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 Now Accepting Registrations via the school website 

 
 
 
 

Certosa di Pontignano, 
University of Siena, Italy 

27th August – 2nd September 2006 
 

 
http://www.iucr.org/iucr-top/comm/cteach/siena2006/  

 
School organisers: Paola Spadon 
(Current chair of the Teaching 
Commission) and Marcello Mellini  
 
Lecturers and tutors include: 
Alexander Blake, Gervais Chapuis, 
Jacqueline Cole, Giuseppe Cruciani, 
Robert Gould, Giovanni Ferraris, 
Anthony Linden, Peter Main and David 
Watkin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lecture topics include: 
Introduction; Introduction to diffraction; 
Direct Methods; Maths of refinement; LSQ 
Outline; Data Collection; Powder Diffraction; 
Neutron and Synchrotron Studies; Twinning; 
Derivation of results, analysis and 
interpretation; Database 
 

 
 
 
 
 
 
 
 
 
 

The City 
Siena is described as one of the 
finest examples of a Medieval 
city.  It is in the Italian province 
of Tuscany and has direct bus 
connection to Florence (1 hour) 
and Rome (3 hours).  
 

The Venue 
The Certosa di Pontignano has its 
origins as a medieval 14th century 
monastary.  It is now run by the 
University of Siena. Attractively 
placed on the top of a hill, it is 
surrounded by vineyards; with a 
direct view to the town of Siena, 
and a famous Chianti winery. 

Siena 2006 : IUCr School on Basic Crystallography 
(modeled on the British Crystallographic Association (BCA) Durham school) 

 
 
 
 
 
 
 
 
 
 

School Aims 
This is an immersive school, 
focusing on the crystallographic 
fundamentals, modeled the school 
on the successful (BCA) Durham 
School. There will be a mixture of 
lectures and  tutorials. All the 
tutorials are pen and paper 
exercises, consistent with the aims 
of properly teaching students the 
fundamentals of crystallography. 
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Einstein's tongue for teaching crystallography to biologists  
 

Philippe Dumas1, Julien Vanwinsberghe1 and Vincent Cura2

1Equipe de Cristallographie, UPR9002 du CNRS conventionnée avec l’ULP, IBMC, 15 rue René 
Descartes 67084 Strasbourg cedex France, 2IGBMC, 1 rue Laurent Fritz, Illkirch, France, WWW: 
http://www-ibmc.u-strasbg.fr/arn/Dumas/ ; E-mail: p.dumas@ibmc.u-strasbg.fr  
 
Abstract 
 
Teaching crystallography to students in Biology is a difficult task, particularly because many of them 
arrived there because ‘there are no more Maths or Physics in Biology’. In order to visualize really the 
phenomenon of diffraction without X-rays we have used a classical optical bench requiring a LASER 
(λ=0.6328 µm), a pinhole as a beam expander and two lenses.  
 
Following a method originating from Bragg, and analysed in depth by Taylor & Lipson, we used as 
crystals 24x36 B&W photographs of a 80×60 repeats of the well-known ‘Einstein’s tongue’ (cell 
parameters a = 0.45 mm, b = 0.4 mm.). This allowed to record a diffraction pattern on films mounted in 
the back focal plane of the second lens. The diffraction data extend to order 21 (more than 500 visible 
Bragg’s spots), which corresponds to 20 µm resolution. 
 
In order to illustrate the principle of the MIR method, we have made ‘heavy atom derivatives’ by adding 
small dots on Einstein’s face (one site per derivative), and we have ‘collected new data’. Our hope was to 
go really all the way through with experimental data to ‘solve the structure’. For practical reasons, this 
structure solution step was illustrated with calculated data only. This nevertheless shows very well how a 
recognizable picture is obtained after ‘MIR phasing’ with only 50 reflections, and what is the effect of 
experimental noise. 
 
All programming was performed with Mathematica (Wolfram Research), which allowed to develop very 
rapidly the necessary code and to make everything visible on our web site at http://ibmc6187.u-
strasbg.fr:8080/webMathematica/bioCrystallographica/. 
 
1. Introduction 
 
One major issue when teaching crystallography to students in biology is their low average level in 
mathematics. Indeed,  many of these students arrived there because ‘there are no more Maths or Physics 
in Biology’. In addition, even the knowledge of basic tools normally acquired much before going to 
university is often lacking. Many of them, for example, do not master anymore elementary algebraic 
calculations. For example, replacing an expression like  by  or recognizing that p qx x +p qx
| | | | |+ ≠ +x |y x y should not be considered as obvious.  Needless to say, evoking a ‘scalar product’ or 
something like θie usually pulls many faces.  Such a situation may be tackled in three different ways. One 
approach corresponds to considering that a ‘scalar product’ and θie are known since they should be 
known.  Another approach is the exact opposite and corresponds to pretending that mathematics can be 
seen as superfluous since many students ignore them.  Finally, a third approach corresponds to fighting 
with the real problems, that is using mathematics because this cannot be avoided, but by trying as much 
as possible to use intuitive arguments, graphics representation and interactive documents.  This is 
obviously our approach and the goal of the present note is to present it. In particular, we will expose how 
we give strong weight to classical optics.  The course span eight weeks with two-hour teaching classes 
per week and six ‘travaux dirigés’ (tutorials).   In addition one class of ‘travaux pratiques’ (practicals) 
was devoted to using an optical bench for illustrating the diffraction phenomenon. 
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2. Students concerned by this course 
 
The students concerned by our teaching were those at the level of ‘License’ or ‘Maîtrise’ of ‘Université 
Louis Pasteur’ in Strasbourg.  Up to recently, these two years corresponded respectively to the third and 
fourth year at university.  In fact, because of an ongoing reorganization of the French academic cursus in 
order to make it comparable with that of most European countries, the denomination of ‘License’ is now 
used collectively for the first three years at university (and not only for the third one), whereas the 
denomination of ‘Maîtrise’ (for the fourth year) has now disappeared since the fourth and fifth year are 
now grouped under the name of ‘Master’.  The students were broadly interested in biology swith, for a 
part of them, an emphasis on chemistry.  
 
3. Refreshing their mathematical knowledge 
 
If not original, it appears necessary to devote the first course to recalling the basic tools in mathematics.  
One considers essentially the elementary properties of complex numbers from the very beginning, 
essentially through their geometrical meaning.  It often appears that several students appreciate to have 
these things recalled.  One insists on the use of θie  and on the fact that this represents a considerable 
simplification in calculations.  In order to demystify this cryptic formula involving ‘complex’ numbers or, 
even worse, ‘imaginary’ numbers, we make a simple heuristic ‘proof’ of it following either one of two 
possibilities. 
 
The first possibility consists in writing that ‘rotating a complex’ z  by θd  gives an elementary variation 

θ=dz i z d  (which only involves elementary geometry).  One then recall that this is formally equivalent 
to the differential equation α=dN N dt  representing the growth of bacteria during their so-called 
‘exponential phase’ if 0α > , or the decrease of the number of radioactive atoms if 0α <  (all biologists 
are aware of that !). It is then a game of arriving heuristically at 0

θ= iz z e in exactly the same way as one 
arrives at 0

α= tN N e . 
 
The second possibility consists in decomposing a rotation by θ  into n steps /θ n  and making . 
Starting with 

→ ∞n

0z , one elementary step yields 1 0 0 0/ (1 / )θ θ= + = +z z i z n z i n , two elementary steps yield 
2

2 1 1 1 0/ (1 / ) (1 /θ θ= + = + = + )θz z i z n z i n z i n , etc… from which one derives 0 (1 / ) .θ= + n
nz z i n  Here also, 

one makes reference to real numbers by considering (  for  and one recalls two elementary 
properties of the logarithms, viz.  and 

1 / )+ nx n → ∞n
Ln (1 / ) Ln (1 / )+ = +nx n n x n Ln (1 / ) /+ ≈x n x n  for  to show 

that  when  . Substituting  
/ 0→x n

(1 / )+ →nx n e x → ∞n θi  for yields the result. x
 
These two ‘proofs’ are not really complete since there always is a gap when passing from real to complex 
numbers, but our goal is not doing ‘pure mathematics’, but demystifying tools that are complicated only 
in appearance. 
 
4. Making a detour to optics 
 
X-rays have two obvious drawbacks: first, they are not visible and, second, they cannot easily and safely 
be manipulated.  Therefore teaching diffraction with visible light is extremely valuable.  In addition, this 
allows introducing the effects of diffraction in optical instruments, for example in the microscope, which 
is of real interest for biologists.  Moreover, the expanded beam of a LASER falling onto a simple 24x36 
B&W photograph gives rise to a very nice diffraction pattern in the back focal plane of a lens disposed 
behind the photograph.  The system that we used is well known and is described on our web site. 
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Fig 1: Schematic of experimental apparatus to to convert Einstein’s face into a 2D diffraction pattern via 
http://ibmc6187.u-strasbg.fr:8080/webMathematica/bioCrystallographica/teaching/teaching03.html  
 
It should be mentioned that this ‘optical transform’ method has a long history in crystallography and 
electron microscopy. A lot of details about the historical features can be found in Taylor & Lipson (1964), 
whose reading is of utmost interest! As recalled by Taylor & Lipson, Bragg (1939, 1942), when all 
computations were done by hand, was the first1 to try obtaining a projection of an electron density map by 
an optical synthesis. Bragg, in fact, realized that, from Abbe’s theory of image formation, such a 
projection could be obtained as the result of the interference of the beams diffracted by a screen with 
holes representing a weighted reciprocal lattice section. An important problem, however, had to be 
solved: each beam had to emerge from the corresponding hole with the correct phase. For that, Bragg 
covered each hole with a precisely cut piece of mica sheet in such a way that ‘the light polarized in the 
slow direction lags precisely half a wavelength behind the light polarized in the fast direction’. If all 
pieces of mica are oriented exactly in the same direction, then all holes introduce the same phase change 
to the diffracted rays, but rotating by 90° a piece of mica introduces a phase change by 180° relative to 
the others. Therefore, reconstructing an image of a centrosymmetric projection can be obtained by 
rotating correctly a set of the mica patches. Variations on this theme and improvements by others are 
referenced in Taylor & Lipson (1964) (see also Lipson & Cochran (1966)). 
 
Our goal was not only to illustrate the formation of a diffraction pattern, but also how can be recovered by 
calculations the original image from the knowledge of the diffraction intensities, which is the essential 
problem in crystallography. For that, we wanted to be as close as possible of the method in use for 
solving a structure in real macromolecular crystallography.  
 
As it is well known, there are two methods, first the venerable Multiple Isomorphous Replacement (MIR) 
method going back to Perutz, Kendrew, Harker and Blow & Crick (see Watenpaugh (1985) for a short 
summary and references) and, second, the Multiple Anomalous Dispersion (MAD) method, now widely 
used thanks to synchrotrons (Hendrickson, 1991). Although the two methods differ greatly in the way 
they are put into practice, they are conceptually extremely related. Indeed, in both cases the entire set of 
phases is recovered from very localized changes in the electron density. For the MIR method, the change 

                                                           
1 In fact Born & Wolff recall in their classic ‘Principle of optics’ (1959) that the same idea was independently proposed by 

Boersch (1938). 
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is of a chemical nature, i.e. it is obtained by introducing a heavy atom that binds at specific places, 
hopefully without introducing any other disturbances. For the MAD method, the change is of a purely 
physical nature, i.e. it is obtained by changing the response of some anomalous scatterers to X-rays 
merely by changing their wavelength. Therefore, at the basic crystallographic level of this course, it was 
quite justified to concentrate on the MIR method. 
 
5. Making ‘native crystals’ : à tout Seigneur, tout honneur 
 
Our original goal was to go all the way through the experimental steps of structure solution. Therefore, 
we wanted to measure the diffracted intensities of a ‘native’ 2D-crystal, as well as the diffracted 
intensities of two or more ‘derivatives’ of it. From these experimental measures, we planned to obtain 
really the necessary phases to compute the original image making the unit cell of our 2D-crystal. We 
evidently expected a lot of errors in phase determination and, for that reason, we chose as ‘a molecule’ 
the extremely well known Einstein’s tongue that is most easily recognized (see our web site). Note that 
this points to the general problem of ‘pattern recognition’, which is quite relevant in crystallography, at 
least now, since we are no more faced, like Kendrew or Perutz, with the problem of building the first 
structure of myoglobin or of hemoglobin. Indeed, an experienced crystallographer recognizes most easily 
a β-sheet from an α-helix, even in a rather noisy electron density map. The same is true with the 
recognition of structural features in nucleic acids, particularly after the remarkable achievement of 
ribosome structure solution (for a review, Noller, 2005).  
 
Our 2D-crystal was made of 80×60 repeats of Einstein’s face. We first made a large 60cm×45cm image 
of the crystal by assembling carefully smaller photocopied pieces and we made a 24mm×36mm B&W 
photographic reduction of it.  
 
6. Making ‘heavy atom derivatives’ from our ‘native Einstein crystal’ 
 
In order to make a ‘heavy atom derivative’, we followed very closely its definition: ‘a structure differing 
from the native one by addition of one or of a few heavy atom(s)’. We thus modified the original image of 
the august face by adding a gaussian ‘beauty spot’ representing faithfully an additional atom.   
 

 
 
Fig 2: Heavy atom derivatives of Einstein’s face via http://ibmc6187.u-
strasbg.fr:8080/webMathematica/bioCrystallographica/teaching/teaching08.jsp  
 
7. Building a detector, collecting and integrating data 
 
We used photographic films as this was still the case in real crystallography  15-20 years ago. Since the 
diffraction pattern obtained from the 24mm×36mm slides is ca. 8 cm in diameter the films had to be 
maintained in a holder that was built in PVC. Also, the longest exposure time necessary to measure high 
resolution spots was as long as 20 minutes; it was thus necessary to darken completely the room and to 
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protect the film against all parasite light. For that, we simply made a box in heavy card board to enclose 
the holder. The film was protected against the intense direct beam by a piece of modeling clay. An 
example of a film is shown on our web site.   
 
To integrate the data, the films were scanned and the resulting numerical images were processed with a 
program written in the Mathematica language. This will not be described further because of practical 
problems mentioned in the following. 
 
8. The practical limitations of this educational project 
 
As stated above, our initial goal was to go all the way through the steps of structure determination. There 
is no reason why this should not be possible. However, real life has many reasons to make difficult things 
that appear possible in principle. The first problem that was faced is that we did not have enough time 
with the students to go ‘all the way through’ these steps. It has to be recognized that the things remained 
essentially theoretical for the students (even though they had practicals with the optical bench). For 
example, it was totally unthinkable to ask them recording the diffraction patterns on films.  
 
We should also recognize that we did not pay enough attention to the optical setup. In brief, after we had 
collected data on films, we realized that, quite unexpectedly, the diffraction patterns showed a violation of 
Friedel’s law (see Fig 3). This was invisible by mere eye inspection of the projected diffraction pattern. 
This is only after reading of Taylor & Lipson (1964) that we understood that more care has to be brought 
on the alignment of the optical system.  
 

 
 
Fig 3: Diffraction pattern obtained with an Einstein's face crystal and showing a violation of Friedel's 
law because of insufficient care in the optical setup; see Taylor & Lipson (1964).  (image via 
http://ibmc6187.u-strasbg.fr:8080/webMathematica/bioCrystallographica/teaching/teaching07.jsp) 
 
Therefore, the phasing of the structure shown to the students was done with purely calculated data. 
Nonetheless, this allows us to illustrate very well how the phasing is obtained by minimizing a ‘Lack Of 
Closure’ function (Blundell & Johnson, 1976) and the deleterious effect of ‘experimental’ noise (see Fig 
4). Even an experienced crystallographer, we think, may consider the resulting images with some interest.  
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Fig 4: Phasing Einstein’s face from the diffraction data using a noise level of “2” via http://ibmc6187.u-
strasbg.fr:8080/webMathematica/bioCrystallographica/teaching/teaching16.jsp  
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9. Practical aspects of programmation 
 
All necessary calculations for the purpose of phasing and illustrating the experiment were performed with 
Mathematica from Wolfram Research. The Web site was made by use of WebMathematica. The code is 
available upon request.  It is to be noted that our use of Mathematica in the field of crystallography 
extends much beyond educational purposes and that a full package has now been developed. A first 
account of it (Ambert, Vanwinsberghe & Dumas 2006) will soon appear in the CCP4 Newsletters. 
 
This educational project was presented at the GTBIO (‘Biological study group’ from the ‘Association 
française de cristallographie’) meeting in Lyons, 22-25 June 2004 and at the 'teaching microsymposium' 
of the IUCr in Florence, 23-31 August 2005. 
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Crystallography Education and Training in the United States  
 

Katherine A. Kantardjieff 
Professor  of Chemistry and Biochemistry, California State University Fullerton, USA 
Member Consultant, IUCr Teaching Commission 
Vice Chair, United States National Committee for Crystallography 
WWW: http://faculty.fullerton.edu/kkantardjieff/ ; E-mail: kkantardjieff@exchange.fullerton.edu  
 
Formalized Education and Training Policies 

 
In 2001 and 2003, the United States National Committee for Crystallography (USNC/Cr) Education 
Subcommittee conducted two web-based surveys. The first survey aimed to determine the content and 
extent of coverage of crystallography in university curricula in the United States, while the second 
solicited the views of the broader crystallographic community on the status of crystallography education 
and training in the US, in both the physical and the life sciences. The results of these surveys suggested 
that (perhaps due to rapid technological advances in the field of modern crystallography) there is a 
declining number scientists who identify themselves as professional crystallographers, as well as a lack of 
sufficient education and training in crystallography for individuals who wish to understand and/or use 
crystallography in their hypothesis-driven research. 
 
Recognizing the opportunity to communicate to the broader scientific community the research 
opportunities afforded by crystallography as well as the value of crystallographic information, the 
education committees of the American Crystallographic Association (ACA)  and USNC/Cr organized a 
crystallography education summit, which took place June 1-2, 2005 at the conclusion of the ACA 
national meeting in Orlando FL. Financial support for this summit was provided by the USNC/Cr, the 
ACA, the California State University Program for Education and Research in Biotechnology 
(CSUPERB), and the National Science Foundation (NSF). A broad range of individuals, known for their 
experience and contributions in crystallography education and training participated in this summit: 
biologists, biochemists, chemists, geologists and physicists, all practicing crystallographers in their fields, 
representing both academia and industry. The outcome of the summit has been a consensus policy 
statement on crystallography education and training in the United States, which will be made available 
later this year through the National Academies Press website 
http://www.nationalacademies.org/publications/.  
 
