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Holography is treated in a manner suitable for inclusion in an undergraduate optics
course. The student is assumed to understand the elementary treatments of interference

and diffraction.

OLOGRAPHY, or wavefront reconstruc-
tion,! is a process by which the amplitude
and phase variation across a wavefront may be
recorded and subsequently reproduced. The re-
produced (or reconstructed) wavefront will be
identical in form to the original wavefront and,
upon entering the eye or any other optical in-
strument, will produce the same effects as would
have been produced by the original wavefront.
Let us first consider as an example the most
easily understood method of holography. From
the left, in Fig. 1, a collimated beam of mono-
chromatic light falls upon a small angle prism P
and an object O. The collimated beam is co-
herent across its width, having been produced
either by a pinhole at the focal point of a lens
or by a laser. The object is a Jlantern slide (or
photographic transparency) which by diffrac-
tion, scattering, or thickness variation disturbs
the wavefront passing through it. The prism P
deviates the light by a few degrees but does not
disturb its collimation. To the right at H, the
light deviated by the prism and the light passing
directly through the object have their maximum
overlap. A fine-grained photographic plate is
placed at H, exposed, and then developed. This
developed photographic plate is called a holo-
gram. Unless the object was very simple, there
will be no recognizable similarity between the
hologram and its object.

In Fig. 2 we show how this hologram may be
reconstructed. The same beam of collimated,
monochromatic light is incident upon the holo-
gram. The hologram, acting somewhat like a
diffraction grating, allows much of the light to
pass through into the zero order but diffracts

1D. Gabor, Proc. Roy. Soc. (London) Al197, 454
(1949).
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Fic. 1. A simple experimental arrangement for producing
a hologram. Collimated monochromatic light from the
left falls on the object O and the prism P which deviates
the beam by the angle 8. The two beams overlap and
produce interference at the photographic plate H.

some of it into the first order on each side. Near
the hologram these three beams (or orders)
overlap but separate as they propagate to the
right. The upper order is a reproduction of the
wavefront which fell upon the hologram from
the object; an eye placed in this beam will, upon
looking through the hologram, see an image or
reproduction of the object. With the particular
arrangement used here, the lower order forms a
wavefront similar to that in the upper order ex-
cept that the phase variations are of opposite
sign. This wavefront therefore converges upon
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Fic. 2. Reconstruction using the hologram H produced
in Fig. 1. The photographic plate after development is
placed in a collimated beam. A virtual image of the
original object appears at I. A real image is formed at
I and is the mirror image of I in the plane of H.
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+ and forms there a real image having the ori-
entation and location of the mirror image of I
reflected in the plane of the hologram. These
few paragraphs have been a presentation of ex-
perimental observations; their explanation is the
subject of the following discussion.

First of all, let us remember that if monochro-
matic, coherent light enters the eye or any other
optical instrument, the only information fur-
nished to the eye is the amplitude and phase
of the light as a function of position in the en-
trance aperture. If this information is given, then
the light is completely speciﬁed and its behavior
as it passes on into the instrument is determined.
Furthermore, diffraction calculations show us
that if the phase and amplitude are known for
every point on a surface through which the light
passes then its phase and amplitude distribution
over any subsequent surface are determined and
may be calculated. If we are required to simu-
late or reconstruct some wavefront, it will be
sufficient, therefore, to reproduce the phase and
amplitude distribution over any surface through
which the original light wave passed. The re-
constructed wavefront will thereafter propagate
through free space and through optical instru-
ments just like the original wavefront.

Let the hologram of Fig. 2 be replaced by a
horizontally lined grating for which the trans-
mitted amplitude varies according to the ex-
pression

Ap =a-+b cos q Y, (1)

where Ay is the transmitted amplitude, y is the
vertical coordinate in the plane of the grating,
9r/q is the grating space (or period of the grat-
ing), and @ and b are constants which determine
the avérage transmission and the contrast of the
grating. We require that b<a. This grating will
put into the zero order light of amplitude a and
into the first order on each side amplitude of
b, since the amplitude in any order of a grat-
ing is proportional to the coefficient of the cor-
responding harmonic term in the Fourier an-
alysis of the amplitude transmission function of
the grating. Also, it is clear that ##b=0nmno
light goes into the side orders since the grating
no longer exists, but has become a uniform (i.e.,
unlined) screen. The important point is that the

amplitude diffracted into each of the two first
orders is proportional to b.

