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The Falcon 2 camera (Thermo Fisher Scientific Inc., USA) mounted in High Resolution Bio-TEM at Korea Basic Science
Institute (KBSI) was upgraded to Falcon 3EC in August 2017 (Jeong et al., 2017). Compared with Falcon 2, Falcon 3EC
has better sensitivity and higher frame rate and can be operated in electron counting mode. These changes significantly
increase the data quality, thereby increasing the resolution of the 3D structure. In the benchmarking test of this machine,
the structure of inhibitor-free beta-galactosidase has been solved at 2.16 Å. Here we introduce main features of the new
detector, and discuss about major considerations required for its operation and data collection strategies to achieve the
near atomic resolution.

INTRODUCTION
Cryo-electron microscopy (Cryo-EM), empowered by recent
developments in the optic system, electron detectors and
image processing softwares, has become a core technology
to study molecular structures and mechanisms of biological
macromolecules. Especially the improved sensitivity of direct
electron detectors and their operation in electron counting mode
have made the most significant contribution to the achievement
of the atomic resolution.
Cryo-EM imaging uses a low electron dose of 20-100 e/Å2 in
order to minimize radiation damage by electron beam, resulting
in a low signal-to-noise ratio (SNR) image. Since this low SNR
is the biggest obstacle to high-resolution reconstruction of
single particles in the subsequent image processing steps,
there has been a need for a highly sensitive detector capable
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of improving the SNR under the low electron dose. Traditionally
used charge coupled device (CCD) accumulates an electric
charge proportional to the light intensity and convert it into
voltage to produce a digital image. In CCD cameras for electron
microscope, an electron impinging on a scintillator is converted
into a light signal, which is transferred to CCD via fiber-optic.
However, incident electrons are scattered in the scintillator
and those scattered electrons generate false light signals
resulting in a largely decreased SNR. To avoid the electron-tolight conversion process and minimize the noise contribution of
electron scattering, direct electron detectors (DEDs), which are
strong enough against intense electron beam and thin enough
not to scatter electrons much, have been recently developed
(Figure 1). These include Falcon 2 and Falcon 3EC detectors
from Thermo Fisher Scientific in USA and K2 and K3 detectors

B

FIGURE 1 I Different detection architectures of (A) conventional CCD detector and (B) direct electron detector (DED). Note that in DED there is no conversion
and transferring of signal from electron. The illustration shown above was adopted from GATAN (www.gatan.com).
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from Gatan Inc. in USA.
In August 2017, the Falcon 2 camera mounted in High
Resolution Bio-TEM (HR Bio-TEM, Titan Krios, Thermo Fisher
Scientific Inc., USA) at Korea Basic Science Institute (KBSI)
was upgraded to Falcon 3EC. This review will introduce basic
features of the new detector and discuss about the operational
strategy for collecting high-resolution data.

MAIN FEATURES OF FALCON 3EC
Falcon 3EC is a complementary metal-oxide-semiconductorbased direct electron detector (CMOS-based DED), which is the
most commonly used DED type. The main difference compared
to Falcon 2 is in the thickness of the CMOS sensor (Figure 2A
and 2B). The sensors of Falcon 2 and 3EC are 50 μm and 30
μm thick, respectively. When the sensor is thinner, the noise
contribution from backscattered electrons is reduced, thereby
increasing the detective quantum efficiency (DQE). DQE is a
measure used to describe the sensitivity of the detector. It is
equal to the ratio of the squared output SNR to the squared input
SNR and calculated in the frequency domain.
DQE = SNRout2 / SNRin2
Falcon 3EC has higher DQE values than Falcon 2 in all spatial
frequencies (Figure 2C)(Kuijper et al., 2015). This is an important
factor for improving the accuracy of particle image alignment
and acquiring high resolution structure information in image
processing. In addition, since the frame rate is doubled in Falcon
3EC, beam-induced motion can be corrected more precisely,

thereby reducing the loss of high resolution information.
Another advantageous feature of Falcon 3EC is the electron
counting (EC) mode, which can detect the single electron
incident to each physical pixel of the sensor accurately in time
and space. When an electron enters the sensor, the electron
signal is scattered to neighboring pixels by electron scattering/
backscattering and the electron interaction with the sensor. This
noise signal will be added to each pixel intensity in traditional
integration mode. In the EC mode, however, this noise can
be rejected because individual electron events are counted
by running the camera fast. In Falcon 3EC, they recommend
an electron dose to the extent that one electron hits one pixel
per second, then the pixels with electron events can be more
correctly identified by the event localization process (Figure 3).

