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Abgtract

With the ever increasing speed of modern comput-
ers, computing-power hungry applications as electron
holography can become more interactive and user friendly
and be available for live-time application. New phase
unwrapping algorithms and improved reconstruction
techniques are discussed together with new approaches to
improve the signal/noise ratio in reconstructed phase and
amplitudeimages. Whilethe simplification (from the users
point of view) of most routines relays on fast computers
and speedy a gorithms, the routines for improved signal to
noise ratios require not only intensive image processing
but automated instrument control aswell.
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Introduction

For the day to day operation of electron holography,
particularly in a user facility, it is essential to evaluate
holograms rapidly and in asimple manner to access phase
and amplitude information not existing in conventionally
recorded images.

When looking at an electron hologram, agood part
of theinformation it containsis hidden; the hologram itself
appearsmerely astheregular intensity image (recorded “ as
usua™), superimposed over fineinterferencefringes across
the image which do not lend themselves to direct
interpretation. Therefore, the hologram has to be
“reconstructed” to visually display its information.
Preferably, the image -or hologram- is recorded digitally,
e.g., withaslow-scan charge-coupled device (CCD)-camera
and not onfilm[11].

Unfortunately, the evaluation process can be rather
complex requiring the microscopist to concentrate more on
the technical aspects of dataanalysisthan the actual object
of research. This is due, among other things, to the fact
that image processing involving discrete Fourier optics,
generally requires specia attentionto minimize artifacts. It
istherefore the software and central processing unit (CPU)
which governshow fast and easily accessibletheinformation
in the hologram becomes. 1t should also be mentioned that
in order to ensure the reproducibility of results, full
information about each processing step should be tied to
every image that results from processing.

A Short History

When aslow scan CCD-camerawasinstalled on our
Hitachi HF-2000 FEG-TEM (Hitachi, Tokyo, Japan) in March
1993, we were eager for the first holograms from that new
camera. Our first digitally recorded hologramwasahologram
of small gold particles on amorphous carbon film, whichis
displayedin Figure 1. Theinterferencefringesinthe areaof
the gold particles (see magnified area) show clearly the
strong phase shifting effect of gold, versusthe weaker effect
of the carbon foil. At that time, we had to use the standard
featuresof DigitalMicrograph for the reconstruction of our
holograms, and it wasarather complex and time-consuming
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Figurel. Theinterferencefringesacrossthe gold particles significant fringe bending, while the fringes across the amorphous

carbonfoil are only weakly modul ated.

task before we could actually see the phase image (though
still much faster than using film and going through the
darkroom first). The speed of a Quadra 950 (the fastest
Macintosh available at that time) was not much help either.
Thetotal time for the reconstruction of one 1024 by 1024
pixel hologram was about 10 minutes, and clearly, most of
the efforts went into the technique itself, which made it
difficult to concentrate on the actual sample. These
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difficultiesled to the devel opment of “HoloWorks™ software
for hologram processing.

More than two years after its first introduction, we
are presenting the second version of “HoloWorks® [12].
As the scripting language provided by DigitalMicrograph
hasimproved, and desktop computer speeds haveincreased,
thereconstruction timeisnow lessthan 4 secondson a225
MHz Macintosh for a1024 by 1024 pixel image.
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Figure 2. Reconstruction techniques as in HoloWorks 2.0 automatically find the center of the sideband and suggest a
(Butterworth) filter to separate the autocorrel ation from the sideband. The effectiveradiusaswell asthe order of thefilter can

be adjusted interactively.

Automation of the Reconstr uction Process

Rapid hologram reconstruction is not only due to
fast computers, but also depends on the level of automa
tion. Several levelsof automation for the reconstruction of
holograms have been developed. Thereisafully automatic
reconstruction process, where no interaction is necessary
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(this includes processing with a reference hologram), and
phase and amplitude images are reconstructed directly.
There is also an interactive reconstruction process, where
the user chosestwo parameters: (a) the size-in comparison
to the original hologram- of the reconstructed images and
(b) the correct size (and order) of the aperture/filter to be
used to separate the sideband from the autocorrel ation.
Figure 2 shows the second part of the interactive



E. Voelkl, L.F. Allard and B. Frost

Figure 3. Filtering in Fourier space: (a) original, (b) after using plane aperture and (c) using Butterworth-type (3rd order)

aperture. Imageswerefiltered at 1/4 of the Nyquist limit.

