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defocus was actually 5990 Å, with 200 Å of astigmatism and
790 Å defocus variation over the 25 images.

Images were recorded using the full 4k 4k× output of the Falcon
II detector with the individual frames of all the images being cap-
tured using an in-house data capture setup. In processing the ex-
posures the individual frames were not aligned computationally.

4. Results

Fig. 1 shows two types of noise whitened power spectra, uW ( ),
[7] from a dose fractionated exposure of pure amorphous ice
consisting of 141 frames with on average 2.33 e!/pixel per frame.
The spectrum from the sum of all the 141 frames is shown in Fig. 1
(a) and with such a relatively high dose (300 e!/Å2) it is possible
to see faint Thon rings. Fig. 1(b) shows the sum of the 141 noise
whitened power spectra of the individual frames. Exactly the same
images were used but in the sum of the power spectra of the in-
dividual images the Thon rings that are barely visible in Fig. 1
(a) are clearly visible and can be seen to extend out beyond 3.4 Å
resolution. The 141 reduction in the noise from averaging the
141 individual spectra enables the strength of the Thon rings in
individual frames to be seen clearly. The strength of this signal
indicates that the Thon rings arise from the intrinsic bulk water
and not from impurities absorbed from the adjacent carbon film or
contamination occurring during the blotting and transfer steps.

The behaviour of the circularly averaged power spectra and
circularly averaged noise whitened power spectra are compared in
Section F of the Supplementary material. The flat, featureless
backgrounds in Fig. 1(a) and (b) illustrate the success of the noise
whitening procedure. The measured average value and noise in
the noise whitened power spectra of Fig. 1 are within 5% of the
values predicted by Eqs. (8) and (9) using n¼2.33 and DQE(0)¼
0.5. The probability distribution based on all the values in the 141

noise whitened power spectra used in Fig. 1(b) is given in Section
G of the Supplementary material. The distribution is well de-
scribed by Eq. (4) with a measured value of 4.91Γ = that is within
5% of an estimated based on Eq. (7) again using n¼2.33 and DQE
(0)¼0.5.

To illustrate the origins of the difference between Fig. 1(a) and
(b) we carried out two control experiments using amorphous
carbon film. The amorphous carbon film was first pre-irradiated as
even atoms in films of carbon prepared by evaporation from a
carbon arc in vacuo move when initially irradiated. The amount of
movement decreases with exposure but ∼100 e!/Å2 is sufficient to
effectively stabilise a film, i.e., the observed Thon ring pattern
showed no drift and was stable. As 300 keV electrons can cause
displacement damage [14], there was some residual movement
but relative to the initial movement this was negligible.

In the first control experiment, the initial 25 frames from a 1.5 s
exposure of an area of pre-irradiated carbon were used. The
magnification and the number of incident electrons per frame
were the same as in Fig. 1. The corresponding noise whitened
power spectra from the summed image and the sum of the in-
dividual power spectra are given in Fig. 2(a) and (b), respectively.
In contrast to Fig. 1, the Thon rings are now stronger in the power
spectrum of the sum of the frames with the relative strengths
being essentially what is expected from 25 images of the same
object.

In the second control experiment, a series of 25 images like that
in Fig. 2 were taken at adjacent but non-overlapping areas of the
pre-irradiated carbon. As there was a slight variation in the height
of the carbon film at the different locations the objective lens
current was adjusted in order to keep the variation in the defocus
of the images to within 790 Å. A composite image of 25 frames
was then generated by taking one frame from each of the 25
images. As in Figs. 1 and 2 the corresponding power spectra from
the Fourier transform of the sum of the frames from the composite
image is given in Fig. 3(a) while that of the sum of the power
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Fig. 1. Thon rings from a dose fractionated exposure (image #230804) of amor-
phous ice obtained using either (a) the NWPS of the sum of the frames, or (b) the
sum of the NWPS from each frame. The exposure consisted 141 frames at a dose of
2.33 e!/pixel using 300 keV electrons, a defocus of 7070 Å and a pixel sampling of
1.04 Å. The edge of the transform is at 1/2.08 Å!1 and the strong ring pattern in
(b) is centred around 1/3.7 Å!1. In both (a) and (b) the images were first scaled so
that the RMS noise level was 1 and then the lower and upper grey limits set at !0.7
and 1.3 about the mean values.

