Scanning Microscopy Vol. 11, 1997 (Pages 391-405)

0891-7035/97$5.00+.25

Scanning Microscopy International, Chicago (AMF O’ Hare), IL 60666 USA

PRINCIPLESAND APPLICATIONSOFDEFOCUSIMAGE MODULATION PROCESSING
ELECTRON MICROSCOPY

Yoshizo Takai'*, Toshiyuki Ando?, Takashi I kute? and Ryuichi Shimizut

Department of Applied Physics, Osaka University, Suita, Osaka
2Osaka Electro-Communication University, 18-8 Hatsu-machi, Neyagawa, Osaka, Japan

Abstract

Principlesof defocus-image modulation processing
(DIMP) aredescribed from aview point of three-dimensional
imageformationintransmission electron microscopy (TEM).
Two typesof defocus-image modulation processing electron
microscopes (DIMP-EM) have been constructed for
realizing spherical aberration-free observation. They are
based on changing the objective lens current and
modulating the acceleration voltage for defocussing,
respectively. The former one has an advantage of practical
use that the DIM P-system devel oped can be easily applied
to a commercial type electron microscope without any
modifications. The second one enables a real-time image
processing to berealized by controlling theirradiationtime
by the primary electron beam during recording each
defocused image. The performance of thetwo DIMP-EMs
are reported and discussed with some new experimental
results.
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Introduction

It is well known that magnetic lenses for electron
optica systemsinevitably have spherical aberration, which
is the main limitation on the resolution of transmission
electron microscopes (TEM). The spherical aberration
causesblurring in TEM images especially at the areas near
asampleedge, aninterface or adefect. Theblurring severely
complicates abtaining structure information directly from
the observed images. For obtaining atomic structure
information, therefore, the images of a sample observed at
different focus conditions have been compared with the
corresponding images calculated using a model structure
at the same focus conditions. One-by-one comparisons
between the observed images and cal culated images allow
oneto concludewhether the model structureisvalid or not.
However, it takes a long time and, furthermore, a priori
knowledge about the structure is required in the through-
focussing technique, which restricts wider applications of
high resolution electron microscopy to materials science.
Since the spherical aberration-free images of phase and
amplitude components have much higher potential for
determining atomic structures directly from the images,
various kinds of approaches have been proposed thus far
for the aberration correction or the phaseretrieval problem
(Schiske, 1968, 1973; Hoppe €t al., 1973; Saxton, 1978;
Hawkes, 1980). The development of afield emission gun,
high performancesof charge-coupled device (CCD) cameras
and computer systems recently makeit possible to employ
some novel spherical aberration correction methods which
are applicable to high resolution images, such as electron
holography (Lichteet al., 1992), restoration from focusseries
of images (Ikuta, 1985, 1989; Van Dyck and Op de Beeck,
1990; Coeneet al., 1992) and tilt series of images (Takai et
al., 19943, Kirkland et al ., 1995).

We have devel oped the defocus-image modulation
processing (DIMP) method for spherical aberration-free
observation of phase and amplitude images (Ikuta, 1989;
Taniguchi et al., 1990a,b, 1992a,b). The method isbased on
the procedure of multiplying aspecific weighting function,
which represents the characteristics of the electron optical
system, to a series of defocus images and taking a
summation of these weighted imagesto get onefinal image
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Figure 1. (a) Phase contrast transfer functions and (b)
schematic illustration of Fourier image appearing around
Gaussian image plane. Note that the oscillation of contrast
transfer function produces periodic contrast change of
Fourier images. (c) A pair of Ewald spheresformed by linear
imaging term and two planes formed by a sinusoidal
weighting function in three-dimensional Fourier space.

that provides, in principle, the spherical aberration-free
image. In the method, spherical aberration correction and
restoration of phase and amplitude images are achieved at
the same time without any additional optical devices, such
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as an electron biprism. Van Dyck et al. (1990) have aso
proposed amethod called the focus variation method or the
paraboloid method, which is an expanded method of the
Schiskemethod. Inthefocusvariation method, plural images
(about 20 images) are used to recover the complex wave
function. There are a lot of similarities between the two
methods, but also several differences. Inthefocusvariation
method, the convolution integral between the Fourier
transforms of the through-focus images and the phase
correction factors is performed in reciprocal space.
According to the mathematical derivations, the convolution
integral worksasaspatial filter to extract only theinformation
located on aEwald spherein three dimensional Fourier space.
Therefore, the non-linear image contributions can be
effectively reduced by increasing the number of images
(Saxton, 1994). In the DIMP method, on the other hand,
there is no such filtering effect in the Fourier space.
Therefore, the non-linear components may produce some
artifactsin the phase and amplitudeimageswhen the weakly
scattering object approximation is not well satisfied to the
sample. However, the convolution integral isdone between
through focus images and the weighting function in real
space, which becomes the largest advantage in the DIMP.
Because no Fourier transformation is necessary, which is
essentially important for real-timeprocessing. By utilizing
the characteristic that all of the processing are donein real
space, we have further proposed another DIMP method for
achieving faster processing. In the second DIMP, the
spherical aberration-free observation is performed within
several video frame periods by controlling the irradiation
time of primary electron beam during recording each
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Figure 2. Weighting functionsfor spherical aberration-free
(a) phaseimage and (b) amplitudeimage when an effective
contrast transfer function (c) was assumed. (d), (e) are the
weighting functions for (f) different effective contrast
transfer function.

