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Abstract—In this paper we review the major contributions
over the past sixty years to the subject of twin reduction and twin
removal in holography. We show that this collective work may be
broken down into a number of categories including the well
known techniques of off-axis holography and phase retrieval.

Index Terms—Holography, In-Line, On- Axis, Twin Reduction

I. INTRODUCTION

olography was invented by Gabor in 1948'?. In his initial

experiments, involving electron microscopy, an object

was irradiated with a radiation beam of strong coherence.
The waves weakly scattered by the object interfered with the
background wave on a photographic film where this
interference pattern was recorded. This recorded intensity
distribution contains information about the amplitude and the
phase of the incident object wavefield. The limits to the Gabor
experiment are the resolution of the material film and the
coherence of the radiation source. Gabor also showed how it
was possible to reconstruct the original object wavefield by
illuminating the recorded film transparency with the original
background wave. However, the image of the reconstructed
object is marred by the presence of a twin image, an inherent
artifact of the method. After the invention of the laser methods
would later be invented to cleverly evade this twin image by
using new experimental architectures, but this would impose
greater restrictions on the system, in particular on the
resolution of the film. However for certain radiation sources
these new experimental architectures have no physical
implementation or only crude and expensive equivalents. In
these cases one must rely upon the initial Gabor architecture
and the twin image remains a problem that must be dealt with.
Such is true for many cases including x-ray holography,
gamma-ray holography and electron holography. In the case
of digital (optical) holography the Gabor like in-line
architectures also offer advantage as discussed below.
Crystallographic structure is often determined using
diffraction methods. While electron emission holography is
useful for studying surface structure, it’s anisotropic nature
prevents the study of internal structure. The more isotropic
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scatter of x-rays overcomes this limitation. Improvements in
x-ray detectors have enabled the application of x-ray
holography for crystallography’ which is especially useful
because the recovered phase information offers an
improvement over traditional diffraction techniques. As in the
case of gamma-ray holography® and electron emission
holography™'°, the in-line architecture is used and the short
distance between the source and the object implies that the
twin image will be located very close to the reconstructed
atom image. This creates a detrimental and unavoidable
source of noise. Low voltage and high voltage electron
holography are particularly useful in the imaging of weakly
scattering objects such as DNA molecules’. The severe
aberrations caused by lenses in electron imaging makes the in-
line set-up the method of choice. Another advantage in this
case is that the phase sensitivity of in-line electron holography
is particularly high.

II. TWIN REDUCTION BY SUBTRACTION

In 1951, soon after Gabor’s invention and many years before
any off-axis architecture would be developed Bragg and
Rogers developed an innovative solution to the twin image
problem'' "%, The basic idea is that the disturbance caused by
the unwanted twin image on the wanted plane is, in fact, its
own hologram. If a second hologram is taken from the
original object, which accurately reproduces the disturbance
that is due to the unwanted image at the wanted plane, the first
reconstruction can be corrected by subtraction. Using a
collimated light source we must take the second hologram at
twice the distance of the first, since the wanted and unwanted
images are formed at equal distances from the hologram on
either side of it. The divergent case is somewhat more
complicated. It is notable that the method works well with
both phase-contrast and amplitude-contrast. This method fell
into obscurity until later advances in digital technology
allowed for a simplified subtraction process'’. A similar
subtraction based technique is reported in 1956", where two
holograms must be recorded and the object must be
repositioned for the second recording enabling a canceling of
the twin image term. Xiao et. Al. showed'* how the Bragg and
Rogers method could be applied in x-ray holography in real
time by recording two holograms while taking advantage of
the penetration property of x-ray radiation.

III. TwIN ELIMINATION BY OFF AXIS HOLOGRAPHY

After the invention of the Laser, Leith and Upatnieks
proposed" in 1963 a new experimental optical architecture



that enables the complete separation of the twin image term
and the zero order term from the wanted image. In their
method the reference beam was incident on the hologram
plane at some angle relative to the normal. In this way the
twin images were modulated on well-separated carrier spatial
frequencies. The range of separation of the terms is dependent
on the angle of the reference beam. The significantly
increased bandwidth of the hologram places a much greater
requirement on the resolution of the recording material.
Furthermore the architecture imposes the need for numerous
optical elements, in particular a beam splitter, which are not
readily available in many areas of holography. The increased
bandwidth of the hologram for this set-up poses a problem for
digital holography. In DH, the pixilated recording cameras
have resolutions an order of magnitude less than commercial
photo materials. Thus the bandwidth is already severely
limited and the use of an off-axis architecture will only serve
to limit it further. Nevertheless Cuche et. al. proposed'® and
experimentally validated the off axis technique for real time
digital holographic recording. In this case it is possible to
digitally spatially filter the hologram to completely remove the
DC term and the twin image. In 1966 an alternative to the off-
axis method was proposed'’ for recording in the Optical
Fourier Transform domain. In this case the reference beam, a
point source in the object plane, can be placed adjacent to the
object to effectively create an off axis hologram in the Fourier
domain and to spatially separate the twin images.