A second point to remember is that a vertical
displacement of this grating will alter the phase
of the light in the two side orders. A downward
displacement of the grating retards the phase of
the upper beam and advances the phase of the
lower beam. A displacement of one grating
space causes a phase change of 2, the equivalent
of one wavelength in path, so phase is a sensi-
tive function of the vertical position of the grat-
ing.

Return now to Fig. 1 and consider an object
which contains no detail but uniformly attenu-
ates the wave passing through it. The light
falling on the photographic plate H consists of
two beams, the reference beam which passes
through the prism and falls upon the plate at
angle ¢ and the beam through the object which
falls normally upon the plate. If a, represents
the amplitude of the reference beam and @, the
amplitude of the object beam, then interference
fringes will be formed on the plate described by
the equation

I(y) —'—:-arz“}"ao2
4+ 2a,a, cos [y(2x/7) sinf — $1. (2)

In this equation I(y) is the intensity at the
plate as a function of the vertical coordinate y,
and ¢ is the phase of the object beam relative
to the phase of the reference beam at y = 0.
The maximum intensity is at those values of y
for which

ymax[(2-n/)\) sin 8] — ¢ = 2nm, (3)
and the maximum intensity is
Lax = (@7 + 80)* (4)
Likewise, the minima occur where
ymin[(Qm-/)\) sinfl —é = (2n+ 1)« (5)
and have the value
Lnin = (@ — 80)* (6)

From Egs. (4) and (6), we find the contrast or
visibility of the fringes V to be

V== (Imax - Imin)/(Imax + Imin)
= Qﬂﬂo/(ar2 -+ a.?). (7)
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This equation shows that if the reference beam
is constant, then the amplitude of the object beam
may be unambiguously deduced from an obser-
vation of the fringe visibility. Further, we see
that in case a, << a, the visibility is approxi-
mately a linear function of a,.

Equations (3) and (5) show us that the loca-
tions of the maxima and minima are related to
. For example, consider the maximum corre-
sponding to n = 0 in Eq. (3), in this case

. ¢
Ymax = T (2r/n) sin 6] (8)

which says that the y coordinate of the maximum
is a linear function of the phase of the object
beam. If we initially specify that the object
beam is less intense than the reference beam,
then an examination of the fringe pattern can
give us complete and unambiguous information
about the object beam. Furthermore, this in-
formation can be recorded photographically.

Even though the photographic process, per se,
responds to intensity and is insensitive to the
phase of incident light, it can be used to record
the intensity pattern described by Eq. (2). As
we have seen, this pattern contains both phase
and amplitude information. The photographic
record resembles the grating described by Eq.
(1); we must explore this similarity with some
care.

Let us now extend our thinking to the case
in which the object is more complicated than a
simple partially transparent plate with uniform
phase delay. It may be a lantern slide of a com-
plex line drawing or of an attractive scene. In
either case the amplitude and phase of the wave
transmitted through the object will be a compli-
cated function of position. We need not be
directly concerned with specifying these quanti-
ties at the object plane, it is sufficient to realize
that by diffraction they determine the amplitude
distribution and phase of the object wave falling
upon the plate at H in Fig. 1. That this is true
is clear from the fact that an eye placed in the
position H can see the object.

If we describe the amplitude of the object
wave at the plane H by a,(x, y) and its phase
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by ¢(%.y) then Eq. (2) becomes

I(x,y) = a?+ lao(xy) 1’
+ 2a,0,(x, y) cos {y[(27r/A) sin 8] — o(x, y) ¥
(9)

Here x and y represent horizontal and vertical
coordinates in the plane H. In each small area of
the plane H, the fringe contrast serves as @
record of the amplitude of the object wave in
that area, and the vertical position of fringes is
a record of the phase of the object wave in that
area. The exposed and developed plate, which
becomes the hologram, in this way carries the
information about @,(%, ) and ¢(x,y).