defocused image. The weighted image integration is done
intheimage detection deviceitself by the control. Sincethe
second DIMP can keep the entire electron dose to the
specimen as small as possible, it is one of the promising
methods which are applicable to the spherical aberration-
free observation of electron radiation sensitive specimens,
such as biological samples.

In the present paper, we attempt to clarify the
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principles of DIMP using some new experimental results.
Two typesof DIMP-electron microscopes (EM) constructed
for realizing spherical aberration-free observation are
summarized with their performance and present restrictions.

Principlesof Spherical Aberration Correction
byDIMP

Extraction of onespecified Fourier component from
through-focusimages

TEM image contrast of a spatial frequency compo-
nent |g, | periodically changes by every focus change of 2/
(I9,IA), asshown by sinusoidal oscillation of phase contrast
transfer functionsin Figure 1a. In thefigure, phase contrast
transfer functionsfor different spatial frequenciesare shown
as afunction of focus, not a function of spatial frequency
as usual. Figure la indicates that Fourier images appear
periodically with different focusintervals depending onits
spatial frequency in athree-dimensional image space, where
the focus axis (z-axis) is regarded as the third axis just as
shown schematically in Figure 1b. It isalso found that the
effect of the spherical aberration isgiven asaphase shift of
each simple sinusoidal waveform, whichisindicated by the
dotted linein Figure 1a. It isknown that the narrow band
passfiltering can beachieved for one-dimensiona temporally
atered signals by using the lock-in amplifier under the
referenced signal of the same frequency. In the case of the
two-dimensional image observation under the coherent
illumination, the sinusoidally weighted image-integration
over the focus range is compared to the phase sensitive
detection of thelock-inamplifier. That is, by integrating the
intensity of through-focus images multiplying the contrast
transfer function with |g | asaweighting function, only the
Fourier component |g, | can be extracted. The effect of the
spherical aberration is then corrected by considering the
origin shift of the weighting function. Mathematical
derivations have been shown in detail by Taniguchi et al.
(1994). This convolution integral between through-focus
images and theweighting function in three-dimensional real
spaceisequivalent to aspatial frequency filtering in three-
dimensional reciprocal space, becausethe Fourier transform
of theintegral isexpressed by aproduct of Fourier transforms
of thethree-dimensional image intensity and the sinusoidal
weighting function, respectively. The Fourier transform of
the image intensity for the linear-imaging component is
known to form a pair of Ewald spheres (Taniguchi et al.,
1991; Van Dyck, 1990). Thelatter Fourier transform becomes
adelta function which works as a spatial frequency filter,
enabling to extract one Fourier component in reciprocal
space at the two planes of w=+(|g |°A)/2. Figure 1c shows
the filtering process illustrated schematically in three-
dimensional reciprocal space, consisting of aw-axisfor the
focus value in addition to the common u and v axes. Only
the Fourier components of theintersection region between
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the spheres and the planes are extracted by the integral.
The two cross-section rings are then projected to a two-
dimensional reciprocal plane by performing an inverse
Fourier transformation with respect to the w-axis. The
projected ring pattern in the two-dimensional reciprocal
plane indicates that one Fourier component was success-
fully extracted by theimageintegration of thethrough-focus
images weighted by the sinusoidal function, which will be
shown in the experiment.

