities.

Novo Nor disk A/S
The company is engaged in protein crystallography at ESRF, HASYLAB and MAX-
lab.

Haldor Tops0e A/S
The company is very engaged at HASYLAB and views MAX-lab and neutrons as
attractive new possibilities.

Carlsberg Laboratories
The laboratory has a group in protein crystallography, which uses ESRF and MAX-lab.

It is estimated that approximately 220 persons are involved in the use of these large-
scale facilities, of which about half are post docs or Ph.D. students. The use is spread
over all major universities and research laboratories, including a number of industries
where synchrotron radiation is an essential part of the research and developments
efforts. More details on the different groups may be found in Appendix B.

It is also evident that the use of large-scale facilities is multi-disciplinary across the
fields of physics, chemistry, biology and materials science. Furthermore internationally
there is an increase in the use of synchrotron radiation for medical research. This has not
yet taken off in Denmark apart from activities in the Department of Orthodontics at
AaU.

4.4.2. Beam time used for synchrotron x-ray radiation

Within DANSYNC the beam time used at different synchrotron radiation sources have
been accounted since 1996. The use is shown in the pie charts below. The percentage
use of beam time at the different facilities is shown for the year 2002, which is
representative for all years. Also the use between the different groups have been
accounted for20:

20 Traditionally within DANSYNC the Ris0 groups have been divided into Materials and Physics
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Where did DANSYNC users go in year 2002
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4.4.3. Beam time used for neutron scattering

The data used in the survey "Beam time use by neutron scatterers employed in Denmark
1998-2002" were collected during January 2003 and summarised by Bente Lebech,
Ris0.

The survey is based on data received from different Danish scientists at DTU, KU,
KVL, SOU, AaU and Ris0 either in written form or through direct communication. The
input were supplied by research groups or individual scientists and categorised within
the following four scientific subjects: (i) superconducting properties, (ii)
nanomagnetism, (iii) structural physics and chemistry, (iv) soft matter and biophysics.
The received input are summarised in the figures below. The beam time allocated
through the LIP/TMR EU user programmes is taken directly from the records of these
user programmes as prepared by Kurt Norgaard Clausen, Ris0.
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4.4.4. Publication statistics for synchrotron x-ray radiation

The groups participating in DANSYNC publishes annually about 100 articles in
international journals. In the period 1997 to 2002 there were 7 articles in Phys. Rev.
Lett., 2 in Science and 1 in Nature.

4.4.5. Publication statistics for neutron scattering

An analysis has been performed of all papers published in international, refereed
journals on neutron scattering or theory closely related to neutron scattering. The
analysis concerns papers published in the period 1997-2002, where at least one author
has a Danish affiliation. Special emphasis has been on papers in the prestigious journals
Physical Review Letters, Science and Nature. The results are shown below.

Phys. Rev. Lett.

Science

Nature

Sum

Sum all journals

1997

11

1

13
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1998

2

2

4

71
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5

1
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2
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It is seen that the total number of papers decreases after 2000, reflecting the shutdown
of DR3, which was operational only for a few months after the first shutdown in the
autumn of 1999. However, the decrease is not as large as one could have expected after
the loss of a major facility. This implies that the Danish neutron scattering science
community has adapted quickly to the new situation and been able to use PSI and
compete successfully for beam time at an international level.

4.4.6. Publication statistics for ASTRID

The use of ASTRID resulted in about 55 publications in 2001, out of which about 40 were co-
authored by local staff members from ISA
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Appendix A: Overview of centres and organisations

DANSYNC21

Most synchrotron x-rays users in Denmark participate to some extent in DANSYNC,
which an instrument centre funded by the Natural Research Council. The purpose of the
centre is to fund travel to international large-scale facilities and to fund some post docs
and Ph.D. stipends. Of the -100 scientist, approximately half are senior scientist in
permanent positions, the other half are post docs and Ph.D. students. DANSYNC covers
scientifically broad and includes biology, chemistry, physics and material science.

DANSYNC has had two funding periods. The first period was 1996 to 1999, the second
period is 2000 to 2003 with a total funding of 22.8 Mkr. DANSYNC financed on
average about 5 post docs and 1 Ph.D. student per year and travel and consumables for
the groups.

The management of DANSYNC consist of a director, professor Jens Als-Nielsen (KU)
and a board consisting of Robert Feidenhans 'I (Ris0/AFM; chairman), Michael Gajhede
(DFU), Jens Nyborg (AaU) and Finn Krebs Larsen (AaU).

The following groups participates in DANSYNC:

• Protein Structure Group, Carlsberg Laboratory
• Centre for Crystallographic Studies, KU
• Department of Medicinal Chemistry, DFU
• Danish Space Research Institute
• Centre for Fundamental Research, Ris0
• Materials Research Department, Ris0
• Department of Chemistry, DTU
• Department of Chemistry, AaU
• Laboratory of Macromolecular Crystallography, AaU
• Haldor Topsoe A/S
• High Pressure Physics, DTU/0rsted Laboratory KU
• X-ray Physics, 0rsted Laboratory KU
• Nano-Science Center, 0rsted Laboratory KU
• Protein Crystallography, Novo Nordisk A/S
• Material Science, DTU

The scientific output of DANSYNC is roughly 100 publications per year in
international refereed journals. DANSYNC users use many different facilities as shown
in section 4.4.2. The main facilities used are HASYLAB (65%) and ESRF (20%)

Danish Neutron Scattering Centre - DANSCATT22

The Danish Neutron Scattering Centre - DANSCATT is financed through a three years
grant of 4.3 Mkr by the Danish Natural Science Research Council in order to support
the neutron scattering activities of Danish scientists and students. The main activity of
DANSCATT is to support the Danish-Swiss collaboration in neutron scattering by
providing travel funds for Danish scientists and students to perform neutron scattering

21 www.dansync.dk
22 www danssk risoe dk/DANSCATT/

43



experiments at PSI and elsewhere. DANSCATT is organised with a director and a
board. The director and board members are the following: Des McMorrow (Ris0/AFM;
director), Per Hedegard (NBIfAPG; chairman), Kell Mortensen (Ris0/POL), Steen
M0rup (DTU), Jan Skov Pedersen (AaU) and Martin Vigild (DTU).

Following the closure of the DR3 research reactor in September 2000, an agreement
was signed between Ris0 National Laboratory and the Paul Scherrer Institute (PSI) in
Switzerland to enter into collaboration on neutron scattering related research. Under the
terms of this agreement three instruments (RITA-I, RITA-II, SANS) will be moved to
the neutron spallation source SINQ at PSI and 50% of the beam time (20 weeks per
instrument per year) will be made available to Danish scientists. The first two
instruments (RITA-II and SANS) have been delivered and are operational, while the
remaining one will be delivered late 2003. When all instruments are operational the 60
beam weeks per year allocated to Danish scientists may be distributed amongst the full
suite of neutron scattering instruments at PSI. Information about beam time allocation
at the Ris0-instruments at SINQ and at the other instruments at SINQ is found on the
DANSCATT home page23. In addition to the instruments at SINQ, Danish neutron
users have access to several neutron scattering facilities including BENSC, ISIS and
NFL-Studsvik through the EU-TMR access programme.

NORDSYNC

Denmark participates in the ESRF via a Nordic consortium NORDSYNC, in which
Denmark, Sweden, Norway and Finland participates. NORDSYNC owns 4% of the
shares of ESRF and hence contributes to 4% of the yearly members contribution to
ESRF of about 65 MEuro. Within NORDSYNC, the distribution of the contributions to
ESRF is Denmark (28.5%), Finland (14%), Norway (16%) and Sweden (41.5%). This
distribution is also roughly equal to the distribution of the Nordic beam time used at
ESRF.

NORDSYNC is represented in the ESRF council with 3 delegates and one advisor. In
2003 the Danish delegate is Niels Christian Nielsen (AaU), who also serves as the
chairman of NORDSYNC.

Users from NORDSYNC have since the start of ESRF used between 5% and 6% of the
beam time, but only contributed 4% financially. The other partners in ESRF found this
unacceptable in the long run. Hence, NORDSYNC contributes at present about 1%
extra to the budget and the extra contribution is earmarked to enhance the scientific
capabilities of the ESRF. In total Denmark contributes about 7 Mkr to the ESRF
annually.

Neutrons

Danish Neutron Scattering Society - DANSSK

The Danish Neutron Scattering Society - DANSSK is an association of scientists using
neutron scattering and related experimental techniques as tools in their experimental
aims or as input for their theoretical interpretations.

23 www danssk nsoe.dk/DANSCATT/
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DANSSK is a network for discussion and exchange of information about neutron
scattering and related techniques and functions as an interest group for users of neutron
scattering. The society aims at securing access for Danish scientists within all scientific
disciplines to the most modern neutron sources and instrumentation in Europe and other
parts of the world. This is achieved by strengthening the collaboration between neutron
users in Europe through ENSA - the European Neutron Scattering Association and by
supporting the development of new neutron sources with much higher flux than the
existing ones as for instance ESS.