MAJOR CONSIDERATIONS REQUIRED FOR FALCON 3EC
OPERATION
The electron dose is the number of electrons irradiated per unit
area of the sample or detector, and the electron dose rate (also
called e-flux) is the electron dose per unit time. In the case of
cryo-EM single particle analysis, the electron dose on the sample
is limited to a certain level in order to minimize radiation damage
of protein particles and beam-induced motion in the vitreous ice
(Baker and Rubinstein, 2010, Li et al., 2013). However, since a
biological sample such as a protein is composed of light atoms
which produce relatively weak electron scattering, the image
contrast is too low to identify target biological macromolecules.
Therefore, determining the proper electron dose is one of the
most important processes in TEM operation.
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FIGURE 2 I Features of Falcon 3 detector. (A) Exterior of Falcon 3. (B) Different sensor thickness of Falcon series. (C) DQE of Falcon series over spatial frequency.
The picture and illustration of (A) and (B) were provided by Thermo Fisher Scientific. The graph of (C) was adopted from Kuijper et al .
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Normal mode

Counting mode
FIGURE 3 I Normal (linear) mode and electron counting mode of DED. The illustration shown above was adopted from GATAN (www.gatan.com).

Dose control in TEM illumination system
The electron dose can be controlled in the TEM illumination
system and is usually adjusted by manipulation of spot size,
illumination area, and condenser lens aperture. However, since
spot size and condenser lens aperture have discontinuous setting
values dependent on the equipment configuration, we have a
considerably limited optics control range to find a reasonable
balance between the contrast of the target object and the DQE of
the detector. Furthermore, the available e-flux (dose on camera)
range for the optimal DQE in Falcon 3EC is extremely narrow as
published by Thermo Fisher Scientific (~125 e/pix/sec in linear
mode and 0.5-0.7 e/pix/sec in electron counting mode). Since
manipulation of optics affect beam parallelism and coherence,
one should not consider only electron dose for adjusting optics.
To make a coherent beam, we need to increase the spot size or
use a small condenser lens aperture, make the illumination area
slightly bigger than the field of view, and be careful not to make a
condensed or spread beam that could cause image distortion.
Adjustment of beam exposure level
To find the optimal beam exposure level, we need to consider
image contrast, sample denaturation, and beam induced motion.
When exposure time increases, image contrast will proportionally
increase, but the risk of sample denaturation will also increase. In
addition, signal blurring and beam induced motion increases with
exposure time. The resulting noise however can be dramatically
reduced by operation in electron counting mode. We can obtain
multiple frames of short time intervals over the entire exposure
time and run a motion correction program (Li et al., 2013) to
sort and integrate the frames to produce a new single image. In
this computation process, the frames with large movement or
denaturation of proteins can be rejected to decrease the noise
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or included to increase the contrast. To maximize the advantage
of electron counting mode in Falcon 3EC, total dose, exposure
time, number of frames and data collection method need to be
properly set by EPU software. The electron dose of 30-60 e/Å2 is
usually used to collect data for high-resolution structures.
Since the recommended e-flux for electron counting mode
(0.5-0.7 e/pix/sec) is much lower than that for linear mode (~125
e/pix/sec), long exposure time (25-60 sec) is usually used to
acquire enough contrast. This causes the increase of the number
of frames (1,000-2,000 frames) and the decrease of the electron
dose per frame which respectively result in long computing time
and inaccurate motion correction. To solve this problem, those
frames can be fractionated; several frames can be grouped and
integrated into a fraction, which have enough electron dose
for accurate motion correction. The minimum electron dose
per frame of 0.5~1 e/Å2 is recommended for a reliable motion
correction result.

DATA COLLECTION STRATEGIES FOR DETERMINATION
OF NEAR-ATOMIC RESOLUTION STRUCTURES
High magnification
If the contrast of the sample is high and the number of particles
in the field-of-view is sufficient, it is desirable to collect data
at as high a magnification as possible. DQE is dependent on
spatial frequency (higher DQE at lower frequency). At higher
magnification, the particle information is mapped in the lower
frequency region: since a protein particle observed at higher
magnification in the same frame size appear larger, highresolution information of the particle in the Fourier space is at
a relatively lower spatial frequency (Figure 4). Therefore, data
collection at the high magnification could result in the increase of
SNR in the high-resolution information area, and one can expect
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the 3D reconstruction with higher resolution. It should be noted
that e-flux changes anti-proportionally with magnification, so
one need to determine a proper e-flux considering DQE at the
magnification equal or slightly higher than Nyquist resolution
capable of reaching target resolution.
Operation in electron counting mode with low e-flux
More electrons hit on the detector, event localization on each
pixel is more difficult. It is highly recommended to use the e-flux
level of 0.5-0.7 e/pix/sec for Falcon 3EC.
Particle contrast and vitreous ice
Sample denaturation and thick vitreous ice are the main reason
for low particle contrast and difficulty in high resolution reconstruction (Noble et al., 2018). Proteins are often denatured in airwater interface during sample grid preparation. Various methods
have been developed to overcome this problems: use of various
additives (e.g. various detergents), per-particle CTF estimation,
and foil treatment of EM grids (D’Imprima et al. 2019 and Noble
et al. 2019). Thin vitreous ice on an EM grid can be obtained by
changing the concentration of the sample, the composition of the
buffer, grid types and properties, and the vitrification conditions.
It is also useful to selectively collect data only for thin ice regions
on the grid.
Contrast transfer function (CTF) parameters
In addition to the above mentioned factors that affect the