The ACA and the USNC/Cr intend that the document, which stands as the white paper on crystallography 
education and training, provides guidelines to professional societies and academic departments for 
crafting future crystallography curricula that adequately address the needs of the scientific community. 
The education committees of the ACA and the USNC/Cr will provide guidance and support to interested 
colleagues and policy makers who wish to put these recommendations into practice. 
 
In creating the policy document, we have recognized that crystallography and molecular structure 
awareness should begin in K-12 education as core components for implementing the established national 
science standards for all students. Furthermore, there are many contexts in which crystallography can be 
incorporated in undergraduate education with minimal disruption to current courses. Crystallography 
should be included in curricula of all undergraduate programs in the physical and life sciences. We 
believe that formal courses and research opportunities in crystallography should be available to senior 
undergraduates, and that crystallography-rich courses should be available to all graduate students. In 
addition, professional development beyond the graduate degree, such as provided by crystallography 
certificate programs, short courses, summer schools and research opportunities, is a necessary aspect of 
crystallography training. This is particularly important in novel subjects such as modulated structures and 
time-resolved diffraction, where crystallography is increasingly being outsourced. Finally, the 
recommendations and resulting changes must benefit the broader scientific community and not just the 
community of professional crystallographers. Maintaining the vitality of crystallography is important to 
university departments advancing science. Education and training today will contribute to the production 
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of a successful workforce that will assist the nation to prosper in a world of global economic competition. 
We hope that the scientific community will embrace this document, and that it will remind scientists of 
the importance of crystallography in their research endeavors. In the following sections, we describe 
some current crystallography education and training activities in the United States. 
 
Sponsored Workshops, Short Courses and Workshops 
 
In recent years, crystallography education and training in the US has come to rely on professional 
development in the form of workshops, short courses and summer schools. The Continuing Education 
Committee (CEC) of the ACA regularly approves applications for summer schools, as well as daylong 
workshops on popular and specialty topics, or practical aspects of crystallography. The latter take place 
immediately preceding the ACA annual meetings. Course content for summer schools and workshops is 
reviewed by the CEC and subsequently disseminated through the ACA website. The ACA currently 
sponsors two summer schools: one in macromolecular crystallography hosted by Andy Howard and run at 
the Argonne National Laboratory (ANL) outside Chicago, IL; and the second in small molecule 
crystallography hosted by Bryan Craven and Charles Lake and run at the Indiana University of 
Pennsylvania. The USNC/Cr and ACA provide modest financial assistance to both summer schools to 
support participants from Latin America. 
 
For the past 16 years, the Cold Spring Harbor Laboratory (CSHL) has hosted a “crystallography boot 
camp”, formally known as “X-ray Methods in Structural Biology”. This intense laboratory/computational 
course is organized by  William Furey (V.A. Medical Center, Pittsburgh), Gary Gilliland (Centocor, Inc), 
Alexander McPherson (University of California Irvine) and James Pflugrath (Molecular Structure 
Corporation) and supported with funds from the National Cancer Institute. Using a combined theoretical 
and practical approach, with extensive hands-on experiments, the course teaches the fundamentals of 
macromolecular crystallography, from basic diffraction theory through coordinate deposition. Applicants 
are selected based upon the degree to which they would benefit from this training opportunity. Although 
scholarship support is now primarily available only to US citizens and permanent residents due to 
restrictions mandated by US federal funding agencies, the CSHL has made available some additional 
funds specifically earmarked for qualified foreign students. 
 
The major synchrotrons in the United States also regularly hold summer schools and workshops. The 
Berkeley-Stanford Summer School on Synchrotron Radiation, organized by David Atwood and Anders 
Nilsson, is a weeklong residential program providing a comprehensive overview of the synchrotron 
radiation process, requisite technologies, and a broad range of scientific applications. Visits to both the 
Stanford Synchrotron Radiation Laboratory (SSRL) and the Advanced Light Source at Lawrence 
Berkeley National Laboratory (LBNL) are included. The summer school is limited to graduate students, 
with a preference for those pursuing doctoral research in a physical science where synchrotron radiation is 
expected to play a significant role in their work. This summer school is sponsored by UC Berkeley, 
LBNL, SSRL, and the Department of Business Technology, UC Berkeley Extension. 
 
SSRL hosts an annual Structural Molecular Biology Summer School, which focuses on small angle X-ray 
scattering, X-ray absorption spectroscopy, macromolecular crystallography, and the application of these 
techniques to biological problems. This program, organized by Serena DeBeer George and Clyde Smith, 
is supported by a National Center for Research Resources (NCRR) grant from the National Institutes of 
Health. Additional funding, through corporate sponsorship, has come from Agouron Pharmaceuticals, 
Compaq Computer Corporation, Silicon Graphics, Area Detector Systems Corporation and the 
Collaborative Computing Project Number 4.  
 
The Biology Department and National Synchrotron Light Source (NSLS) at Brookhaven National 
Laboratory (BNL) host “A Practical Course in Macromolecular X-ray Diffraction Measurement”, known 
as “RapiData”. Organized by Robert Sweet, Dennis Robertson, Howard Robinson, Lonny Berman, Dieter 
Schneider, Annie Héroux, Anand Saxena, and Alexei Soares, the course aims to provide participants with 
experience in rapid data collection and structure solution at the NSLS. RapiData is not a complete course 
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in crystallography; students are expected to have some fundamental knowledge of the field. This course is 
sponsored by a grant from the National Institute of Health NCRR and in part by support from the 
Department of Energy Office of Biological and Environmental Research. Additional financial support has 
come from the IUCr and USNC/Cr (to support Latin American scientists), Brookhaven Science 
Associates, Area Detector Systems Corp, Hoffmann - La Roche, Merck, Bruker AXS, Bristol-Myers 
Squibb, Molecular Structure Corp., and Hampton Research Corp. 
 
The National Institute of Standards and Technology (NIST)/NSF Center for High Resolution Neutron 
Scattering (CHRNS) holds a week long course on neutron scattering each summer. These courses are 
aimed at potential new users of the neutron instruments at the NIST Center for Neutron Research 
(NCNR) and emphasize hands-on training at the instruments where participants carry out experiments and 
analyze data. In alternating years, the school focuses either on neutron spectroscopy or on small angle 
scattering and reflectometry. Some financial support is available for university students and postdocs to 
attend these summer schools. This support is provided jointly by the NCNR and the National Science 
Foundation through CHRNS. Some course materials from past summer schools are available for 
download from the CHRNS website. 
 
In addition to the ACA macromolecular crystallography summer school, ANL also hosts the “National 
School on Neutron and X-ray Scattering”. Organized by Raymond Osborn and Dean Haeffner, the 
purpose of this summer school is to educate graduate students on the utilization of major neutron and X-
ray facilities. Lectures include basic tutorials on the principles of scattering theory and the characteristics 
of the sources, as well as seminars on the application of scattering methods to a variety of scientific 
subjects. Students conduct four short experiments at Argonne's Advanced Photon Source and Intense 
Pulsed Neutron Source to provide hands-on experience for using neutron and synchrotron sources. The 
school is supported by the US Department of Energy, Office of Science, and the Office of Basic Energy 
Sciences. 
 
The International Centre for Diffraction Data runs two X-ray powder diffraction clinics each June. The 
ICDD X-ray Clinics are a continuation of the SUNY Clinics, which were held at the State University of 
New York at Albany for 25 years. The clinic is presented in two separate week-long sessions, each of 
which stands alone as a complete course. Session I, Fundamentals of X-ray Powder Diffraction, directed 
to both relative newcomers in the field and to more experienced users wishing to broaden their 
understanding of fundamental concepts and established procedures, emphasizes the acquisition of reliable 
experimental data and qualitative phase identification using manual search techniques. Session II, 
Advanced Methods in X-ray Powder Diffraction, is designed for the experienced user and focuses on 
computer-based methods of qualitative and quantitative phase analysis. New this year (September) will be 
a “Rietveld and Indexing Workshop” at ICDD. 
 
In 1951, the University of Denver held perhaps the world’s first one-day symposium on the application of 
X-rays to the study of materials and the importance of X-rays in research.  Today, the Denver X-ray 
Conference (DXC) is the world’s largest X-ray conference, also sponsored by the ICDD. Held each 
August in Denver, Colorado, the DXC still provides a unique mixture of sessions on training, education, 
and applications, as well as papers containing details about state-of-the-art techniques and future 
developments in X-ray fluorescence and X-ray diffraction techniques for the study of materials. Another 
important part of the meeting is the presence of leading manufacturers of X-ray equipment who exhibit 
their most recent equipment and have their technical people available to offer their suggestions on how 
one might use their equipment to solve problems.  
 
Finally, for the professional development of faculty teaching primarily undergraduates, there is the Center 
for Workshops in the Chemical Sciences (CWCS), a National Science Foundation Division of 
Undergraduate Education Course, Curriculum, and Laboratory Improvement sponsored initiative. CWCS, 
headed by s Jerry Smith (Georgia State University), David Collard (Georgia Institute of Technology), 
Emelita Breyer (Georgia State University) and Lawrence Kaplan (Williams College), is a 12-institution 
consortium that provides workshops for faculty at eligible US institutions including 2- and 4-year 
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colleges and universities.  Individuals, including post-docs and graduate students who plan to embark on 
a college teaching career, and conservators, forensic, biomedical and public health scientists with 
significant educational responsibilities, are also eligible.  California State University Fullerton’s Keck 
Center for Molecular Structure, directed by myself, hosts a variety of biennial workshops, including 
‘Modern Biomoleular Crystallography’, and ‘Crystallography for Chemists’.  Additional financial support 
has come from Bruker-AXS, Oxford Diffraction Systems, Rigaku MSC, Hampton Research Corp., 
Molecular Dimensions, and Nextal Biotechnologies/Qiagen. 
 
Graduate Programs 
 
What we can conclude from the surveys taken in 2001 and 2003 is that the majority of formal courses in 
crystallography at the graduate level in the US are offered in chemistry departments (Figure 1), while the 
majority of crystallography-related abstracts submitted to national scientific meetings are usually in 
structural biology. Graduate students in biochemistry and molecular biology in the US infrequently take a 
formal course in crystallography at university, and they are often trained by other graduate students, post-
docs, scientists at synchrotron beamlines, or through professional development courses. Furthermore, 
geologists have reported that because the emphasis in geological sciences has shifted heavily towards 
ecology and the environment, coverage of crystallography has been greatly reduced or eliminated from 
the curriculum.  
 
With the migration of academic crystallography from a research specialty to a technique employed by a 
wide community of users, few university departments in the United States hire faculty capable of teaching 
crystallography, and representation of crystallography in university curricula has diminished markedly 
over the last decade.  This has led to an increasing reliance on other, non-curricular resources (such as 
web pages) which allow crystallography to be self-taught. While web-based tutorials are often well-
constructed and can provide an extremely valuable resource to the broader scientific community, such 
tutorials can not take the place of practical experience, nor do they transmit the fascination and 
excitement in the field that will interest a future generation of professional crystallographers.  We hope 
that our policy document, endorsed by the USNC/Cr and ACA, will develop in scientists in these fields a 
renewed appreciation of the importance of crystallography in their research endeavors and help students 
recognize the broader applicability of their skills. 
 

 
Fig. 1:  Distribution of Crystallography Course Offerings in United States Colleges and Universities. The 
majority of course offerings, both graduate and undergraduate, occur in chemistry programs, while the 
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majority of abstracts submitted to national scientific meetings are in structural biology. Reproduced with 
permission2. 
 
 
Undergraduate Institutions 
 
Because X-ray diffraction instrumentation is not considered a facilities requirement for university 
chemistry departments to receive undergraduate professional education certification by the American 
Chemical Society (ACS), crystallography has practically disappeared from the undergraduate chemistry 
curriculum in the United States.  The subject where the majority of our undergraduate students will likely 
encounter crystallography, if they do at all, is physical chemistry. Yet, an informal survey of physical 
chemistry textbooks published in the last decade reveals that while ~50% mention crystallography, 
coverage of crystallography has been severely reduced or eliminated from physical chemistry texts 
published after 2000. Moreover, experimental techniques, when described, involve film-based precession 
cameras and not the modern era CCD area detectors. We are encouraged, however, that many of the latest 
first year, general chemistry textbooks devote 1-3 pages to X-ray diffraction, witih at least one giving 
attention to X-ray diffraction as a ‘major technique’ alongside infrared spectroscopy, UV/Vis 
spectroscopy, mass spectrometry and nuclear magnetic resonance. 
 
In physics, although the undergraduate curriculum is rather homogeneous in the US, and general 
diffraction theory is covered, the physics community (unlike chemistry and engineering) has no formal 
certification or accrediting process for undergraduate programs. The National Association of State Boards 
of Geology (ASBOG) offers baccalaureate geology students the opportunity to pass certification exams, 
in which crystal systems and symmetry are considered as part of the knowledge base in mineralogy and 
petrology. However, the undergraduate geology curriculum is becoming a bit more heterogeneous as 
departments move away from traditional topics, and there is no formal certification or accrediting process 
for undergraduate programs. Although the American Society for Biochemistry and Molecular Biology 
(ASBMB) makes general recommendations about curricula that include physical biochemistry/molecular 
modeling/biomolecule structure/function, ASBMB also does not have a formal certification or accrediting 
process for undergraduate programs.  
 
Predominantly undergraduate institutions (PUIs), despite their sometimes relatively small science 
programs, excel at attracting good students to science and encouraging them to enter graduate programs. 
Indeed, PUIs have a leading role in undergraduate education in the United States by providing the 
majority of baccalaureate graduates who go on to do a PhD in the sciences. Along with community 
colleges (CCs), they provide the primary pathway for recruiting the next generation of professional 
scientists in general, and crystallographers specifically, into professional careers. Although undergraduate 
research is recognized as an effective strategy for teaching and refining skills, faculty at PUIs, who 
generally carry heavier teaching loads than their counterparts at PhD-granting universities, are often 
challenged to conduct and maintain productive contemporary research programs by constraints on time 
and resources. It is to the benefit of the broader scientific community that PUI faculty members in the 
United States are supported in their efforts to integrate crystallographic topics into their teaching, and 
crystallographic methods into their research.  Moreover, it is in the personal best interests of professional 
crystallographers and their institutions, funding agencies, and the nation to ensure that adequate support is 
in place to fully integrate crystallography into undergraduate teaching and research. 
 
In 2005, an X-ray diffraction consortium of predominantly undergraduate institutions was launched - The 
Science Teaching and Research Brings Undergraduate Research Strengths Through Technology – Cyber 
Diffraction Consortium – STaRBURSTT-CDC (Figure 2).  The consortium, headed by Allen Hunter at 
Youngstown State University, was established from five pre-existing regional core X-ray diffraction 
instrumentation facilities headed by Hunter at YSU, myself at Cal State Fullerton, Gregory Ferrence at 
Illinois State University Normal, Guy Crundwell at Central Connecticut State University, and Marcus 
                                                           
2 Kantardjieff, K.A. 2001, CMolS: an X-ray collaboratory for research, education and training. In Program Abstracts, Ameri-

can Crystallographic Association National Meeting, Los Angeles, CA. 
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Bond at Southeast Missouri State University. Instrumentation at the core nodal institutions includes an 
extensive array of the latest instruments, usually available for both remote and local operation at 
relatively low cost, and a wide range of areas of faculty expertise. STaRBURSTT-CDC aims to 
systematically and significantly changing the research and educational cultures at PUIs, with the value 
added benefits flowing from this change to our “customers” (the nation's major research universities and 
R&D and production organizations) through the currency of its students. Consortium members are PUIs, 
CCs, Historically Black Colleges and Universities (HBCUs), Hispanic Serving Institutions (His), and 
Tribal Colleges (TCs).  STaRBURSTT also collaborates closely with a range of affiliate members, such 
as PhD granting universities, government labs, non-profit organizations, and companies. 
 

 
Fig. 2:  The Science Teaching and Research Brings Undergraduate Strengths Through Technology – 
CyberDiffraction Consortium. Primary Nodes, indicated by the larger red stars in the map, provide 
substantial local and remote access to external users of their broad range of modern instrumentation. 
Secondary Nodes, indicated by the yellow stars in the map, provide local test sites and/or local and 
remote access for external users to their more limited range of modern instrumentation. Blue stars in the 
map denote community college members. (Figure design by Katherine Kantardjieff.) 

 
K-12 Education 
 
Friedrich Fröbel, a crystallographer and the inventor of kindergarten, believed that the geometrically 
shaped surface planes of crystals demonstrated that fixed laws govern the natural world. Fröbel believed 
that these same laws guide the development of the child, the adult, and even whole societies, and 
therefore that the logic of creation could be illumined through the guided manipulation of forms. In 
grades K-12, United States National Science Education Content Standards expect science curricula to 
develop students’ understanding and abilities aligned with the concepts and processes associated with a) 
systems, order and organization; b) evidence, models and explanation; c) form and function. Moreover, 
high school is a significant period in the education of students, because this is when they are exposed to 
science at a more significant level, and when they make their preliminary career choices. Well-qualified 
teachers must be able to present contemporary scientific topics in a way that attracts talented and 
enthusiastic young people to science, whether contributing to the development of scientifically literate 
citizens or science specialists in the future work force. 
 
K-12 teachers should be given opportunities for continuing education in crystallography to give them 
knowledge and provide them with learning units, tools and modern examples to incorporate into their 
curricula, so that they are comfortable teaching the science. Completion of such professional development 
and innovative application of the knowledge gained should be rewarded through certification and in-
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service credit. One such program for high school teachers exists at the University of California Irvine, 
where  Ken Janda heads a team of chemists, geologists and engineers working together on a National 
Science Foundation Collaborative Research in Chemistry (CRC) Project to advance the state of 
knowledge of clathrate hydrates.  The CRC Project also incorporates a community outreach program 
involving high school teachers, which includes a week-long summer workshop in crystallography held 
jointly between UCI and Cal State Fullerton.  
 
Crystallography ‘awareness’ should begin in K-12 education. Students are easily enthused or put off by 
subjects in pre- and high school, often making life-altering decisions about future study and career goals. 
Natural curiosity and excitement about the scientific world must be encouraged and cultivated. 
Crystallography, which derives molecular structure and its implications in such fields as drug discovery 
and materials design, is a highly interdisciplinary and visually stimulating science (Figure 3), capable of 
providing cues for discussions of symmetry, chemical structure, biochemical processes and molecular 
disease. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3:  The ‘Waves’ of Crystallography. Crystallography is a highly interdisciplinary science, bordering 
on and integrating naturally with fields such as earth science, physics, chemistry, biology, biotechnology 
and mathematics. (Figure design by Andy Howard.) 
 