Weighting functionsfor spherical aberration correction

The DIMP method extends this extraction process-
ing so as to cover al frequency components. Since the
extraction operations for different spatial frequency
components are independent from one another, a final
weighting function W, (Af) for extracting all spatial frequency
componentsin the phaseimageisobtained by thefollowing
integral of the phase contrast transfer function (Taniguchi
etal., 1994):

wi(Af)= J.F(g)i‘j n(y)d(Al g [/2) @
0

where F(g) is the effective transfer function to be realized
after the correction. Figure 2a shows the final weighting
function for a 200 kV electron microscope with spherical
aberration coefficient of 1.4 mmwhen the effective transfer
function shown in Figure 2c is assumed. The weighting
function is a unique function for an electron microscope
when once an effective transfer function is assumed. For
extracting the amplitude component, on the other hand, the
amplitude contrast transfer function cos(y) should be used
instead of sin(y) in Equation (1), leading to another weighting
function W (Af) in Figure 2b. Figures 2d and 2e show another
set of weighting functions that are obtained when the
effectivetransfer functionischanged asin Figure 2f. From
thesefigures, theweighting function provesto beafunction
that oscillates slowly around Scherzer focusand quickly at
larger under-focus conditions. When a wider effective
contrast transfer function is assumed, the weighting
function oscillatesin wider focusrange and especially shows
a quicker oscillation at larger under-focus. Since the
achievable highest resolution by the method is restricted
by the finest structure present in the images, it does not
make senseto assume avery wide effective contrast transfer
function in order to get higher resolution beyond the
information limit. Smaller spherical aberration coefficient
makes the weighting function simpler in a narrower focus
range, therefore, asuperior lens with small C_is of course
effective for practical use of thistechnique.

Spherical aberration-freeimages
Spherical aberration-freeimages| (r) and| (r) for the
phase component and amplitude component, therefore, can

Original Throngh-Focus Images
A fA
: v .'IIII'LI',_II 'Jr',“'d"d"ﬂ‘\‘“—""

| A AL
R e ! i'.|”"'|.u'lpc.|,'-_.-‘-.“. -
B Y | W Wt

. - T _ VLT EITY
Consecutive Shift T TN '.“.'1I§u'-1‘-‘-'~' —

J o
BTV
I/’ / Carrected Through-

Focus Images

Figure 3. Schematic illustration showing procedures for
calculating spherical aberration-free images by the first
DIMP.
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Figure4. (a) Weighting function for thefirst DIMPand (b)
the corresponding cumulative weighting function for the
second DIMP.

be obtained by integrating through-focus images I(r, Af)
multiplied with the final weighting functions W,(Af) and
W (Af), respectively, that is,

1i(r) = JI(r,Af)Wi(Af) dAf

@

(1) = II(r,Af)Wr(Af)dAf
t should be noted here that separate imaging of phase and
amplitude components is possible by using respective
weighting functions, because an orthogonal relation is
satisfied between the two weighting functions. Through-
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focusimages|, (r, Afo), which are corrected for spherical
aberration, can 'be obtained by using W, (Af+Afo) instead
of W, (Af) in Equation (2), where Afo i isavirtua defocus
val ue for the corrected images. This is because the phase
contrast transfer functions in Figure 1 shift their origin
positions by a constant value when the focus is changed,
independent of the value of spatial frequency. Figure 3
shows the schematic procedure for getting spherical
aberration-freeimagesby thefirst DIMP. By using digitized
original through-focusimages, theimageintegrationis per-
formed by Equation (2), resulting in spherical aberration-
free phase or amplitude image. Through-focusimages that
are corrected for spherical aberration can be obtained by
consecutive shifts of the weighting function as shown in
thefigure.

Real-timecorrection of spherical aberration

In the first DIMP, 256 images recorded by a TV
camera are generally used for getting the spherical
aberration-free images. Therefore, several seconds are
necessary at least for recording theimagesby the TV camera
and three hours for digitizing the images and performing
the calculation of the integration. Such long exposuretime
and processing time disturbs us from developing areal-
timeimage processing system. Thuswe have proposed the
second DIMP, where the processing is performed within a
few video frame periods by rapid modulation of focussing.
It seemsto be one promising way for spherical aberration-
free observation of biological specimens, because we can
keep the total electron dose to the specimen as small as
possible.

The second DIMP-EM usesirradiation-time control
of the primary electron beam (Ando et al., 1994a,b) for
realizing the weighting function in Figure 2. Sincea TV
camerauses charge-storage-typeimage detection elements
and integratestheimage signals over the video frame period
(/30 sec), irradiation-time control enablesusto performthe
weighted image integration of through-focusimagesin the
detection elementsin real-time. Using image signal s per unit
time, i(r,Af), and the frame time, T, the phase image in
Equation (2) isthen rewritten as

Ii(r)= Ii(r,Af)[rWi (Af)] dAf
Next, consider that one changes the focus within a video
frame period, T. Then, theimage signal whichisintegrated
within the video frame period is obtained as,

©)

