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The amount of data collected during synchrotron X-ray diffraction (XRD) experiments is constantly
increasing. Most of the time, the data are collected with image detectors, which necessitates the use
of image reduction/integration routines to extract structural information from measured XRD patterns.
This step turns out to be a bottleneck in the data processing procedure due to a lack of suitable software
packages. In particular, fast-running synchrotron experiments require online data reduction and analy-
sis in real time so that experimental parameters can be adjusted interactively. Dioptas is a Python-based
program for on-the-fly data processing and exploration of two-dimensional X-ray diffraction area detec-
tor data, specifically designed for the large amount of data collected at XRD beamlines at synchrotrons.
Its fast data reduction algorithm and graphical data exploration capabilities make it ideal for online data
processing during XRD experiments and batch post-processing of large numbers of images.

Keywords: X-ray diffraction; detector calibration; data analysis software; high pressure; diamond anvil
cell; synchrotron

1. Introduction

Most of the synchrotron X-ray diffraction (XRD) data are collected employing 2D area detectors
and increasingly, many laboratory-based XRD instruments are equipped with image detectors.
The rate with which those images are being acquired is increasing steadily with fast and more
efficient detectors becoming available. The large rate of data being collected necessitates fast data
reduction in order to monitor the physical and chemical processes (phase transition, dissociation,
melting, etc.) occurring in the sample and being able to make meaningful adjustments in real
time during the course of the experiment. This decision process requires graphical, easy-to-use
data reduction and exploration software, which must be customizable for specific experimental
needs. Currently, only a few software packages provide generic tools for the reduction of two-
dimensional XRD data: Fit2D,[1] Datasqueeze,[2] Nika [3] and DPDAK.[4] While in principle
they all work reasonably well for the specific purposes for which they were written, they fall
short in speed of image integration, customizability or data exploration capabilities. For exam-
ple, Fit2D [1] has been the workhorse for data processing of high pressure synchrotron XRD
experiments for almost 20 years; however, its user interface is very old, not resizable and the
speed of data processing is relatively slow (a few seconds for a 2048 x 2048 pixel image).
Another main issue with existing software is that detector geometry calibration capabilities are
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limited, which are crucial for reliable data analysis. The inability to calibrate specific detector
geometries dictates the experimental design due to a lack of suitable algorithms for calibration
of more sophisticated detector geometries, for example, beam center being outside of image,
relatively large detector tilts, spotty diffraction pattern of calibrant, more than 15 reflections for
high-energy XRD setups.

Dioptas is written with interactivity and speed in mind while still being as versatile as possible.
It employs an algorithm for calibration of any possible detector geometry, features easy-to-use
masking tools, and offers very fast data exploration and phase analysis capabilities.

Furthermore, Dioptas includes unique capabilities for processing XRD data collected at high
pressures and/or high temperatures, including displaying of diffraction line positions and intensi-
ties for phases at different pressure and temperature conditions, different background subtraction
possibilities and absorption corrections for the pressure vessel.

2. Program structure and dependencies

Dioptas is written using the model-view-controller architecture pattern,[5] which separates the
code into subparts that are either only related to the user interface (view) or the data processing
(model). The connection between those parts is achieved by having additional controller modules
coupling user interface to the respective data processing algorithms. As a result of this general
architecture, the code is more structured and easier to maintain. In addition, all frequently chang-
ing data models employ the observer pattern, resulting in notification of changes in the data
model to previously registered observers, making the program more responsive to changes and
easier to extend because objects are loosely coupled and new features can be independent of the
already existent ones.

Dioptas makes heavy use of the existent scientific open source Python infrastructure. The
graphical user interface (GUI) is written using the PyQt4 library (www.riverbankcomputing.com/
software/pyqt), which provides Python bindings for the Qt4 library (www.qt.io). Instead of the
typically used matplotlib library [6] for plotting images and spectra, we chose to use PyQt-
Graph (http://www.pyqtgraph.org) due to its superior performance, especially for displaying and
manipulating images. Numerical operations and image processing are speeded up by the NumPy,
SciPy [7] and Scikit-image [8] packages. Two-dimensional diffraction images are read using the
fablO library,[9] enabling support of a vast amount of data formats. For image integration and
parts of the calibration process, the pyFAI [10] library is employed.

3. Distribution

Dioptas is mainly distributed via an open- source repository at http://github.com/Dioptas/Dioptas.
However, since some of the required packages can be hard to install on some operating systems
by non-expert end-users, we also provide executable packages via email request or via download
from clemensprescher.com. Related information can be found at gsecars.uchicago.edu. Dioptas
is cross-platform compatible and has been tested on Windows 7, Windows 8, Mac OS X and
Linux Debian systems.