Concluding Remarks 
 
Substantial advancements in crystallographic techniques made over the past 25 years allow individuals 
with quite diverse background and preparation interested in a specific structural problem to use 
crystallography as a tool in their problem-oriented, hypothesis-driven research. These same technical 
advances now enable users with little or no training (or deeper understanding) to often (but not always) 
produce quality results. The practitioner in crystallography today and perhaps even more in the future is 
the structural biologist, structural chemist or material scientist. He/she must be able to skillfully analyze a 
structure in its chemical or biological context, material preparation and synthetic methods. Furthermore, 
he/she must be in command of a solid repertoire of techniques aimed at determining more and more 
challenging structures. 
 
Paul Ewald described our science in Acta Crystallographica3: “Crystallography borders, naturally, on 
pure physics, chemistry, biology, mineralogy, technology and also on mathematics, but is distinguished 
by being concerned with the methods and results of investigating the arrangement of atoms in matter, 
particularly when that arrangement has regular features.” This statement is as true today as it was more 
than 55 years ago. Modern crystallography provides enabling technology, methodology and information, 
and the bounty of knowledge gained from analysis of its structures is a key underpinning of modern 
                                                           
3Acta Crystallographica, 1948 1,2 
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science and technology. There is common ground in the fundamental physics of crystallography shared 
by scientists in the life sciences and by those in the physical sciences, but the objectives of each 
community in applying crystallography to their particular research problems are not necessarily the same. 
Life scientists are generally interested in overcoming the modern-day bottlenecks of crystallization and 
protein production, and in learning the basic requirements to use crystallographic techniques, namely data 
collection and executing various software applications that determine molecular structures in a nearly 
automated fashion. Physical scientists, particularly those from the fields of inorganic chemistry and 
materials science, are often concerned about fundamental symmetry, space groups and unit cells, which 
give rise to the material and reactive properties of the crystalline state. These topics naturally require 
greater depth of understanding of the underlying crystallographic principles. 
 
The policy document summarizing the crystallography education and training policies endorsed by the 
ACA and the USNC/Cr makes recommendations for a comprehensive re-evaluation of crystallography 
education. It suggests ways to develop in the broader scientific community an appreciation for the value 
of crystallographic information, and it promotes ways in which the visual, aesthetic and quantitative 
nature of crystallography can provide an excellent path to introduce science and scientific methods to the 
general population. We hope that the policy document will facilitate further discussion and exchange of 
ideas in the national and international crystallographic communities, to share what we know, have 
developed and will develop, as well as to communicate “best practices” from around the world.  
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Pakistan came into being in 1947.  The country at that time had only one university, the University of 
Punjab, Lahore.  However, there were a few affiliated colleges enrolling the students for a Bachelors’  
degree and, in some of the disciplines, for a Masters’ degree.  The former required minimum two years of 
registration following the higher secondary school certification, while the latter required another two 
years of registration following the successful completion of the Bachelors’ degree program.  The 
admission to the University of Punjab was based on merit and there were a limited number of seats 
available in every discipline that the University offered.  The entry criteria for most of the disciplines was 
successful completion of the Bachelors’ degree, while a few disciplines also registered the students for a 
Bachelors’ degree program which could be subsequently followed by the registration for a Masters’ 
degree if the student both wished and qualified the required merit.  The University of Punjab was founded 
in 1982. The University had a very rich tradition of scholarly learning in many disciplines of moral 
philosophy and natural philosophy, including Chemistry, Physics and life sciences.  After the World War 
II, India was marred by widespread political disturbances following the independence movement.  Even 
before the creation of Pakistan in 1947, most of the highly qualified foreign staff had already left the 
University for their homeland in U.K.  The creation of Pakistan also deprived the University of a part of 
highly competent native staff who belonged to the other side of the border.  The country also needed 
more universities since the students in Pakistan no longer had the access to the institutes of higher 
learning in other parts of united India.  The Government of Pakistan instituted a few new universities 
early in 1950s including two universities in the Sindh province, University of Karachi, and University of 
Jam Shoro; one in the province called North West Frontier and/or Serhad (national language word), 
University of Peshawar; and once in the Baluchistan province, University of Baluchistan.  All universities 
were having affiliated and constituent colleges.  However, majority of the colleges offering B.Sc. in the 
disciplines of natural philosophy including  Chemistry, Physics and other life sciences, and mathematics 
were affiliated with the University of Punjab.  As mentioned earlier, The B.Sc. program was for two full 
academic years after 12 years of schooling and successful completion of higher secondary school 
certificate (equivalent to British A level).4  The students were required to major in at least three subjects 
opted from amongst the natural sciences and pure sciences, including mathematics and statistics. The 
examinations used to be held twice a year.  However, once enrolled for the degree, a student was first to 
appear in the examination after the completion of two full academic years. If unsuccessful in the first 
attempt, a student was allowed to avail another four chances for qualifying the examination.  Initially, 
each successive chance required whole evaluation.  Later, the part evaluation was also allowed, as not 
many students had the ability to get through the examination if taken otherwise.  
 
Crystallography was included in the required course content of the subject of Chemistry and  a part of it 
was also added in  the subject of Physics.  Therefore, a student opting to major in Chemistry, Physics and 
Mathematics had both theoretical perspectives and the analytical ability to learn the fundamentals of the 
subject, such as crystal systems, Weiss indices, Miller indices, Bragge’s Law, X-ray diffraction, Powder 
method, single crystal method, general indexing and many other basic theories and laws.  
 
In the 1960s, the syllabi were revised at all levels and modern atomic and molecular knowledge was 
added in the B.Sc. course requirement.  Similarly, Masters’ courses in the disciplines of Chemistry, 
Physics, life sciences and pure sciences, mathematics and statistics, were revised.  The most significant 
addition to the B.Sc. course content was perhaps the modern concepts about symmetry.  The total number 
                                                           
4 This system is being phased out now to establish the equivalence with the internationally reputable schools of higher learn-

ing. The proposed program requires four years of enrollment for the award of Bachelors’ degree. Many of the private sector 
universities were already practicing it.  Since last academic year, the public sector universities  and the affiliated colleges  
are also required under the directive from the Higher Education Commission (HEC) to gradually phase into the standard-
ized four-year Bachelors’ degree program.    
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of contact hours for lectures on  crystallography ranged from 20 to  30.  Subsequently, however, the 
introduction of the semester system in some of the universities reduced the number of contact hours for 
lectures on crystallography.  Moreover, another constraint, which appeared with time, was the 
unavailability of required number of specialists in solid state or crystallography to teach the subject across 
the board in all colleges and universities of the country.  Finally, due to the wide option given between 
the questions in the exam paper, the students, while preparing for exam, either did not study 
crystallography in depth and detail or simply skipped that  part of the course.   
 
In the realm of higher education, another important part of the 1960s education policy was the overseas 
training of the university teachers.  The government sponsored a large number of university teachers who 
got registered for a Ph.D. degree program, mostly in the institutes of higher learning in the industrially 
advanced countries.  An overwhelming majority of the Ph.D. scholars opted for the universities in 
Western Europe, mainly U.K. and North America including both US and Canada.  Unfortunately, the 
scheme was not devised in a manner ensuring coherence and need-based approach.  Resultantly, a large 
number of scholars ended up doing Ph.D. in the offshoots of the disciplines, which did not require 
analytical rigor and ensured the completion of the degree with relative ease.   In the discipline of 
Chemistry, the Ph.D. scholars mostly specialized in Organic, Bio and Inorganic Chemistry.  Very few 
opted for crystallography, and even the Physical Chemistry.  The very high cost and  consequence of a 
scheme, which did not follow a need, based approach first started to be surface in the early 1970s.  It was 
realized that the universities allover the country were not having the required expertise for covering the 
entire span of specialization topics included in the course requirement for a Masters’ degree in Chemistry.  
Many universities did not include crystallography in the course requirement of any of the disciplines 
and/or the offshoots of the disciplines.  There were one or two specialists of Physical Chemistry who 
included crystallography in the course requirement of M.Sc. degree in Chemistry.  It was a part of 
optional specialization in Physical Chemistry in the 2nd year of the M.Sc. Program.  Following topics 
were included in the required course content:  
 
• Basic concepts; 
• Crystal systems; 
• Weiss and Miller indices; 
• Single crystal and powder methods of X-ray diffraction; 
• Indexing; 
• Structure factor; 
• Chemical applications of Group theory; 
• Point groups; 
• Character tables; 
• General introduction to space groups.  
 
In the  1970s, the overall educational standard at B.Sc. and M.Sc. level improved in Pakistan, as many 
overseas scholars returned home with M. Sc., M. Phil and  Ph.D. degrees from European and North 
American universities.  They started teaching in universities and colleges allover the country.  More 
public sector universities were also opened, many in smaller cities.  Revised syllabi and courses too were 
introduced.  The medium of instruction and expression was English for both  B.Sc. and M.Sc. degree 
programs.  The examination system, however, was still biannual in most of the universities for evaluating 
both  B.Sc. and  M.Sc. degree candidates.  
 
Crystallography was a compulsory part of the B.Sc. course.  The colleges offering B.Sc. degree programs 
were affiliated to different universities and were therefore required to follow the course as per 
requirement of the university allowing affiliation.  An official Text Book Board was established in 
Lahore, which was responsible to recommend textbooks not only for primary, secondary and higher 
secondary schooling, but also for learning at the B.Sc. level.  Some very good  B.Sc. level text books 
were written by Pakistani authors, mainly highly qualified university teachers, in various disciplines of  
sciences including Chemistry, Physics and other life sciences.  However, foreign books written by 
American and European authors were also available in the market and widely in use allover the 
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institutions of higher learning.  More significantly, each university was having its independent Board of 
Studies, which exercised the power to update/revise the syllabi.  
 
In the late 1970s, some of the universities opted semester system of examination for M.Sc. degree 
programs and introduced some variation in the courses, which they offered under the new system of 
evaluation.  The syllabi were designed keeping in view the availability of the teaching staff, rather than 
the required course contents.  At the B.Sc. level on the other hand, the unavailability of the specialist 
teachers was already making it difficult for the students to thoroughly follow crystallography.  As 
mentioned earlier, the required level of instructions needed 20 to 30 contact hours of lecturing by a 
specialist on the topic.  The crystallography specialist at B.Sc. level was supposed to be a teacher having a 
sound knowledge of three subjects, Chemistry, Physics and Mathematics.  For teaching at the M.Sc. level, 
a specialist necessarily required a Ph.D. either in Physical Chemistry or Chemical Physics.  
Unfortunately, most of the Ph.D. Chemistry teachers in the universities did not possess required analytical  
skills, as they did not have sound knowledge of Mathematics.  The syllabi of Chemistry at M.Sc. level 
were therefore slightly unbalanced and did not favor the effective teaching of crystallography.  The Board 
of Studies mainly consisted of the teaching staff of the concerned universities and the members favored 
and approved those topics or course contents, which they found easy to teach.  Unfortunately, most of the 
teachers in Pakistan having a Ph.D. degree in Chemistry do not have the required level of expertise in 
Mathematics.  Resultantly, crystallography was not made compulsory in the first year of M.Sc. 
Chemistry.  In the second year, students were required to opt one of the following specializations: 
 
• Physical Chemistry 
• Organic Chemistry 
• Inorganic Chemistry 
• Applied Chemistry 
• Polymer Chemistry 
• Bio Chemistry 
 
An optional research project was also part of the specialization.  Those opting for research were required 
to do the experimental work and write the thesis duly supervised by the assigned research supervisor. 
Some of the universities were having separate departments of Biochemistry.  
 
In the 1980s, the examination system was revised as a part of the effort to improve the educational 
standard.  The students were required to take the separate exam for each of the required two years of 
M.Sc. duration.  As mentioned in the foregoing, the opportunity to learn crystallography was offered in 
the 2nd year only to those students who opted to specialize in Physical Chemistry.  The course content on 
the topic required was 25 to 30 contact hours of lecturing in the class.  The major topics covered were 
crystal system, Basic laws, Weiss and Miller indices, Experimental detail of Powder and single crystal 
method along with illustrations to simple crystal systems (cubic etc).  Structural factor, Fourier synthesis, 
symmetry, Point group, space group and general application of crystallography.    
 
It is important to mention here that though the M.Sc. Physics course included Solid State, it did not cover 
the main crystallography since the contents mostly focused on Bragg’s law and some mathematical 
equations.  Even symmetry and Group theory were ignored.  Probably, due to the ignorance of chemical 
properties of compounds, the teachers were unable to discuss single crystal and powder pattern of organic 
compounds and, it appears, that they only emphasized the cubic system.  The upshot is that it was the 
teaching of Physical Chemistry in Pakistan, which offered most of the crystallographic knowledge.  
 
X-ray diffractometer was never widely accessible in Pakistan. Only few of the universities purchased the 
instruments with Powder method facilities.  Again, these instruments were used mostly for cubic systems, 
only to illustrate the Powder method.  Moreover, the teaching aids were not technologically updated in 
many of public sector universities.  Even in the early 1990s, the teachers were mostly provided black 
board and white chalk for lecturing in the classroom.  Some of the teachers also failed to keep pace with 
the required level of competence and came to the class with lecture notes in the hand which they either 
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read from the sheet verbally or copied the contents on the board.   Sometimes, the teaching quality was 
compromised to the extent that the students were given the copies of the lecture notes. Though the 
universities were having well equipped libraries containing up-to-date titles, majority of  the students 
simply relied on the lecture notes handed by the teachers and/or inherited from the senior students.  
 
One very positive development in the 1990s, however, was the beginning of the era of the usage of 
computer technology in the educational institutions of Pakistan.  Indeed, since the second half of the 
1990s, there has been a drastic change in the availability and accessibility of technologically up-to-date 
teaching aids in the universities, especially after the advent of Internet in the country, which was 
accompanied by a remarkable increase in the usage of personal computer (PC), both at the household and 
institutional level.  Higher Education Commission (HEC) of Pakistan arranged a seven days workshop on 
Computational Chemistry and they invited teachers from all public sector universities of the country.  It 
was decided to work on computational methods in future by accessing the updated software and sharing it 
between all universities.  That was the major turning point in higher education in Pakistan.  Many 
universities remarkably increased the usage of computer technology as a significant part of the teaching 
aids.  Students were provided access to the updated software, which they could independently use, asked 
to use in the laboratories.  The wide usage of computer technology provided significant boost to 
crystallographic illustrations, especially to the understanding of the fundamentals.  In 1997, Internet 
arrived in Pakistan and soon the network spread to all major cities.  The interested and active students and 
teachers started extensive use of Internet.  Many software were freely available online. The real help 
came form CCP14, the Software distributed freely in the form of CDs.  These CDs were a great source of 
learning both for the teachers and the students who now got clear concept of Space group, which was 
difficult to illustrate on a Board.  Crystallographic calculations were demonstrated by PCs, as it was the 
best way to do that and the students even developed the ability to independently run the Software while 
working in the home.  The Internet also provided access to a depot of online books and other related 
literature.  Since the turn of the 21st century, syllabi have been re-arranged and, as mentioned above, the 
universities and colleges are required to phase into internationally compatible four-year Bachelors’ degree 
program.  Moreover, M. Phil. degree programs have also been introduced in many public sector 
universities.  Although the crystallography course contents in the new four year B.Sc. Chemistry are 
similar to earlier two-year B.Sc. degree, teaching standard is much higher with the help of Internet and 
CCP14 Software.  For M. Phil in Physical Chemistry, the Crystallographic syllabus includes the 
following topics: 
 
• Basic concepts; 
• Basic laws; 
• Weiss and Millar indices; 
• Powder and Single crystal methods; 
• Indexing; 
• Fourier synthesis; 
• Structure factor; 
• Introduction to various software; 
• Group Theory; 
• Point groups; 
• Space groups; 
• Software used in structure elucidation. 
 
The above course contents require about 25 to 30 contact hours of class lectures during the first year of 
enrollment for the M. Phil. degree program, while the second year of the enrolled student is entirely 
devoted to individual research project carried out under the guidance of a supervisor appointed by the 
Board of Studies.  It may be concluded that the Information Technology (IT) revolution has helped 
improve the quality of crystallography teaching, particularly in the new century.  The HEC has provided 
free Internet access to students and teachers in all public sector universities.  Learning and teaching has 
become both easier and challenging, as ready access to latest knowledge and analytical techniques, 
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incorporated in the updated Software, is making both students and teachers a lot more ambitious than ever 
before.   
 
That said, there is also a downside of the IT revolution: the strengthening of already victorious market 
and commercialization of education.  Following the neoliberalist ideology also in the realm of education, 
a number of private universities have cropped up in Pakistan.  These universities are mainly offering IT 
and management diplomas / degrees.  Given the market-oriented culture of the private universities, the 
cost of education is very high compared to their counterpart in the public sector.  In a milieu where there 
is a general dearth of specialists and expertise, the private universities are offering very high pay packages 
to attract the quality teachers.  Resultantly, many of the teachers in the public sector universities have 
joined the rat race and universities are facing serious vacuum as, along with joining the private sector, a 
large number of highly qualified faculty have also been sucked by the global market.   Presently, a person 
of high caliber requires strong conviction for staying in the public sector universities, which, of course, 
are supposed to chaperon the process of progressive social transformation by helping enhance both 
technological development and sociological evolution.  Unfortunately, none of the private sector 
universities are offering degrees in natural sciences, as the market does not presently favor these subjects.  
However, market failures have been rampant in the past and the contemporary times do not dole out any 
guarantee of the success of the market either.  The upshot is that the market failure in the production of 
intangibles may have a lot more severe and far-reaching effects for an underdeveloped society like 
Pakistan, than it may be the case for tangible products.  
 
Finally, the future of crystallography teaching is uncertain in Pakistan, as the public sector universities of 
the country are fast loosing to the local and global market the Ph.D. teachers, having degrees from 
internationally reputed schools.  Furthermore, the market is not promoting the natural sciences and the 
interventions are not delivering the desired results either.  
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A Guided Tour in Fourier Space 
 

Fokke Tuinstra 
Laboratory of Applied Physics, Delft University of Technology, Delft, The Netherlands, E-mail: 
f.tuinstra@tudelft.nl  
 
1.  Introductory 
 
The tour is intended for those that would like to get familiar with the concept of ‘reciprocal space’ and its 
relationship with the familiar ‘direct space’.  Since the main part of understanding is merely getting 
familiar, we will not pursue mathematical rigor.  Especially those that have little or no experience with 
Fourier Space are invited for the round trip.  For those that are well prepared and/or have a solid 
mathematical background it possibly can serve as an overview. 
 
2. Fourier Transforms 
 
The definition of the Fourier transformation (or Transform), we will use is: 
 

F(S) = f(r)exp(2π ir.S) d r∫ . 
 