T (<]
J.i(r,Af (1) dt = Ii(r,Af (1) | dv/daf |dAf
where the term of |dt/dAf| is defined astheirradiation time
of the primary electron beam per unit defocus-value. We

Q)
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control heretheirradiation time so asto satisfy thefollowing
equation,

|dit/dAf] =t [W(Af)] ©
Theweighting function W (Af) isabipolar function having
positive and negative values and the irradiation time is
always positive. Therefore, the subtracted image between
two integrated images for positive and negative values of
the weighting function becomes equivalent to the phase
image by thefirst DIMP, that is,

o]

L(r) = j i(r, AF ©)T] Wi () | 1 oggve GAT
o ©

- [iCraf T IWi (09 g 9F

Figure 4a and 4b show aweighting function for the
phase component and acumulative function of theweighting
function for theirradiation-time control. Thet vs. Af curve
shown in Figure 4b enables us to realize the defocusing as
afunction of irradiation time, i.e., Af(t). As shown in the
figure, longer irradiation times are used to realize larger
values of the corresponding weighting function. In order to
flip the signsof the different zones of theweighting function,
two complete scansare used as shown in Figure 4b, onefor
weighting the positive images and one for the negative
images. Two different video framesthat are obtained by the
respective scans are then subtracted as formularized in
Equation (6) and final processed images aredisplayed ona
CRT monitor in every two video frames, in principle. Inthis
way, one can perform the integrations of Equation (2) ina
very short period. Thus, we can operate the electron
microscope and observe phase or amplitudeimageswithout
awareness of image distortion due to the spherical
aberration. The most important technical subject ishow the
rapid and precise modulation of focussing is achieved.

Experimental Apparatus

Figure 5ashowsablock diagram of thefirst DIMP-
EM. A field emission electron microscope HF-2000 (Hitachi,
Ibaragi, Japan) witha TV camera(Gatan model 622; Gatan,
Pleasanton, CA) was used. First, through-focusimageswith
afocus step of 2.28 nm were recorded on a video tape by
controlling objectivelenscurrent using apersona computer.
Second, 256 images were transferred to a HP-9000 work
station (Hewlett-Packard, Palo Alto, CA) and then the
integration of the digi-tized imageswas performed according
to Equation (2).

The defocus value of each image and the origin of
focuswere determined using original through-focusimages
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of an amorphous carbon thin film. From the experimental
point of view, compensation of imagedrift among theoriginal
imagesisthe most important technical factor for obtaining
aberration-freeimages correctly. For this, image shift coils
were synchronously controlled while recording images, and
three-dimensional analysis of the image data set was
performed for fine tuning of image drift with a constant
speed (Taniguchi, 1991). Cross-correlation technique was
sometimes used as the finest tuning method for irregular
variable speed image drift.

Figure 5b shows a block diagram of the second
DIMP-EM system. A JEM-200CX (JEOL , Tokyo, Japan) with
the same TV camerawas used operating at an accelerating
voltage of 160 kV. Through-focussing was performed by
accelerating voltage modulation instead of objective lens
current modulation for rapid scan of focussing within avideo
frame, becausethe hysteresis of the objectivelensinterferes
with rapid scan of focussing. The driving signal for the
modulation was simply supplied to the feedback circuit of
the high-voltage stabilizing unit of the TEM in the present
experiment. The processed imageswere displayed onaCRT
at arate of 4/30 sec, because two video frames are necessary
to get respective irradiation time controlled images for
positive and negative parts due to the restrictions of the
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Figure 6. (a) Experimental confirmation of
extraction of one Fourier component; (b)
processed image and power spectrum for 3
nmtand (c), (d) for 4 nmr2.

charge storage-type image detection and reading system
usingthe TV camera(Ando et al., 19953).

Experimental Resultsand Discussions
Extraction of oneFourier component

Figures 6aand 6b show experimental results of the
extraction processing for 3 nm* and 4 nmr* Fourier compo-
nents from the same series of through focus ima-ges of an
amorphous carbon thin film. The phase contrast transfer
functions corresponding to g=3 nnr* and 4 nm* in Figure 1
were used as weighting functions in the convolution
integral, respectively. Their power spectra show different
sizes of the diffraction ring, which demonstrates that one
Fourier component was successfully extracted in each case
by the weighted image integration. The effect of spherical
aberration has been corrected in theimages by considering
theorigin shift of the phase contrast transfer functionswhen
the convolution integral is performed.