When the wavefront is reconstructed, as in
Fig. 2, each small area acts as a grating to de-
termine the amplitude and phase of the light
diffracted into the upper and lower beams from
that area of the plate. The upper beam contains
the correct phase information, the lower beam
has all phases of reverse sign. The entire upper
wavefront is a combination or mosaic of waves
produced by the individual small areas and thus
has the same amplitude and phase distribution
as the original object wave. An eye placed in the
upper beam and looking back through (not at)
the hologram will see a virtual image of the
object.

In the lower beam the amplitude distribution
is the same but the signs of all the phases are
reversed. In this way divergent wavefronts are
converted to convergent wavefronts and a real
image is produced at r.

These arguments, although qualitative in
nature, are clearly valid as long as the amplitude
and phase of the object wave [i.e., a,(x,y) and
(x,y)] are slowly varying functions of position
when compared with the cos {y[2=/Asin 81}
term of Eq. (2). Under these conditions the
elemental areas described in the previous para-
graphs will contain several fringes. It is perhaps
an act of faith to extend these arguments to the
situation in which a.(x, y) and ¢(x,y) contain
spatial frequencies comparable to (sin 6/ A).

We have also assumed that the photographic
process is such that an interference pattern of
the form described by Eg. (2) will give rise,
upon development, to a grating of the simple
form described in Eq. (1). This is certainly
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an oversimplification, but fortunately introduces
no error into predicted location of the images
but only gives some loss of intensity by divert-
ing a part of the
order. The details of these photographic effects
shall not occupy our attention.

light into images of higher

We have made the point that the upper beam

in Fig. 2 results from a reconstruction of the
wavefront which initially fell upon the photo-
graphic plate
the object. An eye placed in this upper
therefore sees the virtual image just as it would
have seen the object if plate H of Fig. 1 had
been a simple glass window and the object
viewed through it. This is not necessarily good,
it is much like trying to view a transparency
by holding it a foot or two from the eye but
illuminated by a point source 10 or 12 ft away.
Unless the transparency is highly scattering,
only part which will appear illuminated is the
small portion directly between the source and
the entrance pupil of the eye; the resultant view
is very unsatisfactory. A much more satisfactory
view of a transparency is to view it in diffuse
light, i.e., against the background of an illumi-
nated sheet of white paper or ground glass.
Under these conditions the entire transparency
may be seen at
may be obtained in holography by putting a
lightly ground glass,

H of Fig. 1 after passing through
beam

the

a glance. This same advantage

called a “scatter plate,” to
the left of the object in Fig. 1. The scatter plate
and the transparency now become the total
object and the object wave at any point on H
consists of light which has been scattered there
through all parts of the transparency. Because of
the scatter plate, the object wave at H will be
a very complicated function of position and will
no longer represent the Fresnel diffraction pat-
tern of the transparency; instead it is produced
by the scatter plate and the transparency. In the
reconstruction from this hologram the virtual
image will reproduce the transparency and the
scatter plate, but since the scatter plate has no
detail of interest in it, it serves only to make the
entire transparency visible through all parts of
the hologram.

The presence of the scatter plate in the object
beam obviously reduces the intensity of the ob-
ject beam reaching the plate, H, so that it is no
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longer comparable with the reference beam. This
reduces the contrast of the fringes formed at
H and results in a generally unsatisfactory holo-
gram. The obvious solution to this problem is to
reduce the reference beam intensity until the
two are again comparable. The optimum inten-
sity ratio at H of reference to object beam is a
matter of some debate but a ratio of 3to 1 gives
good results and even 10 to 1 is not objection-
able. The reference beam should be more intense
than the object beam.

