This presentation was originally given at the plenary session of the 65th Denver X-ray Conference, August 3rd, 2016.
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There have been several reviews of the history of crystallography. These include anniversary publications in Nature and
Science as well as an excellent detailed historical account written by Andre Authier. These publications outline the works
of thousand of scientists who contributed to the field.
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This presentation is just one of many stories about these historic developments. (One branch of many)

Most historical accounts focus on discovery and invention. I have tried to focus on the process of innovation, where ideas
are developed into practical usage for the benefits of society. The innovation process encompasses the original idea but
usually includes additional breakthroughs and inventions to bring the idea to practice.
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We actually start over 120 year ago, with the amazing discovery of X-rays by Wilhelm Conrad Roentgen.
A reproduction of the original image of his wife’s hand is shown above – you could actually see human bones, the
implications to the field of medicine were staggering. We are told by historians that >200 hospitals had reproduced this
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experiment within a year of publication.

Within weeks, Roentgens experiment was duplicated by Frank Austin at Dartmouth College in New Hampshire, USA.
Weeks later the experiment was duplicated again by Edwin and Gilman Frost to image the broken wrist of Eddie McCarthy
who had slipped on the ice in the nearby Connecticut River. Above are the remarkable photographs of the experiment and
results. Notice the “glowing” Crookes tube, producing X-rays, in the photograph on the left.
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The discovery of X-rays (or Roentgen rays) excited scientists from around the world. Fierce scientific debates centered
around members of the leading Universities in Munich, Germany. It was Max Von Laue who suggested the critical
experiment, working with Friedrich and Knipping, that lead to the discovery of diffraction. Von Laue was also able to
explain the physics of the resulting diffraction patterns for which he won the Nobel Prize in 1914 6

The father and son team of Sir William and William Lawrence Bragg were also working on the nature of X-rays. It was
William Lawrence who suggested that diffraction was occurring from parallel plans of atoms in an atomic structure. The
Braggs went on to prove this using their single crystal X-ray spectrometer, developing the relationships between angle of
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diffraction, wavelength, and interplanar spacings, “The Bragg Equation”.

With their spectrometer and knowing the interplanar distances exhibited by diffraction patterns and crystalline lattices the
Bragg’s successfully determined the structure of diamond and several other materials.
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Up to now, the discovery of diffraction and diffraction analyses were done using large single crystals.
Diffraction was a method primarily used to determine crystal structures.
1916 marked the beginning of Powder Diffraction and a new era in materials analysis.
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INNOVATION……………..In 1916, Peter Debye and Paul Scherrer published the Debye-Scherrer powder method. Debye was
the professor and thesis advisor for Paul Scherrer at the University of Goettingen, Germany. They were both inventors and
innovators in that they described the method, applied the physics, and developed instrumentation for powder
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measurements.

Like many innovators and pioneers, Debye and Scherrer were men of extraordinary ability and multiple talents.
Debye contributed to the theory of diffraction from amorphous materials and liquids. Scherrer did the first microstructural
investigations using powder diffraction with his study of colloidal particles.
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The early years were an exciting time. However there were many obstacles, high voltages were needed to produce X-rays
and the power supplies were unreliable, vacuum tube technology was in its infancy, and X-ray tubes were short-lived with
irregular output. This put practical limits on experimentation and slowed the rate of discovery. 12

INNOVATION !....... Thomas Edison realized the potential impact of X-rays on the medical community. Shortly after William Coolidge’s
discovery of the tungsten filament for light bulbs, Edison directed him to work on X-ray Tubes. An incredible environment was created at
the General Electric laboratories in Schenectady, New York where a group of amazing scientists were put together. Coolidge developed
the hot cathode X-ray tube, Dushman invented a rectifier, and Hull was able to assemble a high voltage generator ! The group also had
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experts in atomic theory, electronic structure, and quantum mechanics.

Sir William Bragg made a famous visit to the GE Laboraties in 1914. His lecture inspired Albert Hull to investigate powder
diffraction as a means for determining the structure of iron
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Using the equipment invented by the GE team, Hull developed a powder diffraction method and tackled the structures of Al, Si and Fe. He

wrote two amazing publications in 1917 and 1919, on X-ray powder diffraction and X-ray fluorescence as new analytical methods. Hull’s
diffraction work was originally presented at a conference in 1916 with subsequent publication in 1917. Hull, Debye and Scherrer were
unaware of each others research due to communication interruptions during World War I. In subsequent years Hull, working with
colleague Wheeler Davey, determined the structure of dozens of metals and alloys and developed the Hull-Davey indexing method.
Wheeler Davey became the first Chairman of the Board for the Joint Committee of Powder Diffraction Standards, 1941-1956.
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During the 1920’s the structure of many metals and alloys were determined by powder diffraction methods.
Hull introduced the concept that powder diffraction could be used for materials analysis. A team of scientists in the Physics Laboratory at
The Dow Chemical Company were looking for methods to identify materials that they encountered in an industrial environment. The
laboratory was equipped with a GE generator, GE X-ray tube and Hull cameras. Just as
important, the Dow team, led by Don Hanawalt, frequently corresponded with other leading scientists
in the field. Ludo Frevel joined the group after he did his post doctoral work with Linus Pauling at Cal. Tech. 16