Confirmation of spherical aberration correction by
DIMPs
Figures 7a and 7b show the Thon diagram con-

structed from the original through-focus images and the
corrected through-focusimages obtained by thefirst DIMP.
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Figure9. Original through-focusimages of afine gold particle and phase contrast transfer functions. (a), (d) Af=0.0 nm; (b),
(e) Af=1.2C_A =71.1nm (Scherzer focus) and (c), (f) Af = C_|g,,,]? A*= 158.8 nm (optimum focusfor Au(111)).

Inthediagram, theradia intensity distributions of the power
spectraof theimagesare plotted asafunction of focus. The
diagram in Figure 7b shows a symmetric pattern about the
line Af=0, confirming that the spherical aberration is
completely corrected, while an asymmetric pattern is seen
in Figure 7a. A straight bright line at Af=0 in Figure 7b
confirmsthat the phase contrast is observed under in-focus
condition. By correcting spherical aberration, theresolution
of TEM wassuccessfully improved from Scherzer resolution
limit to theinformation limit, which isthe attainable highest
resolution.

Figures 8a and 8b show same data sets as those in
Figure 7, which were obtained by the accelerating voltage
modulation of the second DIMP system. Since the present
system has been based on the use of a commercial type
TEM without any modification of itsbasic performance, the
application has been restricted to spatial frequenciesinthe
intermediate region (<3.0nnm?) dueto the limited response
of the accel eration voltage modulation. Theresolution will
beimproved up to theinformation limit when precise modu-

lation of the accelerating voltage is achieved. We are now
developing amodified system where the modulation of the
accelerating voltage is achieved by transferring the
modul ation signalsfrom afunction generator through optical
pipesto the high voltage power supply directly. Some new
resultswill bereported elsewhere.

The 1st-DIMP performs weighted integration
numerically by acomputer for the defocused imageswhich
wererecorded while changing the focus at aconstant speed.
On the other hand, the 2nd-DIM P performsweighted image
integration by theirradiation-time control, wherethefocus
israpidly changed within a video frame period at a speed
whichisinversely proportional to the numerical weight. In
the second DIMP, the images whose numerical weight is
zero arenot recorded from the beginning. Therefore, judging
from the point of the information theory, the second DIMP
is superior to the first DIMP under the condition of the
same total electron dose. However, the 2nd-DIMP has a
technical difficulty to control the accelerating voltage as
quickly and precisely as possible.
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Figure 10. Spherical aberration-free images processed by the first DIMP method for (a) the phase component and (b) the
amplitude component; (c) Effective contrast transfer function used in this processing.

Application totheobservation of agold fineparticle

A new result of the spherical aberration-free obser-
vation of agold fine particle, whichisprocessed by thefirst
DIMP, isshown in Figures 9 and 10. Figure 9 shows three
imagesfrom the original through-focus seriesand respective
phase contrast transfer functions. In thein-focusimage, as
shownin Figure 9a, interference fringes between the primary
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wave and Au(111) or Au(002) diffracted waves are seen
outside the particle. In the image near the Scherzer focus
shown in Figure 9b, the shape of the particle can beclearly
observed sincethemain structural information of the particle
isdistributed over the so-called ,, spatial frequency window*
indicated by an arrow in the corresponding contrast transfer
function. TheAu(111) and Au(002) lattice planes, however,
still exist outside the particle because Au(111) and Au(002)



Defocus-image modul ation processing el ectron microscopy

diffraction spots are not involved in the spatial frequency
window. These outside fringes are artifacts caused by the
spherical aberration. Figure 9c showsthe optimum defocus
imagefor Au(111) lattice planes, Af=158.8nm. The Au(111)
lattice planes are clearly observed inside the particle,
however, the shape of the particle becomesblurred compared
with Figure 9b. Thesethreeimages demonstrate how spheri-
cal aberration makes it difficult to analyze surface mi-
crostructure at atomic resolution.

Figures 10aand 10b show spherical aberration-free
images for phase and amplitude components by the first
DIMP, respectively. Figure 10c shows an effective transfer
function which isused in the present processing. Since the
effective contrast transfer function shows awider ,, spatial
frequency window" than that in Figure 9b, covering |g,,,|
and [g,,,| without any oscillation, no extralatticefringesare
observed outside the particle in the processed images. The
phase image in Figure 10a allows us to identify more
precisely not only the shape but also the lattice image of
the particle. In the present experiment, since the atomic
column of the crystal is not parallel to primary beam, the
image is not clear enough to determine atomic structure
directly. However, aberration-free observation has a high
potential for direct observation of surface structure at
atomic resolution. The amplitude image in Figure 10(b)
shows that the edge of the particle satisfies the weak phase
object approximation relatively well. But the higher contrast
inside the particle shows the existence of an amplitude
component. In the DIMP, non-linear imaging components
give some artifactsin the processed images. In the present
images, however, no strong contrast anomalies are
observed, even if the sample is not assumed to be an ideal
weakly scattering object. We have done some theoretical
image cal culationsof DIMP, wherethe sameweighted image
integration was performed in the same way using 256
calculated images (Takai et al., 1994b). According to the
calculations, the effect of non-linear image component was
negligibly small in the processed image contrast when the
thickness of gold crystal is less than 4nm. In the thicker
samplethan 4 nm, of course, some contrast anomaly appears
especially at the surface edge area. Thistechnique has now
been attracting much attention in the efforts to understand
basi c mechanism of catalysis properties of gold particles of
nanometer sizes (Haruta, 1996).

