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1. Structure of the scan files

Scan data are saved per detector channel as a compressed MAT file, namely CHn.mat, compatible with the binary Matlab files developed by MathWorks, Inc. The file contains two series of structures: header# and series#, where the index # starts from 0 and is incremented with each scan in a collection. The collection includes one scan unless a tilt-series is acquired. The series# structure is a vector of samples in time. The header# structure is summarized in table 1. To prevent accidental loss of data during series acquisition (e.g. tomography) we implement an incremental file update after each scan similarly to the mrc format, yet without fixing the number of slices in advance. The key for converting the raw data to images is implemented in the Matlab procedure savvyscan_decipher_mat.m. Additionally, simple images CHn.mrc files may be generated according to the MRC/CCP4 2014 protocol, and optionally the key tables may be stored as well during program run. For automated analysis of series data in multiple scans it is convenient to cast the different variable names to one matrix by using the function eval in MATLAB. For example:  matrix(1,:)=eval("series1"). The Matlab program fullMRC.m converts a SavvyScan MAT file to a MRC stack with full meta-data based on MatTomo library (https://bio3d.colorado.edu/imod/matlab.html). Also the immediate MRC files generated by the main SavvyScan software contain the basic meta-data, including frame size in angstroms, pixel numbers, min/max density, etc. 
Table 1.  SavvyScan header structure
	Field
	Description

	time_resolution_us
	Time between samples [µs].

	samples_per_pixel
	Oversampling ratio: number of points divided by number of pixels

	net*size (*=X or Y)
	Size of image in pixels according to request from SerialEM.

	full*size (*=X or Y)
	Size of margins of the scan trajectory in pixels.

	net*start (*=X or Y)
	Position of top/left pixel of the requested image in the full scan.

	pixel*nm (*=X or Y)
	Pixel size in nanometers according to magnification and image size.

	tilt*angle (*=X or Y or Z)
	Angle (in degrees) of tilt around the rotation axis in tomography.



2. Software overview

A block diagram of the SavvyScan software module is shown in Fig.1. Every component can be configured either as local or as distributed via Ethernet network.
The project was developed using the Visual Studio 2019 environment in C++, which includes V142 Microsoft toolset, the Spectrum cards libraries, IMOD libraries (Kremer et al., 1996) to save mrc files, MATLAB libraries to save MAT files, and ZeroMQ to interface with a graphical user interface (GUI) panel (in C#) and other analysis programs (in Python). The GUI panel provides buttons to switch between scan patterns, to designate multiple scans for tomograms, to show results of image analysis, and to handle folder names and storage. 
The software interfaces with SerialEM via a socket interface written by David Mastronarde at the University of Colorado. This architecture allows the SavvyScan software and SerialEM to be installed on the same or different computers. The full dataset is acquired and stored by the server, while SerialEM receives a single image (according to one selected channel) for navigation, calibration tasks, and automation purposes based on built-in or custom scripts. Aside from the familiar environment to handle the scans, SerialEM provides a bridge between the microscope hardware and the scan system. SerialEM is a mature and freely available software compatible with all major microscopes; by this means the SavvyScan is isolated from the microscope control and should be platform-independent. Scanning is initiated from buttons in SerialEM, taking into consideration the configurations in the acquisition Setup panel that provide distinct modes for recording, scanning, focus, etc. 

2.1. Interface with SerialEM

SavvyScan system operates as a camera server for SerialEM based on definitions in the SerialEMProperties file similar to other camera settings, with the added lines:
PluginName SavvyscanPlugin
PluginCameraIndex 1
STEMCamera      1
The socket settings are:
SocketServerPort 9  48901
SocketServerIP 9  //enter computer ip address
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Figure 1. Software block diagram
 2.2. Other interfaces

The Shadow1 GUI (Graphical User Interface) communicates with the main software module via ZeroMQ socket; the GUI is defined as a requester and the main module as a server. ZeroMQ is a community developed framework for transferring messages asynchronously between applications over multiple platforms. 
The auxiliary software communicates via another ZeroMQ socket, defined as a server and the main module as requester.
New files are stored in a local temporary folder, overwriting previous files. The user can designate a new folder name and use the save button in the Shadow1 GUI screen to copy the entire temporary folder to a new folder.

