
downloading and use of UUDeview 
in a Windows environment. The 
process for downloading DOS is 
similar except the vbrun300.dll file 
is not needed. The UNIX version 
uses gzip compression of a tar file 
rather than pkzip. You download C 
source code together with the ap
propriate support files and a "make" 
file for compiling and linking. Re
gardless of the environment, with 
UUDeview, unreadable files will be
come a fading memory—at least for 
a little while. 

OPN Contributing Editor Bob Jopson works on light
wave systems at Lucent Technologies; virgin@ 
lucent.com. 

Engineering 

Holography and 
Holographic 

Interferometry 
BY MASUD MANSURIPUR 

Holography dates back to 1947, 
when Hungarian-born British 

scientist Dennis Gabor (1900-1979) 
developed the theory of holography 
while working to improve electron 
microscopy. 1 , 2 Gabor coined the 
term hologram from the Greek 
words holos (meaning whole) and 
gramma (meaning message). The 
1971 Nobel prize in physics was 
awarded to Gabor for this invention. 

Further progress in the field was 
stymied during the next decade be
cause light sources available at the 
time were not truly coherent. This 

barrier was overcome in 
1960 with the invention of 
the laser. In 1962 Emmett 
Leith and Juris Upatnieks of 
the Univ. of Michigan rec
ognized from their work in 
side-looking radar that 
holography could be used as 
a 3-D visual medium. They 
improved upon Gabor's 
original idea by using a laser 
and an off-axis technique.3 

The result was the first laser 
transmission hologram of 
3-D objects. The basic off-
axis technique of Leith and 
Upatnieks is still the staple 
of holographic methodolo
gy. These transmission 
holograms produce images 
with clarity and realistic 
depth, but require laser light 
to view them. 

In 1962 the Russian 
physicist Uri Denisyuk 
combined holography with 
Lippmann's method of col
or photography. Denisyuk's 
approach produced a white-
light reflection hologram 
that could be viewed in light from an 
ordinary light bulb. In 1968 Stephen 
Benton, then at Polaroid Corp., in
vented white-light transmission 
holography.4-6 This type of hologram 
can be viewed in ordinary white light 
and is commonly known as the rain
bow hologram. These holograms, 
which are "printed" by direct stamp
ing of the interference pattern onto 
plastic, can be mass-produced rather 
inexpensively.7 

The basic principles 
A setup for recording a simple 
transmission hologram is shown in 
Figure 1. The coherent beam of the 

laser, after being expanded to cover 
the area of interest, is split into an 
object-beam and a reference beam. 
The object beam passes through (or 
reflects from) the object before ar
riving at the photographic plate; the 
reference beam is directed toward 
the photographic plate at an oblique 
angle θ. At the XY-plane of the 
plate, the complex-amplitude distri
bution of the object beam is 
AO(x, y). The reference beam's am
plitude, AR(x, y), is proportional to 
exp[i(2π/λ)(xSx + ySy)], where Sx 
and Sy are the direction cosines of 
the beam. The two beams interfere 
at the plate, upon which their inter-

Figure 1. Basic optical system used for recording a simple hologram. The 
laser beam is expanded to accommodate the size of the object. The 
beam-splitter separates a fraction of the light to be used as a reference 
beam and sends it along a path that reaches the photographic plate at an 
oblique angle. The rest of the beam continues along the Z-axis, interacts 
with the object, and arrives at the photographic plate while carrying the 
phase/amplitude information about the object. The two beams interfere 
and the plate records the resulting fringes of the interference pattern. The 
film is subsequently developed into a positive (or negative) transparency 
and becomes a permanent record of the object wave. 

Figure 2. To reconstruct the recorded wavefront, the hologram is placed 
in front of the same reference beam as used for recording. Upon transmis
sion through the hologram, several reconstructed waves emerge. If the 
hologram is in the same position as during recording, the virtual image of 
the object will be carried by the component of the emergent beam travel
ing along the Z-axis. However, if the hologram is flipped, the real image of 
the object emerges along the Z-axis. (The flipping is such that the recon
struction beam becomes the conjugate of the original reference beam 
with respect to the hologram.) 
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ference fringes are recorded. When the 
plate is properly processed and devel
oped, its amplitude transmissivity 
τ(x, y) becomes proportional to the 
incident intensity pattern, that is , 8 - 1 0 

