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A new generation of pixelated detectors has expanded the possibility for collecting full scattering 

information by recording a full diffraction pattern at every scanning point, creating a rich 4D dataset 

where a rich variety of physical information can be extracted [1,2].  In order to properly collect all 

scattering information, our group has developed the Electron Microscope Pixel Array Detector 

(EMPAD), which is capable of 1,000,000:1 dynamic range with single electron sensitivity and 

millisecond readout time [2].  Analysis of these diffraction patterns allow for a wide variety of new 

quantitative imaging modes with rich physical meaning.  Using phase object models, we calculate 

expressions for the diffraction pattern to better understand what information is contained both in the 

bright disk and in the diffuse scattering region.  Furthermore, theory on two of the imaging modes made 

possible through the EMPAD reveals connections to making strong quantum measurements and 

provides insight into their respective contrasts. 

 

We first calculate the diffraction pattern for the two asymptotic limits of probe size versus feature size.  

In the limit where the probe is much smaller than the feature, we can model the potential of sample as 

just a flat ramp, indicating a slowly varying electric or magnetic field.  Using a strong phase object 

model, the resulting calculation shows that the diffraction pattern shifts proportionally to the strength of 

the field.  In the other limit where the feature size is much smaller than the probe, we model the potential 

as a delta function and instead use a weak phase object model to make the calculation more tractable.  In 

contrast to the previous limit, the bright disk does not shift.  Instead, there is an oscillating structure 

found inside the bright disk whose period is proportional to the center to center distance of the probe and 

the feature. 

 

Since there is a collected diffraction pattern at every scanning point, we can construct an image where 

every pixel value is the x or y center of mass (COM) value of the diffraction pattern.  A simple 

calculation shows that this image is identical to recording the expectation value of momentum transfer, 

<p>, which also measures the probability current of the exit probe [3].  Further calculations show that 

the COM image is an incoherent imaging mode with a true differential phase contrast (DPC).  However, 

this is a strong quantum measurement compared in contrast to the DPC weak quantum measurement 

using a split quadrant detector [3].  This allows an integration of the xCOM and yCOM images to form 

an integrated image that retrieves phase contrast [4]. 

 

Another imaging mode has each pixel value equal to the second moment of the associated diffraction 

pattern.  Using a similar calculation as the COM image, this second moment image is a <p2> 

measurement of the exit probe.  This means that the second moment measures the in-plane kinetic 

energy transfer from the sample to the probe. 

 



Simulated images of a tableau of light and heavy atoms for the integrated COM and second moment 

images alongside the traditional ADF imaging mode allows us to compare contrasts.  Oscillation of the 

contrast with increasing Z number shows that the integrated COM imaging mode is sensitive to bonding.  

In contrast, the second moment imaging mode is more sensitive to nuclear scattering and has a similar 

contrast with HAADF.  Furthermore, integrated COM is shown to have better sensitivity to light 

elements in the presence of heavy atoms [5]. 
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Figure 1.  Simulated a) xCOM and b) integrated COM image of a Bi atom from the same diffraction 

pattern data set.  c),d) Diffraction patterns where the probe is scanned across the atom.  c) Bright-Field 

disk on a linear scale shows periodic structure.  d) Entire pattern on a log scale shows diffuse scattering 

outside the central disk.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Simulated atomic number dependence for a) integrated COM, b) second moment, and c) 

HAADF images of atoms Z=1 to Z=97 with their contrasts normalized.  d) Normalized contrast plot 

shows integrated COM sensitivity to outer shell and bonding trends. 
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