Institutions employing DANSSK members, 7 January 2003
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ntiflc subjects covered by DANSSK members, 7 January 2003

TYPE OF EMPLOYMENT SCIENTIFIC SUBJECT

DANSSK was formed in October 1998 by a group of 30 independent scientists as a
fulfilment of the conditions for Danish membership of the corresponding European
organization of independent neutron users joined in ENSA. DANSSK has now grown to
97 members with a good age and sex profile, covering many different research areas
and most Danish universities and centres as seen in the statistics shown in figure above
DANSSK is responsible for the Danish interests in ENSA and appoints the Danish
representative to ENSA. The present board of DANSSK has presently the following
five members: Jens-Erik Jorgensen (AaU), Bente Lebech (Ris0/AFM; chairman), Kim
Lejmann (Ris0/AFM), Kell Mortensen (Ris0/POL) and Martin Vigild(DTU).

DANSSK communicates with the members primarily through newsletters, which are
sent to the members and made available on the DANSSK home page24, which is
continuously updated. In addition members receive e-mail information about beam
access, deadlines, relevant conferences etc. if requested.

Jointly with the Swedish Neutron Scattering Society - SNSS and the Norwegian
Neutron Scattering Society - NoNSA DANSSK was one of the founders of ESS-

24 www.danssk.risoe.dk
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Scandinavia initiative ESS-S25 that was formed 3 October 2000 as a grass-roots
organisation working for the realisation of the European Spallation Source ESS as a
research facility and for the localisation of ESS in the 0resund region. ESS-S was
formalised in during March of 2001 through the signing of the first and second ESS-S
Memorandum of Understanding forming the ESS-Scandinavia Consortium - ESS-SC
representing the "Expression of Interest" - Eol for localisation of ESS in the 0resund
region and presenting the Eol at the ESS European Conference in Bonn, 16 May 2002.
The first ESS-S MolJ which was signed by the national neutron scattering user-
organisations, universities, national laboratories in Sweden, Denmark and Norway,
trans-national organisations in the Oresund region, Region of Skane and the City of
Lund expired 31 December 2002 and the second ESS-S MoU valid from 1 January
2003 to 31 December 2003 is in presently being signed by the interested partners. The
board of DANSSK has unanimously decided to sign the second ESS-S MoU and
continue to work actively for the ESS-Scandinavia initiative via involvement in the
different working groups set down by ESS-SC.

ENSA

ENSA is an affiliation of national neutron scattering societies and committees, which
directly represent users. The purpose of ENSA is to provide a platform for discussion
and to focus for action in neutron scattering and related topics in Europe. Bente Lebech
(Ris0) is the Danish representative.

25 www ess-scandinavia org

46



Appendix B: Danish research groups

University of Copenhagen (KU)

Christian Rischel, NBIfAFG: The experimental biophysics group at the Niels Bohr
Institute, University of Copenhagen, has a long-standing involvement in femtosecond x-
ray diffraction experiments, although it is not the only activity. The work is centred on a
collaboration with the group of Antoine Rousse at the Laboratoire d'Optique Appliqu6e
in France and presently involves associate research professor Christian Rischel and one
master thesis student, who is studying femtosecond structural change in a small
molecule. The group is receiving considerable support from the crystallography group
at the Department of Chemistry. It is the intention to keep the activity at the present
modest level for the next several years. However, when the femtosecond facilities
become ready, the group will be very interested to develop an independent activity
within small molecule femtosecond crystallography and participating in larger protein
crystallography projects. These latter projects will be highly complex and very
competitive and collaboration with international experts on the different parts of the
experiment will be preferred rather than developing a complete Danish expertise.

Jens Als-Nielsen, NBIfAFG: The group of Jens Als-Nielsen has many activities across
different disciplines and synchrotrons. The group is collaborating with Ris0 on
investigations of the structure of Langmuir layers and liquid surfaces, in particular on
water. This is a long-standing collaboration between NBIfAFG, Ris0 and the Weizmann
Institute in Israel. This work is conducted at HASYLAB. Jens Als-Nielsen is also
significantly involved in designing and commissioning the protein crystallography beam
line Cassiopeia at MAX-lab and in time resolved experiments on the femtosecond time
scale together with Christian Rischel at a new LCLS facility at Stanford.

Jens Als-Nielsen is teaching x-ray physics at Copenhagen University. The course
consists of the lecture part and an experimental part. Together with Des McMorrow,
Ris0 he has written a basic textbook in x-ray physics which serves as the teaching
materials for the course. Part of the experimental part takes place as a one-week
exercise at HASYLAB, which is unique worldwide and has been a source of inspiration
at other universities. As one of the pioneers in synchrotron radiation internationally,
Jens Als-Nielsen is engaged in several high level committee at various synchrotron
radiation facilities.

Thomas Bj0rnholm, Nano-Science Centre, NBIfAFG: The goal of the Nano-chemistry
group is to develop chemistry beyond the realm of individual molecules by exploring
how systems of several molecules or other electronically confined entities self-organize
into distinct structures on the nanometer scale. The new insight is used to study and
manipulate biological nano-systems and to create novel nano-architectures with unique
structural, electronic, optical and magnetic properties. Specific research areas include
bio-nano technology and self-assembling molecular electronics. For this research
characterisation with surface x-ray scattering is very important and the group has a
long-standing collaboration with the Ris0 group and performs these experiments at the
Ris0 instruments at HASYLAB.

Paul Erik Lindelof, Nano-Science Centre, NBIfAFG: This group has current plans of
using neutron reflectivity for investigating the magnetic properties of thin film
structures of GaMnAs, a candidate material for injection of spin-polarized currents (for
"spin-tronics" applications).
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Janus Staun Olsen: Janus Staun Olsen has been engaged for many years in high-
pressure research using synchrotron radiation. The work was done in close collaboration
with Leif Gerward at DTU and will be described in more detail below. This work was
mainly performed at HASYLAB.

Sine Larsen, Centre for Crystallographic Studies, Department of Chemistry: More and
more of the research conducted at the Centre for Crystallographic Studies depends on
the access to large international research facilities for synchrotron radiation and neutron
scattering.

(i) MAX-lab: Completion of the five station Cassiopeia beam line early 2003 will
have a tremendous impact on the groups research in structural biology. The group
expects to perform all their more routine data collections at this facility and also to
be able to undertake more basic Crystallographic studies. The close proximity to
MAX-lab makes it extremely favourable for the group to use this facility and not the
other smaller synchrotrons in Europe.

(ii) ESRF: The group's use of ESRF is also expected to increase, with more and
more ambitious projects under investigation as they encounter more and more
problematic data collections either due to small or poorly diffracting crystals or due
to large unit cells. Another favourable aspect of ESRF is the possibility to perform
experiments under different experimental conditions.

(iii) ASTRID: The group also expects to be using ASTRID in the future for circular
diochroism experiments.

(iv) Neutron scattering: The group strongly supports the construction of a new
spallation source in Europe. The proposed ESS facility opens possibility to conduct
a whole range of new experiments that could hardly dreamt of years ago. Until this
facility is ready the group try to use the other large facilities where neutrons are
available. Neutron facilities are needed for accurate small molecule charge density
and macromolecular research.

Preben Juul Moller, Department of Chemistry: The research in the group is concerned
with studies on the geometric and electronic structure and the reactivity of single-crystal
surfaces. The focus is on the synthesis of ultra thin monatomic and monomolecular
clusters and films of metals - often in form of thin films on semiconductor or insulator
crystals. In recent years primarily the chemistry and physics of metal-oxide (ceramic)
crystal surfaces have been studied. For this work, electron spectroscopy has been used
at ASTRID and Daresbury.

Matthe~w Johnson, Department of Chemistry: The group is involved in laser
spectroscopy and atmospheric chemistry. The group is very engaged in the infrared
spectroscopy work performed at MAX-lab. It is discussed to transfer the infrared set-up
together with a new infrared microscope to the new MAX-III synchrotron.

Morten Bo Madsen, Centre of Planetary Science (NBIfAFG): Earth Sciences are areas
where neutron scattering has unexplored potential and a number of new collaborative
projects involving neutron techniques have materialised recently with Ris0.
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Emil Mackovicky, Geological Institute. Neutron diffraction is a particularly powerful
tool for the investigation of finer details in mineral structures. Examples of this include
the substitution of iron for copper in the complex sulfides tetrahedrite and tennantite and
tetrahedral disorder in tricalcium silicate, the most important cement mineral. Both were
studied with neutron powder diffraction. A number of sulfosalt minerals show structural
peculiarities and properties such as ion conduction that can best be studied by neutron
diffraction.

Susan Stipp, Geological Institute: In the Nano-Geo-Science group the focus is on
identifying the mechanisms responsible for geochemical interactions such as
immobilization of pollutants in the environment and mineral alterations (diagenesis) in
rocks and sediments. In a new study, neutron scattering will be used to complement
observations from other nano-scale techniques in order to determine the relationship
between the proportion of hydrogen-bearing species in natural mineral samples and
immobilization capacity.

