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FOREWORD

The first volume of Advances in Electronics, as this serial was original-
ly entitled, appeared in 1948, edited by L. Marton, and the editorship has
remained a family affair,ever since. After the death of L. Marton, his wife
Claire continued to edit the publication, and shortly before her death in
November 1981 she invited me to collaborate with her and eventually to
take over from her.

The publication is stamped with the personalities of its first editors, and
the catholicity and timeliness of the subjects covered is impressive evi-
dence that they remained closely in touch with developments in the fields
of electronics, electron physics, and electron microscopy; and, indeed, in
many related domains. Furthermore, the distinction of this serial was
such that many very distinguished authors have found time to write forit,

The formula has thus been amply tried, and, in the main, few changes in
the type of coverage provided by Bill and Claire Marton are planned, with
one exception. These Advances seem a natural home for review articles
on various aspects of digital and hybrid image processing and, of course,
signal processing in general. We therefore plan to include articles on these
subjects in due course. Even this is not strictly a novelty, for some such
contributions have already appeared, and one by B. R. Hunt was among
the first batch of Advances mail to reach me,

The contributions in the present volume were all commissioned by Dr.
or Mrs. Marton, who would, [ am sure, wish me to thank all the authors
most warmly for their efforts. Two further volumes will follow shortly,
containing other manuscripts that had accumulated during Claire Mar-
ton’s last illness or that have arrived subsequently.

Suggestions for topics that should be covered and offers of articles,
even if highly teitative or preliminary, will always be very welcome. As
usual, a list of reviews planned for future volumes is given below.

Crirical Reviews:

Atomic Frequency Standards C. Audouin
Electron Scattering and Nuclear Structure G. A. Peterson
Large Molecuies in Space M. and G. Winnewisser
The Impact of Integrated Electronics in Medicine J. D. Meindi
Electron Storage Rings D. Trines
Radiation Damage in Semiconductors N. D. Wilsey and
J. W, Corbett

Visualization of Single Heavy Atoms with the Electron
Microscope J. 8. wall |
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1. INTRODUCTION

The prehistory of holography is closely connected with electron micro-
scopy and with structural research on crystal lattices. In this connection, the
experiments of Boersch (7, 10), who attempted to reconstruct the lattice
image from the intensity distribution of its diffraction pattern, must be
mentioned. In the experiments of Bragg (/3, /4) and Buerger (17), the re-
construction results were improved by prior knowledge of the phases in the
diffraction pattern.

In the first article of Gabor (25), who later called the new method
“holography™ (26), the actual purpose was to invent an electron optical
device able to produce strongly magnified images, the aberrations of which
cold be eliminated afterward by light optical processing. According to his
proposals, the shadow electron microscope of Boersch (8, 9) could be used
for the electron optical step. The optics of this system is identical with that
of a modern scanning transmission electron microscope, using a fixed and
slightly defocused electron probe. The first experiments of Haine and Dyson
(30) soon revealed, however, that electron holograms can be taken in a
conventional electron microscope by applying large defocusings (see Fig. 1).
The hologram is, in this case, a Fresnel or Fraunhofer diffraction image of
the object.

It was Gabor’s intention to achieve a perfcct transfer of the phase as
well as the amplitude of the wave function existing in the object plane of the
electron microscope into the image plane of the light optical reconstruction
setup. In the first experiments of Haine and Mulvey (3/), this project did not
lead to the success expected. Before the reasons for this failure could become
evident, however, our understanding of the electron microscopical object
and of the image processing had to be deepened and further experimental
knowledge had to be acquired. First, it had to be established to what extent
the electron optical object could be classified as either an amplitude or phase
object, and how the information on the amplitude and phase parts is trans-
ferred into the wave function existing in the hologram plane. This problem
can be conveniently solved by means of the Fourier optical transfer theory
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{a)

electron
source

(b)

FiG. 1. General device for producing in-line holograms: (a) the projection method of
Gabor (25) and (b) the transmission method of Haine and Dyson (30). In the transmission
method, the Gaussian image O’ is in the same position as the object O in the projection method.
If the objective lens has no aberrations, the equivalence of both methods is obvious. If aberra-
tions are present and O’ approaches (', this equivalence is only approximate [cf. Ref. 53 in
connection with systematic descriptions of the STEM, e.g., by Zeitler and Thomson (9!, 113);
see also Refs. 27 and 42).