3. Software modules

The software package can be downloaded from https://github.com/Pr4Et/SavvyScan under the GNU general public license. 
IMOD libraries are obtained from distributions of the University of Colorado (bio3d.colorado.edu), and serve for saving MRC files.
The MAT headers are used for storing MAT files, and should be integrated with installed Matlab package. Details can be found in:
https://www.mathworks.com/help/matlab/matlab_external/mat-file-library-and-include-files.html. 
Open source alternatives include the Matio package.
ZeroMQ (obtained from zeromq.org) and libsodium (from libsodium.org) are libraries used for setting up a fault-proof communication over some of the interfaces based on Microsoft Windows socket library. 
Spectrum folder includes the hardware modules (obtained from spectrum-instrumentation.com) and our code for pattern generation and acquisition. The libraries from Spectrum GmbH operate the arbitrary wave generator (AWG) and acquisition cards. Our added modules are RecRepMulti.cpp and RecRepMulti.h, which include particular settings of the AWG and acquisition cards, where specific preparation of each type of scan can be found.
ServerCamera folder contains camera server modules based on plugin/server code obtained from David Mastronarde at University of Colorado. Our modified files there include:
ServerCamera.cpp, in particular the procedures InitializeCamera and AcquireSTEMImage, are responsible for storing the MAT and MRC files and sending the selected channel image to SerialEM. 
BaseServer.cpp is added with code for handing the GUI requests and ZeroMQ interfaces.
Shadow1 is a C# package for GUI controls and assistance for aligning the diffraction disc. The package includes our modules Form1.cs and Program.cs.     

4. GUI screens

The SerialEM control panel for interfacing the SavvyScan system is shown in Fig.2. The Shadow1 GUI screen is shown in Fig.3. 
The “Beam position” window is a convenient tool to center the diffraction disk onto the central ring.
Selecting the option <Save MAT> orders the generation of MAT files for all scan channels. MRC files for all channels are always generated. User designates the magnification of each scan in manual mode, and this information is converted to field of view in Angstroms that is stored in the files. When Clicking button <Glance through files>, a series of snapshots of all channels is displayed based on stored files from the recent scan. Clicking <Save to folder> copies the files to a unique folder. Various operations can be managed automatically from SerialEM scripts when the button <Monitor commands via files> is active.  
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Figure 2.  The SerialEM camera control panel for the SavvyScan system.
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Figure 3. Shadow1 GUI screen.


5. Hardware interfaces

The hardware connections between the electron microscope (EM) components and the SavvyScan system is shown in Fig.4. The scanx and scany are external scan signals further manipulated inside the EM. The external scan does not interfere with navigation functions such as image shift and rotation. 


[image: ]
Figure 4.  Hardware scheme.

6. Scan pattern generation

The beam deflection signals scanX and scanY are determined based on the requested scan type, pixel aspect ratio, and certain parameters that may be set in SerialEM. These include the scanning time, the image size in pixels, and the “binning factor”. The latter two are used for compatibility with the standard SerialEM camera interface dialog, and determine also the dimensions of the image array returned to the SerialEM buffer.  
At first the voltage spans of the two digital to analog converter (DAC) channels in the AWG are set as follows:
scanx_amplitude = standard_amplitude * fullXsize * binning / standard_size
scany_amplitude = standard_amplitude * AspectRatio * fullYsize * binning / standard_size
The standard size refers to the net size of the image in binning=1, while the full size refers to a size in pixels of the full beam deflection including sacrificed margins. The second step is to prepare beam trajectory vectors with respect to the full span of the DAC channels. The third step is to calculate corrected beam locations according to a lumped circuit of the deflection coils and stored as a key to be used in deciphering the signals acquired from the detectors (see main article, Treatment of inductive scan delays). This last step turns out to be crucial for implementation of unconventional (i.e., non-raster) scan patterns.
We demonstrate different scan patterns to image a replica grating (S106, Agar Scientific, with 2160 lines/mm). Nominal image size is 1024x1024 pixels and scan times appear in the figure legends.
Raster scan.	A conventional raster scan is built from unidirectional line sweeps in the x direction constructed of equally spaced points in time (Fig.5). Measures must be taken to exclude the distorted regions of each line where the beam undergoes strong acceleration. In the present implementation, the length of the lines is extended to 141% of the requested image size in x, and the flyback of the beam to the start of the next line is given a fixed duration of 40µs. Extending the flyback delay time allows for a shorter line extension (Velazco et al., 2020). The margins are stored in the raw data files but the image at nominal width would contain the central square. Acquisition is oversampled by a chosen factor samples_per_pixel, typically equal to 10, and steps in the position vector are adjusted according to the sampling rate. The spacing between lines is equal to the pixel size in the y axis, either sequentially or with interlace. Pixels in the x direction should be generated from the oversampled trace, possibly by picking out individual samplings or by averaging over a window in time for noise reduction. Optimal choice of pixel size relates, of course, to the size of the focused probe and the target resolution. 
[image: ]
Figure 5. Raster scan. (a) Conventional scan of a cross grating with 41% horizontal margins, 14.1 s total scan time. (b) Pattern of the sequence of scan points.
Sliding circle scan. A sliding-circle pattern (Fig.6) is based on a circular motion repeated while the center drifts along the x axis by a distance of two or more diameters. The number of samples per circle is defined by the circumference of the circle in pixel units times samples_per_pixel. If a lateral shift of precisely two pixels is imposed after each round, then the forward and backward semicircles fill part of the image intermittently without double-sampling while the margins are undersampled in the horizontal direction. Generalization of circle to ellipse, as shown in Fig.6a with aspect ratio 3/2, minimizes area loss at the corners and increases the double-sampled area at the center. Despite the non-zero acceleration, the inductive correction displayed in Fig.6b successfully corrects the vertical mismatch between the leading and trailing sides of the scan. 
Another relevant consideration is the uniformity of exposure. With a sliding circle rotating at constant angular velocity, the electron exposure at the top and bottom will be double that at the center; this factor will be reduced by the aspect ratio of an ellipse. In order to achieve a uniform exposure, the oversampling factor should vary to compensate for the shorter travel at the upper and lower margins. Such compensation would be achieved with a travel speed proportional to . Implementation is straightforward since the scan coordinates are determined a priori and uploaded to the arbitrary wave generator.            
[image: ]
Figure 6. Sliding circle scan. (a) Full span of a 20 s scan, uncorrected. (b) 20 s scan corrected. (c) Pattern of the sequence of scan points.