University ofAarhus (AaU)

Joanna Abraham-Peskir, ISA: Joanna Abraham-Peskir is heading the x-ray microscopy
group, which uses the microscope in several projects related to biology and medicine.
Several external groups are involved in the use of this microscope only complemented
by a few others in the world. Particular successful has been the ongoing investigations
of the ultra-structure of human sperm cells, where collaborators have been hospital staff
and fertility clinics.

David Field, Department of Physics and Astronomy: David Field and his collaborators
are pursuing research with scattering of very low-energy (meV) electrons from atoms,
molecules and ices. The group with its unique facility is leading in this field, and
research projects with many foreign groups have been established.

Henrik Kjeldsen, Finn Folkmann and Helge Knudsen, Department of Physics and
Astronomy: This group is one of the principal groups in research of photo-ionisation of
ions, both positive and negative. The group has a strong collaboration with foreign
groups.

Philip Hofmann, S0ren Vr0nmng Hofman and Zheshen Li, ISA: This group headed by
Philip Hofmann is using angle-resolved photoemission spectroscopy for determination
of the electronic structure of materials, in particular complex systems as semimetals and
superconductors. The low-energy undulator source ASTRID makes this facility unique
on the world-scene.

Hans Uffe Sperling Pedersen and Steen Vang Petersen, Department of Molecular
Biology: Various groups at Aarhus University have used circular dichroism to obtain
structural information, in particular from the Department of Molecular Biology. Also
groups from Aalborg University has been involved.

Jens Nyborg, Department of Molecular Biology: Jens Nyborg is group leader for a very
active group in the group of macromolecular crystallography. The group includes about
16 scientists (including students) of which 6 are staff members. The group is using
various synchrotron laboratories like HASYLAB, ESRF, MAX-lab and ELETTRA in
Trieste in Italy.
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Finn Krebs Larsen, Bo Brummersted Iversen and Jens Erik J0rgensen: Department of
Chemistry, The group of 4 to 5 permanent staff members are involved in synchrotron
radiation activities together with 1 post doc, a couple of Ph.D. students and a couple of
M.Sc. students. Most of the beam time is used at NSLS, Brookhaven, but also
HASYLAB, ESRF and SPringS have been used. This level of activity is expected to
continue in the coming years.

The group was for many years responsible for running an instrument at the DR3 reactor.
After the closure of DR3 the members of the group have obtained neutron beam time at
a variety of installations: ILL, IPNS, HFIR at Oak Ridge, ISIS, PSI and NFL in
Studsvik. Total beam time per year has amounted to 3 to 4 weeks, which is also the
anticipated future need. The group has a strong interest in neutron scattering for:

• Determination of electron density distribution in crystalline materials with the
aim of examining and describing types and aspects of the chemical bond.

• Magnetic materials. The group is involved with a number of European
university laboratories in collaboration on research in polynuclear transition
metal carboxylates.

• Powder diffraction studies. The group wishes to continue their longstanding
commitment to synthesis and structural studies of superconducting materials.

• High-pressure structural studies.

Bo Brummerstedt Iversen is a member of the executive committee, which is responsible
for building the 360° single crystal neutron diffractometer to be installed at SNS.
Together with Finn Krebs Larsen he is also involved it the plans for a small molecule
dedicated crystallography beam line at the APS synchrotron.

Jan Skov Pedersen, Department of Chemistry: The group is working within physical
chemistry using small angle scattering techniques to study the structure and
thermodynamics of soft condensed matter: Polymer, block copolymers, surfactants in
solution. Small angle x-ray scattering is performed in house on a new apparatus. Small
angle neutron scattering was previously done at the SANS instrument the Ris0 DR3
reactor. After the closure of DR3, the SANS instrument at GKSS near Hamburg has
been used. Now the Ris0 SANS has been installed at SINQ, the group will also use this
facility.

J0rgen B0ttiger, Department of Physics and Astronomy. In collaboration with
Forschungszentrum Rossendorf near Dresden in Germany, the group has developed a
magnetron deposition chamber with two magnetrons at the Rossendorf beam line at
ESRF. The epitaxial growth of single crystals and the non-epitaxial growth of
nanocrystalline films are studied by using in-situ surface x-ray diffraction. For example,
the development of the texture in TiN has been studied and recrystallisation has been
identified as the mechanism in play.

Besides these experiments at ESRF, the group is discussing joint experiments at MAX-
lab with a group at Linkoping University in Sweden.

Technical University of Denmark (DTU)

Leif Gerward and Jianzhong Jiang, Department of Physics and Janus Staun Olsen, KU:
The use of pressure and temperature as thermodynamic parameters is of great
importance in basic solid-state physics as well as in geosciences. Studies of physical
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and chemical parameters of minerals and rocks under pressure and temperature
conditions in great depth of the Earth have remarkably contributed to the knowledge of
structures and processes in the Earth. The structural stability of phases and possible
phase transformations can be investigated by variation of temperature and pressure.

The group has pioneered the use of the white-beam, energy-dispersive method for x-ray
powder diffraction at high pressure, in particular using the diamond-anvil cell. This
method has for more than two decades been a workhorse in high-pressure diffraction
but is now gradually replaced by monochromatic, high-resolution techniques based on
the image-plate detector or the CCD camera. The group has built its own experimental
set-up at a beam line in HASYLAB, Hamburg, but is performing experiments also at
other stations.

Moreover, the group is regularly having beam time at MAX-lab and ESRF and
occasionally at SPring 8.

In a recent proposal GKSS has suggested to build and operate a new wiggler beam line,
HARWI-II, at Doris-Ill, including a new high-pressure device that will be able to reach
a pressure of 25 GPa and a temperature of 2000 K corresponding to the conditions of
the lower mantle of Earth. The group is also very interested in using new facilities and
also in the possible PETRA-III facility.

Neutron scattering would be ideal for the study of for example bulk metallic glasses,
since neutrons, like high-energy x-rays, can penetrate deeply into thick samples without
suffering any appreciable absorption.

Steen M0rup, Department of Physics: At the Department of Physics there are several
ongoing research projects on nano-structured materials. Neutron scattering has for some
years been applied regularly in this work, especially for studies of the magnetic
properties of nano-particles. The studies give new information, which is important for
the understanding of the properties of magnetic nano-particles. These particles are for
example applied in media for data storage, in ferrofluids, in biotechnology and in
medicine. At the moment, the neutron measurements are mainly carried out at PSI. It is
expected that these studies will continue at least for some years. Some of the
measurements are time-consuming and the research would benefit substantially if the
group could have access to a more powerful neutron source and this would probably
also result in new discoveries. If a new powerful spallation source is placed close to
Denmark, e.g. in Lund, this would of great benefit to the research in this field. Easy
access to a powerful spallation source would without doubt also enhance the interest in
neutron scattering of other researchers at DTU and other Danish universities and
research institutions.

Dorthe Wildenschild, Environment & Resources: Dorthe Wildenschild had an associate
professor position at DTU, but left in the autumn of 2002 for a permanent position in
Oregon. She has still a Ph.D. student in Copenhagen. Her interest was hydrologic,
porous media flow and transport processes and contaminated groundwater
characterisation. The group used x-ray micro-tomography and pore-scale modelling to
evaluate dynamic and equilibrium pore-scale processes in porous media. The
experiments were performed at the American Synchrotron facility APS, the American
equivalent to ESRF, at Argonne.
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Marcel Somers, Department of Manufacturing Engineering and Management. This
group is using x-rays scattering for stress, strain and texture measurements in e.g. thin
films and multilayers. The group has a variety of research topics where high-energy x-
ray or neutron scattering could be very useful for investigation of the interior of
materials.

Flemmmg Yssing Hansen, Department of Chemistry: The Physical and Biophysical
Chemistry Group works with molecular dynamics in relations to neutron scattering
experiments. Presently, one M.Sc. student is stationed at NIST to perform quasielastic
neutron scattering of very slow dynamics in alkane systems.

Pernille Harris, Department of Chemistry: Pernille Harris has just started at the
Department of Chemistry where she will continue her crystallography studies, probably
using the facilities at MAX-lab.

Martin Vigild and J0rgen Kops, Danish Polymer Centre, Department of Chemical
Engineering: A newly formed group in the Department of Chemical Engineering is
working within polymer science and is using the small angle neutron scattering facilities
at SINQ.

Kenny Stahl and Jens Oluf Jensen, Department of Chemistry: This group in the
Department of Chemistry is working within structural chemistry and has very good
links to MAX-lab where they are using the powder diffraction beam line extensively on
several projects including metal hydrides for hydrogen storage and zeolites for catalysis.
The group is also interested in using neutron diffraction.