Filter ; Butterworth, 10th order
Filter radius: RO =1/(0.18 nm)
Origin: goldHolo

sampling rate: (5.1, 12.8)
seript: reconstruct++
sideband: found at (712; 432)

[ New ][ Edit ] [ Delete ]
[ update Global Info )

| .

i Image Info &

Name: [goldHoloF SRE

Data Type: Real 4
Size in 256 x 256
Size in bytes: 325k
Dimensions: 18.60 x 18.60 nm

Pixel Size: 0.0729 x0.0729 nm

Figure4. Information on each imageisaccessiblethrough several windows. Left: the* Tags” window containing information
about the reconstruction process and right: the “ General” window.

reconstruction processinvolving aButterworth filter. The
sideband is recognized automatically and the filter, or
aperture, separating the sideband from the autocorrel ation
is already centered on the sideband. The up- and down-
arrow keys on the keyboard change the aperture size and
the left- and right-arrow keys change the order of the
aperture, for aButterworth filter. Thetabular key alowsthe
operator to toggle between a standard aperture with ahard
edge and aButterworth filter.

TheButterworth Filter

Ashasbeen discussedin[1, 8, 10], aplain aperture
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(having a transmission value of 1 inside and O outside a
given radius) in Fourier space causes artifacts in the
reconstructed images, especiadly if theoriginal hologramis
noisy and/or the aperture is small. This is an inherent
problem of discrete Fourier optics, where a discrete and
limited number of sampling points in real and reciprocal
space face a continuum of spatial frequenciesintheimage.
Spatial frequencies which do not coincide with any one of
the sampling pointsin Fourier space display “streaking”
which extends along the main axes out to the Nyquist limits.
Cutting those streaks by using an aperture with ahard edge
can produce severe artifacts in the reconstructed image.
The Butterworth filter isdefined as[8]:
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Figureb. (a) Anartificial phaseimage; the phaseisincreasing linearily from theleft to theright. The dynamic rangeis>21t
(b) Sameimage displayed within [0,2rq resulting in phase jumps.

Figure6. Starting from an image (@) with phase jumps and adynamic range of [0, 211, asecond image (b) can be generated,
with adynamic range[1t, 3r] and phasejumps offset by 1. Copying an areaasoutlined in (c) fromimage (b) into (a) produces
image (c). Merging (a) and (b) interactively by carefully moving the selection creates an image with expanded dynamic range

an no phase jumps.

H=1/{1+C (R/R)%} @)
with magnitude H, cutoff valueR , with R the distance from
the center of thefilter, C aconstant definingH at H(R=R )
and j the order of thefilter.

In Figure 3, an example of the effects of a “hard”
aperture versus a “soft” (Butterworth) aperture are
displayed. Theartificial imagein Figure 3aisfiltered (low
pass) with ahard aperture. Asaresult, theimagein Figure
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3b displays smoother corners (dueto thefiltering), but also
shows many artificial fringes around the edges of the
original image. Incontrast tofiltering with ahardfilter, the
effectsof the Butterworth filter are much closer tothedesired
result: corners and edges are smooth and the presence of
artificial fringesislessprevalent. Therefore, the use of high
quality filtersor aperturesisessential for the reconstruction
of electron holograms.
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Figure7. Phaseimage of alatex sphere (diameter 0.482 um), asreconstructed using areference hologram. A dight drift of the
biprism causes small remnants of Fresnel fringes (of the biprism) in the vacuum. The area selected is used to align severa

reconstructed images.

I nter active Reconstr uction of Holograms

Once the reconstruction process is started, the
software performsaFourier transform of theimageand finds
the center of the sideband. An aperture is suggested,
centered on the center of the sideband, with a radius
corresponding to half the distance between the center of
the sideband and the center of the autocorrelation.
Unfortunately, theradius and order of the most appropriate
filter varies with each hologram and the microscopist is
reguired to make appropriate choices. To simplify thetask
of selecting theright filter type, thefilter isrepresented by
threecircles. The outer, middle and inner circles mark the
following magnitudes of the filter: 0.1, 0.5 and 0.9
respectively. Oncethefilter typeisselected, the automated
reconstruction process continues, and the complex image,
the amplitude image and the phase image are finally
displayed.

