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ABSTRACT

We have developed a new type of powder diffractometer that is
much more efficient than existing methods. The diffractometer has the
potential of both high count rates and very high resolution when used at a
synchrotron source. The laboratory based instrument has an order of
magnitude improvement in count rate over existing methods. The method
uses a focusing diffracted beam monochromator in combination with a
multichannel detector. The incident x-rays fall on a flat plate or capillary
sample and are intercepted by a bent focusing monochromator which has the
focus of the bend at the sample surface. The powder diffraction lines
emerging from the bent crystal monochromator are detected by a linear or 2-
dimensional detector. This allows us to eliminate the background from

fluorescence or other scattering and to take data over a range of 3° to 40
instead of one angle at a time thereby providing a large improvement over
conventional diffractometers.

INTRODUCTION

Powder Diffraction is one of the most widely used analytical
techniques. The technique is useful not only to study crystalline materials but
also to study amorphous materials. When used with a synchrotron source
the phenomena of anomalous scattering can be exploited which results in a
great deal more information than can be obtained from single wavelength
studies alone. Unfortunately, the most widely used diffractometer type, the
Bragg Brentano!.2 diffractometer gives quite low count rates, so we have
developed a method that is much more efficient than existing methods. This
increase in efficiency is very important for time resolved studies as well as
studies of materials that contain trace phases. The method combines the
advantages of two of the most important powder diffraction techniques, the
Bragg Brentano method and the multichannel detector method. The best
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Bragg Brentano diffractometers use a diffracted beam monochromator to

eliminate air scatter and fluorescence, but these types of instruments use a
single channel detector so the data is taken one angle at a time and many
angles must be scanned for a complete set of data. The best multichannel
detectors34 are curved and they cover up to 120° in 2-theta. Unfortunately,
since the multichannel approach does not use a diffracted beam
monochromator the backgrounds can be high, particularly if the material
being studied contains elements that fluoresce. This greatly limits the
usefulness of this method. Below we will discuss our new method> which
employs somewhat different optics when used with a synchrotron or a
laboratory source. We will discuss each system separately and we will
compare our new method to existing techniques.

LABORATORY SOURCE

A Bragg-Brentano type diffractometer is shown schematically in figure
1A. The diffracted beam monochromator eliminates most of the background
caused by sample fluorescence and air scatter. This type of instrument
possesses high sensitivity, trace phases as low in concentration as 0.1% have
been determined with this method. The alternative technique utilizes a
position sensitive detector that covers a large solid angle. As shown in figure
1B, position sensitive detectors observe a large portion of the diffraction
pattern simultaneously and therefore can achieve rapid collections of x-ray
powder patterns. However, these detectors do not have energy resolution
and therefore can suffer from high backgrounds particularly for materials
containing elements which fluoresce. This greatly limits the utility of the
position sensitive detector method. In figure 1C we show the new technique
as applied to a laboratory source. In this case we take advantage of sample
parafocusing® as much as possible in order to maximize flux. Consider figure
1C, which shows two diffracted lines that occur within the acceptance window
of the crystal. Both lines are reflected and detected at different positions on

the multichannel detector. Currently, angular acceptances of more than 4° in

2-theta have been achieved using a Johansson? cut LiF crystal. A subtle point
is that the focusing crystal must have sufficient mosaic spread to take
advantage of sample parafocusing. The crystal will accept the convergent
beams only up to its mosaic spread width. In addition, in order to be efficient
the monochromator must have a uniform mosaic spread or the lines will be
poorly diffracted over some parts of the monochromator crystal. The best
monochromators we now have possess a diffraction efficiency of only a few
percent. We are working on improvements in crystal fabrication which will
greatly enhance this performance.

To illustrate the method figure 2 shows the data taken with this
method as compared to the results obtained with a standard Bragg-Brentano
diffractometer. The diffraction pattern of fluorapatite, CasF(PO4)3, was taken
using this technique and then run using a Bragg-Brentano diffractometer8 (fig
1A) with the same current and voltage settings (30 ma and 45 kV
respectively). The data was taken to have the same number of steps and for
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the same number of peak counts. The results are shown in figure 2 for a
group of low angle lines. The data took 11 minutes to run with the new

single channel detector
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A) A standard Bragg-
Brentano diffractometer
employing a focusing
analyzer crystal. The
sample parafocuses the
beam back on the exit slit.

B) A diffractometer
employing a curved
position sensitive detector.

C) A laboratory
diffractometer employing a
focusing crystal and
multichannel detector to
observe multiple
diffraction lines
simultaneously. The
concept of parafocusing for
this instrument is
illustrated in the figure by
two different diffraction
lines being simultancously
detected.

Schematic representations of powder diffractometers.
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Fig 2. The diffraction patterns of FAP run by the Bragg-Brentano
method (dashed line) and the new method (solid line) with
the same signal to noise.

method as compared to 55 minutes using the conventional technique so that
the data collection speed is 5 times faster and as seen from figure 2 the
resolution and the peak shapes are better. The method is not only fast but
also achieves low backgrounds. With this method the peak to background
ratio for the 111 peak of CeO2 is better than 1000 to 1. Figure 3 shows the
diffraction pattern for FepO3, a material that exhibits extreme fluorescence
with Cu Ka radiation. Clearly, the method is very efficient in eliminating
background.

