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of crystals. As important as the space groups themselves are 
their subgroups. Here, we review how they have improved our 
understanding of the space groups themselves, how they have proved 
useful in solving various problems of crystallography and how 
they have been used to define new groups. Furthermore we give 
an outlook of what still has to be done. One of the most important 
subgroups is the group T of lattice translations, which we can use 
to construct the quotient group P=G/T, which is better known under 
the name point group. We start our presentation by reviewing the 
work of E. Ascher and A. Janner, who have shown how to view 
space groups as extensions of P by T. We pass on to more general 
subgroups and discuss coset and double coset decompositions and 
how they have been applied to phase transitions and twins in crystals. 
Closely connected to coset decompositions are colour groups, which 
have been studied among others by J.J. Burckhardt. A special kind of 
colorings are Bravais colorings, which leads us to similar sublattices 
and the group of similarity rotations, which is a supergroup of the 
point group. In between these two groups is the group of coincidence 
rotations, thus we arrive at coincidence site lattices (CSLs) and grain 
boundaries and return to twins. Last but not least we discuss the 
connections between colorings and CSLs, thus arriving at current 
research topics.
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Johan Jakob Burckhardt, who died in 2006 at the age of 103, 
was deeply interested in crystallography all of his life and made 
invaluable contributions to the mathematical foundations of space 
group theory. After first studying mathematics in Basel and Munich, 
he was so impressed by Andreas Speiser’s Die Theorie der Gruppen 
von endlicher Ordnung that he moved to Zurich to study with Speiser 
the year after its publication. There he also attended lectures of Paul 
Niggli and (explicitly recommended by Speiser) Leonhard Weber.
On the basis of his acquired mathematical background, Burckhardt 
developed a new derivation of the 230 space group types which 
placed the earlier work of Schoenflies and Fedorov in the modern 
algebraic context of cohomology theory. His approach via 
Frobenius congruences in particular freed space group theory from 
dimensional constraints. For example, he determined the space 
groups for cyclic, symmetric and alternating permutation groups 
(in their natural permutation representation) for arbitrary degree. 
Burckhardt’s work on space groups culminated in the publication of 
Die Bewegungsgruppen der Kristallographie in 1947 which is still 
a standard reference in mathematical crystallography. Together with 
Bartel Leenert van der Waerden he published a short but crystal clear 
article about colour symmetry which clarified the somewhat obscured 
ideas around that topic and influenced a generation of researchers. 
Burckhardt also became a historian of mathematical crystallography, 
and helped to illuminate its long and multi-lingual, multi-disciplinary 
path. Perhaps most important of all, Burckhardt corresponded widely 
with mathematicians and crystallographers all over the world, helping 
to create the community that this symposium implicitly celebrates.
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Several cylinder packing structures were found by authors around 
1995. We gave equations of structures and calculated packing density. 
But we have left their space group undetermined for many years.
In this talk, we report space group on periodic structures of cylinder 
packing with <110> six directions. All the cylinders are congruent 
and the length of the cylinders is infinite and their directions are 
restricted to only six directions of <110>. Each cylinder is fixed by 
cylinders of other directions, 
so that the whole structure 
sustains mechanical stability. 
The space group tell us each 
structure is not homogeneous. 
Bu t  they  have  ingen ious 
feature: parallel cylinders in six 
directions form equivalent two-
dimensional rhombic lattice 
respectively.
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Diamond Light Source was commissioned for users in 2007. The 
machine consists of a 100 MeV linear accelerator, a 3 GeV booster 
synchrotron and a 3 GeV storage ring, together with interconnecting 
beam transfer lines. The storage ring (circumference 562 m) based 
on 24 cells is run at 300 mA.  The electron beam emittance is 2.7 nm 
rad with bunch length (FWHM) 25.6 ps. The accelerating voltage is 
provided by two superconducting cavities based on inductive output 
tubes (IOTs) each capable of delivering a maximum total output 
power of 300 kW. In Phase I, 7 insertion devices were installed: 
5 in-vacuum undulators, one variable polarisation device and one 
superconducting wiggler.  At the end of Phase II (2011) Diamond will 
have 22 experimental stations for research in both the life sciences 
and physical sciences, 7 beam lines in Phase I (completed 2007) 
and 15 beam lines in Phase II. This talk will consider the impact of 
synchrotron radiation on life sciences research and will attempt to 
assess the future demand for new X-ray sources. Diamond will have 
8 beam lines dedicated to life sciences research: 5 macromolecular 
crystallography beam lines, a non-crystalline diffraction and solution 
scattering beam line, a circular dichroism beam line and an infrared 
microspectroscopy beam line. These will provide for exciting and 