[see the work of Hanszen (37) and Ade (2, 3, 5)]. A survey of this theory will
be given in Section II.

It also had to be considered under what circumstances the reconstruction
results of Gabor’s method could be expected to be reliable. This problem was
solved by Thompson (90), who introduced the concept of Fraunhofer holo-
graphy, and by Tonomura et al. (94, 95), who realized this concept in electron
microscopy. A detailed discussion of this method has been given by Hanszen
(36). Sections III and IV deal with these topics.

In the course of these considerations, it has become clear that the range
of application of Gabor’s method (in the following referred to as “in-line
holography™) is restricted either to pure weak amplitude objects or to pure
weak phase objects. The restriction to pure amplitude or phase objects can
be abandoned in the “single-sideband holography” suggested by Lohmann
(73). With the application of special measures, the amplitude and phase
components of electron microscopical objects can be separately recon-
structed [ see Hoppe (60,6 )]. The extension of this method to strong objects,
however, is not possible. These problems are discussed in Section V.
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The reconstruction of strong objects is possible only by using a reference
wave according to the suggestions of Leith and Upatnieks (69, 70). After
preliminary experiments of Moéllenstedt and Wahl (87), Tomita et al. (92, 93)
succeeded in applying this method (called “out-line holography” or “off-axis
holography™) in electron microscopy. Recent off-axis holographic attempts
by Tonomura (97, 98) were aimed at solving Gabor’s original problem of
eliminating the lens aberrations by holography.

In principle, holography is a three-step rather than a two-step process:
The photographic process, being a stage between the electron and light
optical step, plays an important part in determining the quality of the re-
constructed image. Due to the nonlinearity of this process, in-line holography
is inappropriate for reliable reconstruction of strong objects and appropriate
only for weak objects when certain conditions concerning the photographic
characteristics are fulfilled [cf. Gabor (25); Hanszen et al. (55)]. In off-axis
holography, the influence of photographic nonlinearities is much less detri-
mental than in the above case. In a recent investigation of the whole problem,
it was shown by Ade (4, 6a) that some difficulties remain in off-axis holo-
graphy, particularly if the compensation of lens aberrations is envisaged.

Even if we assume that the object wave could be perfectly reconstructed
in the recording plane of the light optical step, we are still faced with the
problem of how to detect the amplitude and phase distribution separately in
this plane; to be more precise: to detect one unafiected by the other. The
problem of phase detection, first suggested by Cohen (/8) and experimentally
attacked by Wahl (106, 107), with work on it being continued by Tonomura
(96) and Hanszen et al. (45, 55), can be solved by the simultaneous reconstruc-
tion of two identical holograms inserted into the branches of a light optical
interferometer.

All the problems connected with off-axis holography are discussed in
Section VI

Hitherto, object and reference waves in the electron microscope were
created by splitting the illumination wave, using an electrostatic biprism.
But in close analogy to the current light optical reconstruction methods,
object and reference waves can also be generated by means of a scattering
foil. Also the interferometric method employing amplitude splitting by
crystal diffraction [Marton (74)] instead of wave front splitting [ Méllenstedt
and Diiker(80)] was recently brought to a successful conclusion by Matteucci
et al. (75, 76). Section VIl deals with recent investigations in this field,

In accordance with the editor’s conception, complete coverage of the
littrature was not attempted in this survey. More extensive lists of references
can be found in the summary articles by Wade (/05) on electron holography,
by Hawkes (59) on coherence in electron optics, and by Missiroli et al. (79)
on electron interferometry.
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II. FouRiER OPTICAL TREATMENT OF ELECTRON MICROSCQPICAL
HoOLOGRAPHY, EXPLAINED BY THE EXAMPLE
oF IN-LINE HOLOGRAPHY!

A. General Case

The object is described by an object function F, depending only on the
position vector x = (x, y):

F(x) = A(x) exp[i®(x)] (1

where A(x) is the object amplitude and ®(x) the object phase. This object is
illuminated by a wave (x) which is almost homogeneous. For the wave
function in the object plane, we can write

Y(x) = Yo(x)A(x) exp| iD(x)] @

In the case of three-dimensional objects, (x) is understood to be the wave
function in the exit plane of the object. The product representation of Eq. (2)
is not applicable for strong objects, such as crystals [see, e.g., (82)]. In this
case, the object function depends not only on the object coordinates, but
also on the illumination angle, ¢, which means that F = F(x, ¢q).

