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The high speed and ultra high single-electron sensitivity of direct detection cameras enable two different 
modes of operation: Integrating Mode, where the total signal deposited on the detector by each electron 
is summed to form the final image; and Counting Mode, where each incident electron is individually 
detected, isolated, and localized [1]. Counting mode is essentially an image processing method, utilizing 
integrating mode images with a very low exposure rate. Direct Electron’s DE-Series Cameras now allow 
users the choice between operating in either integrating or counting mode. This is the first time a direct 
detection camera specifically optimized for low-noise integrating mode has been offered with full-
featured counting mode. The DE counting mode is implemented flexibly so that users may access data 
from any step in the processing pipeline, from the raw unprocessed frames to the final counted frames. 
 
Electron counting has the advantage of significantly boosting the signal-to-noise ratio (SNR) at low 
spatial frequencies, which may be helpful for cryo-EM studies of small and/or asymmetric 
macromolecules [2]. As a first comparison of performance, we calculated the modulation transfer 
function (MTF) and detective quantum efficiency (DQE) of the DE-20 at 300 kV in integrating and 
counting modes. We found that counting boosted both the MTF and DQE, with the most noticeable gain 
being in the DQE at low-spatial frequency. Due to the low-noise operation of the DE-20, its quantum 
efficiency is particularly high compared to other direct detection cameras, with DQE(0) ∼ 0.85. 
 
While the MTF and DQE are useful tools for evaluating fundamental detector performance, they do not 
account for the entire context of practical data collection. For example, exposure rate and acquisition 
time can have a pronounced effect on the quality of images of real specimens. Thon rings in the power 
spectrum from defocused images of amorphous carbon film are an effective metric for evaluating image 
quality under practical imaging conditions [3]. We acquired and processed images of amorphous carbon 
film. Thon rings from these images were fit to a theoretical CTF model by CTFFIND4 [4]. The cross-
correlation with between the observed Thon rings and the model were used as a metric for assessing 
high-resolution data quality. We found that, although counting mode delivers the highest DQE, high-
resolution Thon rings are significantly clearer in integrating mode (2.3 Å maximum resolution in 
integrating mode, compared to 2.8 Å maximum resolution in counting mode). 
 
Further analysis showed that specimen motion affects image quality in counting mode much more than 
in integrating mode. While motion correction can be used to mitigate specimen motion between each 
dose fractionated frame [1,2], the specimen motion that occurs during a single dose-fractionated frame is 
not correctable. To evaluate the extent of uncorrectable specimen motion, we examined the translational 
distance between each pair of consecutive frames for each image of amorphous carbon film. Dose 
fractionation was at 32 fps and 1 fps for the DE-20 in integrating and counting modes, respectively. 
Motion correction was applied to each acquisition using DE_process_frames.py with rolling averages of 
frames such that the total exposure per rolling average was ~3.4 e-/Å2. In the highest resolution carbon 
film image, we observed an average of 0.04 Å specimen motion within each frame in integrating mode, 
and 0.66 Å (16.5× larger) in counting mode. Throughout all carbon film images, counting mode 
consistently showed at least an order of magnitude more motion within each frame. Thus, while 



counting mode does yield the best low-frequency signal-to-noise ratio, the long exposure times 
necessary for electron counting currently forces users to sacrifice high-resolution performance compared 
to integrating mode. Unless counting mode detectors can be made at least an order of magnitude faster, 
users should collect data in integrating mode whenever possible to maximize high-resolution SNR, using 
counting mode only for the most challenging small particles where low-frequency SNR is critical.  
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Figure 1.  Fundamental performance of the DE-20 Camera at 300 kV. (a) The MTF, calculated from a 
full-size image of a beamstop, using FindDQE [5]. (b) The DQE with DQE(0) calculated using the 
noise-binning method. 
 

 
Figure 2.  Thon rings (including the fit model in the lower left quadrant) and plots of fit quality of 
images of amorphous carbon film at ~1.25 µm defocus, cropped to 3600 x 1280, after motion correction. 
Images were collected with a total exposure of ~30 e-/Å2. The estimated resolution of each image is 
based on the cross-correlation between the measured and simulated Thon rings. 