Conclusion

Two types of DIMP-EM systemswere described in
terms of their principles and performances. The proposed
DIMP techniques have the following distinctive
characteristics:

(1) Phase contrast aswell as amplitude contrast can
be observed at the condition of C_= Af = 0, which means
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phase el ectron microscopy isrealized by the DIMP methods
without using any phase plates. Therefore, the DIMP
methods can be regarded as one of the wave front
reconstruction techniques analogous to in-line electron
holography.

(2) Spherical aberration correction by thefirst DIMP
method enables considerable improvement of resolution
from Scherzer resolution limit to information limit.

(3) Through-focus images that are corrected for
spherical aberration can be obtained by shifting the origin
of theweighting function for thefirst DIMP and by changing
the fundamental focus via objective lens current for the
second DIMP method, which is useful to determine how
accurately the spherical aberration is corrected.

(4) Thewholearearecorded by acameraiscorrected
without using any additional electron optic devices.

(5) All of the processing isdonein real space with
no Fourier transformation, which makesthe method suitable
for real-time processing in the second type of DIMP-EM.

At the present stage, the performance of real-time
processing is not fully satisfactory due to the technical
difficulty to modulate the accelerating voltage with high
speed and high precision. But the second method is superior
in principlefrom theimage processing point of view, because
we integrate the image intensity depending on its
importance. Furthermore, the second method of DIMPisa
unified technique of image detection and processing and it
makes possible real-time image processing. Therefore it
should be distinguished from conventional image
processing in which image detection and processing are
performed separately. This is why we suggest the name
~activeimage processing” for the second type of DIMP.
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Discussion with Reviewers

D. Van Dyck: The theory behind the method is based on
linear imaging whichisonly valid for wesk phaseobjects. I's
thereany indication for the validity of the method for stronger
scattering objects such as crystals in an exact zone
orientation?

Authors TheDIMPmethod isvalid only for weak scattering
objects (not only weak phase objects but also weak
amplitude objects), because the DIMP is based on linear
imaging theory. Therefore, it is not generally applicableto
crystal specimensin an exact zone orientation. Thevalidity
of the method for such stronger scattering objects can be
estimated by computer simulations. We have done some
computer simulations of the DIMP method using 256
cal culated images considering dynamic electron diffraction
in the sample and image formation through the lens (Takai
etal., 1994b). According to the calculations, the Au sample
of 4 nm thickness in (011) orientation seems to be valid,
because no strong contrast anomaly was detected in the
processed images. Strictly speaking, however, quantitative
line intensity profile analysis indicates that the effect of
non-linear imaging components actually exists and it
disturbs the processed image contrast to some extent
especially at the surface edge region. For thicker specimen,
the DIMP method does not work effectively any more,
because the effect of non-linear imaging components
become too large to adopt weak scattering object ap-
proximation.

D. Van Dyck: What will happen when the object isacrystal
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with a square unit cell so that the high resolution images
vary periodically with focus (Fourier images). This focus
periodise = 2a%A with athemesh of the square, i.e., for Au,
a=0.2nmandfor A =2um (300 keV), giving € = 10 nm.
Authors: Thefocusinterval in thismethod isan important
factor which is determined by the finest structure to be
resolved by the processing. Theinterval should be smaller
than 2g%A, where g is the largest spatial frequency to be
resolved, as you pointed out. In the present experiments,
we use 256 imagestaken with 2.28 nm focusinterval, which
is much smaller than 10 nm. Under such a condition, the
DIMP works well even if the image contrast of a crystal
variesperiodically with focus.

D. Van Dyck: The defocus in the first method (Figure 2a)
covers a focal range of more than 500 nm. However, for
large focus values the envelope function of beam
convergence will deteriorate the information limit p,. For
instance, for abeam convergence apex angle a, ameasure
for themaximum defocusise <p/2a.1f p,=0.2nmand o =
102 rad, we then have € < 200 nm.