INNOVATION !...............A series of publications by Don Hanawalt, Ludo Frevel and Sid Rinn, outlined a new analytical
method for the analysis of unknowns by X-ray diffraction. While they also published 1,054 reference patterns, the
development of standardized data and indexes led to a process that defined practical materials analysis.
The editors of Industrial and Engineering magazine were impressed and wrote an insert about the “complete, new
workable system of analysis……. without knowing the crystal structure”.
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The phase identification method is outlined above and named the “Hanawalt Method”. It is still used today.
Hanawalt, Frevel and Rinn also made significant contributions to other fields of science.
All three eventually became a chairman of the board for the JCPDS-ICDD.
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In 1937, ASTM created a Joint Committee on Powder Diffraction Standards (JCPDS). By then powder diffraction was well established as a
method for the analysis of metals and alloys. The committee brought together many leaders in the production of basic metals and
chemicals (Dow, Alcoa, Kodak, New Jersey Zinc), fabricators (GE, Crane, Batelle) and leading academic and government scientists. The
committee included scientists from the US, Canada, Britain and Russia. In 1941, the Dow records were duplicated by hand and became
the first records of the Powder Diffraction File and the first commercial products were introduced. 2016 celebrates the 75th anniversary
of the JCPDS – International Centre for Diffraction and the Powder Diffraction File™.
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In the first 25 years, tremendous progress had been made. However all work was done with photographic film, high
resolution work required a dark room, fine grained films, and an optical densitometer to measure peaks and intensities.
The fine grain (~1um) film and densitometers were not readily available so much of the early work involved visual
estimation of intensities and manual d-spacing measurement to 3 significant figures.
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Insert.

INNOVATION !................ Andre Guinier recognized the need to improve resolution in diffraction measurements. In 1937 he developed a focusing system that
used a curved incident beam crystal. However, manufacture of high quality, curved crystals with the appropriate mosaic structure was very difficult and
resulted in large loses in incident beam intensity.
Improvements in the crystal manufacturing process directly contributed to new focusing camera designs in 1962, 1971 and 1981. The data shown in the
insert was taken on a Huber camera (top right) in 1982 at The Dow Chemical Co., demonstrating the remarkable resolution even at elevated temperatures.
These data was used for measuring thermal expansion another application of powder diffraction.
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Bill Parrish developed the vertical powder goniometer and diffractometer, patented in 1947. Bill personally worked on almost every
aspect of this instrument and this because the dominant powder diffractometer used in much of the world
in the 60’s through the 80’s. Later improvements included stepping motors and improved detectors that resulted in digital positions and
intensities. The latter were required for microstructural studies and quantitative analysis.
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With the birth of the JCPDS-ICDD and Powder Diffraction File in 1941, there was a need for high quality references and methods of
analysis. The JCPDS-NBS Research Associateship was developed in 1941 and continued to 1986. The associateship developed methods,
references and certified reference standards. The work on certified standards continues today at NIST. For most of its lifetime the
Associateship was directed by Howard McMurdie and many notable scientists worked at the Associateship or collaborated with the
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efforts.

As with many fields of science, the introduction of personal computers with fast processors and large storage capacities (CD-ROM)
dramatically changed our ability to analyze materials. Early data disks (left) and computers of the 1970’s were very limited. By 1986 the
Powder Diffraction File™ contained 46,000 entries that needed to be put in a large file cabinet. In 1987, with the introduction of CD-ROM
technology, the database fit on a small disk. Today, databases with 952,957 entries and hundreds of millions of d-spacings can be put on
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a memory stick.

Insert
In-situ catalyst analysis
conducted at The Dow
Chemical Company using the
Goebel optic design in 1983.

INNOVATION…….A major development in the late 1970’s and early 1980’s was the use and application of position sensitive detectors.
Herb Goebel helped develop the first commercial systems for time resolved diffraction. Nearly two decades later he made another major
contribution with the development of high photon efficiency graded multilayer optics.
The development of high speed detectors opened up new areas of analysis capability – this included dynamic solid state chemistry
investigations, in-situ experiments, and on-line production analyses, all of which were rapidly developed in the 1980’s.
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In the early years, scientists could manually index high symmetry materials (cubic metals and salts) to help solve crystal structures. The
process was much more intensive for low symmetry systems. Mainframe computers, minicomputers and finally PC’s greatly enriched our
ability to index materials. Several notable scientists contributed to this effort through decades of hard work. We and others have noted
the work of Daniel Louer, who developed the dichotomy method. Daniel not only developed the method, but taught scientists areound the
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world how to index materials.