It transfers a function f(r) from the direct vector space, where r is the position vector and dr is a volume 
element at position r, into a function F(S). F(S) is a function in the reciprocal or Fourier space, where the 
positions are determined by a vector S.  The integration extends over the whole space. Both functions, f(r) 
and F(S), may generally be complex functions, i.e. they can be written as the sum of a real part and an 
imaginary part or as a real modulus and argument or phase factor i.e. f(r) = f(r) .exp i.ϕ r( ){ }, where f(r)  
is the modulus and ϕ  is the argument (or phase).  Beware of the fact that if f(r) is a real function does by 
no means imply that the transform F(S) is real.  
 
The position vector r  is measured in meters (or Å).  Since an exponent is dimensionless, S is expressed in 
units m-1 (or Å-1).  The Fourier Transform will, as an operation, be denoted by the symbol FT+:  
 
   FT+[f(r)] = F(S). 
 
The transformation which transfers the function F(S) from reciprocal space back into the function f(r) in 
direct space is called the Inverse Fourier Transform (FT-) given by: 
 

f(r) = F(S)exp(−2π i r.S) d S∫ . 
 

No information is lost in the transformations, neither in FT+ nor in FT-. A presentation of the function 
F(S) in reciprocal space is equally valuable as the presentation of the function f(r) in direct space. 
 
The here presented formulations of FT+ and FT- are generally used in structural science.  All structural 
data published under the authority of the IUCr (International Tables and Acta Cryst.), are only consistent 
with the here given definition. 
 
3. Why Fourier Transforms are so useful in structural science 
 
As shown in Box 1, the scattering amplitude A(S) of the radiation scattered by an object is, within certain 
assumptions, given by the transform FT+[f(r)]: 
 

A(S) = ρ(r)exp(2π ir.S) d r∫ . 
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S is called the scattering vector, ρ(r) is the ‘scattering power’ at position r. The intensity I(S) is as usual 
given by A(S) × A*(S) . 
 
The scattering power is, dependent on the type of radiation used, X-rays, neutrons or electrons, directly 
related to the structure of the sample. 
 
So in structure analysis there is a close connection between the experiment and the theory of Fourier 
Transformations.  
 
The intensity data are collected as a function of S. The main problem is how to find the function ρ(r) in 
the direct space from the measured intensities in reciprocal space. 
 

Box 1. Scattering of radiation by an object.

so r

r.so O

s

r.s

d r

 
 O is the origin; at 0 the phase is taken to be zero. 
 The parallel incident beam has direction so and the scattered beam direction s;  
 |so| = |s|= 1/ . dr is an infinitesimal  volume element at position  r; it is part of a scattering 
object. Its contribution to the scattered  radiation is: 
 ρ r( ) exp2π i r. s − so( )dr = ρ r( ) exp2π i r.Sdr , 
 where ρ r( ) is called the scattering power and S = s-so the scattering vector. 
The total scattering is the sum or rather the integral of all contributions.  
 This gives for the scattering amplitude: 
  A S( )= ρ r( ) exp2π i r.Sdr∫ . 
 The related intensity I(S) is as usual the square of A(S), or rather the product of it  
 with its complex conjugate:  
  I S( )= A S( )× A* S( ). 
 The formula holds only when the scattered beam is not diffracted again (multiple 
 scattering) and the scattering is elastic and kinematical. 
 For any direction of so with respect to the object, the maximum value |S| can attain is 
 reached if s = -so, then |S| is 2/ . In the reciprocal space information can therefore only  
 be obtained within a sphere with radius 2/  centered at the origin. This sphere is called  
 the Limiting Sphere. 
 The concepts of this Box apply to optics in general. The resolving power of an optical 
 instrument for instance is limited because of the Limiting Sphere for that case. 
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4. Pair wise reciprocal functions 
 
General rules about Fourier transformations of functions are:  
 

What is 'skinny' in one space is ‘wide’ in the other and vise versa. 
 
Sharp edges in one space result in wiggles in the other. 
 

This will be illustrated by the following three examples in which we will for the time being stick to one 
dimension. The three dimensional cases follow by analogy. 
 
1). The 'Slit Function'   
 
It is zero everywhere except between -a/2 and + a/2 where it has de constant value 1/a. The FT+ is : 

   F(X) =
1
a

exp 2π i x.X( )
−

a
2

+
a
2∫ d x =

sinπ aX
π a X

, 

which is called a Sinc function. 
 
The Slit function f(x) is displayed in figure 1 together with its FT+, the Sinc function F(X).  
 
The 'Slit function' and the 'Sinc function' form a pair of reciprocal functions. 
 

X

F(X)

Sinc

1

2a-1

W = a-1

x

f(x)

Slit

-a/2  +a/2

 1/a

w = a

 
Figure 1 
The Slit function and the Sinc function form a reciprocal pair . 

 
The sharp edges at ±a/2 in the Slit generate the wiggles in the Sinc.  
 
The width w of f(x ) is a, the width W of F(X ) can be taken to be 1/a (half of the base of the “triangular” 
central maximum); their product w.W = 1. 
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The narrower f(x), the wider F(X). 
 
We have chosen the area of the Slit to be 1.  
 
2). The Gaussian function  
 
A one dimensional Gaussian is written as: 

   f x( )=
1

a π
.exp −

x 2

a2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ , 

then (with the aid of the standard integral exp
−∞

+∞∫ −x 2( )dx = π  )  the FT+ is found to be: 

    F X( )= exp −π 2 a2 X 2{ }.  
 
The transform of a Gaussian is another Gaussian. 
 
The Gaussians f(x ) and F(X ) form a reciprocal pair of functions.  
 
The width of a Gaussian is often defined as the width of a rectangle with the same area and the same 
height as the Gaussian itself.  See figure 2. 
 
The product of the widths of both functions is constant. They are ‘reciprocal’ in the sense that if one 
grows, the other one shrinks : w.W = 1.  

x

f(x) w

X

WF(X)

 

w = a π

W =
1

a π

 
Figure 2. 
A pair of reciprocal Gaussian functions.  

 
Gaussians are exceptional in that they decay so smoothly that they produce no wiggles if Fourier 
transformed.  
 
3). The Dirac-δ −function 
 
If we take either the Slit function or the Gaussian and make it narrower and narrower its area will always 
be 1, even if we go to the limit a . We then have a ‘function’ centered at x = 0, which has a width 
zero, its height goes to infinity but its area, that is the integral, still is 1. This is called the 

→ 0
δ −function 

denoted by the symbol δ(x).  
 
The δ −function is formally defined as: 
 

δ x( )d x
−∞

+∞∫ =1 ; δ x( )= 0 if x ≠ 0.  
Its properties are discussed in Box 2. 
 
The FT+ of the δ −function follows directly from the definitions: 
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    F X( )= δ x( ).

−∞

+∞∫ exp 2π i x.X( ) dx =1.
Similarly: 
     f x( )= δ X( ).

−∞

+∞∫ exp −2π i X .x( ) dX =1.
 
The δ −function is as narrow as can be, and so its Fourier Transform is as wide as can be. 
 
The δ −function and  the function ‘1(x)’, that has the value 1 everywhere,  form a reciprocal pair of 
functions.  
 
The three examples were, for simplicity reasons, given in one dimension. They can easily be extended 
into three dimensions. 
 
The Slit function in three dimensions is called a "Box function": f(r) = f(x,y ,z) has the value 1/a.b.c for |x 
| < a/2; |y | < b/2 and |z | < c/2; outside the ’box’ f(x, y, z) = 0. 
 
The FT+ is: 
 

  F S( )= F X ,Y , Z( )=
sinπ aX

π a X
. sinπ bY

π bY
. sinπ cZ

π c Z
. 

  
A three dimensional Gaussian is a product of three 1-D Gaussians in the x, y and z direction, respectively.  
 
A three dimensional δ −function is δ(r) : δ r( )∫ dr =1; f r( )∫ δ r( )dr = f 0( );  
 
its FT+ is F(S) = 1. 
 
The same properties hold of course if an FT- is applied to a F(S ). 
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Box 2.  The δ-function.

x

δ(x), symbolic

0

δ(x-a)

a

 
 It mostly is defined by the property:  

δ x( )d x
−∞

+∞∫ = 1 ; δ x( )= 0 if x ≠ 0.  
 (x) is not a function in the usual sense: its width is naught while its height is infinite; its ŌcontentÕ 
 nevertheless is 1. In the theory of Fourier Transforms it is a very useful concept. 
 The -function can also be represented by: 

   δ x( )= exp 2π i x.X( )
−∞

+∞∫ d X  

 The most important property is illustrated by the equation: 
 f x( )

−∞

+∞∫ δ x( )d x = f 0( ). 
 The contribution to the integral is everywhere zero except for x = 0, where (x) is non zero. 
 Consequently:  
   f x( )

+∞

−∞∫ δ x − a( )d x = f a( ). 
 The definition in three dimensions is 

δ r( )dr
−∞

+∞∫ =1;δ r( )= 0 if r ≠ 0. 
 In diffraction theory the delta function often is called the "peak function" for  obvious reasons. 

 
 
5. Types of functions  
 
In the three examples the functions as well as their transforms are real rather than being complex. The 
reason is that we chose f(r) to be both real and even (centro symmetric), that is f(r) = f(-r).  
 
In the case that f(r) is real, the Fourier integral can be split in a sum of a real and an imaginary part using 
the expression exp (i.φ ) = cosφ  + i sinφ . 
 
  F(S) = f r( )∫ cos(2π r.S)dr + i. f r( )∫ sin(2π r.S)dr.  
 
Changing the sign of S does not affect the real part but changes the sign of the imaginary part:  
 
  F(−S) = f r( )∫ cos(2π r.S)dr − i. f r( )∫ sin(2π r.S)dr = F * −S( ). 
 
Thus if f(r) is a real function F(−S) = F* (S); F(S) is not necessarily real. A real F(S) does occur however, 
if f(r) is real and additionally even. In that case the second integral vanishes because the sine function is 
odd.  
 
If on the other hand f(r) is a real and odd function i.e. f(r) = −f(−r) , the first integral will vanish, because 
the cos function is even, which makes F(S) pure imaginary.  
 
6. Multiplication and Convolution are conjugate operations 
 
The Multiplication  of two functions f(r) and g(r) results in a function m(r) which has at the position r  
the value m(r) = f(r)× g(r). 
 
The Convolution of two functions f and g is mathematically defined by :  
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   c r( )= f r( )∗ g r( )= f r'( )
−∞

+∞∫ .g r − r'( )dr'.
 
This formulation does not directly appeal to ones imagination. Convolution of a function f(r) with another 
function g(r) results generally in a smoothing or blurring of f(r), as the following example in one 
dimension illustrates in figure 3. 
 

x0

c(x) = f(x)∗ g(x)

0
x

a

0

f(x  )

g(x-x )

x

x

 
Figure 3 
The convolution procedure. 
f(x') is averaged over the area with width a. 

 
 
Take for g(x') a one dimensional Slit function, that is g is everywhere zero except for x'  between -a/2  and 
+a/2, where it has the value 1/a. 
 
Now invert the function g with respect to 0 resulting in g(-x'), then translate it over a distance x, that is 
changing the variable x' into . Than we have obtained  x '−x( )
g(x-x'). 
 
In the present case we don’t need to invert g, since the Slit function is even (symmetric).  
 
Now, at the position x the function c will have the value 
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   c x( )=
1
a

f x '( )
x−a / 2

x +a / 2∫ dx ', 

which is the average of f over a domain with 'width a' around the point where x' = x. 
 
As figure 3 illustrates this is what we would call smoothing or blurring. 
 
If, instead of the slit function, we take another symmetrical function which is substantially present only a 
limited domain, like for instance a Gaussian, the averaging will be slightly different but the procedure is 
essentially the same. 
 
The blurring effect is also illustrated in an optical pin-hole camera, the so called ‘Camera Obscura’. The 
image is convoluted with the area of the ‘pin’-hole. The smaller the hole the sharper (and unfortunately 
weaker) the image; the larger the hole the more blurring. 
 
And so in figure 3, the narrower the domain, i.e. the smaller a, the less blurring will occur. In the limit 
where  the function g changes into the δ-function (see Box 2.) and the convolution will reproduce 
f(x) without any blurring.  

a → 0

 
In three dimensions:  
 
   f r( )∗δ r( )= f r( ). 
 
Convolution of f(r ) with a shifted δ-function δ r − a( ) results in the shifted function  
 
f(r - a): 
    f r( )∗δ r − a( )= f r − a( ). 
 
The convolution operation itself has nothing to do with the Fourier transformation. It is just like the 
multiplication an operation where two functions are involved, both defined in the same space.  
 
Rule: Multiplication of functions in the direct space implies in reciprocal space a Convolution of their 
transforms and vise versa.  
 
The proof, which is straightforward, for the one dimensional case is:  
 

 

FT+ f x( )∗g x( )[ ]= f x'( )∫∫ .g x − x'( ).exp 2π i x.X( )d x'd x =

= f x'( )∫∫ .g y( ).exp 2π i X . x '+y( ){ }d x 'd y =

= f x'( )∫ .exp2π i x' .X d x' . g y( ).exp2π i y .X d y = F X( )∫ × G Y( ).
 

 
Multiplication and convolution form a pair of reciprocal operations: 
 
  FT+ [m(r)] = C(S); FT+ [c(r)] = M(S), 
 
where C(S) is the convolution and M(S) the multiplication in reciprocal space. 
Summarizing: 
 

Direct space f(r) g(r) m r( )= f r( )× g r( ) c r( )= f r( )∗g r( ) 

Rec. space F(S) G(S) C S( )= F S( )∗G S( ) M S( )= F S( )× G S( ) 
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7. The use of multiplication and convolution 
 
1). The resolving power 
 
As indicated in Box 1, complete knowledge of A(S) would offer a complete picture of ρ(r) in the direct 
space by application of an FT-. However, the function A(S) is only accessible to measurement within the 
Limiting Sphere (L.S.). We are deprived of any information about A(S) for |S|> 2/λ.  
 
The question now is how this affects a reconstruction of ρ(r). In the most favorable situation we know 
A(S) exactly within the limiting sphere but nothing about it outside. That is, the observed scattering 
amplitude A'(S) is the ideal A(S) multiplied by a function T(S)  which has the value 1 inside the L.S. and 
which is zero outside it:  
 
   A'(S) = A(S) × T(S) .  
The FT- of A'(S) thus is 
   ρ'(r) = ρ(r)∗ t(r),  
where t(r) is the FT- of T(S). 
 
T(S) is a ‘spherical Slit’ function and t(r) thus has spherical symmetry, a radius of the order of λ /2 and 
some wiggles.  
 
The picture we at best get from ρ(r) is one that is blurred by t(r). So using radiation with a wave length of 
1Å in X-ray crystallography, will reveal the atomic positions, but for the finer details of for instance the 
electron distribution a shorter wavelength is necessary. 
 
In a real scattering experiment additional instrumental limitations of the area in reciprocal space, where 
data can be collected, will be present. The effect on the resolution can then be found by constructing the 
corresponding truncation function T(S). Its FT- will be the corresponding ‘blurring function’ t(r). 
 
Though ‘blurring’ sounds messy, it is here a precise mathematical procedure. 
 
2). Forming a crystal in one dimension 
 
The convolution of a function with a δ −function centered at position a is, as we saw, the function shifted 
over distance a: 
   f x( )∗δ x - a( )= f x - a( ). 
 
If f(x) describes the content of a unit cell, a one dimensional crystal is formed by the “crystal function”: 

    f x( )∗ δ x − na( )
n=−∞

+∞

∑ .

 
Though the sum extends from −∞ , the dimensions of a crystal are limited in direct space. This 
can be induced by limiting the summation over n from the numbers p to q. That is the same as 
multiplying with a shape function which has everywhere the value zero except for 

to +∞

p.a ≤ x ≤ q.a, where its 
value is 1. The size of the crystal is then a.(q − p). The Fourier Transform of the finite crystal can now be 
found by the use of figure 4.  
 
We first need to know the transform of the array of δ −functions. The transform of a delta function at x = 
n.a is: 
  FT+ δ x − na( ){ }= exp 2π ina.X( ), 
 
So the transform of an equidistant infinite array will be: 
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  FT+ δ x − na( )
n=−∞

+∞

∑
⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 

= exp 2π ina.X( )
n=−∞

+∞

∑ .  

 
This is the sum of exponential functions exp(n.i.φ) which can be represented by unit vectors in the 
complex plane making angle nφ  with the real axis. Unless  φ is a multiple of 2π, they will cancel each 
other. So (a.X) must be an integer i.e. X must have values h/a where h is an integer. The transform of an 
equidistant array of δ −functions in one dimensional space with interspacing a is another equidistant array 
of δ −functions in the reciprocal 1-D-space, the corresponding interspacing is 1/a.  
 
We have found a new pair of mutually reciprocal functions: a row of δ −functions and another row in the 
other space; the interspacings are the inverse of each other. 

Infinite array of δ-functions.

Finite Array of δ-functions

Finite Crystal

Convoluting

Content unit cell

Result

a
Multiplying

Result

Shape function
q

1/a
Convoluting

Infinite array of δ-functions.

Shape   transform

Result

Inf. array of shape transforms.

Multiplying

Transform unit cell
Result

Crystal Transform

DIRECT SPACE RECIPROCAL SPACE

p

p q

 
Figure 4 
A crystal can be described by a sequential procedure of multiplication  and convolution  of the 
lattice, the shape and the content  of the unit cell respectively. The transform of the crystal can be 
constructed with a sequence of the reciprocal operations applied to the respective reciprocals of the 
lattice, the shape and the unit cell. 

 
In the next step this infinite array should be convoluted with the transform of the shape function, which is 
a ‘Slit function’. Because the slit is wide in terms of the distance a, the result in reciprocal space is a row 
of very narrow Sinc functions (see example 1 in section 4)  
 
The last step is a multiplication with the transform of the unit cell, which is a broad function due to the 
details within it. So we end up with an array of shape transforms the height of which is determined by an 
envelope representing the transform of the cell content.  
 
3). The direct and reciprocal lattice in three dimensional space 
 
Extension of the array of δ −functions from one dimensional δ −functions into three dimensions is 
obtained by replacing x  by the vector r and the distance a by the vector a: 

    .  δ r − n1a( )
n1 =−∞

+∞

∑
This is a row of equidistant three dimensional δ −functions along the direction of a vector a with 
interspacing |a|.  
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A two dimensional array, called a net, can be obtained by convoluting the given array with a similar 

array  along a vector b. Figure 5 illustrates the procedure.  δ r − n2b(
n2 =−∞

+∞

∑ )

a
b

I

II

III

 
Figure 5 
A planar lattice of  functions III can be generated by a 
convolution of an array I along vector a, mutual distance |a| 
and a similar array II along  vector b with 
distance |b|. 