C150



M
S

Microsymposia

innovative biological research. However, there is a gap in the life 
sciences between the detailed molecular information that can be 
obtained with the above methods and the precise location of such 
complexes in functioning cells. There is scope for new imaging 
technologies. At Diamond we are exploring new beam lines that 
exploit coherent diffraction imaging and soft X-ray microscopy and 
the possibilities of new light sources.
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Japan launched a construction project of x-ray free electron laser 
(XFEL) in 2006, as one of five Key Technologies of National 
Importance, to complete in 2010 fiscal year. The XFEL emits 
coherent hard x-rays which will be extremely useful for exploring 
the nano-world. The operation principle of the Japanese XFEL at the 
initial phase will be self-amplified spontaneous emission (SASE), 
as the precedent two projects in the U.S. and Europe. The XFEL 
will be composed of a linear accelerator and a long undulator in 
which electrons interact with photons to form micro-bunches with 
the period of emitted radiation. The micro-bunched electrons radiate 
coherent photons when they run through the undulator. The unique 
feature of the Japanese XFEL is the use of in-vacuum undulator. 
This makes the magnetic period of the undulator shorter than that 
of conventional out-of-vacuum undulators, leading to the reduction 
of the electron energy to produce certain energy of x-ray photons. 
Therefore, the length of the linear accelerator will be shorter, and 
the whole facility will be more compact. However, lower electron 
energy requires higher beam quality to produce lasing than is realized 
by a conventional laser-RF gun system. We have developed a new 
injector system, instead, which was fully proven in the operation 
of a prototype ultraviolet FEL. The present status of the project 
will be reported together with scientific programs using the XFEL, 
synergetic use of XFEL and SPring-8, and the second phase program 
for seeded XFEL. Some recent result from the prototype FEL will be 
introduced as well.
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The status of the Energy Recovery Linac (ERL) project at Cornell 
University is summarized. ERLs are being developed as next 
generation synchrotron light sources. The fundamental x-ray beam 
properties from storage ring sources, such as the source size, spectral 
brightness, and pulse duration are limited by the dynamic equilibrium 
characteristic of the magnetic lattice that is the storage ring. Advances 

in laser-driven photoelectron sources and superconducting linacs 
allow the acceleration of electron bunches with superior properties 
for synchrotron radiation, and superconducting linac energy recovery 
allows the development of an x-ray ring without the need for electron 
storage. Relevant properties include x-ray beams of extraordinary 
spectral brightness and small source size, with concomitant high 
transverse coherence, sub-picosecond x-ray pulse durations, and 
flexibility of operation. ERLs are capable of hosting practically 
all experiments now being carried out at storage rings while 
also enabling new types of experiments. Progress is reported on 
development of the required high-spectral brightness photo-injector 
and superconducting linac. X-ray applications are discussed.
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Light source based on a 20 MeV storage ring has been commissioned.  
The average stored beam current was more than 2A at 400Hz beam 
injection.  We have observed an extremely short 15 ms damping 
time, a small 3 mm diameter beam size, and a long 1 min lifetime 
to this low energy and 15cm orbit radius electron storage ring.  We 
generate X-rays by a 10 micron size target placed in this storage ring.  
The observed X-ray density is more than that of 1kW X-ray tube, 
but the spectrum is polychromatic.  The X-ray energy extends up to 
20 MeV and the total power is 100W when an accelerator power is 
applied. We have commissioned a crystal monochrometer beam line.  
A special configuration enabled extracting tunable monochromatic 
X-rays onto the fixed sample position.  The 10 to 30 keV rage 
x-rays is extracted.  We have carried out EXAFS and found that the 
energy resolution 
i s  s a t i s f a c t o r y 
f o r  t h e  p r o t e i n 
c r y s t a l l o g r a p h y 
( see  f ig . ) .   Due 
to  a  background 
radiation around 
the beam line and a 
poor performance 
of  CCD camera, 
diffraction pattern is 
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