University of Southern Denmark (SOU)

Beate Klosgen and Ole Mouritsen, Department of Physics: The principal issues for this
group are

• Structures of amphiphilic self-aggregating systems, especially lipids
• Changes induced by interaction of molecules with lipid membranes
• Interaction of polyelectrolytes

The group accesses the issues by a combination of methods, among them scattering,
reflectometry and diffraction of x-rays and neutrons. The group has only recently started
its activities, but expects to use the Ris0 SANS at SINQ, the neutron reflectometers at
ILL and SINQ and x-ray scattering at ESRF and HASYLAB.

Per Morgen, Department of Physics: The use synchrotron radiation facilities are centred
on ASTRID at AaU. In close collaboration with KjeldPedersen atAUC up to 10 weeks
of beam time is used per year studying surface phenomena mainly on silicon. The
ASTRID facility at AaU is conveniently located and the accommodation of their project
there is good. This has been a very fruitful activity and a very strong enhancement of
their possibilities compared to the home laboratories.

The use of MAX-lab is certainly high on their list of interests. The microscopic facilities
(photoelectron microscopy) might be one option they would like to explore in the near
future.
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Sven Tougaard, Department of Physics'. Currently, Sven Tougaard participates in a
project under the EU 5th framework programme: "Synchrotron microanalysis: accurate
elemental analysis on the microscopic level" where he use the ESRF synchrotron
facility for Micro-XRF analysis. In general he plans in the future to use the 3rd

generation synchrotrons with nano-beam x-ray facility in EUROPE (ELETTRA,
DIAMOND, BESSY II) for development of a tool for 3-dimensional nano-structure
analysis based on a further development of the photoemission method that already has
been developed at SDU for non-destructive 2-dimensional nano-structure surface
analysis by photoemission.

Pharmaceutical University of Denmark (DFV)

Michael Gajhede and Jette Sandholm Kastrup, Department of Medicinal Chemistry:
The protein crystallography group at the Royal Danish School of Pharmacy currently
uses diffraction techniques to determine the structures of biological macromolecules,
primarily of human origin. The structural investigation on proteins ultimately aims at
understanding their biological function and at designing drug candidates improving
human health quality. The systems investigated are gradually becoming larger and tend
to show weaker diffraction capabilities.

Their research is heavily dependent on synchrotron radiation; virtually all projects
involve data collections at MAX-lab, DESY Hamburg or ESRF. Most of the work is
carried out at MAX-lab, which after the establishment of a Multiple Anomalous
Diffraction (MAD) beam line will cover a significant part of their needs. The high
brilliance of the ESRF source is also of major importance with weakly diffracting
systems.

The Royal Veterinary and Agricultural University (KVL)

Peter P. Purslow, Diary and Food Institute. This group is using small angle x-ray
scattering the ESRF to study the structure of fibrillin microfibrils.

Erik Larsen, Peter Thulstrup, Department of Chemistry. This group is using circular
dichroism at ASTRID to study configurations of chiral molecules.

Christian Bender Koch, Department of Chemistry: Recently a neutron scattering study
of magnetic properties of iron oxide soil particles has been initiated at KVL. Furher
plans are to study cation ordering naturally occurring minerals using the neutron
scattering facilities at PSI.

Aalborg University (AUC)

Kjeld Pedersen and Jens Onsgaard, Institute of Physics: The Materials Physics Group
at Institute of Physics uses synchrotron radiation for studies of the properties of
surfaces, interfaces, alloys, nano-structures and ultra thin films. The projects include
studies of model systems with relevance for microelectronics, surface reactions and
catalysis with mono- and bimetallic films. For this research the application of
synchrotron radiation is essential. Information on the electronic and geometrical
structures of the interfaces, the adsorbates and the reaction products is obtained by
measurements of valence bands, chemical shifts of the core levels and by angular
resolved photoelectron spectroscopy.
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The above-mentioned research has been and is running mainly at the national facility,
ASTRID, at AaU, but experiments have also been performed at the EU-facility,
ELETTRA in Trieste in Italy. Two beam-lines, the SX-700 and the SCIENTA beam-
line, with photon energies in the 25 eV to 700 eV range have been used. Also from an
educational point of view the research at the synchrotron facilities has a very important
role.

Rynarz Pyrz, Institute of Mechanical Engineering: Rynarz Pyrz is not presently a user
of synchrotron radiation, but could have future interest in using the opportunities for x-
ray micro tomografi. This would be a natural extension of the in-house micro tomografi
equipment at the Institute of Mechanical Engineering and would give possibilities for
higher resolution and higher penetration studies.

Roskilde University (RUC)

Dor the Posse It, IMFUFA: The group is mainly interested phenomena, which can be
studied by small angle scattering techniques. This includes x-ray small angle scattering
primarily performed in-house, neutron studies, which has stopped temporarily due to the
closure of the DR3 reactor. The group has been using the SANS instruments at GKSS
and at BRR near Budapest and is now looking forward to use the Ris0 SANS instrument
at the SINQ facility. The group has recently become very interested in grazing incidence
small angle scattering from surfaces and has in this context used the instruments at the
ESRF and expects to continue some of the work at the CHESS synchrotron. X-ray
microscopy in biological samples is an exciting new possibility for the group and good
results have been optioned at the ASTRID synchrotron.

Ris0 National Laboratory (Ris0)

Niels Hessel Andersen and Des F. McMorrow, Department of Materials Research: The
study of the mechanism behind high-temperature superconductivity is a strong field in
Danish solid-state physics and is now part of an ST VF "rammeprogram" entitled "New
superconductors: mechanisms, processes and products". An important part of this
project is elastic and inelastic neutron scattering studies of the magnetic properties of
superconductors. The group has studied the relation between the antiferromagnetic and
superconducting ground state of the high temperature superconductors revealing that the
antiferromagnetic phase may exist inside the flux lines. There is considerable
collaboration with the theory group of Per Hedegard at NBIfAFG.

A very related subject is Quantum Magnetism. Here, the complex excitation spectrum
of low-dimensional quantum spin systems is investigated by inelastic neutron scattering.
The field also supports a significant theoretical activity Per Hedegard and Jens Jensen
(NBIfAFG) and Olav Syljuasen (NORDITA)).

Kim Lefmann, Luise Theil Kuhn, and Per-Anker Lmdgard, Department of Materials
Research are part of the STVF "rammeprogram" entitled "Nanomagnetism". Here
neutron scattering studies plays a significant role mainly for the study of the static and
dynamic magnetic properties of nano-particles. The studies are mainly performed at the
Ris0 instruments at SINQ, but also at ILL and ISIS. This activity would benefit strongly
from stronger neutron sources.
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Bente Lebech and Kurt N0rgaard Clausen, Department of Materials Research: The
group applies neutron scattering to study mechanisms in magnetic materials and use
their expertise in connection with the two STVF programmes "New superconductors:
mechanisms, processes and products" and "Nanomagnetism".

Dorthe Lybye, Department of Materials Research: In the Solid Oxide Fuel Cell group
neutron diffraction is used to obtain exact structural data on doped solid oxides at high
temperatures between room temperature and 1000°C. The information about the atomic
structure, which is obtained from neutron diffraction data, is essential in the
understanding of the conduction mechanism of oxide ions and protons in solid oxides.
At present the experiments are performed at ISIS, because this is one of the few
facilities, which provide the type of instrumentation needed for studies of diffusion of
oxide ions in these materials at high temperatures.

Kell Mortensen and Kristoffer Almdal, The Danish Polymer Centre at Ris0: This group
uses neutron scattering to study the miscibility of polymers, both in respect to basic
thermodynamics and in respect to the creation of attractive meso-scale ordered
structures in the melt or in suspension.

Henmng Fnis Poulsen, Done Juul Jensen, Metal Structures in Four Dimensions,
Department of Materials Research: This group is spearheading the use of hard energy
x-rays for materials research. The group has developed a new x-ray diffraction
instrument at the ESRF to study the interior of materials, called a 3D x-ray microscope,
with a resolution of a few microns. The instrument is used to study e.g. grain structure
and grain growth, texture and phase transformations. Furthermore the group is
developing x-ray tomography as a tool for studying plastic deformation of materials.
These measurements are performed at HASYLAB. The group also has strong
collaboration with the APS in Chicago.

Kristian Kjcer, Department of Materials Research. This group is interested the study of
Langmuir layers on water surfaces. For this purpose a special instrument, unique
worldwide, has been developed in the mid-nineties at HASYLAB. The group has strong
collaboration with Jens Als-Nielsen and Thomas Bj0rnholm (KU), and with the
Weizmann Institute in Israel.

Martin M. Nielsen, The Danish Polymer Centre at Ris0, Robert Feidenhans'l,
Department of Materials Research. This group has a strong interest in the structure of
surfaces and interfaces. The systems studied include polymer thin films and surfaces,
membrane physics and semiconductor interfaces and surfaces. The group has developed
a special instrument for that purpose that is placed at HASYLAB. Furthermore, the
group is also very active in small angle scattering, both using an in-house instrument
and at the stations in HASYLAB. The group has collaboration with Thomas Bj0rnholm,
MIC and Haldor Tops0e. Together with Haldor Tops0e the group has started using the
SLS in Switzerland for catalysis research. The group is also using the ESRF.