 
Extending the procedure with a third non-coplanar vector c results in a three dimensional space lattice of 
δ −functions. 

  . 
n1 =−∞

+∞

∑
n2 =−∞

+∞

∑ δ r − n1a − n2b − n3c( )
n3 =−∞

+∞

∑
 
This expression represents the well known space lattice of a crystal, also introduced as the translation 
lattice. The unit cell is defined by the three vectors a, b and c, forming a parallelepiped.  
 
We can easily construct the Fourier transform of the space lattice. Since it is a convolution of three linear 
arrays, in reciprocal space we should multiply the three transforms of the linear arrays. 
 

Direct space Reciprocal space

1/|a|
 

Figure 6 
The Fourier transform of a row of δ − functions is a set of  
"δ − planes". 

 
Now, the transform of the array along the direction of vector a is:  

  FT+ δ r - n1a( )
n1 =−∞

+∞

∑
⎧ 
⎨ 
⎪ 

⎩ ⎪ 

⎫ 
⎬ 
⎪ 

⎭ ⎪ 
= exp 2π in1a.S( )

n1 =−∞

+∞

∑ . 
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The latter expression is zero unless a.S is an integer. In the reciprocal space the projection of S on the 
direction of a, must be an integer times 1/|a|. In other words the end point of S is confined to a set of 
equidistant planes perpendicular to a with separation 1/|a|; in the rest of the space the FT+ is zero. The 
transform is a set of planar δ −functions as illustrated in figure 6. 
 
In order to generate the transform of the whole space lattice we must multiply this set of δ −planes with a 
similar set perpendicular to the vector b with spacing 1/|b|. The result is a sheaf of parallel “δ −lines” as 
illustrated in figure 7, where they are seen head on. The figure shows also the relationship between the 
vectors a and b of the direct lattice and a* and b* in reciprocal space: a.a* = b.b* = 1 and a.b* = b.a* = 
0.  
 
Finally the multiplication with a similar set of planes perpendicular to c produces a three dimensional 
lattice of δ − points in reciprocal space.  This is the reciprocal lattice.  Both the direct and the reciprocal 
lattice are introduced here as a three dimensional array of δ −functions.  They form a pair of reciprocal 
functions, they are each others Fourier Transforms. 
 
The relationship between the generating vectors a, b , c and their reciprocals  a*, b* and c* is: 
 

  
a.a* =1; b.b* =1; c.c* =1

a.b* = a.c* = b.a* = b.c* = c.a* = c.b* = 0
   

 
which generate the reciprocal lattice. 
  

Box 3. Consequences of alternative formulations of the Fourier Transform.   
 In order to prevent  confusion it should be noted that in other branches of science, notably Solid 
 State Physics and Chemistry, slightly different formulations of the Fourier Transform are preferred.
 Though they are mathematically equivalent, mixing them up can lead to substantial  confusion and 
 errors. 
 In contrast with the definition we introduced in section 2, the FT+ is sometimes given by 

F(S') =
1
2π

f(r)exp(−i r.S') dr∫  

 or by 

   F(S') =
1

2π
f(r)exp(−i r.S') dr∫ . 

 Note that a minus sign in the exponent implies that a plus sign appears in the reverse 
 transformation and that these signs are opposite to those in our definition. Note also the place of 
 2 It implies that  S '= 2πS; the reciprocal space is blown up by a factor 2 . As a consequence 
 the relations between the direct and reciprocal lattice vectors change into a.a* = 2  etc.  
 The second form for F S '( ) has the extra complication that the factor 2  must be omitted in the 
 reverse transformation.  
 One of the advantages  of the definition used in structural research is that one never has to worry 
 where the factor 2  must be put. The expressions for FT+ and FT- are symmetrical except for the 
 plus and minus sign. 
  

 
4). Forming the three dimensional crystal  
 
Since crystals, and thus their lattices, have limited size we should multiply the expression for the three 
dimensional space lattice in 3) with a shape function g(x,y,z). g(r) can be a box-function (possibly reduced 
to a thin plate), a sphere or whatever form the crystal might have. In order to construct a real crystal we 
should convolute the so properly truncated lattice with a three dimensional function f(x,y,z) describing the 
structure of the parallelepiped with edges a, b and c , the (primitive) unit cell. 
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1/|a|

1/|b|

a*b*

 
Figure 7 
Two intersecting sets of parallel plane δ −functions 
in the reciprocal space. The result of the multiplication  is a sheaf of 
parallel lines normal to the drawing paper. 
It is the FT+ of the lattice in figure 5. 
The vectors a* and b* are the vectors generating a two-dimensional 
lattice reciprocal to that of figure 5. 

 
 
If f(Unit Cell) = f(r) describes the scattering power ρ(r), or any other feature of the unit cell, that feature 
for the whole crystal is given by the convolution of it with the truncated lattice: 
  

"Crystal Function"(r) = f Unit Cell( )∗ g x,y,z( )×
n1 =−∞

+∞

∑
n2 =−∞

+∞

∑ δ r − n1a − n2b − n3c( )
n3 =−∞

+∞

∑
⎧ 
⎨ 
⎪ 

⎩ ⎪ 

⎫ 
⎬ 
⎪ 

⎭ ⎪ 
. 

 
The Fourier transform of this ‘Crystal Function’ can now be found by successive convolution and 
multiplication of the transforms of the different parts in the expression, analogously to figure 4. 
 
Thus: 
 
In reciprocal space the transform F(S) of the Crystal Function is zero everywhere except close to points 
H = h.a * + k .b * + l .c *, in which h, k and l are integers. All of these points are surrounded by a narrow 
nonzero area where the product of the transform of the shape function with the FT+ of the content of the 
unit cell shows up.  
 
5) The scattering experiment. 
 
At the locations S = H, for instance scattered intensity I(S) will show up which is, according to Box 1, the 
scattering amplitude A(S) times its complex conjugate:  
 
   .  I S( )= A(S) × A* (S)
 
For X-ray diffraction the scattering power ρ(r) is the electron density in the sample, which is in general a 
real function5. Then, according to section 5, A(-S) = A*(S) and so I(S) = I(-S), i.e. the intensity in the 
reciprocal space is a centro-symmetric function. This rule is called Friedel’s Law. 
 
Since the scattering amplitude A(S) is the FT+ of the electron density ρ(r) we have the relation:  
 

                                                           
5 If anomalous scattering may be ignored. 

Page 36



   FT− A(S) × A*(S){ }= ρ r( )∗ ρ −r( ). 
 
The resulting function in the direct space is called the Patterson function. Although ρ(r) is not directly 
obtained from it, the Patterson function forms a useful tool in structural analysis.  
 
8. The operations ‘Section’ and ‘Projection’ form a reciprocal pair 
A planar Section of a function f (x,y,z) along the x,y-plane is found by making z=0: f(x,y,0). This function 
shows the x,y-dependence of f in the plane z=0. 
 
Projecting of a function f(x,y,z) along the z direction is collecting for each combination (x,y) all of f along 
the z-direction. In mathematical terms it is taking the integral of the function f(x,y,z) along z: 

   . fp x.y( )= f x.y,z( )
−∞

+∞

∫ d z

The function fp(x,y) is the projection of f(x,y,z) along the z- direction. 
 
We will show now that the FT+ of the projection of f(x,y,z) along the z-direction is the planar section 
F(X,Y,0) of F(S). 
 
The mathematics is simple but you may just skip it: 
 
  f r( )= f(x,y,z) = FT− F S( )[ ]= FT− F X,Y,Z( )[ ], 
 

 

fp x, y( )= f x, y,z( )∫ d z =

= F X,Y,Z( ).exp −2π i x.X + y.Y + z.Z( )[ ]d X dY d Z∫∫∫{ }∫ d z =

= exp −2π iz.Z( )d z∫{ }F X,Y,Z( ).exp −2π i x.X + y.Y( )[ ]d X dY d Z∫∫∫ =

= δ Z( )∫∫∫ .F X,Y,Z( ).exp −2π i x.X + y.Y( )[ ]d X dY d Z =

= F X,Y,0( ).exp −2π i x.X + y.Y( )[ ]d X dY∫∫ .

 

 
The result is that fp(x,y) apparently is the FT- of F(X,Y,0). Of course reversing the procedure and 
exchanging direct and reciprocal space lead to similar true relations, which we will not explicitly prove.  
 
The reasoning and the proof apply to Carthesian axes as well as to crystal axes where coordinates x, y and 
z refer to the axes a, b and c in the direct space and X, Y and Z to the reciprocal axes a*, b* and c* 
respectively.  
 
So, if we have in some way obtained the values of F(S) in the X,Y-plane, we can find, by Fourier 
transforming, the projection of f(x,y,z) along the z-direction, no more and no less.  
 
In a similar way we can project a whole 3-D function onto a straight line. Integrate the function for 
instance over both x and y in the plane z = z '  and assign the result to the point . The proof is a 
straightforward extension of the one given above. It shows that the function F(0,0,Z) is the FT

0,0,z '( )
+ of the 

projection  
    fp '(z) = f (x, y,z)d x d y

−∞

+∞∫−∞

+∞∫
of the f(x,y,z).  
 
Thus if we know F(S) along a straight line S = Z.c *through the origin, we know how the function  
looks like.  

fp '(z)
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9. The use of sections and projections 
If a crystal has an n-fold axis of symmetry, this axis is perpendicular to the other axes. The n-fold 
symmetry will then in reciprocal space show up in a section perpendicular to the direction of the axis. We 
take the z- and thus the Z-axis along the direction of the n-fold axis. Whether it is a simple axis or a 
screw-axis can be seen if F(S) is determined along the direction of the axis, which will reveal the 
projection of the structure onto the axis.  For a 63-axis such a projection will have half the period of the 
crystal in that direction. In reciprocal space the interspacing along reciprocal lattice points is thus twice as 
large. The condition for possible reflections then is for 00l reflections l=2n (even). If the periodicity is six 
times as large as expected from the crystal axes, the screw axis is a 61- or a 65-axis. See figure 8 for a 41 
axis. 
 

a

b

(a+b)/2

(001)-plane

Possible hk0 reflections if h +k = 2n

c

p=|c|/4

Possible 00l reflections if l = 4n

Figure 8. 
Left: an illustration of an n-glide plane. The reflection plane is perpendicular to c.  
In a projection of the structure onto (001) the two dimensional cell is twice as small as  
the crystalline one. In the corresponding section in reciprocal space the apparent cell is  
twice as large as the unit cell: h k 0 - reflections are only possible for  h + k = 2n. 
Right: the effect of the projection of the whole structure onto a 41-axis. The projection  
has the periodicity p = c/4 and therefore 00l reflections are only possible for l = 4n.  

 
The same reasoning applies to glide planes. Projection of the crystal structure onto a glide plane will re-
veal the projection of a fraction of the structure plus its ‘glide reflected images‘. In the projection they are 
identical but shifted due the glide over an integer fraction of the crystalline unit cell. In the reciprocal 
space the corresponding two dimensional section of the unit cell will be a few times larger than the true 
cell. The size depends on the kind of the glide plane considered: a, b, n or d. The apparent cell will reveal 
the sort of the glide plane by the ‘Conditions for possible reflections’ in the International Tables. 
 
The same procedure will reveal the rules for possible reflections when applied to structures with centered 
lattices, ( F, I, C, etc.) as they appear in the International Tables. 
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The British Crystallographic Association Intensive Courses in X-ray 
Structural Analysis 

 
David Watkin 
Chemical Crystallography, Department of Chemistry, Chemistry Research Laboratory, University of 
Oxford, Mansfield Road, Oxford, OX1 3TA, UK, WWW: http://www.xtl.ox.ac.uk/ and 
http://www.chem.ox.ac.uk/researchguide/djwatkin.html ; E-mail: david.watkin@chem.ox.ac.uk  
 
By the mid-1980's X-ray structure analysis in the UK had fallen victim to a Catch 22 scenario, and had 
then shot itself in both feet. 
 
The massive advances in diffractometer technology and Direct Methods programs that had occurred in 
the previous 20 years, plus the tumbling cost of computers, meant that single crystal structure analysis 
was on the brink of becoming a routine analytical tool.  Chemists realised that they now had access to a 
more-or-less reliable method for determining detailed molecular structure, and crystallographers 
emphasised this when preparing proposals for new equipment. Crystallography, one was told, was quick 
and easy.  It had almost moved from being a science to being a technology, and as such was well funded 
in terms of diffractometers being installed.  One of the down sides of this shift in emphasis from research 
to providing a service was the knock-on effect on teaching.  Many UK universities, faced with the 
problem of fitting more new aspects of chemistry into an already packed time table, chose to reduce the 
time allocated to crystallography courses.  Thus, ironically, at a time when X-ray crystallography was 
able to provide better information faster than ever possible before, undergraduates had less knowledge of 
how it worked.   
 
During 1985 various members of the BCA talked over this problem.  Amongst others, Michael Wolfson 
and Chris Gilmore were particularly keen to see something being done to restore the level of expertise 
amongst young UK crystallographers. In 1986 David Watkin was talked into taking a proposal to the 
BCA Council.  There, it was decided that the BCA would give its blessing to the Chemical 
Crystallography Group running an Intensive Course.  It was suggested that we formed a small committee 
to look into both the funding of the course (which the BCA could not underwrite), and its scientific 
content.  The course was to be aimed at young (PhD and Post Doc) UK students, with any spare capacity 
on the course being offered to international participants.  Olga Kennard was invited to be overall Director, 
though most of the detailed work devolved onto other people.  A school was projected for January 1987. 
 
I contacted all the UK companies that I felt might be benefiting from advances in X-ray crystallography, 
and Judith Howard took on the task of seeking matching funds from SERC.   In addition to support from 
diffractometers manufacturers, (Enraf-Nonius Ltd, Nicholet Instruments Ltd and Siemens AG), we had 
support from software companies (Chemical Design, Ltd and IBM UK Academic Programs), and The 
Digital Equipment Company Ltd who loaned us a Microvax.  At that time there was real diversity in the 
pharmaceutical industry, and eleven companies sponsored the project (Beecham Pharmaceuticals, Esso 
Chemicals, Fisons Pharmaceuticals, Glaxo, ICI Pharmaceuticals, ICI Plant Protection, Searle, Smith-
Kline-French, Wellcome Foundation).  Judith was able to convince both the Chemistry and the Physics 
Committees at the SERC to support us.  In the event, we were able to offer bursaries to 42 participants.  
Several universities were contacted as possible venues for the school (Oxford being immediately 
eliminated because of the cost), and Aston was chosen because there was enthusiastic local support from 
Carl Schwalbe and Phil Lowe, there were good facilities and accommodation, and the price was right. 
 
The programme was very ambitious, with 16 speakers lecturing 9.00-18.00 for six days, with only one 
free half-day mid way through.  The participants were divided into 7 groups each with a new-generation 
crystallographer as group leader.  The lectures took place in a traditional chemistry lecture theatre.  Time 
was allocated in chunks - for example, Bill Clegg had from 2.15 to 4.45 on the first day to deal with cell 
determination and the orientation matrix.  However, the speakers were supposed to break up the chunk by 
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setting problems for the participants from time to time.  The evenings were given over to group problem-
solving sessions, and interaction with the speakers. 
 
In the post-mortem after the school, several problems were identified.  The most serious were that many 
students had forgotten much of the basic mathematics they would need for the exercises, and that students 
working by themselves in the lecture theatre could not benefit from discussions with their peers.  The 
responses on the student questionnaires convinced us that hands-on computing was not very effective use 
of time, and that there should be some adjustments to the time allocations. Very many students wanted 
explicit information on how to use certain programs.  The program committee then (and now) was 
strongly opposed to this on the basis that a good understanding of fundamental principals should enable to 
students to use any program, and even be able to make informed decisions as to their merits.   The school 
was felt to have been successful, and preparations were begin for a second school in 1989. 
 
The second school was also well supported by the pharmaceutical industry, and backed by the SERC.  
The number of speakers was reduced slightly as a result of the student questionnaires, and the number of 
participants rose to 57.  To improve group interactions, the course was re-organised.  The lectures still 
took place in a standards lecture theatre, but the participants trailed out every 45 minutes to an adjacent 
room where they could work in groups round a table.  The re-location proved to be time consuming, but 
the group working was an instant success.  It gave the less experienced participants to learn from the more 
experienced ones, and brought them into better contact with their tutors. 
 
For the third school in 1991, the number of participants had risen to 66 and the number of speakers to 
fallen to 13.  Industrial sponsorship remained good.  The main change was to abandon the use of the 
lecture room, and run the whole course in an open plan area where the students could remain in their 
groups round tables while the lecturers talked.  This has remained a defining feature of the school ever 
since.  In addition, formal evening sessions were replaced by 'scientific entertainments' that could take 
place in a bar, for example a bar quiz that included both general knowledge and crystallographic 
questions. 
 
By 1993 the number of participants had risen to 73, and the number of tutors fallen to only 5.  This 
reduction in the number of tutors came about largely through a detailed reassessment of the aims of the 
school and the changes in the skills of the participants.  Each year, the participants had been set a simple, 
anonymous, multiple choice questionnaire to enable us to assess the student's background skills.  It had 
become evident that most participants had been exposed to very little theoretical crystallography.  The 
course now contained more basic material (matrix algebra, trigonometry etc), so that other interesting but 
marginal topics (exotic sources, powders, macromolecules) had to be excluded.  The smaller number of 
speakers meant that they each had a much larger lecturing burden, but it did improve continuity and 
reduce the chance of small but important topics being covered by no-one. 
 
This has remained the pattern until the current day.  The lecturers have exchanged topics with each other 
from time to time to preserve vitality.  Recent schools have attracted about 80 participants, who continue 
to work in groups of eight with a tutor.  We are now beginning to see students from earlier courses 
returning either as tutors or lecturers.  The lecture notes form a 20 chapter book, and in 2001 an edited 
version was published by OUP as Crystal Structure Analysis Principles and Practice, (Clegg, Blake, 
Gould and Main), ed Clegg.  Perhaps the most sad reflection is that there was no sponsorship at all from 
pharmaceutical companies in 2005.   
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BCA Intensive Course in Crystallography: Multiple Choice Exercise 
 

This is intended as a quick assessment of the general background knowledge of the group. Please do NOT sign the paper. An-
swer each question by circling the letters corresponding to your choice, and insert a number on the scale 1-5 indicating your 
degree of confidence in your reply (5 = very confident, 1 = very unsure). 
 