4. Capabilities and workflow description

The GUI of Dioptas is divided into three general parts, the calibration module, the mask module
and the integration/analysis module, which can be accessed by the tab indicators on the left side
of the GUI (e.g. Figure 1).
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Figure 1. Dioptas calibration window after calibration of a tilted detector setup with the primary beam being off-center.
Red points on the image are the automatically found positions on the individual diffraction rings after initializing the
calibration procedure with points on the first diffraction ring. All of these points are used for the detector geometry
calibration. The panel on the right shows the calibrated parameters in Fit2D geometry.

4.1. The calibration procedure

The GUI for the detector geometry calibration is shown in Figure 1. The calibration procedure
is implemented as simply as possible while still being flexible enough to calibrate even the most
complex detector orientation and position. The user provides an initial set of starting parameters:
approximate sample-detector distance, wavelength, pixel size and selects the calibrant used in
the calibration image. In the simplest case, when the XRD line intensities are uniform with high
signal/background ratio, which is typical for synchrotron XRD measurements, the peak detec-
tion routine will find peaks on the innermost diffraction ring automatically after clicking close
to it on the image. In any other case, there is the option to manually select and add individual
peaks, if the automatic peak search failed. Furthermore, calibration does not need to start from
the first diffraction ring, which enables calibration of detector geometries with the beam center
being far outside of the area of the detector. After the initial peak selections, Dioptas calibrates
the detector in an iterative process. The selected peaks are used for obtaining initial calibration
parameters, then peaks on the first two rings are searched and the calibration parameters are recal-
culated, after that the algorithm iteratively adds new points for each successive ring and refines
the calibration parameters for all peak positions for all found rings. The geometric refinement
process has several tunable parameters for the peak search algorithm during the procedure, which
enables more detailed control and handling of even difficult image qualities, for example, very
spotty data or low signal intensity (Figure 1). Specific detector areas (oversaturated, shadows,
non-sample related scattering, etc.) can be excluded from the refinement process by employing
a mask. The tunable parameters for the peak search algorithm and the masking capability make
Dioptas the most reliable software for calibration of all kinds of 2D detector geometries and
signal intensities.
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After the calibration procedure, Dioptas automatically creates and shows the calculated cake
(integrated image along the azimuthal lines) and integrated pattern with the corresponding cal-
ibrant reflection positions as vertical lines for verification of the correctness of the calibration.
The refined calibration parameters can be saved and loaded for later reuse as *.poni files with the
pyFAI [10] geometry. Dioptas also displays its calibration parameters in the Fit2D geometry for
cross-referencing or if some specific feature is more accessible in Fit2D.[1]

4.2. The integration process

The GUI for the integration module is shown in Figure 2. The integration window shows the
original diffraction image and integrated diffraction pattern at the same time. Both are inter-
connected; clicking in either one will show the corresponding cursor position on the other. The
integration window has controls for browsing image and pattern files by file number or creation
time, optional automatic processing of new image files written in a specific folder and optional
auto-saving of all integrated patterns. Due to the use of the speed-optimized pyFAI [10] library,
browsing through the data is very fast (~ 100 ms integration time for pattern and 120 ms for
cake, on a modern PC and an image size of 2048 x 2048 pixel) even though the integration
is performed on each loaded image file. Furthermore, it is possible to perform full image cake
integration by just a single click or even to browse through image cakes.

The integration window provides detailed controls for the integration process. The image
areas for integration can be chosen either by using a mask previously defined in the mask mod-
ule (Figure 3) or by choosing a rectangular region of interest. By selecting a different output
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Figure 2. Dioptas integration window. The image is displayed on the left and the corresponding integrated diffraction
pattern is shown on the right as white line. The red shaded area represents the integration mask, specifying an area that is
excluded from the integration procedure. The position of the green circle in the image widget corresponds to the position
of the green vertical line in the pattern widget. The other vertical lines in the pattern widget correspond to the peak
positions of gold (orange) and KCI (yellow) at 63.5 GPa calculated from known Birch Murnaghan equations of state
given in the literature.[11,12] The blue pattern on the right is an overlay of a measurement of the same sample with laser
heating mirrors inside the X-ray beam path.
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Figure 3. Dioptas mask window showing an ongoing masking procedure of collected data that which occupies only
a part of the detector and includes many artifacts not related to the sample. All available masking geometries can be
created by simple clicks and double clicks with immediate visibility of which features are masked.

bin number or using supersampling, the integration process itself is customized. Supersampling
divides each original pixel into 2" equal area pixel with equal intensity, whereby n is the super-
sampling amount, prior to the integration process. For perfect powder XRD patterns (continuous
diffraction rings in the images), this results in much smaller peak widths especially noticeable
for detectors with relatively large pixel size. However, some of the effects might be artificial.
Particularly for spotty or single crystal diffraction patterns, supersampling leads to erroneous,
artificial results. By default, Dioptas calculates the number of integration bins to be 2 per pixel
size diagonal and uses no supersampling.

