Direct recording of holograms

TECHNICAL NOTE

by a CCD target and numerical reconstruction

U. Schnars and W. Jiptner

The principle of recording holograms directly on a CCD target is described. A real image of the object is
reconstructed from the digitally sampled hologram by means of numerical methods.
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In this Note a method is described that uses a
charge-coupled device detector (CCD) as a holo-
graphic recording medium. The resolution of a CCD
is ~100 lines/mm, which is one order of magnitude
less than standard film materials. For this reason
the maximum angle between the reference wave and
the object wave has to be in the range of a few
degrees.! Only small objects at a large distance from
the hologram (CCD target) can be recorded. How-
ever, using CCD’s for recording holograms is advanta-
geous because video frequencies are available and no
chemical or physical developing is necessary. Recon-
struction can be performed by digital image process-
ing.

In the early days of holography, some research was
done in the field of television transmission of holo-
grams.2 The holograms were performed directly on
the photosensitive layer of a TV camera tube, and the
interference signal was transmitted through the tele-
vision channel. A replicate of the original hologram
was written on a transparent surface at the receiving
station. The transmitted hologram was recon-
structed optically from this replicate. The hologram
was recorded optoelectronically and reconstructed
optically. There are also a few examples for recon-
structing objects from their holograms with math-
ematical methods.?5 In these examples an optically
enlarged part of a conventionally recorded in-line-
hologram is used for reconstruction. In this Note,
the mathematical reconstruction is done directly with
the digitally sampled Fresnel hologram from the
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CCD. No apparatus for enlarging the hologram is
necessary. The method is demonstrated in the case
of off-axis holography with diffusely reflecting ob-
jects.

Figure 1(a) shows the recording geometry. A plane
reference wave and the diffusely reflected object wave
are interfering at the surface of a photosensitive
medium. In optical holography the object wave can
be reconstructed by illumination of the processed
hologram with a plane wave, similar to that used in
the process of recording. Looking through the holo-
gram, one notices a virtual image of the object at the
position of the original object [Fig. 1(b)]. If a screen
is placed at a distance d behind the hologram, a real
image is formed.

Mathematically the amplitude and phase distribu-
tion in the plane of the real image can be found by the
Fresnel-Kirchhoff integral. If a plane wave illumi-
nates the hologram located in the plane z = 0, with an
amplitude transmittance #(x, y), the Fresnel-Kirch-
hoff integral results in the complex amplitude I'(§, n)
in the plane of the real image:®
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a is the amplitude of the incident wave. It should be
pointed out that Eq. (1) is an approximation of the
exact formula. This Fresnel approximation is valid
if the following condition is fulfilled:$

d® > (€ - 2 + (n = PP @)
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Fig. 1. Off-axis holography with a plane reference wave: (a)
recording, (b) reconstruction.

In inequality (2) the maximum possible value of
(¢ — x)? and (m — y)? must be considered. For A =
600 nm and typical hologram dimensions of
(¢ = 2)max = (M — ¥)max = 0.5 cm, d must be larger
than 15 cm.

The intensity in the real image can be calculated
from Eq. (1) by taking the modulus and squaring:

I(g,m) = |T(& m)[2 (3)

The function T'(, ) can be digitized if the hologram
transmission #(x, y) is sampled on a rectangular raster
of N x N matrix points, with steps Ax and Ay along
the coordinates. & and m are replaced by rA¢ and
sAm, where r and s are integers. In this case the
discrete representation of Eq. (1) is given by the
following equation:”

m
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I'(r, s) is a matrix of N X N points that describes the
amplitude and phase distribution of the real image.
A§ and A are the pixel sizes in the reconstructed
image. If only the intensity distribution according
to Eq. (3) is of interest, the phase factor before the
summation can be neglected. From the numerical
standpoint, Eq. (4) is a representation of the Fresnel
approximation in terms of a discrete Fourier transfor-
mation. This is an important fact, because the
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standard algorithms for a fast Fourier transforma-
tion can then be applied.

In the experimental investigations a CCD array is
placed at the position of the photosensitive surface
(see Fig. 1). The CCD array consists of 1024 x 1024
light-sensitive pixels. The pixel areais 6.8 um % 6.8
pm. The camera electronics produces a digital video
output signal containing 256 gray levels per pixel.
For computation the hologram is stored in a digital
image processing system. The object in this experi-
ment was a cube with a side length of 11 mm, which
was placed at a distance of 1 m from the target. A
helium—neon laser was used as a light source.

Figure 2 shows a part of a digitally sampled holo-
gram. The original dimensions of the whole holo-
gram were 7 mm X 7 mm, which are the dimensions
of the CCD chip. The numerical reconstruction

Fig. 3. Numerical reconstruction.



according to Eqgs. (3) and (4) is demonstrated in Fig. 3.
A real image of the cube together with the undif-
fracted reference wave are noticeable. Because of
the off-axis geometry, these two parts of the real
image are separated. Furthermore, a speckle appear-
ance on the reconstructed cube is noticeable. Itisa
result of the interaction between coherent light and
the rough surface of the object. This speckle struc-
ture is the same as it would be in optical reconstruc-
tion with the same numerical aperture.

This experiment demonstrates that CCD cameras
are in principle suitable as recording media for holo-
grams. The applicability of CCD’s is still limited to
small objects at a large distance from the target
because of the low spatial resolution. Future CCD
chips, with higher resolutions, will improve the qual-
ity of the image. However, even today, promising
applications of the method are possible, for example,
in the field of holographic interferometry.
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