Using our current monochromator, the increase in data collection
speed is a factor of five. This is a major improvement, equivalent to the
improvement one gets by changing from a sealed tube to a rotating anode
source and it is much cheaper to implement. However, if you consider that
when we ran the standard method we took data in 0.020 intervals and our
method took data in 30 intervals we should expect a factor of 150
improvement. The reason our results are not better is the problems with the
mosaic spread of the LiF we are currently using. We expect great
improvements both in count rate and in resolution when better crystals are
fabricated.

One of the most interesting illustrations of how the technique works is
a time resolved study of the high temperature superconductor,
GdBaSrCu3O7-x. Work by Veal et. al. 9 has shown that this type of material
will show dramatic changes in superconducting transition temperature when
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Fig. 3 A diffraction pattern of Fe;O3 run in 19 minutes at 45 kV and
150 ma. Note the low background.

annealed at very low temperatures. We have studied the time dependence of
the structural parameters of this material when we anneal it at 2050C. In the

early stages of annealing data was taken over a 2-theta range of 20° to 105°
every 33 minutes. In this case we used a rotating anode source operating at 45
kV and 150 mA. Figure 4 shows the time dependence of the unit cell

GdBaSrCu307
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Fig. 4 Time dependent structural changes in GdBaSrCu307.-x when the
sample is annealed at 205° C.
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parameters. Note that most of the change in these parameters take place in
the first 2 hours of the anncaling. Rietveld refinements!? of these data give
indications of how the atomic positions change with time during the
annealing. However, more sensitivity is needed before conclusions about the
origins of T¢ changes can be based on the subtle trends observed. Fortunately
there is great potential to improve the technique since the LiF analyzer
crystals we are currently using have a very non-uniform reflectivity and poor
brightness. We are currently developing a new type of analyzer crystal which
should be significantly better in brightness, uniformity and angular range.

SYNCHROTRON SOURCE

In order to achieve higher flux, improved resolution and the ability to
do anomalous scattering we need to develop a synchrotron based system. In
figure 5A we show the optics of the best single channel synchrotron based
system. The method uses an unfocused monochromatic beam and a flat
diffracted beam monochromator. The method is somewhat limited in flux
and is not very good for small samples but has extremely high resolution.
Figure 5B shows the new method on an unfocused beamline. In this case the
incoming beam is quite parallel, therefore it is not possible to use
parafocusing as in figure 1C and a focusing diffracted beam monochromator
with a large mosaic spread (such as the LiF monochromator used for a lab
source) does not work very well since the parallel beams are not efficiently
diffracted by the mosaic crystal. In addition, the use of mosaic crystals
degrades resolution. Therefore, we have attempted to use perfect crystal Si or
Ge focusing monochromators. For an unfocused synchrotron beam (as is
depicted in figure 5B) perfect crystal focusing optics have a field of view that is
effectively limited by the Darwin width of the crystal so that only a small
portion of the incoming x-rays are detected. Nevertheless the method works,
achieves a reasonable count rate and very high resolution. In figure 6 we
show the results of a run of FAP run on beamline X6B at the National
Synchrotron Light Source (NSLS). This data took 33 minutes to acquire and
the resolution was limited only by the detector resolution. Comparison of the
count rate we obtained to that reported by Cox!1 show that the methods
shown schematically in figures 5A and 5B produce roughly comparable count
rates. Figure 5C illustrates how the method can be improved. It is necessary
to focus the beam from the synchrotron in order to bring the flux within the
field of view of the diffracted beam focusing crystal. It seems possible to bring
most of the flux to within the field of view and with focusing in both the
vertical and horizontal directions the count rate should improve by about a
factor of 150 with only a slight loss of resolution. We will be installing a
focusing mirror at beamline X6B in the next few months and should then be
able to test this concept. With this improvement in count rate, we will
saturate our current detector. We are developing a CCD detector which will
be able to handle the much larger count rates.
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Fig. 6 Synchrotron powder diffraction data for CasF(PO4)3 taken

with a focusing Si 220 analyzer crystal. The data collection
time was 33 min at 120 ma beam current.

In what times should we be able to resolve time dependent structure
changes with this method? Currently, using a mosaic crystal
monochromator, we are able to get adequate signal to noise on a set of high
angle lines in the order of 10 seconds. With improved optics at NSLS we
should be able to reduce this time to approximately 0.1 second. When the
Advanced Photon Source (APS) becomes available, the system on a bending
magnet beamline should be a factor of 10 better yet, and if the system was
mounted on an undulator line another factor of 50 is expected. This means
that time resolved studies can be carried out in microseconds. In addition the
higher critical energy of APS means that many more edges are available so
anomalous scattering studies can be carried out quickly and easily. The
higher energies also mean that much larger q ranges can be explored so that

radial distribution studies of amorphous and crystalline materials!2 become
feasible.
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