Dioptas has the additional option to employ image intensity corrections. Those include: (1)
self-absorption correction based on different sample shapes (plate, sphere, cylinder), (2) sample
signal absorption by high pressure vessel, for example, diamond and cBN seat correction for
diamond anvil cell measurements, (3) correction for change in path length in the phosphor of the
detector due to different incidence angles of the diffracted photons. All corrections are calculated
per pixel based on the detector geometry prior to integration and can be combined as needed.

4.3. Data exploration

Dioptas includes controls for file browsing based on file numbers or creation time and has the
option to auto-process any newly created image file in a watched folder. Dioptas automatically
integrates each loaded image file with the previously defined parameters, including mask, calibra-
tion, binning, and so on. The integrated spectra can be visually compared to each other (e.g. for
variable temperature or pressure, two-dimensional scans) by using series of overlays, which have
a scaling and offset parameter for better comparison. Dioptas offers several background subtrac-
tion options. It is possible to define a user-provided background either as a scalable image prior to
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Figure 4. Dioptas integration window showing the controls for automatic background subtraction. The white, dashed
red and blue line in the plot widget represent the original diffraction pattern, estimated background and the background
subtracted diffraction pattern, respectively. The region for background subtraction can be visually adjusted by resizing
the blue shaded area using the draggable yellow lines and the background estimation is customizable by adjusting the
smooth width, iterations and polynomial order used for the algorithm.

the integration process or after as scalable diffraction pattern (overlay) and a parameterized auto-
matic background subtraction algorithm can be used if no background measurement is available
(Figure 4).

Simulated XRD reflection lines of selected phases with line intensities normalized to the cur-
rent integrated, visible pattern can be displayed in the pattern widget (Figure 2), whereby lattice
parameters of the phases are manually adjustable and if the equation of state is provided, lattice
parameters are changed automatically according to selected pressure and/or temperature condi-
tions. The file format used to save the phase information and equation of state is jcpds. Dioptas
includes an editor to create, edit and save those files for later reuse (Figure 5).

All data visualizations are highly customizable and interactive. Image color table and scaling
can be changed by simple clicks. Overlay and phase line colors can be adjusted easily to better
discriminate between them if the automatic color selection is not appropriate. The images and
spectra contents can be easily explored by zooming and dragging with simple mouse interactions.

4.4. Masking tools

The GUI for masking is shown in Figure 3. A mask excludes specific areas from the integra-
tion process, which enables the removal of unwanted features such as, for example, diamond
reflections in diamond anvil cell experiments, saturated peaks or detector blemishes. Available
geometries for creating masks are circles, rectangles and polygons. Additionally, pixels can be
masked based on threshold levels. Dioptas also includes an algorithm for finding cosmic X-
ray peaks, which can arise from very long collection times and might be tedious to remove
manually. The masking module has the capability to undo/redo every performed step, which is
commonly needed in the masking process. Individual masks can be saved as compressed .tif files
for later reuse.
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Figure 5. Jcpds editor displaying the jepds file of Gold, extracted from Fei et al. [11], used in Figure 1. All lattice
parameters and d-spacings of HKL (Miller indices) reflections are shown for ambient pressure and temperature conditions
in addition to the calculated values for the specifically selected pressure and temperature conditions (here 63.5 GPa). All
parameters can be changed, which automatically triggers a recalculation of all derived values and also updates in the
pattern widget.

5. Further development

The Dioptas features described here are just a current snapshot of the development process.
We plan to further develop Dioptas to be a fully fledged analysis program of X-ray diffraction
experiments. While it is now mainly used for the integration process and the integrated spectra
are then analyzed with other analysis software, we plan to include extraction of pair distribution
functions, peak fitting and structure refinement in the future.

6. Conclusion

The user-friendly intuitive graphical interface with its highly customizable calibration proce-
dure and integration process make Dioptas an efficient and powerful tool for on-the-fly data
processing and analysis for all kinds of experiments, either online at Large Scale Facilities or
home laboratories. Dioptas has a very fast-growing user base and is currently employed for
online data processing and post experiment data analysis at CARS (Sectors 13—15, APS), HPCAT
(Sector 16, APS) and ID27, ESRF. By the time of this writing, already more than 60 scientists
are registered Dioptas users.
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