1. The characteristic wavelength of a copper X-ray tube is: 

a) Directly proportional to the applied voltage. 
b) Inversely proportional to the tube current. 
c) Related by E = hc/λ to the power consumption of the generator. 
d) Dependent on the gas used to fill the tube. 
e) None of the above. 

 
2. Nearly perfect diamonds give diffraction patterns with I proportional to F instead of F2. This is caused by: 

a) Primary extinction. 
b) Secondary extinction. 
c) Absorption. 
d) Anomalous dispersion. 
e) Negative quartets. 
f) None of the above. 

 
3. Lowering the temperature of data collection should significantly reduce: 

a) Static disorder. 
b) Dynamic disorder. 
c) Anomalous scattering. 
d) Absorption. 
e) The density of the crystals. 
f) None of the above. 

 
4. P2/c is by far the most common space group for molecular materials. An important reason for this is: 

a) It allows parallel chains of polar molecules. 
b) It is centrosymmetric, so crystallographers have tended to study materials in this space group. 
c) It provides efficient packing for many molecules. 
d) It can readily accommodate optically pure chiral molecules. 
e) None of the above. 

 
5. Single enantiomers can crystallise in which of the following space groups: 
 a) Pna21 b) Cc c) P41212 d) Fdd2 e) Pa3 
 
6. The peaks in a Patterson synthesis represent: 

a) One end of interatomic vectors. 
b) Atomic positions. 
c) The midpoints of interatomic vectors. 
d) The reciprocal space equivalent of the diffraction pattern. 
e) None of the above. 

 
 
7. Which of the following is not significant for the relationships used in direct methods. 

a) Matter is atomic in nature. 
b) Electron density is nowhere negative. 
c) Most space groups have alternative permitted positions for the origins. 
d) Data are normally present to a resolution better than 1 Å. 
e) None of the above. 

 
8. In least squares refinement, the origin must be fixed in: 

a) All chiral space groups. 
b) All polar space groups. 
c) All centrosymmetric space groups. 
d) All C, I and F space groups. 

Page 41



e) All structures containing heavy atoms on special positions. 
f) None of the above. 

 
9. In a structure extracted from the Cambridge Data Base, a phenyl ring has all C-C bonds equal to 1.359Å. This is most 

likely because: 
a) The structure has been very accurately determined. 
b) The structure is very imprecise - shown by the absence of e.s.d’s. 
c) A restrained refinement was carried out. 
d) A constrained refinement was carried out. 
e) Graphitic packing is possible in the structure 
f) None of the above. 

 
10. Bond lengths involving hydrogen are significantly underestimated in structures determined by X-ray diffraction. This may 

be attributed to: 
a) The low scattering power of hydrogen. 
b) The significant contribution of the hydrogen nucleus to the scattering of X-rays. 
c) Hydrogen has more than one isotope. 
d) The very low melting point of hydrogen. 
e) The asymmetric distribution of the hydrogen electron density. 
e) None of the above. 

 
Approximate Timetable for Tenth BCA Intensive Course in X-Ray Structural 
Analysis, Trevelyan College, Durham, UK, 4 - 12 April 2005 
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Teaching of the Fundamentals of Crystallography 
 

Dieter Schwarzenbach 
École Polytechnique Fédérale de Lausanne, Laboratoire de Cristallographie, Le Cubotron, 1015 
Lausanne, Switzerland, WWW: http://lcr.epfl.ch/page37426.html ; E-mail: dieter.schwarzenbach@epfl.ch  
 
What are the Fundamentals of Crystallography? What is Crystallography? A general definition might be 
"Geometry and patterns: the spatial arrangements of atoms in all types of matter; determination, 
description, classification, implications of atomic patterns." Even though the IUCr journals, the 
International Tables and most national societies of crystallography cover the full scope of this ambitious 
claim, the image and reputation of crystallography and of the profession of crystallographer has evolved 
from various traditions. In the English speaking world, people tend to classify a crystallographer as a 
chemist who determines crystal structures and is thus little better than a technician. Teaching 
crystallography is therefore not fundamental and should enable students only to master a somewhat 
complicated technique. In contrast, my thesis adviser Fritz Laves at ETH-Zurich in the early 1960s 
considered crystallography as the center of all natural science, in the core of mathematics, physics and 
chemistry. He was the former student and successor of the great Paul Niggli whose breadth of 
publications was gigantic although he considered himself as mineralogist. Laves used all sorts of tools for 
his research, including spectroscopic methods and electron-microprobe analysis. X-ray diffraction played 
an important role, but his students did not learn the art of structure determination. I made up for this 
deficiency very easily as a post-doc. 

 

From 1954 to 1976, Laves read an important course of crystallography, about 56 hours (2 hours a week 
during two semesters) plus exercise sessions, that was compulsory for first-year chemistry and earth 
science students, and optional for physicists. The contents were : 

– geometrical crystallography, indices, zones, stereographic projection and optical goniometers, 
twinning; 

– symmetry, crystal classes, crystal systems, Bravais lattices, in-depth training with wooden models; 

– diffraction, Laue and Bragg equations, reciprocal lattice, powder methods including indexing of cubic, 
tetragonal and hexagonal powder patterns (by hand), reflection conditions; 

– birefringence and crystal optics; 

– crystal chemistry, structure types, coordination polyhedra, closest sphere packings, binary AmXn 
compounds for many (m, n), intermetallic structures (Laves phases, of course), silicates. 

Similar courses were given at that time at many German Universities as evidenced by the exceedingly 
popular textbook of W. Kleber, Introduction to Crystallography (1st edition 1955 in German, English 
translation by W.A. and A.M. Wooster 1970). Various excerpts of these fundamentals figure today in 
basic courses of chemistry, physics, materials sciences, earth sciences and biology, tailored to particular 
needs and dependent on the insights of the teachers, often using a nomenclature that differs from IUCr 
usage (compare e.g. standard text books of solid state physics).  

 

The curriculum at ETH-Zurich in the 1960s for advanced students wishing to specialize in 
crystallography is of less interest today, except for a two-week full-day practical course of X-ray 
diffraction where the use of film cameras (Weissenberg, Retigraph, Precession) and of powder cameras 
(from Debye-Scherrer cameras to focussing monochromator methods) was taught. I encountered my first 
experimental observation of a multiply twinned feldspar in this course in 1958. 

 

Starting in 1969, I gave a course with the same weight as the one of Laves at Zurich, 56 hours and 
accompanying exercises, at the University and the Swiss Federal Institute of Technology at Lausanne. It 
was compulsory for 2nd year physics and materials science students. The contents of this course evolved 
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over the years, and the number of hours fluctuated. But it still exists today as two separate courses for 2nd 
year physicists and materials scientists, given by Gervais Chapuis. During all these years, I endeavoured 
to include the following topics: 

– geometrical crystallography, the mathematics of oblique coordinate systems and lattice bases leading 
directly to the reciprocal lattice base; 

– symmetry, group-theoretical concepts for understanding International Tables A (space groups); 

– diffraction, Fourier transform, phase problem and atomistic models for its solution, powder diagrams 
for materials identification and the study of phase transitions by observing the splitting of powder 
lines; 

– anisotropy and tensorial properties of crystals, classical crystal optics; 

– sometimes, I also included some crystal chemistry including simple inorganic structures important for 
solid state physics and materials science. 

Materials scientists were then ready for a follow-up course on applications such as strain analysis from 
line broadening in powder diagrams, and grain orientation analysis. The physicists continued with a 
course on dislocation theory and plastic deformation (given by a specialist in this field). My basic course 
met with a mixed success with the students, their judgment showing a double-humped camelback-type 
curve: some gave it the highest grade, some found it abominable. The materials scientists found it 
somewhat too mathematical. The physicists with their very superior mathematical training experienced 
difficulties connecting the very abstract mathematics courses on group-theory with the corresponding 
crystallographic geometrical realizations and space visions. Many students gave quite flattering opinions 
on the course only in retrospect after their graduation.  

 

As did Laves in Zurich, we also offered for over 30 years, and still offer, a two-week practical course in 
X-ray diffraction and structure determination that evolved from the use of all sorts of cameras and 
diffractometers to a structure determination course with today's modern methods. It is attended mainly by 
graduate students, sometimes post-docs, with very diverse backgrounds. More recently, a course on 
physical methods of structural biology is given by Marc Schiltz. For many years, Gervais Chapuis has 
read a 28 hour course without exercises on X-ray structure determination for 4th year chemists. This exists 
actually as an option that does not appear to be encouraged by the chemistry faculty. 

 

I believe that crystallography should be included on the undergraduate and/or graduate level in many 
scientific disciplines. It belongs to a meaningful scientific education. I do not mind if the material is 
taught under a different name than crystallography as long as it is taught properly. I resent naive pictures 
of the 14 Bravais lattices, trivial deductions of Bragg's equation, and restricted presentations of the family 
of closest sphere packings. Notions on the following topics should be acquired by all students: 

– The lattice symmetry of the ideal crystal is the key to understanding anisotropy, diffraction of 
radiations, electronic and vibrational band structure, and is the standard for the definition of crystal 
imperfections. 

– Point groups, and not only the crystal classes, should be presented and memorized geometrically. This 
is fundamental for both spectroscopy and crystallography and should be taught in depth, rather than 
twice. A picture of the symmetry elements goes a long way to intuitively grasping the meaning of 
invariant subspaces and character tables. 

– Some basic crystal chemistry is useful at least for materials scientists and solid state physicists 
(chemists do not seem to care any more for simple substances). A presentation of closest sphere 
packings presented as an OD-structure family (polytypes) easily includes diamond-Lonsdalite and 
semiconductor structures, ice, graphite, Laves phases. 

– The Bragg equation should be familiar to every scientist. I would also include the powder method and 
the information it reveals. 
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It appears most important to me to show the general validity of the above notions. It is a pity that 
crystallographers and solid-state physicists use different languages and separate courses to express the 
same ideas. 

 

What about X-ray structure determination, for chemists and biochemists? It may appear to the non-service 
crystallographer that I am, that very little needs to be taught in this field. Excellent programs for both the 
measurement process and for data interpretation handle most problems of symmetry. An understanding of 
the theory (e.g. origin definition, triplets, probabilities, ADPs, coordinates) is not necessary for successful 
structure determination. The molecule appears magically on the screen if only one knows how to handle 
the programs. Or is it not that easy, as hinted at by the number of problem papers received by Acta Cryst. 
C and E? It may of course happen that the solution does not readily appear. Intervention by a professional 
crystallographer becomes then necessary who's education is very much more demanding and not 
discussed here. A course on fundamentals needs only to cover the phase problem, the models for solving 
the phase problem and an assessment of the meaning and the quality of the results: 

– The phase problem: Fraunhofer diffraction; representation of the electron distribution by waves, i.e. 
the Fourier transform explicitely or implicitely; image formation by interference of waves, i.e. the 
reciprocal Fourier transform. 

– The missing phases require definition of a model, i.e. one looks for an electron distribution with 
certain properties. The standard methods are based on atomicity, i.e. the structure is a superposition of 
atomic electron distributions that are smeared by thermal motion and whose number and types are 
known. This idea may, but need not, be expanded to include electron density determination with 
aspherical atoms, as well as models of thermal motion. More importantly, the charge flipping (CF) 
method of Oszlanyi & Sütö (Acta Cryst. A60, 134-141, 2004; Acta Cryst. A61, 147-152, 2005) 
proposes a much simpler model where the electron density is supposed to be large in only about 20% 
of space and negligibly small in the other 80%. CF appears to solve just about any difficult structure 
with data at atomic resolution, with the added quirk that the use of symmetry is harmful. Thus, there is 
not even a need to teach symmetry at this stage! Starting from here, the teacher may address imaging 
of non-periodic objects with limited dimensions. I would rather do this than discussing recipes of 
structure determination. 

– If recipes are to be discussed, I would start with the Patterson method. But rather than using a 
measured data set and the computer, I would devise an exercise where the students calculate from the 
known atom coordinates the vector space of a simple structure (I chose calcite, CaCO3). I then would 
make the students manipulate by hand some triplet relations (examples may be found in M. M. 
Woolfson's textbook, 1970). Although this is old-fashioned, it is more informative than an impressive 
demonstration of structure solution with crystals brought by the course participants. The latter should 
be included only for its high propaganda value. 

– The chapter on meaning and quality should include a discussion of acceptable bond lengths and angles. 
Aberrant thermal ellipsoids might be illustrated by rms displacements along interatomic bonds and the 
Hirshfeld test. The meaning of reliability factors and standard uncertainties cannot be avoided, 
although these are quite technical subjects. 

 

I believe that useful information on the essence of X-ray structure determination can be taught in a post-
graduate course of about 7 hours (e.g. 1 hour a week during half of a 14-week European semester), maybe 
as part of a course including other methods of analysis. A few exercise sessions could be offered via the 
Internet. I do not believe in flashy propaganda courses demonstrating to students the effortless marvels 
that can be wrought. Rather, I believe that a useful course tends to be a demanding course. 

 

The sum of our teaching efforts in Fundamentals of Crystallography at Lausanne is published in French 
in a reasonably priced textbook: Dieter Schwarzenbach & Gervais Chapuis, Cristallographie, 2nd edition, 
Presses polytechniques et universitaires romandes, Lausanne (2006). Its 7 chapters are entitled: (1) 
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Geometrical crystallography, (2) Symmetry, (3) X-ray diffraction by crystals, (4) Determination of crystal 
structures, (5) Simple crystal structures, (6) Tensorial properties of crystals, (7) Exercises with solutions. 
The first edition of this textbook, without chapters 4 and 5, has also been translated into English by A. A. 
Pinkerton and published as a too expensive book by Wiley (1996). 

 

In addition, we have created a series of interactive Java applets which can be directly accessed from the 
web at URL http://escher.epfl.ch/.  They serve to familiarize students with the concepts of point and space 
group symmetry, reciprocal space, diffraction and Fourier transform. In addition, they offer access to a 
large database of crystal structures and intuitive tools for their representation. 
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Teaching Crystallography and Related Subjects at Novosibirsk State 
University, Russia 

 
Elena Boldyreva 
Head of the Chair of Solid State Chemistry, Novosibirsk State University, Pirogova, 2, Novosibirsk 
630090, Russia ; E-mail: boldyrev@nsu.ru   
 
As compared to some other countries, Russia still has many advantages in teaching crystallography and 
related subjects. The main advantage is that crystallography remains a compulsory course for chemistry 
students, mineralogy / geochemistry students, and, in some universities, also for physics students. Such 
universities and high schools as Lomonosov (Moscow) State University, S-Petersburg State University, 
Nizhnii Novgorod State University, Samara State Universities, Physical Technical Institute (Moscow), 
and many others have a long tradition in this field. Their experience is reflected in numerous text-books, 
original lecture courses and teaching materials, some of which can be found either at the corresponding 
internet sites (http://www.chem.msu.su/eng/, http://ns.crys.ras.ru, http://www.geol.msu.ru/english/, 
http://www.geol.msu.ru/english/deps/crystal.htm, http://www.inorg.chem.msu.ru/, 
http://www.chem.msu.su/eng/lab/cryschem/, http://www.chem.msu.su/eng/chairs2/welcome.html), or by 
contacting directly the responsible people (secr@ns.crys.ras.ru, nb_bolotina@hotmail.com, 
dekanat@phys.unn.ru, chuprun@phys.unn.ru, elbel@geol.msu.ru, slov@phys.chem.msu.ru, 
siicm@hotbox.ru, aslanov@struct.chem.msu.ru, http://www.che.nsk.su/education/). Some of the groups 
have also prepared short contributions to this Newletter, other will do this for the next issues. Apart of 
teaching the basics of crystallography, crystal chemistry, mineralogy, structural analysis, Russian 
universities provide also various courses in crystal physics, materials sciences, solid state chemistry, and 
related subjects. This is very important, to show that crystallography is a modern science, and not just a 
historically important, but no longer demanded subject. To give access of Russian students to the most 
recent achievements of crystallography, we have initiated preparing a series of teaching materials in the 
electronic format, to be accumulated at university servers, but also as a distributed electronic library. The 
information on this library will be available, when some “critical amount” of materials will be already 
accumulated. 
 
Novosibirsk State University does not belong to very old universities in Russia. It has not celebrated its 
50th year anniversary yet. It is a very dynamic university, that is aimed at training intelectual elite for 
Russian Science and therefore develops new approaches to teaching. It has its own experience in teaching 
crystallography and related subjects, which is somewhat different from what is common at other places.  
 
An interesting point is that crystallography is being taught to all chemistry students, as in other 
universities, but not as a separate course – it is a part of a general course in solid state chemistry (Prof. E. 
Boldyreva, boldyrev@nsu.ru ). All the basic notions of fundamental crystallography, crystal chemistry, 
crystal physics are being introduced in a comparison with the structure and properties of individual 
molecules, widely using group theory, basic physics, vector algebra, analytical geometry. This allows us 
to “compress” a very large material into 2 months time (2 hours of lectures and 3 hours of practicals per 
week). After the introduction into the basics of the structure description of ideal crystals, we consider 
more briefly incommensurate structures, quazicrystals, nanostructures, and then enter the second part of 
the course (2 months more) related to the structure of real solids – different types of point defects and 
dislocations are considered, surface structure and surface properties, the structure and properties of 
heterogeneous systems. Some details on the course are given in the paper: [Boldyreva E. V. An 
experience of teaching solid-state chemistry as a comprehensive course for chemistry students // J. Chem. 
Educ, 1993, 70(7), 551-556]. After this general course students getting special training in inorganic 
chemistry, catalysis, solid state chemistry attend also special courses in crystal chemistry (Prof. S. 
Solodovnikov, solod@che.nsk.su ), structural analysis (Prof. E. Boldyreva, boldyrev@nsu.ru, Prof. S 
Tsybulya, tsybulya@catalysis.nsk.su), introduction into Cambridge Structural Database (Prof. E. 
Boldyreva, boldyrev@nsu.ru). Chemistry students show a large interest in crystallography and its various 
applications, and the competition for the corresponding specialities is high. Crystallography and crystal 
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chemistry are also taught as general courses at Geology department (Prof. Yu. Seryotkin, 
yuvs@uiggm.nsc.ru). Since 2006, crystallography, crystal chemistry, structural analysis and materials 
sciences will be taught also to physics students (Master level). This new specialization is supervised by 
Prof. S. Tsybulya, tsybulya@catalysis.nsk.su. Lecturers are invited from Chemistry and from Physics 
departments. As original courses, one can mention “Crystallography at extreme conditions” and “In situ 
studies of solid-state reactions (Prof. E. Boldyreva, boldyrev@nsu.ru). More information is available at 
www.phys.nsu.ru.  
 