To reconstruct the object wave, 
the developed plate is returned to 
its original position and illumi
nated with the reference beam 
(see Fig. 2, page 41). The trans
mitted beam's complex amplitude 
may thus be written 

Note in the above equation that 
AR(x, y) is a constant, independent 

of x and y, and that A2

R(x, y) is a plane 
wave with direction cosines 2Sx and 
2Sy. (When θ is small, the propaga
tion direction of this plane wave 
makes an angle 2Θ with the Z-axis.) 
Thus, in addition to the reference 
beam AR(x, y)—which is modulated 
by the squared modulus of the object 
wave—the wavefront emerging from 
the hologram contains the original 
object wave A O(x, y), as well as its 
complex conjugate AO* (x, y). The re
constructed object wave travels in its 
original direction (i.e., along the 
Z-axis in the case of Fig. 2), but the 
conjugate wave rides on a plane wave 
whose deviation angle from the 
Z-axis is nearly twice that of the origi
nal reference beam. 

Behind the hologram, the recon
structed object wave yields the virtu
al image of the recorded object; this 
image can be viewed through the 
lens of an eye, or photographed 
through the lens of a camera. The 
conjugate wave yields a real image of 
the object, which can be visually in
spected, or photographed by placing 
a photographic plate directly in its 
path. The transmitted portion of the 
reconstruction beam itself does not 
carry any useful information and is 
generally ignored. 

Hologram of a simple phase-
amplitude object 
As an example, consider the phase-
amplitude object (the face) shown in 
Figure 3. The featureless areas of the 
face are transparent to the incident 
light, but the eyes, nose, and mouth 

alter both the amplitude and the 
phase of the beam. The eyes are par
tially transmissive depressions with a 
50% transmittance and a maximum 
phase depth of 5π at the center. The 
nose and the mouth are also 50% 
transmissive, but they are raised 
above the surface of the face and 
their corresponding phase depth at 
the center is -5π. Figure 3a shows 
the pattern of transmitted intensity 
for a uniform incident beam. Figure 
3b, an interferogram between the 
beam transmitted through the face 
and a collinear plane wave, shows 
the fringes caused by the phase mod
ulation imparted to the beam by the 
various features of the face. 

When a plane wave (wavelength 
= λ) is transmitted through the face 
at z = 0 and propagated to the pho
tographic plate at z = 3500λ, the in
tensity and phase distributions 
shown in Figures 4a and 4b are ob
tained. 1 1 Figure 4c is the interfer
ence pattern formed with a refer
ence plane wave traveling at an 
oblique angle of θ = 8°. The photo
graphic plate is exposed to this in
terference pattern and subsequently 
developed into a positive trans
parency, that is, one in which the 
amplitude transmissivity is propor
tional to the incident intensity dis
tribution during exposure. This 
transparency is a coherent-light 
hologram of the face. 

Note in Figure 4c that the chosen 
diameter of the reference beam is 
not large enough to cover the re
gions of the object wave far away 
from the Z-axis. This is only due to 
the limited computer memory avail
able for these calculations and not a 
limitation in the practice of holog
raphy. Whereas in practice the refer
ence beam is usually large enough to 
record all significant spatial frequen
cies of the object onto the holo
gram, in these calculations the small 
diameter of the reference beam lim
its the range of admissible spatial 
frequencies, resulting in the loss of 
fine detail in the reconstructed im
ages of the original object. 

When the developed hologram is 
placed in the system of Figure 2 and 

Figure 3. The face is a partially t ransmissive phase-ampli tude 

object. The intensity pattern shown in (a) is obtained when the 

face is i l luminated by a coherent , co l l imated, and uniform laser 

beam ( i . e . , a plane wave) . The ampli tude t ransmiss ion coeff icient 

of the facial features (eyes, nose , and mouth) is 0 .7 . The interfer

ogram in (b) is obtained when the t ransmit ted b e a m is made to 

interfere with a plane wave. The features of the face modulate 

the phase of the transmitted beam in a cont inuous fashion by up 

to 5π at the center of the eyes , and - 5 π at the center of the nose 

and mouth. 