Carlsberg Laboratories

Anette Henriksen, Protein Structure Group. This group is using synchrotron radiation
for protein crystallography.
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Danish Space Research Institute

Finn E. Christensen, Astrophysics. This group uses x-ray synchrotron radiation for
development and testing of x-ray mirror for space research. The group has using
different facilities and is interested in the new possibilities for materials research beam
lines at HASYLAB. In addition, the group is using ASTRID for detector developments.

Novo Nordisk A/S

Hanne B. Rasmussen, Protein Structures,: The development of drugs takes the
advantage of and is dependent on, the use of the most advantaged technologies within a
number of fields to address biological relevant problems.

Three-dimensional structural determination by x-ray crystallography on complexes of
relevant targets; drug-candidates or therapeutically proteins, is a very useful tool to get
the needed knowledge in the drug-development process. The high quality data received
from synchrotron radiation provide the wanted level of detail.

Novo Nordisk A/S is currently using MAX-lab frequently and ESRF occasionally to
collect diffraction data. Novo Nordisk A/S is participating financially and
organisationally in the building of the Cassiopeia beam line at MAX-lab and the group
anticipates that when the Cassiopeia beam line is finished, the increased amount of
beam time available will be of great value to their research.

Haldor Topsee A/S

Alfons Molenbroek, Frank Berg Rasmussen, Bjerne Clausen, Haldor Tops0e A/S: The
company Haldor Tops0e has a long history in using large international research
facilities for research and development of heterogeneous catalysts. Also in the future the
company will need large research facilities especially synchrotrons and other intense x-
ray sources Haldor Tops0e A/S is interested in using neutron scattering as well and a
pilot experiment together with Ris0 is in planning

Scattering and spectroscopy techniques (e.g. XAFS, SAXS and XRPD) will continue to
be of interest. Easy access to optimised beam lines, stable high intense x-ray beams,
improved detectors (high sensitivity and fast read-out), automated data-acquisition, on-
line data-analysis and reduction software are all of paramount importance. As most of
their research is performed on catalyst materials under reaction (in-situ) conditions the
sample environment is crucial as well. High time resolution (down to second or
millisecond time scale) and high penetrating power (to perform e.g. high energy x-ray
or neutron diffraction) for studies at high temperature and high pressure in large
reactors, which mimic the industrial environment of a catalyst, will become increasingly
important. As fast and easy access to large facilities is important, synchrotrons such as
MAX-lab, HASYLAB (PETRA), SLS and ESRF close to their research laboratories are
preferred.

Also methods not used nowadays in our research but possibly available in the near
future have their attention. X-ray imaging techniques (in particular 3-dimensional
tomography), will become more important with increasing spatial resolution (well
below 100 nm) With the advent of x-ray free electron lasers the extremely high time
resolution (femtosecond time scale) might be used for pump-probe experiments to study
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adsorption, desorption or fast chemical reactions as well as precipitation and crystal
growth from solution. XFEL beams might also be used for the mapping of phase
compositions (by XRPD or XANES) on micrometer size scale of catalyst pellets, e.g.
during reaction, to study sintering, phase changes and homogeneity. Fast screening of
phase composition or oxidation state on a large library of catalysts for e.g.
combinatorial catalysis will also bring us in untried areas of catalysis research.
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Appendix C: The science case for neutrons
By Kim Lefmann and Bente Lebech

This appendix describes the present and future possibilities for neutron related science.
It concerns the present situation and the new possibilities with next generation neutron
sources like SNS and ESS. A related popular paper (in Danish) has recently been
published.26 Most of the material presented here is taken from the comprehensive
science case for ESS.27 For easy comparison we adapt their grouping and numbering of
the eight presented research areas.

To discuss the possibilities of future facilities, one must look many years out into the
future, but it is of course difficult to foresee the development of research topics many
years in advance. The science case for the future sources is thus made to answer the
question of what they would be used for if they were ready in only a few years from
now. Parts of this research programme may after a decade already have been performed
by use of other neutron sources or by other techniques. However, experience shows that
each time major advances is made in an experimental technique, new and fruitful
research fields will open up to benefit from these advances. Hence, the science case for
the new sources will in 2010 most probably be even stronger than today. A very good
example of this is the success of the European Synchrotron Radiation Facility, ESRF.

In general, neutron scattering with the next generation neutron sources is foreseen to
have impact on basic sciences like biology, geology, soft condensed matter, solid-state
physics, elementary particle physics, materials science, and structural chemistry.
Further, the sources are foreseen to contribute to many high priority strategic areas, like
bio-technology, nano-technology, energy technology, medical technology, and materials
technology. In the ESS science case, these strategic topics are described separately, but
here they are listed under the appropriate science headings.

Materials

The "neutron fan", showing research areas that have benefited from neutron scattering within the last 40
years. The earliest findings, awarded by the Nobel prize in 1994, are in the inner circles, recent research
in the outer circles. Foreseen future contributions to research and technological areas are indicated by the
text in the outer rim.

27

1 K. Lefmann, L. Arleth, M. E. Vigild, K. Mortensen and B. Lebech, Naturens Verden 1, 14 (2003)
D. Richter (ed.) The ESS Project, Volume I-IV, ESS Council 2002
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C1. Solid State Physics

Present situation

In the last 40 years, neutron scattering has been a very important source of information
for the physical properties of matter. Some properties, most notably magnetic structures,
magnetic excitations (spin waves) and lattice excitations (phonons), are almost solely
studied by means of neutrons. For the method of neutron spectroscopy, one half of the
Nobel prize was awarded to B. N. Brockhouse in 1994.

One very active and important field today is the study of magnetic structure and
excitations in high-temperature superconductors, which has the aim of understanding
the mechanism behind superconductivity in these materials, see figure below. Two
closely related subjects are A) the study of subtle quantum phenomena in low-
dimensional magnetic systems, with the aim of investigating quantum many-body
phenomena, found in its purest form in these materials, and B) strongly correlated
electron systems, like heavy-fermion superconductors.

Neutron scattering has an important role in magnetic nano-technology in
characterization of magnetic structures and fluctuations in molecular magnets and nano-
particles. Another important role is the investigations of materials with potential
applications in nano-technology, like the magnetic structure of thin films of materials
with potential use for spin polarization of electrical currents with large potential for
electronics applications ("spin-tronics"). Neutron scattering has been very important for
revealing the secrets of colossal and giant magnet ores istance (CMR and GMR), a very
important subject for technological applications as GMR materials are used in
read/write heads for e.g. hard disks.

Many other active areas in solid state physics benefit from neutron scattering, e.g.
"hard" and "soft" magnetic materials, molecular magnets, quantum dots, phase
transitions, and quantum tunnelling.

-001

-0015

-0.015 -0.01 -0.005 0 0.005 001 0.015

Diffraction pattern of neutrons scattered on
the flux line lattice in the High Temperature
superconductor La2-xSrxCuO4 (x = 0.15)
induced by an applied field of 1.0 Tesla at a
temperature of 4.2 K. A flux line lattice of
square symmetry is revealed, most probably
connected to the d-wave nature of the order
parameter of the high-temperature super-
conductors.28

28 A. B. Abrahamsen, H. M. R0nnow, R. Gilardi, N. H. Andersen and C. Dewhurst, to be published
(2003)
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With the next generation neutron sources

For a vast number of systems, the interesting part of the neutron scattering signal is
rather weak. With the present neutron intensities this implies the necessity of using very
large single crystals (several grams) and weeks of experiment time. A prominent
example of this is high-temperature superconductors, where only few samples have yet
been thoroughly investigated. With the new sources, experiments will be performed
around two orders of magnitude faster (e.g. from one week today to 30 minutes with
ESS), or the amount of material needed for an experiment will be reduced by a similar
factor. For superconductivity this will mean that a whole series of more readily
available (i.e. smaller) crystals with varying compositions and degrees of doping can be
investigated in a series of temperatures and magnetic fields. This activity will inevitably
lead to an increased understanding of the role of phonons and magnetic interactions in
high-temperature superconductors. In turn, this will dramatically increase the
probability of reaching the ultimate goal: Room temperature superconductivity.

Of special interest are situations where either the competition between different
interactions prevents the system from readily adopting a well-defined ground state, or
where a restriction in spatial dimensionality does not allow for long-range ordering
phenomena. Here the situation may occur that the phase transition only sets in at
absolute zero temperature (T = 0 K), a so-called quantum phase transition. The key
requirement is to map out the inelastic neutron scattering signal over a wide range of
momentum space and energy as a function of temperature, external pressure and applied
magnetic field. While neutron scattering can make unique and essential contributions to
our understanding of these phenomena, the sample volumes that can be subjected to
these extreme conditions are necessarily small. At current neutron sources, inelastic
scattering studies are hence restricted to a few special cases. Detailed investigations of
quantum phase transitions require stronger neutron sources.