Each reconstruction process eval uates and contains
many parameters which need to be stored with the
reconstructed imagesto ensurereproducibility. Each of the
reconstructed images carries the full information on the
reconstruction steps, and in addition contains information
about the name of the original image, the position of the
center of the sideband, the sampling frequency for the
interference fringes and the reconstruction type used. In
case the original hologram was already scaled, al of the
reconstructed images are also scal ed, and the standard line-
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tool of DigitalMicrograph can be used to measure distances
withinthoseimages. Theinformation stored with eachimage
iseasily accessible using the “ command”-key and “i”-key
of the keyboard simultaneously. The use of those keys
opens and displays information windows as shown in
Figures4aand 4b.

PhaseUnwrapping

Oncethe complex image W

WX, Y) =AK,Y,) expliax )] @
isreconstructed from ahologram, theimage phase (X, y,)
can be computed. Unfortunately, any complex imageresides

on the computer as two real images: the real part (L) and
theimaginary part (L) of the complex image. Therefore, the
phase @ of W is computed according to

ox,,y,) =arctan2 [ (Wix, ¥ )0 (x,y)] @
wherearctan2 isastandard C function similar to arctan, but
with thefull range ]-1t, 1. Thisalgorithm obviously leads
toan ambiguity inthe phaseimage: the phaseisdetermined
only modulo 2rtand is defined in the dynamic range ]-1, 1]

(thisrangeisoften modified to[0,21] by adding the constant
Ttto the image and taking rounding errors into account).
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Figure 8. Phaseimage asreconstructed from asingle hologram/reference hologram pair of alatex sphere. A linescan across
the sphereis displayed on theright. The phaseis given in units of Tt
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Figure 9. Phase image as reconstructed from a series of hologram/reference hologram pairs shows improved signal/noise
ratio. A linescan across the sphereis displayed on the right. The phaseis given in units of 1T

The 2t ambiguity in the phase image gives rise to
so-called “phase-jumps’. For example, a phase that
increases linearily with x, starting at a phase value of 0.5,
isdisplayed correctly until the value 2rtisreached. Instead
of continuing linearily, the phase valuejumps down to zero
and continuesto increases linearily until 2mtisreached and
the next phase-jump occurs. Anexamplefor thisbehaviour
isdisplayedin Figure5.

Toremediatethisproblem, i.e., to unwrap the phase
image, an automated procedure is desirable, but presently
no reliable agorithm appears to be available. Two semi-
automated procedures have been developed which are
based on the following two different situations.

The first and most simplistic situation is when the
actual dynamic range of the phaseis<2m. Asan example,
the true phase of an image may range from 0.91tto 2.4t
While the conventional way of displaying thisimage will
result in a phase jump at 21, this image can easily be
displayed without phase-jumps by thefollowing algorithm:
subtract X Tt(with 0 < X < 2) from the phaseimage and then
addto all negative pixel valuesin theimagethevalue of 21t
Asaresult, theimageis still displayed in the [0,211] range,
but the phase jump disappears. Thisfunctionality isavery
fast, interactive procedure with the phase-offset (-X 1tin
the example) asfree parameter which can be modified with
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the arrow keys on the keyboard. It should be noted that
thisprocedure of phase unwrapping isnot sensitiveto noise
intheimage. The second, and much more complex,
situation is encountered with phase images whose true
dynamic range is >21t. Although it is straightforward to
come up with an automatic algorithm for phase unwrapping
on anoise-freeimage, real phaseimages exhibit shot noise,
which can be a serious problem for automated procedures.
From our experience, semi-automatic phase unwrapping is
reasonably fast and presently yields the most reliable
results.