Figure 4. A plane w a v e t ravel ing a long the Z - a x i s and t ransmit 

ted through the f a c e at z = 0 arr ives at the photographic plate 

at z = 3 5 0 0 λ . (a) Distr ibut ion of the logar i thm of intensity of 

the object wave at the plate. (b) Object w a v e ' s p h a s e distr ibu

t ion at the plate. (c) Interference pattern ( logar i thm of intensi

ty) be tween the object wave and a re ference plane w a v e 

travel ing at θ = 8 ° relative to the Z - a x i s . (d) Distr ibut ion of t h e 

logarithm of intensity immediate ly after the ho logram, w h e n 

the e x p o s e d plate is deve loped into a posi t ive t ransparency 

and p laced in front of the reconst ruc t ion b e a m . 
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illuminated with the reconstruction 
beam, the original object wave and 
its complex conjugate appear among 
the transmitted waves, in accordance 
with E q . 2. Figure 4d shows the 
transmitted intensity pattern imme
diately behind the hologram. At this 
point the overlapping components 
of the emergent beam are all mixed 
together and, therefore, difficult to 
identify separately. Since these com
ponents are traveling in different di 
rections, propagation over a short 
distance is all that is required to dis
entangle them from each other. 

Holographic images of the recorded 
object 
When the above hologram is placed 
in the same p o s i t i o n , as d u r i n g 
recording, and illuminated with the 
same reference beam (now called 
the reconstruction beam) one ob
tains, at z = 3500λ behind the holo
gram, the reconstructed intensity 
and phase patterns of Figures 5a and 
5b. The central region of this figure 
contains the reconstructed object 
wave, A O ( x , y), carrying the virtual 
image of the face. The transmitted 
f rac t ion o f the r e c o n s t r u c t i o n 
beam—modulated by the squared 
modulus of the object wave—ap
pears to the right and above the cen
tral region. The real image of the 
face—produced by the conjugate 
wave AO* (X, y)—is shifted further 
off-axis, and appears in the upper 
right corner of Figure 5a. 

Holographic reconstruction pro
duces not only the amplitude of the 
original object, but also its phase 
pattern (see Fig. 5b). Unlike regular 
photography, wh ich maintains a 
record of the intensity profile but 
loses all trace of phase, the holo
graphic process preserves both the 
amplitude and the phase informa
tion, and faithfully reproduces the 
entire object wave upon reconstruc
t ion . A compar ison between the 
central regions of Figures 5a and 5b 
with the original object wave of Fig
ures 4a and 4b might be worthwhile 
here, although one should note that 
the reconstructed wave in Figures 5a 
and 5b is captured at a distance of 

7 0 0 0 λ f r o m the o r ig ina l object , 
whereas the patterns of Figures 4a 
and 4b correspond to a propagation 
distance of only 3500λ. 

To observe the virtual image, an 
imaging lens is placed in the central 
region of the field and a real image is 
produced from the reconstructed ob
ject wave. (Alternatively, the recon
structed object wave could be propa
gated backwards in space by 7000λ to 
reproduce the object wave at its point 
of origination.) A one-to-one imaging 
lens (NA = 0.04, f = 3500λ) placed in 
the central region of Figures 5a and 5b 
creates an inverted real image of the 
face at z = 7000λ behind the lens. The 
resulting intensity and phase patterns 
are shown in Figures 5c and 5d. The 
loss of resolution due to the small size 
of the hologram is visible at the edges 
of the facial features, from which the 
high spatial-frequency content of the 
original face is obviously missing 
(compare to Fig. 3). 

If the hologram is flipped during 
playback, the reconstruction beam, 
being a plane wave in this example, 
becomes the conjugate of the original 
reference beam, namely, AR* (x, y). 
(Alternatively, the reference beam 
may be conjugated and brought in 
from the opposite side of the holo
gram.) Under such circumstances 
the transmitted wave along the orig
inal direction of the object wave (i.e., 
the Z-axis in the present example) 
becomes the conjugated object wave, 
AO* (X, y), and the reconstructed ob
ject wave moves off-axis. The situa
tion is depicted in Figure 6 where, 
after propagating 3500λ beyond the 
hologram, the various components 
of the transmitted beam have sepa
rated from each other. The intensity 
distribution in Figure 6a reveals the 
real image of the face at the center, 
the directly transmitted reconstruc
tion beam slightly displaced to the 
lower left side of the real image, and 
the beam containing the virtual im
age further away and close to the 
lower left corner. There is also a 
weaker image of the face on the 
r ight-hand side of the real image; 
this "second harmonic" of the face is 
created by the n o n l i n e a r i t y o f 