When a plane illumination wave is used, impinging on the object at a
distinct angle ¢4, the wave function behind the object does not permit us
to draw unequivocal conclusions concerning the three-dimensional structure
of the object. The resolution of the crystal structure in three dimensions-
therefore requires more extended theoretical and experimental means than
those described in this report.

In the case of isoplanatic imaging, the diffraction pattern (object spec-
trum) is the Fourier transform of the object wave function:

J(R) = f [M ¥ (x) exp(—2miR *x) dx (3)

where R = (RZ + R})Y? = |a/4] is the spatial frequency, » the diffraction
angle, and A the electron wavelength. The influence of the lens aberrations
can be described by the pupil function

Fo(R) = Fy(R) exp[27i# (R)] (4a)
where #” is the reduced wave aberration (see below), '

1 for |[R|<R,

4
0 otherwise (4b)

Fy(R) = {

! Notation similar to that of Hanszen (37).
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and R, reduced is the radius of the aperture hole. The image spectrum is the
product of Egs. (3) and (4):

Un(R) = J(R)Fp(R) ©)

In the simplest case, the hologram can be identified with an aberrated image,
the spectrum of which is characterized by the last equation. Thus, the holo-
gram wave function and hologram intensity can be expressed as

Yuxu) = f Cam ex’p[zmg--xn}dk

-

= 4 WQH(XH)A/(XH) CXP[i‘I’,(xu)] (6)
Iy(xy) = Yu(Xg)¥ii(Xy) M

where x; is the position vector in the hologram plane, and m = R/R,, is the
scaling factor for the related object and hologram frequencies R and Ry.
The intensity {;4(xy) is the physical property to be recorded photographically.
[n the simple case of small values of the electron microscopical defocus,? the
reduced wave aberration can be written as

CgA® AzA

R* + —R? (8)

YR) == 2

where (g is the spherical aberration constant and Az is the object defocus.
This expression is sufficient for a first discussion of the transfer theoretical
concept of holography. Due to the lens aberrations, A" in Eq. (6) is not equal
to A and @' is not equal to ®. A phase structure, for example, may be present
in the image of a pure amplitude object F(x) = A(x), or an amplitude struc-
ture in the image of a pure phase object F(x) = exp[i®(x)]. More precise
specifications are given in the next section.

B. Transfer Theory for Weak Objects

For the local distributions of the object wave function and object intensity,
we can write?

Y(x) = Y[l + f(x)]
= yYofl + a(x) + ib(x)]
I(x) = |Yol*[} + 2a(x) + -] (9b)

(9a)

? For large values of the defocus (cf. 3, 38, 42).
3 The inaccurate normalization, leading to /(x) > ||, does not give rise to problems in the
Q
following considerations.



HOLOGRAPHY IN ELECTRON MICROSCOPY 7

where ¥/ is a constant (axial illumination); f is complex, |f| « 1;a,bare
real, |a), |b| « 1; |§o]? is the intensity of the illuminating wave. The Fourier
representation of the object function is

Fx)=1+ ”M [4(R) + iB(R)] exp(2niR - x) dR (10)
with T
aR) = @*(—R);  b(R) = b*(—R) (1)
and the object spectrum is '
J(R) = Yo[6R) + dR) + BR)] (12)

where & is the delta function. Using Eqs. (6) and (7) for the wave function and
intensity in the hologram plane, we derive the following expressions:

YuXe) = You { I+ J f " FR) exp[2ni% (R)][a(R) + iB(R)]

-0

x exp(2ni~§—-xﬂ)dk}
= af ll’QH[l + f’(xl{)] (13a)

Ty() = [Vrqu]? {1 + f f [2(R)aR) + BR)FR))

{pupil)

X exp(2ni%°x,,) dR} (13b)

2(R) = exp[2niw (R)] + exp[ —2ni# (R)] = 2 cos[2a# (R)] (14a)

is the contrast transfer function for the amplitude component of the object,
and

2R) = i{exp[2rni# R)] — exp][ —2ri# R)]} = —2sin[2z# (R)] (14b)

is the contrast transfer function for the phase component of the object.
Referring to Eqgs. (13) and (14), the following can be stated:

where

(i) When objects with both-components (“mixed objects”) are imaged,
not only the amplitude component but also the phase component is partially
transferred into the image intensity. Unambiguous determination of both
components from one single hologram is not possible.
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(i1) Each spatial frequency R of the object is transferred into the image
intensity with its proper transfer factor (14).