By the 70th anniversary of the powder diffraction method, we could now determine precision d-spacings. Intensities and
profiles were digitally recorded. There was time resolved diffraction and computer automated indexing methods.
Commercial standards available through NIST could be used to calibrate and normalize an enormous variety of
instruments and opitical configurations. These developments led to improved phase identification, quantitative analysis
and microstructural analyses.
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While dozens of experts
contributed to automated
phase identification we
highlighted Ron Jenkins
and Bob Snyder, both of
whom, lectured globally and
frequently published. They
developed, taught and
promoted methods of
analysis

The availability of computers attracted many scientists to develop automated methods of material analyses. Early work
with mainframe computers in the 1960’s by Frevel, Nichols and Johnson transitioned to VAX computers and then to
personal computers. As the CPU and storage capability increased, algorithms increased in sophistication. In this 40 year
development two important concepts arose, the use of whole patterns (requiring more CPU) and identification using both
peak locations and peak absence. These concepts are now embedded in nearly all modern search/match algorithms.
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The Rietveld Method, utilizing line profile analysis, automated structure refinement, quantitative analysis of mixtures, and
many microstructural analyses. This is a common tool used in modern powder diffraction facilities. Hugo Rietveld
originally developed the method for neutron diffraction but it was quickly adapted for laboratory X-ray and synchrotron
applications.
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INNOVATION !................... The power and applicability of the Rietveld method to several types of analysis spurred further
innovation and development. Robert Von Dreele, Juan Rodrigues and Brian Toby have improved the technique and
broadened the scope to include more types of materials and more types of analyses. They continue to incorporate new
improvements so that the GSAS and Fullprof programs now handle a wide variety of radiation types, instrument designs
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and optical configurations. These programs are available worldwide.

Diffraction in a microscope ! Joe Michael and Ray Goehner led the way and automated both conventional methods with
high resolution electron microscopy (spot and ring patterns – single and multigrain diffraction) and with electron
backscatter patterns (EBSD). This expanded upon the early work of Guinier (electron microprobe) and the electron
diffraction work of groups at Sandia, IBM, NBS and the JCPDS-ICDD (i.e. Stalick, Carr, Anderson et. al.).
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Similar to some of the other developments, the theory of Pair Distribution Function Analysis was developed in the 60’s but
the practice has now come to fruition with commercial equipment and automated analyses. Takeshi Egami and Simon
Billinge were innovators in developing the theory and then putting the theory to practice. Development continues as PDF
analysis gets combined with synchrotron analyses of non crystalline systems, in-situ analyses of dynamic systems, and
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electron diffraction analyses in a microscope

Modulated structures were first described in the 1950’s, where modulations in an atomic structure are caused by factors
such as atom displacement, vacancies and thermal motions. Superspace groups and 4,5 or 6 dimensional indexing were
required to describe modulated systems. Vaclav Petricek developed the mathematics and an analytical program, JANA, to
identify and classify new modulated materials. This works has led to a basic understanding of the unusual33physical
properties demonstrated by these materials, such as ion conductivity and superconductivity.

Paolo Scardi and Matteo Leoni have the development of whole pattern analysis methods used to study the microstructure
of materials. They deepened our knowledge of nanomaterial systems.
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The field of powder diffraction has had thousands of contributors, only a few of which have been highlighted in this
presentation. The above works have been cited by many scientists as significant contributions.
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Insert

100 Years and Still Going Strong !
Powder Diffraction is used to analyze materials throughout the world.
The next 100 years should be amazing.
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About this presentation
Dr. Tim Fawcett has been the Executive Director
of the International Centre for Diffraction Data
since 2001. As Executive Director, he has
directed and participated in the dramatic growth
of the Powder Diffraction File to >950,000
entries, which is now used by scientists in over
120 countries. He is a frequent international
guest lecturer on diffraction methods. In 2009,
he received the Jenkins Award for Lifetime
Achievement in the advancement and use of Xrays for materials analysis. Prior to the ICDD, Dr.
Fawcett worked 22 years in the analytical and
corporate research laboratories of The Dow
Chemical Company. In 1987 he was part of a Dow
team that won an IR-100 Award for the invention
of the DSC/XRD/MS instrument.

Authors note: By working at both The Dow Chemical
Company and the ICDD, I have been fortunate to
personally meet many of the scientists mentioned in
this presentation. As a young scientist in the late 70’s
I joined The Dow Chemical Company and was quickly
encouraged to join the International Centre for
Diffraction Data. At Dow, some of the original
hardware, index books, data records and film
archives established since the 1930’s were still in
use. As a member of the ICDD, I met many of the
international scientists and innovators who defined
and grew the field of powder diffraction.

About the International Centre for Diffraction Data (ICDD)…… The full name of the ICDD is JCPDS-International Centre for Diffraction Data as amended in
1978. The organization was previously called JCPDS (Joint Committee for Powder Diffraction Standards) from the 1969 articles of incorporation as a nonprofit organization. Prior to 1969 the organization was ASTM – JCPDS, where the JCPDS was operated as a commercial arm of ASTM (American Society of
Testing Materials). JCPDS was the producer of the Powder Diffraction File in 1941 (slide 19). Wheeler Davey was the first chairman, 1941-1956.
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