The presence of the scatter plate so distorts
the object wavefront that the fringes as we have
described them are no longer recognizable as
such. The hologram plate appearing rather as a
random collection of minute light and dark
blotches. In spite of appearances the blotches
cannot be random since in the simple arrange-
ment of Fig. 2 an image of the original object
will be reproduced. It is safe to say, therefore,
that sufficient information is stored on the holo-
gram to reproduce the image of the object, but
that this information is stored or encoded in such
an unfamiliar form that direct examination of
the hologram plate is essentially useless.

There is an alternate approach to the subject
of holography? which is often useful. If we can
master them both, we are in the fortunate posi-
tion of being able to use whichever one offers
the most immediate solution to the particular
problem at hand. This second point of view
states that a hologram is a collection, ie., a
superposition, of zone plates; and under proper
illumination each zone plate will produce one
point in the image. Thus the hologram will point
by point reproduce the image of the object. In
order to understand and appreciate this state-
ment fully, let us consider the following simple
experiment.

A beam of monochromatic collimated light
from the left (Fig. 3) falls upon a photographic
plate H. Some of the light falls directly upon
H as a plane wave but some is intercepted by
the negative lens L, which converts the plane
wave into a spherical convex wave which also
falls upon the plate H. This spherical wave has
its center of curvature at the focal point of the

2 G. L. Rogers, Nature 166, 237 (1950).
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Fic. 3. Experimental arrangement for producing a zone-
plate hologram. H represents the photographic plate, L
a simple negative lens of focal length (—f), C the
point at which light through the center of the lens
strikes the plane of H; y is the distance from some arbi-
trary reference mark x to C.

divergent lens so that its radius of curvature at
the plane of H is (f + d). Since these two waves
are coherent, interference fringes will be pro-
duced wherever they overlap. One wave is plane
and the other spherical, just as in the “Newtons
rings” experiment, so the pattern will be similar
and given by the expression
I(y) =a°+ a? + 2a,a, cos (wy?/\r). (10)

[n this application I is the intensity on the plane
H as a function of y which is distance along the
plate measured from C, the point at which the
plane and spherical waves are tangent; @, and
a, represent the amplitude of the plane and
spherical waves, respectively; A is the wavelength
of the light; and r is the radius of curvature of
the spherical wavefront, in this case r = (f +
d). The fringes are of course circular with cen-
ter at C but exist only in that portion of the fig-
ure where both the plane and spherical wave-
fronts reach the plane H. 1f H is a photographic
plate, these fringes may be recorded.

From the equation above the intensity will be
a maximum, resulting in maximum photographic
darkening, whenever

ryz/M‘ = 2N
or (11)
y= (2”)\1‘)%.

This is the equation for the radii (y) of the dark
rings of a zone plate of focal length r. The con-
ventional zone plate differs from this only in
having abrupt changes between the light and
dark zones instead of the gradual transition de-
scribed by our equation. After development the
plate H may be considered as an off-axis piece of
a zone plate.

If we take this zone plate and illuminate it as
shown in Fig. 4 with collimated light of the

same wavelength as used in its production, then
most of the light will continue on through un-
deviated but the zone plate will have (among
others) both negative and positive focal length
r = (f -+ d). Consequently, a portion of the light
emerging from the zone plate will form a diver-
gent wave as though it had come from the point
V. This is a virtual image and is located, relative
to the photographic plate H, in exactly the same
position as was the focal point of the lens L
during exposure. Corresponding to the positive
focal length of the zone plate, some of the inci-
dent light will converge to form a real image at
the point R. R is the mirror image of V in the
plane H. A quick calculation will reveal that if f
and d are each 50 cm, y is 3 cm, and A is 600
nm, then the fringe spacing should be about 20 p.
The eye cannot resolve these fringes, but a
microscopic examination of the plate will reveal
them. Obviously, the photographic plates used
must be capable of resolving these fringes.