Authors: Simpleaveraging of imageintensity inawidefocal
range surely deteriorates the information limit. However,
image integration with bipolar weighting function does not
deteriorate the information limit even if images in awide
focal range are used, as proven by the experimental results
of the extraction processing in Figure 6. | n the experiment,
256 images from -200 nm to 400 nm were used. Thereason
why we used such long focus range is to restore not only
the fine structure but also low spatial frequency
components.

D. Van Dyck: Why isthe defocusrange for method 2 much
smaller than for method 1?1sit also related to the response
of the drive for voltage modulation?

Authors: Yes, itis. Thedefocusrangeinthe DIMPisrelated
to the frequency range of the effective contrast transfer
function as shown in Figure 2, not to the type of DIMP. In
the present experiment of the second DIMP, a narrower
range of the effective contrast transfer function had to be
assumed due to the limited frequency response of the high
voltage modulation by the present driving method, resulting
in the smaller focus rangein the second DIMP.

D. Van Dyck: What is the accuracy of the method for the
small spatial frequencies? From Figure 1bit can be estimated
that the selectivity in the reciprocal focus detection is
inversely proportional to thefocal range, which putsalimit
onthe accuracy, especially for small spatial frequencies. On
the other hand, the highest spatial frequency istheinverse
of the distance between the focal images. From this, the
spatial frequency rangeg, . /g, .. (asinFigure 2a) would be
roughly equal to VN with N the number of images.
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Authors: In order to construct al components in a wide
spatial frequency range with high accuracy, alot of images
taken with small defocusintervalsinawidefocal rangeare
necessary in the DIMP method. In the present experiments,
256 images with 2.28 nm focus intervals were used for
reconstructing the highest spatial frequency component
and awidefocusrangefrom -200 nmto 400 nm are adopted
for reconstructing the small spatial frequency components.
The number of images, N = 256, was used for reconstructing
phase and amplitude image as precisely as possible.

D. Van Dyck: How do you determine the absolute focusif
no amorphous specimen is available?

Authors: It can be rather easily determined within 2-4 nm
accuracy by constructing through-focus images that are
corrected for spherical aberration. Because the contrast of
theamplitudeimage showsthe smallest at in-focus condition
at the edge of the crystal, where the thickness should be
thin enough to assume aweskly scattering object.

D. Van Dyck: The weighting function in Figure 2 contain
both the effect of C_ and Af. In this way one directly
reconstructs the exit wave (but therefore the knowledge of
C, and of absolute focusis required). It is also possible to
use aweighting function that only accountsfor the defocus
relative to afixed image plane so that the exit wave in that
planewill berestored. In asecond step one can then correct
for C_and for the absol ute defocus onset so asto reconstruct
the exit wave of the object.

Authors: As you mentioned, the DIMP need both
information of C_and absolute defocus onset so as to
reconstruct the exit wave of the object. They can be easily
estimated with enough accuracy by constructing a Thon
diagram.

D. Van Dyck: Why is through focussing done by mod-
ulating the voltage rather than the objective lens current?
Because of speed, hysteresis?

Authors: Through focussing by modulating the objective
lens current islimited in speed due to the huge inductance
and the magnetic hysteresis of the objective lens. More
rapid modulation of focussing is necessary in the second
DIMPthan in the first DIMP. Therefore we decided to use
the high voltage modul ation method for the second DIMP,
instead of the objective lens current modulation in the first
DIMP.

P.W. Hawkes: | am surprised that agold particleisasuitable
test object, as it is not likely to be a weak scatterer. The
authors observe that it is indeed not a weak phase object
but for the method to work, both phase and amplitude need
to bewesak. Please comment.

Authors: The validity of the DIMP method for strong
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scattering objects can be estimated by computer simula-
tionsof the DIMP method. In order to examine whether the
DIMP method workswell or not for the specimen, we have
done some theoretical calculations of the DIMP method
using 256 cal culated images considering dynamic el ectron
diffraction in the sample and imaging parameters, such as
defocus, C,, beam divergence angle and chromatic defocus
spread. According to the contrast calculation, the sample
of Auin (011) orientation of 4 nm thickness seems to be
valid, because no strong contrast anomaly was detected in
the processed images. But, when the thickness becomes
larger than 4 nm, of course, some contrast anomaly appeared
especially at the sample edge region which seemsto be due
to the effect of non-linear imaging component.