The phase unwrapping procedure we have
developed is based on the following idea. For reasons of
simplicity, we assume that the true dynamic range for an
arbitrary phaseimageis 3t Therefore, the conventionally
reconstructed phase image @, must contain phase jumps.
From this image @, we first create the phase image @,
according to:

@, for @,- >0
%= @
@, + 21 for @,- <0
The two phase images @, and @, cover adynamic range of
[0, 2r] and [1t, 31 respectively. Bothimagescarry the same
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information, but display phasejumpsin different areas, as
seeninfigures6aand 6b (important note: the phase values
of @, and @, in some areas areidentical, but differ by 2rtin
other areas). The phase jumps in @, are eliminated by
selecting a rectangular area ((x,, ¥,);( X,)y,)) in @, that
contains a phase jump and replacing it by the area with
identical coordinates ((x,, y,);(X,,y,)) in@. Inthisway, all
phase jJumpsin @, can be removed. For images with many
phasejumps, i.e., a(true) dynamic range of >3, the proce-
dureis simply an extension of the procedure discussed.

Computer/RemoteControl

Working with live-timeimages, image processing and
digital image storage (over the network) eliminatesthe need
for thedark room[13] and laysthe ground work for computer-
assisted procedures on the microscope. Just as the
autoalignment package [5] simplifies the task of the fine
tuning of the electron microscope, many tasks in the
everyday application of holography can also be simplified.
Thefirst software plug-in that would alow many parameters
of the Hitachi HF-2000 to be controlled from the scripting
level waswrittenin (W.J. deRuijter, personal communication,
1993). At that time, one of our interestswasto simplify the
task of switching between the standard microscopy mode
and the holography mode by using menu items. Later on,
even an automatic alignment for holographic fringes was
established [3]. The software was subsequently rewritten
(M. Lehmann, personal communication, 1994) to the point
whereall digitally functionsavailableviathe RS232 interface
of the HF-2000 were accessiblefrom ascripting level.

While more and more automated procedures are
being created, the software package TimbuktuPro (by
Farallon; now Netopia, Alameda, CA) opened acompletely
new route to the remote control of instruments. This
software package permitsthe screen contents and the mouse
and keyboard functionality of a local computer (the
computer at the microscope) to be mirrored by a remote
computer. Provided with afast connection (T1 or better),
the operator can physically be far away from instruments
but still control the instrument as if sitting at the local
computer [2, 9].

Holography and Computer Control

One of our most recent efforts addresses the im-
provement of the signal-to-noise ratio in the reconstructed
phase and amplitude images. As discussed in [4, 6, 12],
taking a reference hologram together with the normal
hologram is important to remove artifacts. Therefore, the
phase shifting technique described in [7] is not used in our
effort.

On an ideal microscope, the signal-to-noise ratio of
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phase and amplitude imagesisincreased by increasing the
exposure time, while keeping the illumination conditions
constant. However, instrumental instabilities limit this
approach for the every-day use.

Ingeneral, any drift of theinterference pattern while
recording diminishes the contrast of the fringes, thus
decreasing the signal-to-noise ratio in the reconstructed
images. Any drift between the recording of the hologram
and the reference hologram causes a re-appearance of the
Fresnel fringes of the biprism. In Figure 7, theimage phase
of half alatex sphereisshown. Theremanent Fresnel fringes
inthefield- and specimen-free area are unwanted artifacts
and indicate that the interference pattern was drifting.

Whilethe exposuretimefor each hologram depends
onthemomentary overall stability of themicroscopeandis
not directly controlable, the time delay between recording
the hologram and reference hol ogram can be minimized by
automation (in our case=4 sec downto <0.5 sec). For this,
aprocedure was set up using both our microscope control
and reconstruction techniques. In the first part of the
procedure a short interactive calibration determines the
magnitude and direction for moving the samplein and out
of the interference pattern. In the second part of the
procedure, the computer records the hologram, moves the
specimen out of the interference area, records areference
hologram and moves the sample back into the interference
area. The procedure continues to record additional
“hologram pairs’, until the operator intervenes. Inthethird
part of the procedure, the complex imagesfromall hologram
pairsof the seriesare reconstructed, oncethe reconstruction
procedure (defining type and size of apertureand final image
size) for thefirst hologram pair is established.