Fig. 2. Comparison from a dose fractionated exposure (image #215327) of an area
of pre-irradiated carbon of (a) the NWPS obtained from the sum of all the frames
and (b) the sum of the NWPS of individual frames. The exposure consisted of 25
frames with on average 2.33 e!/pixel per frame recorded using 300 keV electrons,
a 5990 Å defocus and a 1.04 Å pixel sampling. The grey scales of the images were
set as in Fig. 1.
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a b s t r a c t

We have recorded dose-fractionated electron cryo-microscope images of thin films of pure flash-frozen
amorphous ice and pre-irradiated amorphous carbon on a Falcon II direct electron detector using
300 keV electrons. We observe Thon rings [1] in both the power spectrum of the summed frames and the
sum of power spectra from the individual frames. The Thon rings from amorphous carbon images are
always more visible in the power spectrum of the summed frames whereas those of amorphous ice are
more visible in the sum of power spectra from the individual frames. This difference indicates that while
pre-irradiated carbon behaves like a solid during the exposure, amorphous ice behaves like a fluid with
the individual water molecules undergoing beam-induced motion. Using the measured variation in the
power spectra amplitude with number of electrons per image we deduce that water molecules are
randomly displaced by mean squared distance of ∼1.1 Å2 for every incident 300 keV e!/Å2. The induced
motion leads to an optimal exposure with 300 keV electrons of 4.0 e!/Å2 per image with which to see
Thon rings centred around the strong 3.7 Å scattering peak from amorphous ice. The beam-induced
movement of the water molecules generates pseudo-Brownian motion of embedded macromolecules.
The resulting blurring of single particle images contributes an additional term, on top of that from ra-
diation damage, to the minimum achievable B-factor for macromolecular structure determination.

& 2015 Published by Elsevier B.V.

1. Introduction

During the 1980s, Dubochet and his colleagues [2,3] developed
a method for carrying out electron cryo-microscopy (cryoEM) of
biological structures embedded in thin films of amorphous ice.
Their early work involved careful comparison of the conditions
needed to obtain thin films of amorphous rather than hexagonal
or cubic crystalline ice [2]. The method they developed consisted
of rapidly freezing a thin film of water, or buffer solution, con-
taining the biological structure of interest by plunging it into liquid
ethane at a temperature just above that of liquid nitrogen. Images
of the resulting specimen recorded using a suitable microscope
could then be analysed to determine the structure. The method
has since grown immensely in its power and popularity as im-
provements in technology have transformed its capability [4].

There has long been a debate within the electron cryo-micro-
scopy community as to whether Thon rings [1] can or should be
observed in power spectra of images of pure plunge-frozen
amorphous ice. Thon rings arise naturally in bright-field phase
contrast images of any amorphous material and their origin is
described in most standard texts [5,6]. The spacing and the shape

of the rings depend on the electron–optical parameters that de-
scribe the image, principally the amount of defocus and astigma-
tism. Thon rings from amorphous carbon are routinely used to
adjust astigmatism and set the defocus of a microscope. Amor-
phous ice has approximately one-half the density of amorphous
carbon but as oxygen atoms scatter more strongly than carbon
atoms [5] one might naively expect to see Thon rings of similar
strength from amorphous ice and amorphous carbon.

In this paper we show that with the recently introduced CMOS
direct electron detectors it is possible to see unambiguously Thon
rings in images of high purity amorphous ice. The higher detective
quantum efficiency, DQE, of the new detectors allows weaker
signals to be seen and the ability to collect images continuously in
a dose fractionated (or movie) mode allows optimal exposure
conditions to be chosen and new modes of image processing to be
used, long after the sample has been removed from the
microscope.

2. Theory

2.1. Definitions

In this work the pixel value in an image at pixel (r,s) is denoted
fr s, , and scaled to units of e!/pixel. The discrete Fourier transform,
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Figure 2 | High-resolution information within the 1.86 Å reconstruction of AAV2L336C. 1 

(a) Stereo view of a slice through the map and model containing both amino acid residues 2 

and water molecules. (b) Stereo view of a slice through a beta sheet. (c) Map densities for 3 

each of the 20 types of amino acid residues. The amino acid residues are shown as stick 4 

representation and colored according to atom type: C=yellow, O=red, N=blue, S=green 5 

inside either a translucent solid density (a,b) or black mesh density map (c). H=white atoms 6 

are displayed for (c).  7 
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