7. Opal detector characterization

The “Differential Phase Contrast” DPC evaluation presumes that the detector segment response is uniform. This is an advantage of diode-based detectors such as the Opal. The inset in Fig.7 shows the uniformity in response as a focused probe is scanned across the sensitive areas using direct scanning mode. Histograms of the intensities reported in each channel are found in the main plot of Fig.7. The variability in average response between the segments is less than 5%. The DPC calculation is valid also in the case that the quadrant segments are part of an annulus, rather than a disk, as long as the spot covers completely the inner diameter of the annulus and does not extend beyond the outer diameter. The microscope diffraction camera length is chosen to fulfill these conditions with the Opal detector segments Ch1-4.
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Figure 7. Histogram of Opal detector response in different channels with even scan of the probe over ranges of interest sketched in the inset.


8. Validation of diffraction disk alignment technique

[image: ]
Figure 8. Comparison between diffraction disk position based on 4-quadrant analysis (continuous line) and based on the microscope diffraction shift status reading (broken line) in two cases where the beam is deflected statically using the control panel. (a) without specimen, with lens renormalization per measurement, (b) with replica grating specimen inserted.
The diffraction disk was steered manually using the microscope controls for diffraction alignment, and the x,y readings from the system status panel were recorded along with the average signals of the four segments extracted from a spiral scan. Based on the four average signals the position of the diffraction disk was calculated as shown in appendix A of the article. In the first case (Fig.8a), the probe was measured without a sample and each measurement was performed 3 seconds after lens renormalization. This demonstrates the close correspondence. Note that the “status” values represent control voltages whereas the difference signals are real measurements. In the second case (Fig.8b) the beam displacement was measured through a replica grating sample. This demonstrates that the signals remain well within range as the beam is displaced, so that the error signal may be used during scanning as a measure of COM displacement. 

9. Imaging based on diffraction disk position

Using the calculation found in the appendix A, the iDPC can be determined directly from the evaluation of the quadrant signals as a position sensitive detector. The images are shown in Fig.9.  Note that the Bragg spots so prominent in the detector signals are almost perfectly removed in the analysis of the disk displacement.
a
b

Figure 9. iDPC images based on first and third order terms acquired by analyzing diffraction disk movements, based on calculations in appendix A. (a) at focus. (b) at -1.4um defocus



10. Comparison of various detector scans

[image: ]
Figure 10. Raw images of boron nitride nanotubes from various detectors using spiral scan at focus. (a) Gatan BF image (through Opal central hole) with inverted contrast. (b) Sum of Opal 4 quadrant channels, inverted (interpreted as attenuation). (c) Dark-field from Opal annular ring E. (d) Fischione HAADF image.
Fig.10a shows the image generated by the central bright field detector (Gatan, model 807) with contrast inverted. Fig.10b is produced from the sum of signals from the Opal four quadrature-annulus segments , with inverted contrast. Following Hawkes (Hawkes, 1978), the sum is related to scattering contrast, or mathematically, to the attenuation in the bright field (BF). Fig.10c is a dark field (DF) image from annular segment E of the Opal.  The details are quite the same as in Fig.10d, which shows the image from the HAADF detector (Fischione model 3000) image. The bright dots that decorate the nanotubes are attributed to diffraction contrast from lattice strains. Subtle differences in details can be observed between each of the four detectors, dependent on the different collection angle ranges as annotated on the images. 