   
 
Fig. 1:  a) Practicals in structural analysis. Powder diffraction and b) single-crystal diffraction at non-
ambient conditions – is an important original course 
 

   
 
Fig. 2:  a) A lecture in structural analysis and b) practicals in crystallographic computing 
 
In addition to general and special lectures and practicals in the regular curriculum, Novosibirsk State 
University organizes comprehensive lectures for senior school-children at special Summer and winter 
schools. Another important field of activity is related to continued education for those who have 
graduated from the University some time ago and would like to up-date their knowledge. A 
multidisciplinary Research and Education Center (REC-008) plays an important role in this activity. As a 
bright recent event, a workshop “ICDD: powder diffraction file and grant-in-aid program” can be 
mentioned, that was organized in Novosibirsk from October 18th till October 20th jointly by Research 
and Education Center REC-008 at the Novosibirsk State University, Boreskov Institute of Catalysis, and 
Institute of Solid State Chemistry and Mechanochemistry Siberian Branch of the Russian Academy of 
Sciences. The Seminar was initiated and supported by the International Center of Diffraction Data 
(ICDD). The main purpose of the seminar was to give an overview of the ICDD activity, of the new 
version of the PDF-4 database, to discuss various applications of the powder diffraction techniques, and 
to involve researchers and students from Siberia into a cooperation with the ICDD via the “Grant-in-aid”-
program. Russian and English were the working languages of the Seminar. 66 registered participants 
represented Novosibirsk, Krasnoyarsk, Ulan-Ude, Omsk, Tomsk, Barnaul, Tyumen’, Kemerovo, 
Novokuznetsk, Irkutsk. The participation of 9 young researchers and students from outside Novosibirsk 
was financially supported by Civilian Research and Development Foundation (CRDF, USA). The 
Workshop has initiated a series of regular (one-two per month) seminars on powder diffraction, organized 
by REC-008 and attracting students from the Novosibirsk State University and researchers from various 
Institutes of the Novosibirsk Scientific Center.  

Page 48

mailto:yuvs@uiggm.nsc.ru
mailto:tsybulya@catalysis.nsk.su
mailto:boldyrev@nsu.ru
http://www.phys.nsu.ru/


Crystallographic Teaching at the Laboratory of Inorganic Crystal 
Chemistry at Moscow State University, Russia 

 
Evgeny Antipov 
Dept. of Chemistry, Moscow State University, Moscow, 119899, Russia ; E-mail: 
antipov@icr.chem.msu.ru  
 
The laboratory of Inorganic Crystal Chemistry at Chemistry Department of Moscow State University 
exists over 50 years. It was organized as a service group by Prof. Yuri P.Simanov Since that time it 
covered the way from X-ray service group to the laboratory performing full scientific studies starting 
from syntheses of chemical compounds up to investigations of their structures and physical properties. 
Prof. Leonid M.Kovba in 1960’s to 1980’s did a lot to introduce X-ray powder diffraction as a common 
used method for the study of inorganic compounds. Since January 1996, the laboratory is headed by Prof. 
Evgeny V.Antipov. 
 
Moscow State University is an educational institute, and the Laboratory participates in the teaching 
program as well. It starts with the beginning. At the first course Prof. Antipov presents several 
introductory lectures on X-ray diffraction and its application in chemistry. The second year one of groups, 
specialized in inorganic chemistry, has a special semester course of basis in X-ray powder diffraction, 
held by Prof. Antipov. Later, more detailed information, including theoretical basis of X-ray diffraction 
are presented in courses "X-ray analysis" and "Experiments in the X-ray analysis" for 3rd year students of 
the Department of Materials Sciences and 5th year students of Chemistry department by Assoc. Prof. 
Roman Shpanchenko and Dr. Andrei Mironov. Finally, the special course of “Diffraction methods (X-ray 
single crystal and electron microscopy) in structure analysis of inorganic compounds” for the Ph.D. 
students are delivered by laboratory researchers Andrei Mironov and Artem Abakumov.  
 
In the 1990’s, the time of active development of X-ray powder diffraction methods were unfortunately 
very rare for Russian science and, especially, industry. Nowadays, there is a great requirement in the 
specialists in this field. For that reason the laboratory performs the X-ray Diffraction Clinics. Late in June 
2003-2005 three X-ray diffraction schools for the workers of metallurgy, cement and fertilizers industry 
were organized. They learned to make phase analysis from diffraction patterns with the help of PDF Data 
Base, index the diffraction patterns and calculate cell parameters, calculated diffraction patterns of solid 
solutions and use the results for quantitative analysis of raw materials and products (see pictures). 
Besides, several lectures devoted to the use of diffraction methods (including X-ray powder diffraction) 
were delivered at III-V “Actual problems of modern inorganic chemistry and material science”, School 
for students and young scientists in 2003-2005. 
 

 
 
Fig. 1: 1st XRD Clinic at Moscow State University (June 2003) 
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Within the frame of ICDD activity seven Regional Workshops were organized devoted to the modern 
problem of X-ray powder diffraction, as well as the ICDD products and programs. The first seminar was 
organized in 1992 in Moscow. Since that time another 6 Workshops were held in different cities, covering 
different regions of Russia, Former Soviet Union Republics and even other countries (Sweden, France, 
Poland, Germany). The last one was held in Novosibirsk in Academy town, the largest scientific center in 
Siberia (see pictures). During these years several hundred participants took part in Workshops. 
 
Several lectures on powder diffraction were delivered at national and international conferences: MSU 
HTSC, National Crystallographic Conferences in Chernogolovka (Moscow Region), conferences on “X-
ray Diffraction and Crystal Chemistry of Minerals” in St.Petersburg, IX International Conference on 
Crystal Chemistry of Intermetallic Compounds in Lviv, Ukraine, (September 2005) and others. 
 

   
 
Fig. 2 (a, b): ICDD GiA Workshop in Novosibirsk (18.10-20.10 2005 ) 
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M.Sc. Crystallography at Birkbeck College, University of London, UK 
 

Alan L. Mackay 
School of Crystallography, Birkbeck College, University of London, Malet Street, London, WC1E 7HX, 
UK ; E-mail: a.mackay@mail.cryst.bbk.ac.uk  
 
J. D. Bernal (1901-1971) came as Professor of Physics to the old building (Breams Buildings) of 
Birkbeck College from Cambridge and as a newly elected FRS, in 1938 to succeed P. M. S. Blackett. His 
intention was to continue crystallographic research on the large molecules of living systems, but he was 
soon called to war duties and did not return to Birkbeck until 1945/6. Two old war-damaged houses in 
Bloomsbury were acquired for the new crystallographic laboratory and research resumed, although 
general teaching in Birkbeck had continued on a part-time basis right though the war. Bernal had, in Feb. 
1945, produced a memo of his objectives which were: "to set up a research centre for the study of the 
structure and properties of large molecules of biological importance by all available physical and 
chemical methods". He collected his research group and set to work. C. H. Carlisle took proteins and 
viruses, J. W. Jeffery, inorganic materials and cement, W. Ehrenberg began to make X-ray tubes, A. D. 
Booth was commissioned to make a computer and R. Furth dealt with crystal physics. Other research 
workers began experimental work for Ph.D. theses. 
 
It was clear that the formal teaching of crystallography for Ph.D. students, both at Birkbeck and elsewhere 
in London should be developed and about 1948 an M.Sc. by examination degree course was launched. It 
was inter-collegiate and included the participation of Kathleen Lonsdale (one of the first women to be 
FRS) at University College and G. I. Finch, FRS at Imperial College who, with H. Wilman, was 
developing electron diffraction crystallography. The course was to be two years part-time (but was later 
adapted to include people doing it in one year full-time) and was designed to cover the whole spectrum of 
crystallography, as for example, presented by W. L. Bragg in his book of 1939 "The Crystalline State" 
(Vol. 1). Indeed Bragg himself opened the laboratory at a ceremony in July 1948. 
 
The course was under the supervision of the Advisory Board for Crystallography of the University of 
London which appointed external examiners. As well as students from the various colleges of the 
university there were students from industry - there were particular connections with the research 
laboratory of the General Electric Company at Wembley (H. P. Rooksby). The formation of the X-ray 
Analysis Group of the Institute of Physics, the appearance of the journal Acta Crystallographica and the 
International Union of Crystallography all helped to produce a coherent crystallographic community 
which persists today. Our first overseas students appeared and connections with, for example, Chile, 
India, Japan and Egypt, began and still continue. The external examiners, drawn from crystallography 
groups in other British universities contributed greatly to the recognition of uniform standards. Good 
connections with the Natural History Museum Department of Minerals helped research with key 
specimens and some of their staff came to the course. 
 
There were, of course, many difficulties in the immediate post-war conditions. Luckily the main building 
of Birkbeck College had been begun before the war, and supplies of bricks had been stored for the 
duration, so that building could be resumed and the new building opened in 1954, although 
crystallography remained in slum conditions for another decade. Food rationing had continued until the 
early 1950s and equipment had to be made in-house so that a substantial workshop was a central feature. 
Workshop training was deemed essential for all and the workshop was vital in maintaining cars and bikes. 
Much could be acquired from war surplus equipment, both British and German, but this had to be 
adapted. A major problem was the dual use of equipment for research and for teaching. Teaching took 
place from 6-9 p.m. leaving the day clear for research so that many people worked long hours. Following 
Cambridge practice collective tea-times were essential social engineering for discussing politics as well as 
day-to-day difficulties and scientific work. All had to do almost everything for themselves and to learn all 
trades (like photography and X-ray safety - regular blood tests were required and control films were 
checked).  
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Lecture notes were prepared on a Gestetner machine. The experience of the Cambridge school, provided 
the texts which were used. Besides Bragg's book, those of W. A. Wooster, (Crystal Physics); F. C. 
Phillips (Introduction to Crystallography); R. C. Evans (Crystal Chemistry), were used at the start and 
many others followed. Students struggled with Linus Pauling's "The Nature of the Chemical Bond" 
(1939, 1940, 1960). In the early 1950s Bernal wrote a definitive account of crystallography for the 
Encyclopaedia Britannica but it was considered to be too long and was rejected but it summarised the 
M.Sc. course and was circulated to students. (He had earlier written the article "x-rays and crystal 
structure for the 1929 edition). 
 
Computing always a limiting factor and Beevers-Lipson strips were used for Fourier synthesis for very 
many tedious years. For many years too the intensities of spots in X-ray diffraction photographs were 
measured by eye by comparison with standard strips. People were always scouring the front lines of 
development for computing facilities.  
 
Crystal physics was included but turned out not to be popular. Although the course included how to cut a 
quartz oscillator plate for zero temperature coefficient nobody attempted the corresponding examination 
question. There was a lot of basic mineralogical crystallography and symmetry theory. 
 
Bernal himself suffered a stroke in 1963 and became progressively incapacitated. At that time science 
was moving from "small science" to "big science" with the increasing availability of big machines, 
computing, neutron diffraction, electron microscopy, the synchrotron, etc. which he did not really see. As 
facilities appeared, the M.Sc. course adapted to include them. 
 
The course continued to change with the headships of Harry Carlisle, the Tom Blundell and later David 
Moss. It continued to become more biomolecular and quite recently the materials section of the Dept. of 
Crystallography has moved to University College. This move reflects the continuing national run down in 
science education generally. Physics, chemistry, mathematics and geology at Birkbeck College have been 
forced to seek alliances with other college department to maintain the scale of operations necessary to 
take part in big science in a world arena. 
 
As the focus of molecular biology shifts to systems, the M.Res. degree in Structural Biology has replaced 
classical crystallography and there are separate certificate courses in Principles of Protein Structure and in 
Protein Crystallography and in Techniques in Structural Molecular Biology. 
 
There is an M.Sc. course and an M.Res. course in Bioinformatics. All these serve also to prepare Ph. D. 
students for increasingly specialised research work. 
 
(Jeremy Cockroft has summarised the syllabus of the last M.Sc. course in crystallography and this is 
available on the internet http://img.cryst.bbk.ac.uk/www/cockcroft/msc-cryst/aims.htm .  It is also 
reprinted below as an addendum) 
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Addendum 1: reprint of webpages containing the (now defunct) Birkbeck College 
M.Sc. Crystallography Course Syllabus in its final form (taken from Jeremy 
Cockcroft's website : http://img.cryst.bbk.ac.uk/www/cockcroft/msc-cryst/aims.htm ) 

 
Comment from Jeremy Cockroft (added by the newsletter editor):  It needs to be made clear that 
some lecturers did not provide details of what they planned to teach following certain old-fashioned 
teaching traditions that are no longer acceptable practice: namely walking into the lecture room and 
giving a lecture on what they felt like on the day. Hence the web syllabus that I created has holes. How 
you wish to add this in I leave to you, but it is an important point since times have changed in this regard. 

 
 

MSc Crystallography  

Aims & Objectives  
 

The overall aim of this MSc course is to give students a broad view of the subject of crystallography. The 
course is divided into two sections with the aim of providing a basic grounding in the subject followed by 
an illustration of how crystallography is applied to the various scientific disciplines. The aim of section 
one is to cover the concept of crystal structures and symmetry, the physics of scattering and diffraction 
theory, experimental diffraction from single crystals, instrumentation and powder diffraction. Section two 
explores the analysis of single-crystal data, techniques used in protein crystallography, electron 
microscopy, and provides in-depths studies of the application of crystallography in different situations. 
For students with a weaker mathematical background, a supplementary mathematics course is provided.  

Section 1  

• Crystal Structures & Basic Symmetry 
Objective is to explain the description of a crystal structure in terms of atom positions, unit cells, 
and crystal symmetry; and to relate the crystal symmetry to the symmetry observed in a diffraction 
experiment, for symmetries up to and including primitive orthorhombic.  

• Diffraction Techniques (with Camera & CAD4 practicals) 
Objective is to give students a working knowledge of reciprocal space, X-ray photography with 
oscillation, Weissenberg, & precession cameras, single-crystal laboratory diffractometers, and 
Laue diffraction.  

• Scattering & Diffraction Theory 
Objective is to give the students a grounding (both mathematical and intuitive) into the interaction 
of radiation with condensed matter and how this can be used in generalised crystallography. This 
grounding should supplement the lectures and practicals elsewhere in the course.  

• Instrumentation & Powder Diffraction (with D500 practical) 
Objective is to give the students a background to the instrumentation used for powder diffraction, 
to illustrate the different uses of powder diffraction, and to give as much hands-on experience of 
data collection, data interpretation, and structure refinement as possible within the time allowed.  

• Advanced Symmetry 
Objective is to explain the salient points of higher-symmetry space groups, namely those 
belonging to the tetragonal, trigonal, hexagonal, and cubic crystal systems.  

• Mathematics for Crystallographers 
Objective is to revise the mathematical concepts required for an understanding of crystallography 
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for those students with a weak mathematical background. Specific aims include an understanding 
of vectors, their properties and manipulation; matrices and how to use them; simple trigonmetry 
and the trigonmetric functions; the use of complex numbers; and experimental counting statistics, 
systematic and statistical errors, and the significance and use of error values in the scientific 
literature.  

Section 2  
• Chemical Crystallography 

Objective is provide instruction on the methods and basis for determining low-molecular weight 
crystal structures using X-ray Crystallography; to enable interpretative assessment of the results of 
crystal structure analysis to be carried out; and to guide students through several actual analyses 
using the SHELX-program suite implemented on Pentium PC's.  

• Electron Microscopy (with EM practicals) 
Objective is to introduce the students to the basic fundamentals of electron microscopy as a useful 
subsidiary technique for crystallographers; to explain and demonstrate the use of the electron 
microscope; to provide examples of its application in materials science and macromolecular 
structural biology.  

• Protein Crystallography 
Objective is to teach the basics of modern protein crystallography using Web-based material; to 
discuss the different levels of structure exhibited by proteins; to demonstrate the instrumentation, 
steps, and methods used in protein crystallography with appropriate case studies; to introduce the 
concept of non-crystallographic symmetry to protein crystallography.  

• Applied Crystallography 
Objective is to give the students a few in-depth examples of the applications of materials and 
solid-state chemical/physics crystallography in academic research, industrial research, and its 
general use in the outside world.  

• Non-Crystalline Systems 
Objective is to provide students with some insight into the techniques used to examine either 
poorly-crystalline materials or totally non-crystalline materials and thus to provide a contrast with 
techniques such as powder diffraction.  

• Crystallography at EPSRC central facilities 
Objective is to provide students with a background to the radiation sources provided by EPSRC 
central facilities, the type of diffraction experiments performed there, and an on-site experience.  
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MSc Crystallography  

Crystal Structures & Basic Symmetry  

Aims & Objectives  
 

The overall aim of this MSc module is to explain the description of a crystal structure in terms of atom 
positions, unit cells, and crystal symmetry; and to relate the crystal symmetry to the symmetry observed 
in a diffraction experiment, for symmetries up to and including primitive orthorhombic.  

The objectives of each lecture are given below:  

• Lecture 1 
To introduce the concept of simple crystal structures in terms of atom (or cation/anion) positions, 
unit cells, and crystal symmetry; 
To demonstrate how the symmetry observed in a diffraction experiment is related to that of the 
crystal.  

• Lecture 2 
To demonstrate that the packing of organic and organometallic molecules in a crystal follows 
similar principles to those observed for inorganic compounds.  

• Lecture 3 
To develop the concept of proper and improper rotation axes; 
To show how they can be combined in a finite number of ways so as to form the 32 
crystallographic point groups.  

• Lecture 4 
To demonstrate how 2D space may be filled in a regular repeating manner; 
To develop the concepts involved in the plane systems: oblique, rectangular, square, & hexagonal; 
To demonstrate using optical diffraction the relationship between real and reciprocal space for the 
17 plane groups.  

• Lecture 5 
To describe the 7 crystal systems and the Bravais lattices; 
To introduce the concept of the triclinic lattice and its lattice planes; 
To give general equations relating d-spacing and the unit-cell parameters; 
To show how these equations simplify according to crystal system 
To introduce the triclinic space groups and their tables.  

• Lecture 6 
To derive the 8 primitive monoclinic space groups; 
To demonstrate the existence of alternative unit cells with different space group symbols, but 
identical space group symmetry.  

• Lecture 7 
To introduce the concept of systematic absences; 
To show how these may be used to distinguish the space groups of different crystals for the 8 
primitive monoclinic space groups;  

• Lecture 8 
To derive the 5 centred monoclinic space groups; 
To demonstrate the effect of a lattice centring in a diffraction experiment; 
To demonstrate the effect of combining a lattice centring with a primitive space group.  

• Lecture 9 
To introduce the primitive non-centrosymmetric orthorhombic space groups; 
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To give the students practice at deriving space-group symmetry from single-crystal diffraction 
data.  