Let us suppose that with the available light
intensity an exposure time T will give a satis-
factory density in the developed plate H.
Neglecting reciprocity problems  this could be
replaced by several, let us say 10 to be specific,
partial exposures each of time T/10. After each
partial exposure we make a small change in
either the position of the lens L or the plate H
in Fig. 3. The motions should be small because
we wish a large area of the plate H to record
fringes during each and every partial exposure.
In this area of the plate there will after develop-
ment be a superposition or overlay of ten zone
plates. In reconstruction each zone plate will pro-
duce a virtual image at the same position relative
to H as was the focal point of the lens L during
its partial exposure. By properly selecting the
position of H (or of L) during each of the partial
exposures the 10 bright spots in the image V
may be arranged in any desired pattern, even

{f + gy — ()T

Fic. 4. Reconstruction using the zone-plate hologram
produced in Fig. 3. A virtual-point image is produced
at V and a real-point image at R.
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three dimensional, by changing d. As before, a
real image will be formed at R which is the
mirror image of V in the plane of H.

The experiments just described clearly lend
support to the statement that a hologram is a
superposition of zone plates and that under
proper illumination each zone plate will produce
one point in the image. In this way the hologram
will point by point reproduce an image of the
object. This is a valuable point of view which is
particularly useful in helping us understand
where the images are located; there is one slight
defect or simplification in this point of view.

In these experiments the zone plates, corre-
sponding to the various points in the object, were
presented to the plate sequentially. 1f one were
to make an ordinary hologram of an object of
10 bright spots on a dark background, the entire
exposure would be made simultaneously. In each
case the 10 spherical waves would interfere with
the plane reference wave to produce 10 zone-
plate patterns. In the simultaneous case there
will also be fringes produced by the interference
of the 10 spherical waves with each other; in
the sequential case these fringes cannot be pro-
duced since only one spherical wavefront is
present at a time.

The two cases of simultaneous and sequential
exposure may be compared mathematically. In
the simultaneous case I(x,y), the intensity as a
function of position on the hologram plane, is

I(x,,l/) _ ER2+2 En2
+2 > ExE, cos (kyt — kox)

-+ 2 2 E,E, cos (k&n — k®,). (12)
This equation applies specifically to the experi-
mental situation shown in Fig. 5, and the notation
is as follows. E is the amplitude of the refer-
ence wave and E, the amplitude, at the photo-
graphic plate, of the spherical wave originating
from point n. The reference wave falls upon the
photographic plate at the angle 6; k is 2x/A. The

quantities
z(x - xn)2 + (y - yn)2

b, = 1
o) (13)

+ An
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Fic. 5. The production of zone-plate holograms in se-
quence. Py, pinho]e in position n; S, spherical wavefront
centered at Puy W, plane wavefront from prism; H,
photographic plate.

are defined by this equation, where (x,y) are
coordinates on the photographic plate (which is
perpendicular) to the z direction and (%> Yn)
are the coordinates of the nth bright point in the
object plane. D is the separation (in the z direc-
tion) between the object plane and the plane of
the photographic plate. A, represents some arbi-
trary (but constant) phase shift in the process
of scattering or diffraction at point n. It is ex-
pressed in units of equivalent path length.

In the sequential case the time integrated in-
tensity, or total exposure is

1(x> y) = 2 EiRn + 2 E112

n

+2 Z EgnE, cos (kyb — ko,). (14)

In this equation Egn is the amplitude of the
reference wave during the nth exposure. The
time integration has been omitted for simplicity.
The rest of the notation remains unchanged.
Equations (12) and (14) are similar. The first
terms differ in form but are constants independ-
ent of x and y. The significant difference is the
last term of Eq. (12) which has no counterpart
in the sequential situation described by Eq. (14).
This last term of the simultaneous case represents
the interference among the spherical waves. 1f
we assume the n-point scatterers are close to-
gether in the dark field of the object plane, then
the spherical waves reaching the plate will inter-
sect at small angles giving rise to interference
fringes of low spatial frequency. This is indicated
in the mathematics if |®m — &, is small as com-
pared with 4. Physically this means that the
maximum angular spread of the n bright spots,
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Fic. 6. Formation of hologram of opaque object by re-
M, plane

flection and scattermg. H, photogmphic plate;
mirror; SO, scattering object.

when viewed from the recording plate, is small
compared to the angle 6.