data quality, many other reasons could interfere with 3D
reconstruction at high resolution more than 3 Å. For example,
the ice condition or thickness of each hole in the sample grid
change during data collection, and the beam alignment condition
may deteriorate over time depending on the hysteresis and the
equipment environment. Therefore, the use of only good quality
data in image processing through appropriate image or particle
classification help not only to save the processing time, but also
to improve the resolution. When performing CTF estimation
on motion-corrected images, CTF parameters are used to
evaluate the data quality. To utilize the collected data as much
as possible, it would be better to remove the outliers at the initial
stage as little as possible, perform the earlier processing steps,
and then sort more finely in the latter processing stages. On
the other hand, if the amount of data (the number of particles)
is large enough, it may be more advantageous to initially sort
out good quality data in terms of efficiency. Less outliers in
less particles often give a better result (e.g. higher resolution or
better features of reconstructed 3D map) than more outliers in
more data. Data analyses of various experiments at KBSI over
the past year have shown that the CTF/motion parameters of
micrographs that contain particles contributing primarily to high
resolution have values below certain upper limits (Table 1), which
are recommended for efficient micrograph sorting.

THE PERFORMANCE TESTS OF HIGH-RESOLUTION
BIO-TEM IN KBSI
Since the detector of HR BIO-TEM (Titan Krios) in KBSI has been
upgraded to Falcon 3EC, we have performed the information
limit test for this machine. The measured limit was 1.12 Å which
is higher than the manufacturer's guaranteed value (1.4 Å)
(Figure 5). We have also determined the structures of inhibitorfree beta-galactosidase for our benchmarking test. The highest

High-magnification

DQE

Low-magnification

Spatial frequency

FIGURE 4 I Relationship between DQE over spatial frequency and
magnification. The illustration shown above was adopted from GATAN (www.
gatan.com).

TABLE 1 I The recommended upper limits of some CTF/motion
parameters for micrograph sorting. These values are deduced from the
data collected using Falcon 3EC at KBSI
CTF/motion parameters

Recommended upper limit

Defocus

< 25,000 Å

Astigmatism

< 1,000 Å

CTF max (or Fit) resolution

<4Å

Total motion distance

< 30 pixels

Prerequisites: image pixel value < 1.0 Å/pixel, target resolution < 3 Å.
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FIGURE 5 I Information limit of HR Bio-TEM in KBSI. The red and yellow
line indicate 1.4 and 1.12 Å, respectively. Information limit of Titan Krios,
officially guaranteed by manufacturer, is 1.4 Å.
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resolution (2.16 Å) that we have achieved so far is comparable
to the highest (2.2 Å) of the same protein deposited in Electron
Microscopy Data Bank (unpublished) (Figure 6). These data

confirm that the upgraded machine is capable of producing high
quality data to solve the protein structure at a resolution higher
than 3 Å.

B

A
Acceleration voltage

300 kV

Pixel size

0.863 Å/pix

e-flux

0.68 e/pix/s

Exposure time

32.6 s

N of fractions

30

N of micrographs (used/total)

256/370

N of particles (used)

~47,000

Defocus range

0.5 ~ 2.0 µm

Astigmatism

< 700 Å

CTF max (or Fit) resolution

< 4.8 Å

Total motion distance

< 30 pixels

C

Resolution (Å)

D

E

W203

Y472

F989

P527

FIGURE 6 I Benchmarking test for β-galactosidase with Falcon3 in KBSI. (A) Imaging conditions and CTF parameters of collected data. (B) A motion-corrected
micrograph of collected data (at approx. −2.0 μm defocus, MotionCor2). (C) 2D classification result for selected particles (Relion 3.0 beta). (D) 3D electron density
map of β-galactosidase. Selection and further refinements for particle images were done using Relion 3.0 beta, and then the final 3D refinement was performed
using cryoSPARC v2. Local resolution of the map was estimated using MonoRes. (E) Local electron density maps and corresponding refined models of some amino
acids.
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