IV. TwIN REDUCTION BY FRAUNHOFER

In 1966 another twin reduction method was proposed'® by
effectively recording in the far field of the object. When
replayed in the far field the image of the object will appear but
the twin image will be so spread out that it appears as a DC
term and is therefore effectively removed. A year later the
method was reviewed and applied to particle analysis'® and
this was followed by a further reassessment almost a decade
later”. The method was also applied to in-line electron
holography to view undecagold cluster. The method is found
to work well with the phase contrast technique. In [22] Garcia
et. al. extensively review lensless in-line holographic
microscopy and show that the twin image is of no
consequence in the reconstructions. They comment that this is
because of the diverging reference beam. While the
reconstruction of the object image converges upon
reconstruction, the out of focus twin image continues to
diverge and effectively forms the Fraunhofer case where it is a
constant DC term in the ‘far-field.’

V. TWIN REDUCTION BY SINGLE SIDEBAND ELIMINATION

In 1968 Bryngdahl and Lohmann developed” a method to
suppress the twin image. The method consists of filtering out
half of the spatial frequency spectrum from the transmitted
signal during the recording of the hologram and then filtering
out half of the spatial frequency spectrum from the signal
during the reconstruction process. The authors suggest that the
result of this process will be that “each point scatterer in the
object will cause only one half of a zone-plate pattern in the
hologram plane.” The reconstructed signal will have the twin

images on separate sides of its Fourier spectrum and they can
be easily isolated by spatial filtering.

VI. TWIN REMOVAL BY PHASE RETRIEVAL

The 1970s and 1980s saw the development of a new field of
research for recovering the phase of a wave field. These
methods do not require interference and are collectively
known under the name of “phase retrieval algorithms.” We
can divide these phase retrieval schemes into two subsets; (i)
deterministic®® and (i) iterative®?’. Deterministic phase
retrieval algorithms are based on analysing the propagation of
an intensity diffraction pattern. Iterative methods on the other
hand rely on recursive ‘ping pong’ algorithms that converge
over time based on some constraints that are imposed in every
iteration of the algorithm. They are often highly reliant on
some initial condition set at the outset of the iteration process.
These ping pong algorithms often require two recorded
diffraction patterns but some have been developed that can
work with only a single recorded intensity and a suitable
constraint. While both deterministic and iterative phase
retrieval algorithms have both been shown to work with some
success, the iterative class has received by far the greatest
attention in the literature. In [28] Gerchberg demonstrated
how phase retrieval could be used with electron microscopy to
recover the phase of the wave field. Despite the initial promise
of phase retrieval algorithms, they have never managed to
achieve results on a par with holographic methods. However
there has been considerable interest in their usefulness in
removing the twin image for in-line holography”**'.

Twin removal has been successfully accomplished with
both deterministic phase retrieval” and iterative phase
retrieval®®*!. In [29] deterministic phase retrieval is combined
with numerical simulations of light propagation to solve the
twin image problem. In [30] and [31] Liu and Scott performed
the first investigation of using iterative phase retrieval for
removing the twin image. The authors note that “retrieval of
phase permits separation of real-object distributions from the
twin-image interference that accompanies conventional optical
reconstruction.” However, this algorithm is limited to purely
absorbing objects and cannot recover phase shifts caused by
transmissive objects. Unfortunately the same can be said for
many similar algorithms that followed. Liu continued to
improve upon these algorithms by incorporating into them a
noise constraint based on a model of additive noise*”. Koren
et. al. developed®™* a new constraint for these iterative twin
removal algorithms. The noticed that the out of focus image
was considerably larger in area than it is in focus counterpart
and they unitized this fact to form their constraint. They
showed their algorithm to work for complex objects as well as
absorbing objects. These phase retrieval twin removal
algorithms were soon successfully applied to in-line x-ray
holography™>°. In [37] another constraint is developed for
these ping-pong algorithms, this time to remove the twin
image from electron holographic images. In the object plane
the phase is replaced with a parabolic phase (similar to the
expected shape of the object surface) and in the image plane
the intensity is replaced with the measured intensity. The
method only works well with pure amplitude objects.



Advances were made in understanding the sampling
requirements of these phase retrieval algorithms in [38]. For
real absorbing objects another iterative algorithm has been
developed™® to remove the twin image, this time utilizing both
the Gerchberg-Saxton algorithm and the Fraunhofer
technique. The iterative phase retrieval algorithm was
extended for the case of multiple recordings of different in-
line holograms in [40]. Very recently’’ improvements have
been made on the iterative technique by using a better model
of the object. This improved method works well for phase
objects as bell as for pure absorbing objects.