These low spatial frequencies as they appear
on the developed hologram correspond to 2
coarse grating and such a grating diffracts the
light by only a small angle. In this case the angle
is so small that these terms contribute no light to
the virtual and real images v and R but only
serve to give the zero-order beam some structure.

We see therefore that although the zone-plate
approach is slightly less than perfect, its defects
are not of practical consequence, whereas its use
is very often of value in helping us predict the
location of the two images.

1f we have understood the discussions SO far,
then we understand the essentials of holography.
There are many variations in the methods, some
of them minor and some Very ingeneous, but
generally understandable as variations on the
basic methods already described. We mention

some of them briefly.

The simplest and most obvious extension® 1is
shown in Fig. 6 and involves using light diffusely
reflected from the object and a reference beam
directed onto the recording plate by reflection
from a mirror. Here, as with the scatter plate,
the reference beam must be attenuated in some

)

3E. N. Lieth and J. Upatnieks, J. Opt: Soc. Am. 54,

1295 (1964).
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way so that at the recording plate the illumina-
tion by the reference beam and the object beam '
are in a ratio of about 3 to L. As in most holo-
raphic work, the exposure should be such that
the developed hologram has an average photo-
graphic density of Vs to Y. The general tendency
of the beginner in this field is to overexpose.
There is one problem which this situation brings
sharply into focus. Holography is essentially a
recording of interference fringes and their sub-
sequent use to reconstruct a wavefront. If, dur-
ing exposure, there is sufficient motion of any of
the elements to «wash out” the fringes, then the
resulting photographic plate will be useless. For
the earlier cases this motion tolerance was not
too severe, particularly if the angle 6 were small.
In the reflection case motion of the object or the
reference beam mirror as little as half a wave-
length can prove disastrous.
Next in complexity we consider the situations
shown in Fig. 7. The upper case is for transmis-

Fic. 7. Formation of hologram and reconstruction using
spherical reference wave centered near the object O. In
reconstruction the same reference beam is used and the
object is reproduced as a virtual image V. In this case
the second image R is also virtual. H is the photographic
plate. SP is a scatter plate; SO is an opaque scattering
object; SM is a spherical mirror.
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INTRODUCTION

sion, and below is a corresponding situation in
reflection. The distinguishing feature of these
two situations is that the reference wave is now
spherical, with the center of the sphere near the
plane of the object. In transmission the spherical
reference wave is easily produced by a lens, in
the reflection case it may be produced by a
spherical mirror (highly polished ball) as shown
or by a lens and plane mirror.

Reconstruction in this case consists in illu-
minating the developed hologram with a spheri-
cal wavefront identical with the reference wave.
The hologram then produces a virtual image of
the object and in the same location. The other
image, which in the earlier cases was real, is no
longer real even though we have labeled it R
on the figure. It is produced as before by a wave-
front similar to the object wavefront except for
the change of sign in the phase, but the refer-
ence wave relative to which the sign is reversed
is now spherical rather than plane.

In the zone-plate concept, a simple calculation
will show that the fringes formed by the refer-
ence wave and the wave from a specific point
in the object are equally spaced rather than hav-
ing their radii go as n*. The zone plate there-
fore has infinite focal length or zero power. Un-
der these conditions changing the sign of the
focal length does not change the image distance.

Holograms such as these which carry infor-
mation but have no focusing propertieg ie.,
which depend upon the radius of the recon-
structing wavefront to provide curvature in the
final wavefronts, are called Fourier transform
holograms or sometimes Fraunhofer holograms.