Figure 5. R e c o n s t r u c t e d wavefront at z = 3 5 0 0 λ behind the 
ho logram. The incident b e a m is the s a m e a s the reference 
b e a m u s e d in c rea t ing the ho logram. (a, b) Distr ibut ions of the 
logari thm of intensity and p h a s e over the entire r e c o n s t r u c t e d 
f ie ld. T h e cent ra l reg ion of th is f ield car r ies a virtual i m a g e of 
the f a c e . ( c , d) Distr ibut ions of the logari thm of intensity and 
p h a s e in the image plane of a uni t -magnif icat ion lens that 
c a p t u r e s the centra l port ion of the field and c r e a t e s a real 
image of the f a c e from the r e c o n s t r u c t e d object wave . 

Figure 6. R e c o n s t r u c t e d wavefront at z = 3 5 0 0 λ behind the 
hologram. The incident b e a m is the conjugate of the reference 
b e a m used in creat ing the hologram. (a, b) Distr ibutions of the 
logarithm of intensity and phase over the entire reconst ructed 
field. (c, d) C lose -ups of the central region of the reconst ructed 
f ield, showing the logarithm of intensity and phase distr ibutions 
of the real image of the f a c e . 
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recording on the photographic plate. 
Figures 6c and 6d are close-ups of 
the intensity and phase pattern in 
the real image produced by the con
jugated object wave.11 

Holographic interferometry 
Suppose the face shown in Figure 3 
is somehow distorted at a later time, 
or has undergone changes in its op
tical properties, such that the beam 
transmitted through the face has ac

quired a certain degree of phase 
modulation. To render this phase 
modulation visible by converting it 
to intensity variations, it is necessary 
to interfere the beam transmitted 
through the face with a reference 
beam. If a collinear plane wave is 
chosen as a reference, the resulting 
interferogram will resemble that in 
Figure 7a. Here the deformation 
contours appear as black and white 
fringes superimposed on the face. 
The fringes caused by the phase 
structure of the facial features, 
namely the eyes, nose, and mouth, 
can also be seen in this figure. 

An alternative reference beam is 
provided by the original, undistort
ed wave from the face itself. If the 
wave transmitted through the dis
torted face is made to interfere with 
that from the original face, the re
sulting fringe pattern will look like 
that in Figure 7b. Here the features 
of the face do not appear in the in
terferogram; only the distortion 
fringes are visible. This is a clear ad
vantage, of course, because one is 
usually interested in the changes in
duced in the object, not in the fea
tures of the object itself. The prob
lem in most cases, however, is that 
the distorted and undistorted ob
jects are not simultaneously avail
able and, therefore, creating an in
terferogram between the two using 
traditional methods of interferome
try is not a viable option. 

Holographic interferometry pro
vides a solution to this problem by 
allowing the original wavefront, 
while still available, to be stored on a 
photographic plate. Later, when the 
object is distorted, a second record
ing of its wavefront is made. The two 
wavefronts are then reconstructed 
and allowed to interfere with each 
other. Interestingly enough, these 
two recordings can be made on the 
same photographic plate by double-
exposure. Moreover, the two wave-
fronts are automatically superim
posed during reconstruction.10 The 
essential idea behind holographic in
terferometry may be readily grasped 
by reference to Eqs. 1 and 2. If the 
distorted wavefront is denoted by 

A O ' (X, y), it is clear that, upon recon
structing the double-exposure holo
gram, the emergent object wave will 
be A O ( x , y) + A O '(x, y), while the 
emergent conjugate wave will be 
AO*(X, y) + AO'* (x, y). In this way both 
the virtual image and the real image 
show fringe patterns corresponding 
to contours of constant phase-shift 
between the original object and its 
distorted version. 

Figures 8a and 8b show the in
tensity and phase patterns at the 
photographic plate corresponding 
to the distorted face. When this 
beam is combined with a reference 
plane wave traveling at 8° to the 
Z-axis, the fringe pattern of Figure 
8c is obtained. This fringe pattern is 
recorded on the same film that had 
previously recorded the hologram 
of the original face. When the re
sulting double-exposure hologram 
is developed into a positive trans
parency and placed in front of the 
reconstruction beam, the intensity 
distribution of Figure 8d appears 
immediately behind the hologram. 