MRAM-Storagc Device

Soft magnetic layer Connecting - metal bars

Tunnel barrier

Hard magnetic layer

Contacting metal bars

One realization of an MRAM (Magnetic Random Access Memory) device for non-volatile computer
memory. Due to the "spin-valve" effect, the resistance in a single magnetic sandwich depends on whether
the two magnetic layers are magnetized parallel or antiparallel - and the connecting wires can also be
used to change the magnetization in the soft layer in any of these "bits". With the new neutron sources,
the properties of the magnetic layered structures can be studied - and the properties of arrays of magnetic
nano-dots may be investigated.

The impact of the new sources on "hard" nano-technology is presumed to be great. The
large efficiency of the next generation neutron sources will facilitate investigations of a
much broader range of samples than previously possible within the available instrument
capacity, and whole new classes of systems will come in reach for investigations. One



example would be arrays of magnetic dots on a surface, which is highly relevant for
magnetic computer memory (MRAM, see figure above). Neutron scattering could
reveal the magnetic structure and possible problems with thermal magnetization reversal
of the individual particles. Another example is magnetic thin film hetero-structures for
"spin-tronics" applications. With the new sources, the magnetic properties of single thin
films of realistic dimensions may be studied.

C2. Materials Science and Engineering

Present situation

The simplest use of neutrons in materials science is radiography and tomography. By
spatial measurements of neutron transmission one may highlight a number of elements
that absorb or scatter neutrons strongly, most notably hydrogen. This is complementary
to X-ray tomography where the heavy elements attenuate most.

Radiography picture of a toy plane motor. Dark
fields are hydrogen-containing materials, like
plastic, oil, etc.29

Scattering of neutrons is used as a matter of routine for characterizing stress/strain fields
in construction materials like steel under heavy loads. Taking advantage of the large
penetration power of neutrons, one can use precision measurements of the lattice
spacings to obtain the deformation pattern deep inside the material and relate that to the
strength and durability of the material. Stress/strain analysis can also be used to
investigate the residual stresses around welding seams with the aim of optimising the
welding technique and prevent early failure in vital parts like airplane wings.

For texture measurements neutrons have the clear advantage over the traditional x-ray
methods in that the exposed volume is much greater. This improves the grain statistics,
especially for coarse-grained materials. Further, the large penetration power of neutrons
facilitates in-situ texture measurements. With the next generation neutron sources there
are plans to build a three-dimensional neutron microscope, which can map the
microstructure of a material equivalently to the newly built three-dimensional hard x-
ray microscope at ESRF.

Another important application of neutron scattering is the study of ionic conductors.
Here the location and movement of light ions of, e.g., H, Li, or O, can be studied

29 Photo by courtesy of E. Lehmann, PSI, Switzerland
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closely, while simultaneously monitoring possible changes of crystal structure. This has
importance for optimising materials properties in batteries and fuel cells.

z Position (mm)

Development of a crack in an aluminium metal bar. The left panel displays the neutron measurements of
the strain, peaking at the crack tip at 8 mm depth. The strain is still present after unloading. The right
panel displays the corresponding finite-element calculation in the unloaded situation, showing that the
crack closes at the surface, leaving the crack tip open 30

With the next generation neutron sources

The increased intensity of the new sources can be fully utilized in materials science to
make neutron measurements available at real application length scales and time frames.
In short, one may study real materials under real conditions. We give a few examples:

One can achieve sub-mm resolution in radiography and tomography measurements. It
will also be possible to have very short radiography exposure times, down to one single
pulse (a few milliseconds). A series of these pictures will give a cartoon-like insight,
e.g. into the distribution of fuel and lubricants in a real running engine.

Sketch of a rechargeable Li battery. Neutron
scattering investigations of batteries under
operating conditions may improve battery
lifetime and storage density. They will also
assist in selecting more environmentally
friendly battery materials.

It will be possible to extend stress/strain analysis from model systems to real
engineering applications. For example, real fatigue cycling conditions can be studied. It
will also be possible to increase the spatial resolution of stress/strain measurements to
the sub-mm range, while penetrating 5 to 10 cm into steel. This will enable detailed
measurements of the 3-dimensional stress/strain map in large engineering pieces, like
railroad rails and construction steel for buildings. These results will be very important in
validating the much used finite-element modelling methods.

30 A. M. Korsunsky, M. E. Fitzpatrick and P. Withers, Int. Conf. Composite Mater. 10, Vol. 1, 545 (1995)
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The intensity of the new sources will also open up the possibility of studying chemical
reactions in batteries under realistic in-use conditions. This will be very important for
optimising battery performance, e.g. with respect to storage capacity.

C3. Chemical Structure, Kinetics and Dynamics

Present situation

Diffraction of x-rays and neutrons is indispensable for determining the crystal structure
of chemical compounds. For the method of neutron diffraction, one half Nobel prize
was awarded to C. G. Shull in 1994. Neutrons are preferable to X-rays in situations
where the positions of light elements are important, as in the determination of the
crucial oxygen positions in the high-temperature superconductors and the giant
magnetoresistance materials. Neutron diffraction is also important when it is of interest
to distinguish nearby elements in the periodic table or when it is desirable to avoid
effects of charge transfer.

Inelastic neutron scattering at high-energy transfers allows for atomic and molecular
spectroscopy of materials. An attractive application of molecular spectroscopy is to
study reaction intermediates in catalytic processes when the intermediates cannot be
detected by diffraction. The first successful experiments were recently performed at the
best present spallation source (ISIS in England, see figure below). Another application
of inelastic neutron scattering is the study of diffusive transport processes in materials.
This could be ionic conductors or battery materials.

3
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Molecular spectroscopy on the surface of a Pd catalyst. The data shows that the surface is passivated by
methyl groups The inset shows an artist's view of the passivated surface.31

31 P. Albers H. Angert, G. Prescher, K. Seibold and S. F. Parker, J. Chem Soc. Chem Commun. 1619
(1999)
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A special case for neutron scattering is the study of structure and dynamics of hydrogen
in materials. These materials are of key interest for the "hydrogen society" future, where
hydrogen is produced by e.g. electrolysis of water and can be turned into electricity in
fuel cells. In this scenario, materials for hydrogen storage will be of large importance.
Neutron scattering determination of position and mobility of the protons in, e.g., metal
hydrides may prove very important for the future energy economy (see figure below).

1 I I
': \.'

Energy economy in the hydrogen society of the future. Energy is collected by solar cells, waterpower, or
windmills and is converted by electrolysis of water into hydrogen and oxygen. The hydrogen is stored,
possibly as metal hydrides or in carbon-nanostructures, to be converted into power and heat in fuel cells.

With the next generation neutron sources

The much higher flux of the new sources allows for studies of crystal structures in a
many-dimensional parameter space, spanned by external variables like temperature,
pressure, magnetic field, electric field, and internal parameters like chemical
composition, etc. These studies are simply not possible today, as they would require
months to years of beam time.

Tim

Time-resolved structural study of a metal hydride electrode during charging over 10 hours.32

The larger flux can be used to perform in-situ time resolved studies of chemical
reactions. A dedicated instrument for this is projected at ESS. This instrument will be

32 F. Cuevas J. M. Joubert, M. Latroche and A. Percheron-Guegan, Appl. Phys. A 72, 225 (2001)
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able to determine the chemical structure of a powder with just one single neutron pulse.
By using a stroboscopic technique, the time resolution can be then pushed down below
one millisecond. These studies can be complemented by time resolved reflectivity and
small angle scattering. This will be applied, e.g., to the study of hydrothermal synthesis
and charge/discharge of battery materials.

Detailed studies of catalysis will be enabled by the new sources. Presently, many grams
of catalysis material under ideal conditions is at present needed, but ESS will open up
for the study of much smaller samples. Vibration spectroscopy at ESS will enable in-
situ studies of reaction intermediates in catalysis processes under realistic conditions.
Also non-hydrogenous reaction intermediates, like CO, SCh, and NOX can be studied.

C4. Soft Condensed Matter

D.

O
O

Compartmentalisation

The complexity increases from simple diblock-copolymers to biological molecules.

Present situation

The concept of "soft condensed matter" includes a large class of molecular materials
that are based on modern advanced chemistry and inspired by biological systems. Soft
materials comprise (bio-) polymers, thermotropic and lyotropic liquid crystals,
microemulsions and colloidal systems. The systems may origin from synthetic
production or be directly extracted or derived from living matter. Evidently, liquid
crystals and many compounds of biological relevance like lipid bilayer membranes,
protein-lipid and DNA lipoplexes as well as pure bio-fibers are of major scientific
interest and promising candidates for future technological applications. Neutron
scattering has provided unique insight into the structure and dynamics of such systems.
A most significant scientific result was the experimental proof of the random coil
conformation of linear chain polymers in the melt,33 which was predicted by Nobel
prize winner P.J. Flory. Flory's prediction was intuitively highly surprising and
accordingly received by significant scepticism. The experimental proof was done by
substituting hydrogen (H) by deuterium (D) in a few of the chains. Similar labelling

33 R. G. Kirste W. A. Kruse and J. Schelten, Makromolequlare Chemie 162, 299 (1972)
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experiments have provided the detailed layer structure of microemulsions and micellar
suspensions, and selective H/D exchange was applied to highlight functional domains in
proteins. Neutron spin echo techniques were used to confirm the long-time dynamics
(reptation) of polymer chains, as proposed by Nobel Prize winner de Gennes.