The isoplanatic condition, necessary in the Fourier formalism given
above, does not constitute an essential restriction for the description of
holography by transfer functions. Being aware of this, we can include all
third-order aberrations [see Ade (5)]. Starting from the fact that the images
of the elementary gratings formed by the spatial frequencies +R in the
object are distorted in the off-axial region (see Fig. | in Ref. 3) and considering
the optical distance (point characteristic) S* between the spectral points in
the virtual entrance pupil and the hologram plane (see Fig. 23 in Ref. 50),
the Fourier integral (6) must be replaced by the Fourier-like expression

+ 0
- 00

Yu(xy) = IWQH(XH)I f J F(R)FM(R)

x exp{? [zo ; %o (AR)? — S*R; xH)]} dR (6a)
[see Eq. (24) in Ref. 3]. Here z, — 7, is the separation between electron
source and object. According to Eq. (43) in Ref. 3, this equation can be
rewritten as

wH(xH)=wQH(xH>H wF'(R)k(R;xH)exp(znfg-xH)dR (6b)

where the illumination wave ¥y in the hologram differs from the correspond-
ing wave in the object mainly by phase terms of fourth order in x,; and the
new pupil function k(R; xy) differs from the earlier function by additional
phase terms of first to fourth order in x,; which are associated with the Seidel
aberrations [see Eqs. (44) and (45) in Ref. 3]. With this knowledge, the infor-
mation content of the hologram can be described by the following transfer
functions:

DR; xy) = k(R; xy) + K*(—R; xy) (15a)
AR; xy) = i[z(R§ Xy) — ‘E*("R; XH)] (15b)

[see Eq. (52) in Ref. 3]. By the use of these functions instead of Eqgs. (14), the
procedures described in this article can also be applied to nonisoplanatic
imaging.

The hologram, as described above, is an electron micrograph suffering
from spherical aberration and defocusing. Since the transfer functions given
by Eqgs. (14) possess zeros, we must be aware that the total frequency spectrum
of the object is not contained in the hologram and that the object function
can by no means be perfectly transferred by holography into the recon-
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structed image. In special cases the losses in the spectrum do not cause severe
disturbances. This question will be discussed in Section ILE.

C. The Photographic Process

In the reconstruction step (L), ithe hologram is used as a diffracting
object in a coherent light beam. On account of various photochemical
processes during exposure, development, and fixing, the hologram exhibits
an amplitude and phase structure. Thus, the intensity of a coherent incident
light wave is modulated by a factor Ty(xy) and consequently, the wave
function is modulated by a factor T(xy) = ./ Ti(xy). In addition, a phase
modulation ¢; (xy) is often present as a secondary photographic effect (32,
89). The same information concerning both the object amplitude A(x) and
the object phase ®(x) is similarly stored in Ty(x) and ¢, (xy).

The reconstruction results strongly depend on the functional relation-
ships T(A; ®) or ¢, (4; ®). Some important cases will be described in Sections
ITLB, IV,C, and VLE.

Case (a): Processing of the amplitude structure of the hologram (see Ref.
26). In the case of weak objects, a slope of y = —2 of the characteristic carve
—log T, versus log E can be achieved by a proper control of the photographic
process. If the exposure interval E_,, — E, . is narrow enough, T(x,,)
will then be directly proportional to E(xy) = I,(x,)t in this interval, ie.,
T = cE = Cly, where ¢ is the exposure time, and ¢ and C are constants. If,
furthermore, the phase structure of the hologram is suppressed by an im-
mersion liquid such as glycerine—in this case the hologram acts as a pure
weak amplitude object—the reconstruction process can be described simply
in terms of the transfer function 2, (R). Details are given below.

Case (b): Processing of the phase structure of the hologram. If the ampli-
tude structure of the plate is destroyed by means of a bleaching process, a
pure phasc hologram is obtained. If its phase modulation is weak, the re-
construction can similarly be described by the transfer function 4, (R). A
detailed discussion is given by Hanszen (36).

D. Transfer Theory of the Reconstruction Step*

The reconstruction step (L) can be treated analytically in the same way
as the electron microscopical step (E). Under the conditions specified for

* A pictorial presentation is given by Hanszen (40).