• Lecture 10 
To discuss the centrosymmetric orthorhombic space groups; 
To teach the derivation of the symmetry operators from the space-group symbol; 
To give students more practice at deriving space-group symmetry from single-crystal diffraction 
data.  

• Lecture 11 
To demonstrate how interatomic distances, bond angles, and torsion angles are calculated; 
To give the students practice in carrying out the above calculation in a fast and efficient manner.  

 
MSc Crystallography  

Diffraction Techniques  

Aims & Objectives  
 

The aims of this module are: (1) to provide instruction on the theory and practice of methods for 
recording crystal reciprocal lattices and measurement of the associated intensity values prior to structure 
analysis; (2) to introduce methods of measuring and interpreting reciprocal lattice geometry for the 
determination of unit cell dimensions, Laue symmetry and space group symmetry. The lecture course is 
supplemented by intensive practicals.  

The objectives of each lecture are given below:  

• Lecture 1 
To derive Bragg's equation, introduce the Ewald sphere analogue and concept of the reciprocal 
lattice. Problem solving and demonstration.  

• Lecture 2 
To use basic techniques for the optical examination of crystal specimens using a polarising 
microscope. Crystal mounting techniques for camera work and diffractometry.  

• Lecture 3 
The oscillation camera. Design, recording techniques and symmetry observable and calculation of 
crystal spacing. Indexing. Limitations of the method. Problem solving. Film measurements.  

• Lecture 4 
The Weissenberg camera. Design, recording and interpretation of reciprocal lattice zero layers in 
terms of unit cell spacings and symmetry. Film measurement and indexing.  

• Lecture 5 
Upper level Weissenberg photography by equi-inclination technique. Calculation of settings, 
symmetry observable and derived measurements. Problem solving and demonstration.  

• Lecture 6 
Design of the 4-Circle Single Crystal Diffractomer. Crystal mounting, reflection scans, unit cell 
calculation and orientation matrix assignment. Equi-inclination geometry.  

• Lecture 7 
The Nonius CAD4 single crystal diffractometer. Kappa geometry. Data collection strategies. Psi 
scans for empirical absorption correction. Data processing programmes. Practical involving 
crystal mounting, orientation, unit cell and Laue symmetry assignment and data collection and 
processing.  
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• Lecture 8 
Design of the precession camera. Comparison with oscillation camera. Recording zero-layer 
photographs of the reciprocal lattice. Unit cell calculations and observation of symmetry. Problem 
solving and measurements.  

• Lecture 9 
Recording upper-level precession photographs. Comparison with Weissenberg camera. 
Observation of symmetry and determination of space group. Limitations of the method. Problems 
and calculations.  

• Lecture 10 
Laue photography. The use of white radiation. Simple indexing procedures and inherent practical 
difficulties. Symmetry observable. Practicals, problems, calculations. Situations where Laue 
method is applicable.  

• Lecture 11 
Data collection strategies. Symmetry considerations. Approximate number of intensities in a data 
set. Resolution. Data reduction procedures. Lorentz, polarization and absorption correction. 
Indices of data quality and expected values in practice.  

 
MSc Crystallography  

Powder Diffraction  

Aims & Objectives  
 

The overall aim of this MSc module is to give the students a background to the instrumentation used for 
powder diffraction, to illustrate the different uses of powder diffraction, and to give as much hands-on 
experience of data collection, data interpretation, and structure refinement as possible within the time 
allowed.  

The objectives of each lecture are given below:  

• Lecture 1 
To introduce the concept of diffraction from powdered crystalline materials; 
To discuss the generation of laboratory and synchrotron X-rays with additional emphasis on 
aspects relevant to powder diffraction; 
To discuss the history of powder neutron diffraction; 
To discuss the generation of reactor-based and pulsed source neutrons and to discuss the merits of 
both for powder neutron diffraction.  

• Lecture 2 
To demonstrate the in-house powder diffractometers to the class; 
To emphasis the different geometries; 
To point out the different components (source, monochromator, sample stage, and detectors); 
To discuss the use of filters and monochromators and their application in powder diffraction; 
To describe the different types of X-ray and neutron detector with a brief explanation of how they 
work.  

• Lecture 3 
To explain how good-quality powder samples are prepared; 
To get the students to prepare powder samples in the laboratory; 
To discuss powder diffractometer data acquisition and to relate this to experimental objectives 
(qualitative versus quantitative analysis, structure refinement versus structure solution); 
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To get each student to collect data on a different unknown binary misture using the PSD detector; 
To discuss instrument calibration, errors, and standard samples.  

• Lecture 4 
To explain the contents of the JCPDS database; 
To demonstrate the use of the database by the Hanawalt search method; 
To get the students to solve simple textbook problems using the teaching sub-set of the database.  

• Lecture 5 
To teach the students how to visualise their data collected in lecture 3; 
To get the students to estimate peak positions and intensities; 
To give the students practice in phase identification from binary mixtures; 
To demonstrate some of the problems involved in qualitative analysis.  

• Lecture 6 
To explain how the d-spacings of the peaks are related to the unit cell parameters; 
To show how these equations simply for higher-symmetry crystals; 
To demonstrate how powder diffraction patterns of cubic materials may be indexed manually; 
To give the students practice in manual indexing; 
To illustrate how the interplanar spacing of layered materials may be obtained by simple indexing 
of 00l peaks; 
To briefly discuss the concepts used in various automatic computer indexing programs.  

• Lecture 7 
To discuss the factors that determine peak intensity in powder diffraction; 
To show the effect of symmetry on the peak multiplicity; 
To discuss the factors effecting peak width; 
To discuss peak shapes for different instrumental conditions; 
To briefly mention instrument abberations and their effect on peak shape.  

• Lecture 8 
To explain the concepts involved in the Rietveld method for the refinement of crystal strcutures 
from powder data; 
To give a slow step by step demonstration of the method using in-house software.  

• Lecture 9 
To show how the Rietveld method can be taken a stage further to whole pattern fitting; 
To demonstrate with examples the steps involved in structure solution from powder data; 
To emphasise the difficulties and limitations of the method.  

• Lecture 10 
To give the students hands-on experience of the Rietveld method using a variety of powder 
diffraction data sets from different instruments; 
To illustrate the importance of knowing the characteristics of the diffractometer used for the data 
acquisition.  

• Lecture 11 
To give the students hands-on experience of powder diffraction at both a synchrotron radiation 
source (SRS) and a pulsed neutron source (RAL).  
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MSc Crystallography  

Advanced Symmetry  

Aims & Objectives  
 

The overall aim of this MSc module is to explain the salient points of higher-symmetry space groups, 
namely those belonging to the tetragonal, trigonal, hexagonal, and cubic crystal systems.  

The objectives of each lecture are given below:  

• Lecture 1 
To explain the solution to symmetry problems set for the vacation; 
To revise the basic principles involved for orthorhombic space groups; 
To give students confidence in deriving space group information from single-crystal diffraction 
data.  

• Lecture 2 
To illustrate the additional symmetry elements present in centred orthorhombic space groups; 
To discuss the concept of extended space-group symbols; 
To teach the students how to deduce space-group symmetry from diffraction data of a crystal 
possessing a centred lattice; 
To introduce the concept of d-glide planes with reference to space groups Fdd2 and Fddd.  

• Lecture 3 
To develop the concepts involved in tetragonal space groups belonging to the Laue class 4/m; 
To briefly survey the higher-symmetry tetragonal space groups belonging to the Laue class 
4/mmm; 
To show how the two Laue classes may be distinguished in a diffraction experiment; 
To introduce the concept of enantiomorphic pairs of space groups.  

• Lecture 4 
To develop the concepts involved in cubic symmetry; 
To discuss the differences between the two cubic Laue classes m-3 and m-3m.  

• Lecture 5 
To introduce the concept of trigonal symmetry and the diamond-shaped unit cell associated with 
it; 
To introduce the symmetry operators resulting from threefold symmetry; 
To introduce the concept of the reciprocal-space coordinates hkil; 
To develop the concepts involved with the Laue classes -3m1 and -31m and to demonstrate the 
relationship between them; 
To show how the different Laue classes may be distinguished in a diffraction experiment; 
To introduce the concept of rhombohedral symmetry and the relationship between the R-centred 
hexagonal and primitive rhombohedral unit cells; 
To relate the rhombohedral and cubic unit cells.  

• Lecture 6 
To extend the concepts of trigonal symmetry to hexagonal space groups; 
To show additional uses for hkil indices in hexagonal systems; 
To discuss the differences between the two hexagonal Laue classes 6/m and 6/mmm.  

• Lecture 7 
To revise space-group symmetry from low to high symmetry; 
To illustrate sub-group and super-group relationships; 
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To very briefly discuss the concept of higher-symmetry systems; 
To illustrate the latter with colour symmetry and magnetic spin.  

 
MSc Crystallography  

Chemical Crystallography  

Aims & Objectives  
 

The aims of this module are: (1) to provide instruction on the methods and basis for determining low 
molecular weight crystal structures using X-ray Crystallography; (2) to enable interpretative assessment 
of the results of crystal structure analysis to be carried out; and (3) to guide students through several 
actual analyses using the SHELX-program suite implemented on Pentium PC's. An introduction to 
Macromolecular Crystallography is provided at the end of the course in preparation for this module. 
Having undertaken the course students should be prepared to undertake extended project work using the 
methods covered in the course and are encouraged to do so at a later stage.  

The objectives of each lecture are given below:  

• Lecture 1 
To introduce the necessary concepts of diffraction theory in the context of single crystals. X-ray 
scattering from a single atom and from arrays of atoms, leading up to the formulation of the 
Structure Factor F(hkl) for centrosymmetric and non-centrosymmetric crystals.  

• Lecture 2 
To introduce the concept and formulation of Fourier series as used in X-ray crystallography. 
Practical aspects of electron density calculations and interpretation in structural terms. The phase 
problem enunciated. To introduce the concept of the Patterson function, its calculation and 
properties, in particular when a structure contains an outstandingly heavy atom.  

• Lecture 3 
To demonstrate the use of SHELX programs for calculating the Patterson function for a heavy 
atom containing crystal, and interpretation in terms of heavy atom positions. Hands-on use of the 
program package. Centrosymmetric case. Calculation of molecular geometry and chemical 
significance of bond lengths, bond angles and other geometrical features such as planarity.  

• Lecture 4 
To continue with the analysis started in Lecture 3, to expand the structure using Fourier and 
difference Fourier methods. Use of graphics programs to interpret the results.  

• Lecture 5 
To repeat the ground covered in previous lectures for a moderatly complex non-centrosymmetrical 
structure.  

• Lecture 6 
To provide the theoretical basis of Direct Methods of stucture determination. Concept of and rules 
for origin fixing. Practical examples for various centrosymmetric space groups.  

• Lecture 7 
To intoduce the triple product sign relationship and expansion into the sigma2 formula. Symbolic 
addition and multi-solution methods for phase determination. The use of figures of merit for 
descrimination between phase sets.  

• Lecture 8 
Practical applications of direct methods for structure solution. Use of SHELX-S and graphics 
programs. Non-centrosymmetrical structures.  
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• Lecture 9 
Expansion and completion of trial crystal structures from Patterson or direct methods. The use of 
Fourier methods and least-squares refinement. Isotropic and anisotropic models for atomic 
thermal vibrations. Pit-falls and precautions necessary in practice. Practicals and demonstrations.  

• Lecture 10 
Methods for locating and/or calculating and refining H-atom positions. Determination of absolute 
configuration. More practicals.  

• Lecture 11 
Introduction to macromolecular Crystallography. Isomorphous replacement and molecular 
replacement, basic concepts.  

 
MSc Crystallography  

Applied Crystallography  

Aims & Objectives  
 

The overall aim of this MSc module is to give the students a few in-depth examples of the applications of 
materials and solid-state chemical/physics crystallography in academic research, industrial research, and 
its general use in the outside world. The general aim is to be take examples mainly from materials and 
solid-state chemistry/physics so as to provide a complimentary view to the application of crystallography 
in structural molecular biology which is covered by the protein crystallography module.  

The objectives of each lecture are given below:  

• Lecture 1 
To illustrate the different types of crystal structures formed by inorganic oxides; 
To show how structures may be classified according to structural type; 
To introduce the concept of relating structure to physical properties; 
To discuss the application of diffraction methods to the structure determination of high-
temperature superconductors; 
To demonstrate the similarity in structure of the various high-temperature superconductors.  

• Lecture 2 
To discuss the importance of the SiO4 tetrahedron in the formation of different silicate mineral 
structures; 
To expand the concept of the relationship between structure and physical properties with reference 
to the rock-forming silicate minerals; 
To give the students a hands-on demonstration of the different optical properties of various 
minerals using two different sources of granite.  

• Lecture 3 
To continue the concept of the relationship between structure and physical properties with 
reference to cements; 
To discuss the different complimentary methods used to investigate cements.  

• Lecture 4 (Invited Lecturer) 
To discuss the Cambridge Crystallographic Structural Database; what it contains; and how to use 
it; 
To discuss how databases may be used to deduce information about the molecular interactions 
between different chemical groups; 
To give the students hands-on experience of the use of the Cambridge CSD.  
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• Lectures 5 and 6 (Invited Lecturer) 
To introduce the students to the concept of perfect crystals and crystal defects; 
To show how they may be studied by X-ray topography; 
To discuss the instrumentation required for X-ray topography; 
To outline the principles involved in X-ray topography; 
To illustrate X-ray topography using diamond and silicon crystals as examples; 
To demonstrate the difference between the kinematic and dynamic approach to diffraction theory; 
To introduce the students to the concepts involved in the dynamical theory.  

• Lecture 7 (Invited Lecturer) 
To discuss the structure and properties of zeolites; 
To outline their importance in industrial processes; 
To explain the limitations of diffraction in studying the behaviour of molecules within zeolites; 
To briefly explain the concepts involved in the computer simulation of crystal structures; 
To demonstrate how computer simulation and molecular graphics leads to a greater understanding 
of how zeolites function.  

• Lecture 8 (Invited Lecturer) 
To explain the concept of a patent; 
To discuss the importance of patents to the pharmaceutical industry; 
To outline the crystallographic contents of patents; 
To illustrate by example polymorphism in crystals; 
To explain why patents are contested and how pattern diffraction is used to both defend and attack 
patents in a court of law.  

• Lecture 9 
To provide the students with a variety of practical examples of the use of electron microscopy for 
the study and characterization of materials; 
To briefly discuss the use of nano- and micro-technologies.  

• Lectures 10 and 11 
To provide the students with a background to the scientific methods used in the study of 
archeological samples; 
To briefly discuss the merits and disadvantages of the scientific methods available; 
To show by illustration how forgeries are distinguished from the genuine objects; 
To demonstrate how optical and electron microscopy can be used to examine metal samples; 
To give the students hands-on experience in distinguishing between genuine and artificial metal 
corrosion; 

In addition, one of the objectives of the visit to EPSRC central facilities (SRS and RAL) is to provide 
further examples of the application of the use of crystallography external to the home laboratory.  
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MSc Crystallography  

Non-Crystalline Systems  

Aims & Objectives  
 

The overall aim of these additional lectures to the MSc course is to provide some insight into the 
techniques used to examine either poorly-crystalline materials or totally non-crystalline materials and thus 
to provide a contrast with techniques such as powder diffraction.  

The objectives of each lecture are given below:  

• Lecture 1 
To explain the concept of liquid and glass structures; 
To discuss the scattering instruments used to characterise these systems; 
To show by example how limited structural information can be obtained.  

• Lecture 2 
To remind the students about thermal motion in solids and its effect on diffraction data; 
To explain why thermal diffuse scattering occurs; 
To explain how the measurement of thermal diffuse scattering leads to useful information in 
structural molecular biology.  

• Lecture 3 
To introduce to non-biological polymers; 
To briefly discuss the structure of colloids; 
To describe small-angle diffractometers; 
To explain how small-angle scattering techniques can be used to characterise the structure of 
polymer and colloidal solutions; 
To show with examples the use of neutron scattering for contrast variation studies.  

• Lecture 4 (Daresbury) 
To briefly explain the concept of EXAFS as a tool for solid-state scientists; 
To see the setup of an EXAFS scattering station at the Daresbury synchrotron; 
To demonstrate the use of EXAFS as a complimentary scattering technique for the study of poorly 
crystalline materials.  
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Addendum 2: mid 1950’s (rejected) submission on crystallography by J.D. Bernal et 
al to the Encyclopaedia Britannica.  The article was rejected as too long but it 
embodied the syllabus and intention of the Birkbeck College M.Sc. course in 
crystallography.   
 
Summarized comments between Alan Mackay and the newsletter editor about the article and 
history:  Bernal's bit is on the X-ray analysis of crystals and the last paragraph (p.828D) bears 
perpetuation. The article was rejected as too long but it embodied the syllabus and intention of the M.Sc. 
course in crystallography. 
 
JDB is J.D. Bernal.  Other authors: WAW - W. A. Wooster; JDHD - J.D.H. Donnay; LJS - L.J. Spencer. 
ArFW - A.F. Wells.   I believe that instead of Bernal's article the Encyclopaedia Britannica had a much 
shorter article by M. J. Burger. 
 
The proof copy was copied (I think as Gestetner copies) and circulated to the M.Sc. class at the time to 
accompany JDB's lectures which were, of course, much less systematic. There is always the story of the 
student who came to Bernal after a lecture and said that is was so interesting that he could not take notes, 
could he borrow JDB's own notes. Bernal handed over three words on the back of an envelope. 
 
As this EB submission was used by J.D. Bernal as part of the original Birkbeck M.Sc. notes, attempts to 
trace the article’s copyright status were performed via queries to the estate of J. D. Bernal.  It is included 
here as an addendum for its scientific history and scholarly value (with encouragement from J.D. Bernal’s 
son, Mike Bernal) in this not-for-profit scientific publication.  
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Call for Contributions to the Next Teaching Commission Newsletter 
 

Providing there is enough interest, the second issue of the Teaching Commission Newsletter is expected 
to appear around June of 2007 with the primary theme to be determined.  If no-one is else is co-opted, the 
newsletter will be edited by Lachlan Cranswick. 
 
Contributions would be also greatly appreciated on matters of general interest to the crystallographic 
teaching community.  
 
Please send articles and suggestions directly to the editor. 
 
Lachlan M. D. Cranswick 
CNBC, NRC, 
Building 459, Station 18, 
Chalk River Laboratories, 
Chalk River, Ontario, 
Canada, K0J 1J0  
E-mail: lachlan.cranswick@nrc.gc.ca  
WWW: http://neutron.nrc.gc.ca/peep.html#cranswick   
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