T. Hanai: The importance of the extraction of Fourier
componentsisnot so clear. It seemsto prove that thefocus
step used for the construction of the weighting function is
in good agreement with that in the experiment. But | do not
understand if the authors claim that the estimated spherical
aberration coefficient isalso correct. | think that the power
spectra shown in Figure 6 can be obtained even if the
spherical aberration is miscalculated because the effect of
the spherical aberration is arelative phase shift of Fourier
components.

Authors: In the extraction processing of one Fourier
component, the effect of spherical aberration can be
corrected by considering the phase shift shown by the
dotted curve in Figure la. Therefore, the absolute focus
value should be determined for each defocused image. In
the present experiment, the absol ute value was determined
in advance by constructing the Thon diagram as shown in
Figure7.

T. Hanai: | also would like to know the reason why the
authors consider that there are no artifacts in the image of
thegold particle shownin Figure 10. Thistechniqueisbased
onweak phase approximation, whichisnot satisfied inthis
case, as the authors also pointed out. | am afraid that an
artifact can be caused by deviation from the approximation.
Authors Someartifactsmay appear in the processed images
due to the deviation from the weak scattering object
approximation, but they are negligibly small, judging from
the observed image contrast. The DIMP method is valid
only for weak scattering objects. Thevalidity of the method
for astrong scattering object can be estimated by computer
simulations of the DIMP method using calculated images
considering dynamic electron diffraction in the sample and
image formation through the lens (Takal et al., 1994b).
According to the calculations, the Au sample of 4 nm
thickness in (011) orientation seems to be valid, since no
strong contrast anomaly was detected in the processed
images. For thicker specimen, the DIMP method does not
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work effectively any more, because the effect of non-linear
imaging components becomes large in the image contrast.

T. Hanai: The spherical aberration coefficients of the used
€electron microscopes have to be known for construction of
the weighting functions. Did you estimate the tolerance in
measuring or cal culating the aberration coefficient to obtain
aresolution beyond the Scherzer limit?

Authors: The spherical aberration coefficient should be
estimated within thetolerance of _0.1 mm for achieving 0.2
nm resol ution. From the experimental point of view, however,
we can confirm whether the estimation of the spherical
aberrationisaccurateor not, by constructing aThon diagram
using through-focusimagesthat are corrected for spherical
aberration. Therefore we can improve estimation accuracy
by checking the symmetry of the Thon diagram.

T. Hanai: In the off-line processing, the optimum image
formed by the uniform transfer function with no defocus
can be chosen using the Thon diagram. For real-time DIMP,
does the absolute defocus amount always have to be
monitored with high accuracy to obtain thein-focusimage?
Authors: Yes, it does, but in real-time DIMP, the in-focus
condition can be monitored rather easily by checking the
contrast minimum of amplitude image while changing the
absolute defocus amount via objective lens current. Under
the condition, spherical aberration-free phaseimage can be
obtained by changing the weighting function for amplitude
component to that for phase component.

T. Hanai: In the second method based on modulation of the
accelerating voltage, the image can be accumulated many
timesinstead of taking afocal seriesin the first method. Is
thisan essential difference between thesetwo methodsfrom
the signal-to-noise ratio point of view?

Authors: Thereisamore essential difference between the
two methods. In the 1st-DIMP, the image integration is
performed numerically by a computer for the defocused
imageswhich wererecorded changing thefocusat aconstant
speed. On the other hand, the 2nd-DIM P performsweighted
imageintegration by theirradiation-time control, wherethe
focusischanged at a speed which isinversely proportional
to the numerical weight. In the second DIMP, the images
which are important for the aberration correction are
recorded at sufficiently long exposure time, on the other
hand, the images whose numerical weight is zero are not
recorded from the beginning. Therefore, judging from the
S/N ratio point of view, the second DIMPis superior to the
first DIMP under the condition of the same total electron
dose.

P. Kruit: How difficult isit to get the alignment sufficiently
rotation-free? Can you give quantitative requirements?
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Authors: Additional changes induced by the focus
modulation, such as magnification, image rotation, image
brightness and image contrast must be as small as possible
in the processing. In the present electron microscope, the
angle of image rotation was less than 1 degree when the
focus was changed in the range of 600 nm. Therefore, the
image rotation was not of crucial influence on the
processing. The detailed datawill be reported | ater.

P. Kruit: For alargefield of view. the method cannot allow
magnification charges as you go through focus. How do
you avoid those?

Authors: Magnification changemust also be negligibly small
for the focus modulation, otherwise the processing cannot
be performedideally for alargefield of view. Themagnitude
can be estimated to be less than 0.05%, judging from the
focal length of the objective lens and the focus modul ation
range. The induced magnification change could not be
detected in experiments when the focus was changed.

405