Assuming the reconstruction 
beam is the conjugate of the refer
ence beam used in recording both 
holograms, the emergent beam 
along the Z-axis will be the conju
gate of the combined object waves, 
namely, A O *(X, y) + A'*O(x, y). The in
tensity and phase patterns in Figures 
9a and 9b are obtained after propa
gating the emergent beam a distance 
of 3500λ beyond the hologram. 1 1 

The fringe pattern caused by the 
distorted face is clearly visible in this 
holographic interferogram. 

In an ideal situation, where the 
hologram is large enough to capture 
all significant spatial frequencies of 
both object waves, the features of the 
original object will be invisible in the 
interferogram. However, in these cal
culations, the hologram is of necessi
ty small and, therefore, the features 
are not completely absent from the 
final image. In any event, if the refer
ence beam is large enough to capture 
the high spatial-frequency content of 
the object waves, the interferogram 
of Figure 9a will approach the ideal 
one shown in Figure 7b. 

Figure 7. T w o inter ferograms of the d is tor ted f a c e . In (a) the 
reference b e a m is a plane wave , w h e r e a s in (b) the d is tor ted 
f a c e is m a d e to interfere with its own undistor ted vers ion . 

Figure 8. A plane wave travel ing a long the Z - a x i s and t ransmit 
ted through the d is tor ted f a c e at z = 0 arr ives at the photo
graphic plate at z = 3 5 0 0 λ . In th is double -exposure exper i 
ment , a hologram of the undistor ted f a c e has already been 
recorded on the plate. (a) Logar i thmic plot of the object 
w a v e ' s intensity distr ibution at the plate. (b) Object w a v e ' s 
phase distr ibution at the plate. (c) Interference pattern ( loga
rithm of intensity) be tween the object w a v e and a reference 
plane wave travel ing at θ = 8 ° relative to the Z - a x i s . (d) Distrib
ution of the logari thm of intensity immediate ly after the holo
g r a m , when the t w i c e - e x p o s e d film is deve loped into a posi t ive 
t ransparency and p l a c e d in front of the recons t ruc t ion b e a m . 
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Real-time interferometry 
using a holographic image 
If a hologram of an object in 
a given state is made, the re
constructed image can be 
made to interfere in real-time 
with the "live" images of the 
same object in different 
states. Hence, deformations 
that are dynamic in nature 
can be observed directly. This 
also provides a natural and 
very sensitive method of 
aligning the hologram to the 
original position after it has 
been removed for processing. 
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Figure 9. Recons t ruc ted wavefront at z = 3500λ behind the 
double-exposure hologram, showing the interference pattern 
between the real images of the distorted and undistorted f a c e . 
The incident b e a m is the conjugate of the original reference 
b e a m used in both exposures , and the component of the recon
st ructed wave traveling along the Z -ax is carr ies the real i m a g e s . 
( a ,b ) Logarithmic plots of intensity and phase distribution over 
the area of the real image. 
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Fixed-focal length lenses for small 
format CCD arrays have become 

a mass market item due to the in
creasing use of inexpensive CCD 
cameras for surveillance and video 
conferencing. These lenses can be 
very compact because the image di
agonal is small, ranging from 
2.7-5.5 mm. In fact, normal lens 

types like the Tessar or double Gauss 
tend to be too small because they 
provide inadequate back focal dis
tance to accommodate the CCD 
cover plate and any filters that might 
be placed after the last lens surface. 
In addition, if the lens elements be
come too small, fabrication difficul
ties can dramatically increase the 
price. A good way to solve these 
problems is to choose a reversed 
telephoto form, which has both a 
large working distance and large 
lens elements relative to the focal 
length.1,2 The use of a reversed tele-
photo form will also help to make 
the system quasi-telecentric, which 
is essential if the CCD is a full color 
type using dichroic color filters over 

individual pixels. 
This month's design, shown in 

Figure 1, is a 5.26-mm EFL reversed 
telephoto lens intended for a 
4.7-mm diagonal CCD. The design 
consists of a two-element negative 
front group and a three-element 
positive rear group that includes a 
cemented doublet. All three ele
ments in the rear group are either 
bi-concave or bi-convex, which 
helps to reduce manufacturing cost. 
The back focal distance with the 
CCD cover plate removed is 7.7 
mm or 1.46x the focal length. The 
full field-of-view is relatively mod
est for a reversed telephoto at 49.2°. 

The aberration curves in Figures 
2 and 3 indicate that the design is 

Figure 1. 5 . 2 6 - m m E F L , 4 9 . 2 ° full field-of-view C C D lens . 
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