With modern chemistry it is possible to design and build macromolecules with specific
nano-scale physicochemical properties. An example is the formation of block
copolymer systems, composed of a number of linear blocks, that each are synthesized
on the basis of a given monomer unit. Such block copolymers can be linearly shaped,
they can be branched with side-chains bonded to a common main-chain, they can
exhibit star- or dendritic shapes around a common centre-molecule, etc. It is also
possible to polymerise different molecules simultaneously, providing interconnected co-
network structures. Another issue of potential technological relevance is the formation
of nano-scale ordered structures with a variety of possible symmetries, based on the
controlled molecular self-assembly of (bio-) polymers or block-copolymers. Since such
polymers are usually hydrocarbon based, their inherent contrast for X-ray scattering is
very low. Here, neutron experiments offer a unique advantage in that controlled H/D
substitution provides an ideal contrasting mechanism for all neutron experiments.

With the next generation neutron sources

At the new sources, the neutron flux becomes superior as to its intensity and pulse shape
form. These improvements provide additional new possibilities including realistic
options of real-time dynamics and kinetics studies, and structural investigations in the
highly dilute regime. Typical relaxation times in polymeric systems range from seconds
to minutes; sufficiently high neutron fluxes thus allow real-time studies of relaxation
phenomena and phase changes by neutron scattering for example the structural
relaxation after shear and strain conditions that are effective during applied processing
conditions.

Another advantage of the high flux will arise from the high penetration power of
neutrons. Structural studies of soft matter deep inside working tools will be brought into
reach, allowing the monitoring of polymer conformations inside processing machines,
the phase behaviour of lubricants in a running motor, etc. At the Danish Polymer Centre
some more primitive studies on such real-time relaxation of microemulsions were
already performed, namely on shear induced isotropic-to-nematic micellar solutions.
Data obtained with present neutron sources are encumbered with quite considerable
error bars, and thus hamper a detailed comparison with theory.

C5. Liquids and Glasses

Present situation

Liquids, solutions, glasses, and disordered solids are all non-crystalline materials, and
neutron scattering is a very suitable technique for the study of these materials. Due to
disorder, the scattering does not show sharp Bragg peaks and accordingly diffuse
scattering is particularly prevailing. This imposes special technical requirements, a
condition that is perfectly met by modern neutron instruments, which are capable to
detect a large fraction of the diffuse scattering. Often, neutron data are supplemented
with other measurements like x-ray diffraction to give a more complete understanding.
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Present research is concentrated upon extracting the pair correlation function g(r) from
the diffuse diffraction signal. Current research projects include the study of ionic
conductors and the study of the effect on dissolved ions of the properties of the solvent
liquid. The order/disorder of oxygen ions in high-temperature superconductors and
GMR materials, the glass transition, and 3-dimensional models of liquids are other
examples.

Dynamics

Large Scale Dynamics
Diffusion
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Rouse Dynamics...

Intermolecular Range
a-Relaxation

GLASSY BEHAVIOR
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Molecular Length Scale
p-Relaxation

Vibrations
Side Groups ...

11ms

1ps

The different relevant length
and time scales for soft-
matter systems of various
sizes. Neutron scattering can
be used for the study of
structure and dynamics of all
these systems.

Bulk metallic glasses are disordered materials that lack the periodicity of crystals.
Glassy metallic alloys may possess unique physical and mechanical properties such as
high strength and hardness, excellent corrosion resistance, low magnetic energy loss and
easy shaping and forming ability. The recent development of multi-component
compositions of metallic glasses suggests that the main research emphasis has shifted
from techniques for metallic glass formation to the search for and exploration of the
properties of these new compositions. This requires understanding of the physics of the
glass transition of metallic alloys. For example, although the route to the super cooled
liquid state has been known for many years, the atomic processes by which the glassy
state loses rigidity on heating are not fully understood. An understanding of this
mechanism is not only a major scientific challenge but, if achieved, would open
possibilities for a better control of the properties of these materials. To be able to
achieve such understanding, knowledge of the length scales and structures in the glasses
have to be obtained as well as their dependence on factors such as the composition and
the cooling rate of the melt. Neutron scattering experiments together with appropriate
model simulations produce important input to this.

With the next generation neutron sources

The increased flux at new sources combined with the improved energy resolution at
some of their instruments will in general be used for obtaining the time dependent pair
correlation function G(r,t) from inelastic neutron scattering. Possible projects are the
study of atomic movements of moving liquids, the role of ions on protein folding and
denaturising and catalytic fluids. A number of chemical (especially hydrogen
containing) reactions in solution can be studied. The possibility of making singe-pulse
measurements at the new sources will be used to perform real-time studies of
crystallization of metallic glasses with a time resolution of down to 10 microseconds.
Other possible projects include soft-hard metallic glasses, ionic conductors for batteries
and fuel cells, and glass materials for optical fibres.
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Different views from a "movie" showing the correlation between proton transport and molecular rotation
in the proton conductor CsDSO4. With the new neutron sources, this type of dynamical model can be
produced directly from experimental data.34

C6. Biology and Biotechnology

Present situation

The strength of neutron scattering in respect to biological systems is first of all the
sensitivity to hydrogen and the difference in scattering length density between H and D.
This allows for example the localization of individual proton positions in otherwise
deuterized proteins by analysis of high-resolution data, a matter that is decisive for
detailed understanding of protein functionality, as for example enzymatic reactions.
Neutron scattering moreover does not necessarily require crystallized samples but offer
the possibility to obtain detailed structural information even for solutes dispersed in the
aqueous phase. This could be non-membrane proteins, or polymer-like DNA, studied by
using H-D exchange in the molecule under regard and/or in the solvent. This contrast
matching is of special benefit in neutron reflectometry studies of supported membranes
where every step of the build-up can be investigated separately. This is different from
doing the same experiment by use of X-rays, and is a precondition for having well
defined model membranes available for further biophysical experiments.

I

Studies of membranes or membrane models by neutron reflectometry. The study may shed light on
membrane-protein interaction, e.g. penetration of the membrane by proteins.

With the next generation neutron sources

The biological sciences community is foreseen to be the one that will benefit most from
a new generation of neutron sources. The combination of neutron flux and the size of
the available protein crystals limit the present days use of neutron scattering for protein
crystallography. With the new sources, protein-crystals of only micrograms can be

P. Zetterstrom, A. V. Belushkin, R. L. McGreevy and L. A. Shuvalov, Solid State Ionics 116, 321 (1999)
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investigated, opening up a wide range of new proteins to be studied. The pulsed nature
of the new sources will, with the improved design of the instruments, allow significant
reduction of signal-to-noise ratio in hydrogen-rich systems like aqueous protein
solutions, since much of the "background" is due to intrinsic inelastic scattering that can
be filtered. The higher flux will also make it possible to investigate composite systems
both as to their more complex dynamic behaviour and also as to structural details that
contribute by weaker signals but nevertheless are of functional relevance. For example,
particulars of the peptide-membrane interaction, of the transport across a membrane, or
structural perturbations and transitions induced by membrane active (toxic) components
can be distinguished as the increased brilliance and the pulsed structure of the spallation
beam will give access to the dynamics at interfaces, the resolution of minor
components, and the distinction of lateral domains in membranes.

Neutron (left panel) and x-ray (right panel) study of the SOS subunit in the map of the 70S E.coli
ribosome. The x-ray structure is performed using a protein crystal, while the neutron study is performed
in aqueous solution by small angle scattering. This shows the potential of neutrons to perform structural
studies on proteins that do not cystallize.35

Relation to Danish Science

There is in the society a significant demand for new insight into the function of proteins,
both from a basic point of view in the present post-genome period, but also from
biotechnological companies. High-resolution 3-dimensional structures of protein can
only be obtained utilizing intense x-ray instruments at synchrotron facilities. Neutron
scattering experiments are needed to complement these x-ray studies because only
neutrons can highlight the position of the protons, which are almost invisible in x-ray
experiments, but of utmost importance for the biological function.

At AaU, Mikael Bols, Troels Skrydstrup and Hanne Birgit Schiott focus on studies of
enzyme catalytic processes where the present research in particular concerns hydrogen
bonds. Both neutron- and synchrotron x-ray scattering are essential for these studies.

The understanding of the basic route for protein structuring, including the folding into
its 3-dimensional structure, is theoretically treated by several groups, including the
"Grundforskningscenter" named QUP is considering to incorporate neutron scattering in
these studies.