In order to combine the information present in each
reconstructed complex image, we used a cross-correlation
to determine the offset between images, but found this
procedure unsatisfactory in some cases, wherethe existence
of Fresnel fringes of the biprism dominates object features.
A semiautomatic process, however, yields satisfactory
results under nearly all conditions, and is based on the
following considerations. Werefer to all images of the series
asSH(X ,Y,), .. S(X,,Y,), wherel isthenumber of al images
intheseries. Each of theseimages can be offset by Am, An
with respect toitsown origin. By varyinginteractively Am,
Aninthefollowing expression:

[O1S (Xeveamt +Yoean Y S* (X Vo)l | 5
LD[ SI(XITH-ATT‘I 'yn+An| )/ Sl( Xm!yn)] J

and viewing theresult, the object of interest will disappear
for the true choice of (Am, An). This procedure is quite
fast and yields excellent results. As an example of this
method, we have recorded a series of hologramswith| =5.
Figure 8 displays the reconstructed phase from the first

arctan2
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reconstructed image of the series, arctan2 [[1(S") / LI(SY)].
A linescan across the sphere is shown on the right-hand
side. Figure 9 shows the reconstructed phase from the
entireseries (2 S (X4 am Yosan))» @nd @linescan acrossthe
sphere (corresponding to the linescan in Figure 8) is
displayed on theright-hand side. The signal-to-noiseratio
isclearly improved by our process. To verify thefindings,
the standard deviation in each of the squares of Figures 8
and 9wasevauated. For theareain figure 8 we havefound
0=1.94+0.14, whereasthe same areain FigureQyieldso =
1.99 +£0.068, whichisto be expected if we assume asimilar
signal-to-noiseratio in all holograms of this series.

Conclusion

Computer automation of transmission electron
microscope (TEM) operating procedures simplifiesnot only
routine tasks at the microscope but also allows the
implementation of functionalities and features that are
tediousto perform on an every day basis (e.g., microscope
alignments, recording a series of electron holograms and
their reference holograms, and hologram reconstruction).
In addition, automated procedures can easily include
routinesthat keep track of microscope settings, processing
steps and many other details that are retained with each
recorded or processed image. Automated procedures for
electron holography allow to record several hologramswith
their respectivereference holograms, thereby improving the
signal-to-noise ratio in phase images.

We believe that one of the most important features
of our present set-up is the use of a scripting language.
Both the microscope and camera control as well as many
image processing and handling tools are available on a
scripting level. Not only has the scripting language
simplified the creation of routinesfor holography, but also
ensures that these and other routines can be adapted easily
to the changing needs for electron microscopy.
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Discussion with Reviewers

G. Pozzi: Itisstated in the paper that the software findsthe
center of the sideband and centers the reconstruction
aperture on it. | suppose that the sideband center is
identified withitsmaximum. If thisistrue, themethod works
satisfactorily if alarge part of theinterferencefield usedin
the reconstruction isunperturbed. However, in the case of
long range electromagnetic fields, where the whole
interferencefield isperturbed, the above choiceisarbitrary
and may lead toawrong phase. Let usconsider for example
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the case of a constant field, which deflects the electrons
and introduces a linear phase term.  The corresponding
diffraction image or Fourier transform isrigidly displaced
and when the aperture is centered on its maximum, the
original linear term disappears completely in the recon-
struction. As this linear phase can be detected experi-
mentally by means of double exposure electron hologra-
phy, how do you think with this problem?

Authors: We strongly discourage all of our usersto record
holograms without a reference hologram. The
reconstruction procedures of HoloWorks aretherefore split
in two parts, with- and without reference hologram.
Reconstruction without reference hologram isrecommended
for preview purposes. When reconstructing a hologram
for evaluation, thefull reconstruction processincludesthe
reference hologram and finds the position of the sideband
from the reference hologram. The reconstruction process
supplied by HoloWorksistherefore highly reliable.

If nolong range el ectromagnetic fields are observed,
the reconstruction process that includes the reference
hologram also removes Fresnel fringesinthevacuum. This
last feature is not available from the double exposure
technique. Therefore, when using CCD cameras, there
appears to be no need to implement the double exposure
technique.
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