11. Validation of integrated DPC images

The DPC vector field of two crossing nanotubes is shown in Fig.11a (each arrow is based on an average of 5X5 vectors, with sign inverted to align with the direction of the average electric field). Fig.11b is the integrated DPC (iDPC) image calculated by Fourier space method and Fig.11c is the iDPC calculated by the real space integration method. The images were filtered using background subtraction based on Gaussian blur with radius of 100 pixels. The pixel size was 0.4 nm and the image size 2048x2048, and the optical resolution  0.4 nm. Hence, the filter is equivalent to high pass spatial frequencies above 0.01  We also cropped 5% of the margin in each side of the images in order to render the best contrast. It is easy to identify when the DPC vector components are interchanged, as demonstrated in Fig.12. In correct alignment of the DPC vectors with the image we expect the DPC vectors to lie perpendicular to the nanotube surfaces and the low frequency iDPC values to be similar in the two nanotubes. 
A test of the mean absolute value of , which measures the deviation of the DPC data from the assumption underlying a conservative vector field, compared to the absolute value of the charge (differential DPC) shows a large ratio of 42%, irrespective of filtration or DPC axes alignment. Therefore, in the rest of the work we generated iDPC images using D’errico’s code, which can handle non conservative vector fields, despite the general resemblance between results in the two integration methods.      
[image: ]
Figure 11. (a) Close-up on DPC vector (inverted) map. (b) iDPC based on Fourier transform method. (c) iDPC based on D’errico’s integration code.
[image: ]
Figure 12. Artifact of iDPC obtained when the gradient components are interchanged. 



12. Detecting charging of the sample by the electron beam

In the  images of Fig.6 in the main article we recognize a single significantly “bright” nanotube. The same feature was not particularly noteworthy in the ABF images. Fig.13 shows the inverted DPC vectors determined from the raw DPCx and DPCy components, which relate to the phase gradient convolved with the probe. For scales larger than the probe diameter they reflect the local electric field along the scan direction. The direction and magnitude of the arrows indicate an electric field arising from excess negative charge accumulated on the boundary of the nanotube and at the sharp tip, which is aligned roughly along the circular scan trajectory. Charging by the electron beam is a common nuisance in scanning electron microscopy and STEM, yet the DPC vector representation offers a means to harness and possibly quantify it. Together with the capability of precise and compensated scan pattern there is a possibility to monitor charging dynamics and perhaps determine conductivity.

[image: ]
Figure 13. DPC vector field (inverted) for part of the data in Fig.6 of the main article. The high magnitude arrows are interpreted as electric field pointing toward accumulated negative charge.


13. iDPC first and second part images

In a two-dimensional Fourier space the relation between the scan signal and the phase shift can be written for iDPC as follows
 
If the sample is thin the two parts are defined
 
  
The contrast transfer functions (CTF) are functions of defocus  and of the reciprocal coordinates of the image .  Fig.14 provides another example to the one shown in the main article. The  part is extracted from iDPC after removing image shifts between the 4-quadrants images. The  part is calculated from the remaining iDPC values and exhibits defocus contrast. 

14. Calculation of contrast transfer functions (CTF)

The CTFs are calculated based on the article by Lazic & Bosch, “Analytical Review of Direct Stem Imaging Techniques for Thin Samples” (2017). The results depend on strict implementation of the various Fourier transforms. Hence we validated that our use of Fast Fourier Transform (FFT) functions were correct using certain sequence of fftshift and ifftshift functions in Matlab, so the results of the actual theoretical formulas could be reproduced.
In details,
 =dr^2*ifftshift(fft2(fftshift(array)));
 =dk^2*ifftshift(fft2(fftshift(array)));
 = dk^2*N^2*ifftshift(ifft2(fftshift(array)));
 = dr^2*N^2*ifftshift(ifft2(fftshift(array)));

[bookmark: _GoBack]The rest of the code can be found in the Github post-processing folder in the program CTF_defocus_plots.m.
Selected results of the CTF as function of k is found in Fig.15. Results as function of defocus are found in the main article.   Negative defocus values denote underfocus.
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Figure 14. Separation of iDPC parts reveals a fixed part and defocus contrast part.
 [image: ]
Figure 15. CTF of first part in iDPC compared to CTF of ADF
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