There is presently significant activity in the study of lipid membrane systems at a
variety of Danish research institutes. Both small-angle neutron scattering and neutron
reflectivity are key techniques. In several projects, Danish groups use x-ray and neutron

35 D. I. Svergun and K. H. Nierhaus, J. Biol. Chem. 275, 14432 (2000); D. 1. Svergun, M. V. Petoukhov
and M. H. J. Koch, Biophys. J. 80, 2946 (2001); N. Ban, P. Nissen, J. Hansen, P. B. Moore and T. A.
Steitz, Science 289, 905 (2000).
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scattering for studies on the properties near the "main phase" transition of bilayer
membranes, concentrated on the so-called anomalous swelling. These groups include
Beate Klosgen and Ole G. Mouritsen (SDU), Kristian Kjcer, Kett Mortensen, Noemi
Rozlosnik (Ris0), Rogert Bauer and Steen Laugesen Hansen (KVL) and Dorthe Posselt
(RUC). Further activities by the same groups concern structural response of bilayer
membranes to incorporation of small amounts of additives like cholesterol and
gramicidin or membrane active compounds as small amphiphilic peptides. The
membrane-protein interaction is also studied at the Polymer Centre at Ris0. Other
activities at MEMPHYS and DPC involve the effect of mixing copolymers and lipid
membranes, cubic phases of amphiphilic systems and supported bilayers. MEMPHYS
have recently started studies on the adsorption of DNA and other polyelectrolytes to the
lipid membrane, as well as the mutual interaction in solutions. The studies of metallo-
proteins are in the main focus at KVL and the Department of Chemistry at DTU. The
interest in these studies is motivated by the need to enforce the general understanding of
some basic mechanisms abundant in (biogeneric) systems, but there is a direct practical
relevance for advanced technologies to be developed considering modern drugs and
related drug delivery tools, information transduction and signalling, biosensoring and
the development of new bio-essays, nano-structuring and nano-fabrication, issues that
all can be summarized under the term "soft matter technologies".

C7. Mineral Sciences, Earth Sciences, Environment and Cultural Heritage

Present situation

The study of the atomic structure of minerals, rocks, glasses, and melts is an integral
part of Geology. For studying the materials in-situ under realistic geological conditions,
one often needs very high pressures and temperatures. Neutron scattering is ideal for
this purpose, as it allows the radiation to penetrate the walls of a combined furnace and
pressure cell, as the "Paris-Edinburgh cell" recently installed at the ISIS facility.

The sensitivity of neutrons to hydrogen is very important in Geology, since a countless
number of naturally occurring rocks and minerals contain hydrogen. Two examples are
water in hydrous minerals and hydrocarbons in nano-porous materials. The strong
variation of the neutron scattering cross section between neighbour elements has also
allowed for an understanding of cation ordering of iso-electronic species, e.g. in
silicates.

Inelastic neutron scattering is being used to study lattice vibrations (phonons) in
minerals near a phase transition. A softening of the phonon frequencies brings evidence
of possible structural instabilities.

The penetrating power of neutrons is also of advantage for studying the crystal structure
in the bulk of rare samples that should not be damaged. This could be the mineralogy of
a rare meteorite or an analysis of ancient handicraft (see figure below). Neutron
radiography and tomography (see section C2) is also being used for analysing painting
patterns in historic art, e.g. whether a painting has been modified.

The use of neutrons in all these fields is rather new, and much is still to be learned about
their full potential.
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Left hand panel: A 5200-year-old copper axe from Otzthal in Austria. Right hand panel: Measured pole
figures displaying the texture of the copper. The data gives valuable information about the manufacturing
history of the axe, showing e.g. that thermal recrystallisation has taken place.36

With the next generation neutron sources

The increased flux of the new sources will allow for whole series of experiments where
a multi-dimensional parameter space (pressure, temperature, chemical composition) is
investigated. The determination of phase diagrams of hydrous melts and fluids, of e.g.
Mg-silicates, will be of high relevance for the prediction of volcanic eruptions and
earthquakes. At ESS, a dedicated mineralogy diffractometer is planned. This will enable
even larger pressure cells, approaching the physical conditions of the upper mantle.
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Neutron scattering at ESS will enable the study of minerals at temperatures and pressures resembling the
upper mantle down to a depth of around 300 km.

Time resolved neutron radiography in a high-temperature pressure cell has a large
potential for Geology. One option is to follow the crystallization front of a melt; another
is to perform falling-sphere experiments for determination of viscosity in the melt.

Another important topic would be the study of dynamics of individual hydrogen-
containing molecules, e.g. in methane-chlatrates under realistic conditions. These results
could be very important for optimisation of gas production. Neutron scattering is an
intensity limited technique and therefore large single crystals are needed for many
inelastic neutron studies for instance measurements of phonon dispersion curves. In
Geology, the crystal size is usually limited to what exist in nature. The large gains in

Picture by courtesy of ILL, France.
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neutron intensity with the new sources allows for inelastic studies on much smaller
samples than to day, i.e. sub-milligram crystals. This broadens the scope of neutron
spectroscopy in geology immensely.

C8. Fundamental Neutron Physics

Present situation

Apart from being a powerful probe of condensed matter, neutrons have interesting
properties in their own right. An accurate determination of the properties of slow
neutrons has provided deep insight into fundamental quantum mechanics and particle
physics. In particle physics, measurements of the neutron (3-decay, n—>p+e+ve, has lead

to the unification of the electromagnetic and the weak force. Knowledge of the neutron
decay and the element abundance in the early universe has limited the number of lepton
families to the three known ones. In fundamental quantum mechanics, neutron
interferometry has acted as a realization of classical gedanken experiment, which has
e.g. confirmed the 47t symmetry of spinor rotation. Further, experiments with confined
neutrons have shown quantisation in the Earth's gravitational field.

With the next generation neutron sources

Because of the larger flux and the time structure of the neutron intensity, the new
sources will open up a large range of fundamental physics experiments. For the (3-decay
project listed above, the improved intensity, combined with the pulsed structure of the
beam, will lead to significant improvements. A study of angular correlations of the
decay products would serve as an additional test of the Standard Model. Moreover, a
study of the rare decay n —» H+ve could probe the handedness of the neutrino: If the

neutrino is completely left-handed, one of the four hyperfme split states of hydrogen
would be unpopulated. This would contradict many Grand Unified Theories that predict
a small right-handed component of the neutrino. On the other hand, observation of a
right-handed component would indicate new physics beyond the Standard Model.

Position sensitive detectors

Focused cold and Focused cold and
thermal neutrons thermal neutrons

From target station 1 ^ From target station 2

Position sensitive detectors

A neutron-neutron collision experiment at a two-target station neutron source: A beam from one target
station meets one from the other. The number of detected neutrons will give a direct measure of the
neutron-neutron scattering length.

Another interesting experiment is the search for a possible electric dipole moment of the
neutron. This would have implications for the understanding of the matter-antimatter
asymmetry in the Universe. Experiments with neutrons precessing in a combined
magnetic and electric field at a possible Ultra-Cold Neutron target station at ESS would
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allow three orders of magnitude higher sensitivity than present experiments, bringing
the moment value predicted by some theories inside experimental reach.

A novel feature at the new facilities will be the emergence of two nearby sources. This
provides the first opportunity of making controlled collisions between two slow neutron
beams. It is planned to explore whether the neutron-neutron scattering length is identical
to the well-known neutron-proton scattering length, as predicted by the QCD theory.
Two dedicated beam lines for this purpose are laid out in the ESS instrumentation plans.

There are plans of continuing the neutron interferometry studies in order to obtain new
results in neutron quantum optics. For example, an instrument where neutrons trapped
in a resonator, consisting of perfect crystal plates, experience an oscillating magnetic
field would allow for creation of neutron "dressed states".
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Appendix D. Relevant acronyms, geographical location, etc.

X-ray sources
ACRONYMS
ISA

ASTRID

DESY
HASYLAB
DORIS-III
PETRA-III

XFEL

VUVFEL

BESSYII

MAX-lab
MAX-I
MAX-II
MAX-HI
MAX- VI

ESRF

SLS

ELETTRA

SuperACO

SOLEIL

SRS

DIAMOND

^=
NSLS

CHESS

APS

LCLS

SPringS

TYPE

low energy
x-rays

synchrotron
synchrotron
hard x-rays

laser
low energy

x-rays

soft x-rays

synchrotron
synchrotron
synchrotron
synchrotron

synchrotron

synchrotron

synchrotron

synchrotron

synchrotron

synchrotron

synchrotron

synchrotron

synchrotron

synchrotron

synchrotron

hard x-ray
laser

synchrotron

INSTITUTION
Institute for Storage

Ring Facilities
Aarhus University

Deutches Elektronen
Synchrotron

Hamburger
Synchrotronstrahlungslabor

Berliner
Elektronenspeicherring-

Gesellschaft fur Synchrotron
Strahlung

National Laboratory for
Nuclear Physics and

Synchrotron Radiation
Research

University of Lund
The European Synchrotron

Radiation Facility
Swiss Light Source

Paul Scherrer Institute
Synchrotron Light

Source Elettra

LURE
Centre Universitaire

Paris-Sud

Daresbury Laboratory
Rutherford Appleton
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