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    Multiple scattering solves the crystallographic phase problem. This allows for structure-factor 
refinement by quantitative convergent-beam electron diffraction (QCBED) [1,2]. In QCBED, iterative 
refinement from dynamical electron diffraction data from multiple beam directions yields structure-
factor amplitudes and phases, but QCBED only works for small unit cells and requires a good initial 
guess of the structure factors. In contrast, by using quantitative large-angle rocking-beam electron 
diffraction (QLARBED) [3] data from thin crystals (see, for example Fig 1b,c), even unknown crystal 
structures may be determined, even for large unit cells.  This is possible because, for moderately thick 
crystals, the Bloch wave formalism for dynamical scattering can be expanded using a scattering path 
expansion [4] to find an initial guess for the structure factors [5].  This initial guess can then be refined 
using the classical QCBED approach.  Fortunately, the initial guess for QLARBED need not be as 
precise as for QCBED, since, for thinner crystals, there are fewer local minima than for thick crystals.   
While QCBED must be applied only to crystals with small unit cells with only a few reflections, 
QLARBED is targeted at arbitrarily large structures and must therefore be able to handle many 
simultaneously excited beams.  Therefore, QLARBED requires a very fast and scalable algorithm for 
computing dynamical diffraction intensities.  In QCBED, this computation is mostly done with the 
Bloch wave method.  For QLARBED, we also chose the Bloch wave method, because, compared to 
the multislice method, the Bloch wave method allows for beam tilt, Ewald-sphere curvature, and 
specimen surface orientation to be included in a very direct manner i.e. without having to deal with 
non-periodic boundary conditions or insufficiently thin slices [6]. 
    In this work, we compare the numerical efficiency of multiple implementations of computing 
dynamical diffraction intensities. We discuss how using state-of-the-art graphics processing unit 
(GPU) hardware acceleration has helped to speed up the calculation by more than two orders of 
magnitude (see Fig. 2). For an optimal accuracy-time trade-off, a hybrid method using Taylor 
expansion and the scaling/squaring method has been employed to compute the matrix exponential [7, 
8, 9]. 
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Figure 1. CBED and LARBED patterns computed using the GPU-based diffraction code.  The patterns are 

displayed on a logarithmic scale.  The simulation conditions were a) thickness = 130 nm, convergence-semi-

max = 4.2 mrad, scan compensation = 0 (descan turned max = 70 mrad, scan 

max = 70 mrad, scan compensation = 99.2%.  These patterns have 
been computed without using the Bethe approximation for any reflections. 
 

 
 
Figure 2. Matrix exponential implementation benchmark: The GPU-based CUDA code (running on an Nvidia 

Tesla K20) is 2 orders of magnitude faster than the parallelized CPU code (running on an Intel Xeon W3550). 
The purple and the green curves show the performance on the CPU: the purple one is a single-threaded native 
C++ implementation, while the green one is a LAPACK/BLAS-based implementation, using 4 CPU threads and 
the SciPy Python package [10]. The blue and the red curves show the performance on the GPU: the blue one is 
based on CULA [11] and written in Python, while the red one is a native CUDA C++ implementation. The 
algorithm corresponding to the purple, green and blue curves uses the Padé approximation (purple: order 14, 
green and blue: order 7). The algorithm corresponding to the red curve uses the scaling and squaring method 
with a 9th-order Taylor expansion. 
  