VII. TWIN REDUCTION BY LINEAR FILTERING/DIGITAL
DECODING

The first digital signal processing technique for the removal of
the twin image** appeared in 1979 but provided poor results
and received little interest. Improved DSP based algorithms
were developed some years later by Onural and Scott™*.
They described linear filtering operations to decode the
information contained in the holograms. The filter is a series
expansion of the inverse of that operator that maps object
opacity function to hologram intensity. However their work
did not allow for phase objects. Further advances in linear
filtering for twin reduction that did allow in some cases for
phase objects.*® Maleki and Devaney [47] have proposed a
deconvolution algorithm to remove the twin but the method is
plagued with the singularity problem, and the calculation is
complex. Spence et. al. described another non iterative
method® but this too is limited to non phase objects. Yang et.
al. have developed an algorithm® that seems quite similar to
previous work on subtraction holography discussed earlier.
They devise a DSP method that relies on multiple
reconstructions and subtractions. A similar method is
developed in [50], seemingly unaware of work in [49],
however their algorithm requires two in-line holograms to be
captured.

VIII. TWIN REMOVAL BY PHASE SHIFTING HOLOGRAPHY OR

SOME FORM OF PHASE MODULATION

In 1997 Yamaguchi and Zhang developed a new method’' for
recording digital holograms free from the twin image, known
as ‘phase shifting digital holography. The method allowed for
the use of the in-line architecture but required a number of
separate interferograms to be captured in which a phase shift
is introduced to one of the interfering wavefields between
capture. These phase shifts are usually effected by rotation of
a quarter or half wave plate or through the minute vibration of
a mirror. A similar method is presented in [52]. Chen et. al.
have presented a method™ that allows for the phase-shifting
technique to be applied with an arbitrary phase shift and just
two captures. Kim et. al. have proposed a method™ for
removing the twin image from a white light real time
holographic system by utilizing polarization optics and the
addition of images. However their method is based on the
triangular interferometer that has numerous disadvantages.
For complex gamma ray holography a phase shifting
technique has also been applied based on changing the phase
of the nuclear scattering amplitude by detuning from the

resonance. Gabor and Goss also implemented an early
technique™ based on phase shifting in which two holograms
were captured with a quarter wave phase shift was used
between captures. Reconstruction was optical and required the
use of a “quadrature prism” to combine the previous captures
and remove the virtual image. In [57] a number of these phase
modulation twin removal methods are reviewed. In the case of
optical scanning holography, techniques have been
proposed™® to remove the twin was proposed involving
simultaneous acquisition of sine and cosine Fresnel zone-lens
plate coded imagesand adding the two holograms.

IX. TwIN REDUCTION BY ADDING IMAGES AT DIFFERENT
Focus

A number of related techniques have appeared in the literature
relating to twin removal in inline electron holography®'® %63,
It appears that one of the most successful methods for twin
reduction in electron holography is by recording multiple
holograms of the same objects with different wavelengths and
then superimposing the intensities of the reconstruction. The
out of focus twin image will change for each wavelength and
average out. A similar technique has also been developed
based on distance instead of wavelength®*®. By recording a
series of holograms of the same objects but at different
distances implies that the out of focus images will be different
in each reconstruction and will integrate to approximate a
constant value if a sufficient number of holograms are
recorded and reconstructed.

X. TwIN REMOVAL BY SPATIAL FILTERING OF
RECONSTRUCTION PLANES

Pedrini et. al. propose the first instance® of the spatial
filtering of reconstruction planes of digital holograms. This
involves cutting out the wanted digitally reconstructed image
from its surrounding pixels. However this area still contained
considerable noise from the unwanted twin image. In [16]
traditional spatial filtering in the Fourier domain was applied
to an off axis digital hologram. Denis et. al. have proposed a
novel method® of spatially filtering the reconstruction
domain. It was shown that by cutting out the reconstructed
focused unwanted twin and returning to the plane of the
virtual wanted image by numerical propagation one could free
oneself of the unwanted noise. The method was proposed only
in the area particle holography and the removal of the twin
images was a manual operation. In this paper we propose the
use of a similar technique for macroscopic objects. We discuss
for the first time the relative spreading of the unwanted twin
image and the wanted image and how one might manage this
spreading in the numerical reconstruction techniques.

XI. DC REMOVAL

Throughout this discussion we have paid little attention to the
zero order term — i.e. the intensity terms that appear as a by
product of the holographic process. In some cases this artifact
is far noisier than the unwanted twin Many of the methods
discussed above will remove this term in addition to removing
the unwanted twin. A number of methods have been



developed in the literature to remove this term alone to
augment those metthods that do not. These methods are based
on spatial filtering of the hologram®, subtracting
stochastically different holograms®’, phase-shifting®® and by

subtracting the numerical generated intensity of the object and

reference waves from the digital hologram®.

XII. CONCLUSION

In this paper we have categorically reviewed the subject of
twin reduction and twin elimination in holography. This
subject is of paramount importance in interference imaging
due to the presence of the twin as a source of noise in the
reconstructed image. We have reviewed over sixty years of
research on this area. This paper will serve as a valuable
reference to those interested in this subject.
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