One must also make the point that the refer-
ence wave need not be perfectly spherical, ie.,
it may have aberrations.* A perfect image (V not
R) will be reproduced as long as the reference
wave used in reconstruction is the same as the
reference wave used in producing the hologram
and the hologram is returned to its original posi-
tion in the wavefront. An extension of this gen-
erality would indicate that if any two wavefronts,
of arbitrary shape, interfere to form a hologram,
and if the developed hologram is illuminated by
one of those wavefronts, the other will be re-

4 R. W. Meier, ]. Opt. Soc. Am. 55, 987 (19653).
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Fic. 8. Hologram made and reconstructed through a
distorter (irregular glass plate), D; M, plane mirror; O,
object; PW, plane reference wave; DW, distorted object
wave. RW, the reconstructing wave is incident from the
reverse direction.

constructed. There will also be another wave-
front reconstructed, but only in the case of a
simple reference wave will this represent an
image of good quality.

As a trick let us consider Fig. 8 in which a
deliberately poor piece of glass is placed be-
tween the object and the hologram plate.® This
glass may be so bad (e.g.. a bathroom window )
that the object as viewed from the plate position
is unrecognizable. A beam of light, coherent with
the one illuminating the object, is brought
around the distorter and serves as reference
beam. This reference beam and the distorted ob-
ject beam interfere to form a hologram which is
developed and returned to its original position.
For reconstruction the reference beam is re-
versed in direction so that it falls upon the holo-
gram from the back, as indicated by the arrow
in the figure. The hologram reconstructs the dis-
torted wave which fell upon it, but projected
backward toward the distorter. If everything has
been perfectly placed, the wavefront will go
backward through the distorter along just the
correct paths to undo the distortion and repro-
duce at the object position a clear, recognizable,
real image which may be photographically re-
corded.

In order to execute the experiment just de-
scribed, it is clear that the object and reference
beams will intersect at larger angles than were
used in the earlier experiments. This leads us to

5 H. Kogelnik, Bell System Tech. ]. 44, 2451 (1965).
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Fic. 9. Hologram made with object and reference waves
impinging upon opposite sides of the plate. SO is an
opaque scattering object. H is the photographic plate.
RW is the spherical reference wave.

question the possibility of using the set-up shown
in Fig. 9. The distingushing feature of this ar-
rangement is that the object and reference beams
fall upon opposite sides of the photographic
plate. There are minor problems here but not in-
surmountable ones.

The basic fringe spacing Ay on the earlier
hologram methods is given by the equation

Ay = A/sin 9,

where 6 is the angle between the object and
reference beams. As long as Ay is large as com-
pared with the emulsion thickness, we can ignore
thickness and treat the emulsion as two dimen-
sional. If 9 is of the order of 45° as suggested in
Fig. 8, then Ay ~ L4\ which is less than 1 u.
The emulsion is 15 or 20 w thick so that the
fringes are three dimensional using the thickness
of the emulsion. In this case simple fringes would

somewhat resemble a venetian blind. Not only is
the spacing important but also the angle which
the “slats” of the venetian blind make with the
surface. The slats or surfaces of maximum silver
deposit will lie along a direction which bisects
the angle between the object and reference
beams. In Fig. 8 this direction will be about 22°
from the normal to the surface. In Fig. 9 the
direction is nearer 70° from the normal or ap-
proaching parallel to the plate surface. Under
these conditions, of fringe spacing less than the
emulsion thickness, the hologram considered as
a grating is effectively blazed. In addition to be-
having according to the usual grating rules, it
will put most of the incident light into the image
only if the ordinary laws of reflection are obeyed
for the “slats’ of the venetian blind.

In Fig. 9, where the ‘slats’ are almost parallel
to the over-all surface, the hologram becomes ef-
fectively an interference filter (such as found in
the Lippman process of color photography) and
will reproduce the image only if the reconstruct-
ing wavelength is properly matched to the fringe
spacing. Since the emulsion thickness generally
shrinks 12% to 15% during processing, the origi-
nal wavelength is no longer satisfactory for re-
construction. However, the wavelength selectiv-
ity is often sufficient to enable white light (spa-
tially coherent, of course) to be used in recon-
struction. The hologram then selects the appro-
priate wavelength and reconstructs the image.
The eye is placed on the same side of the holo-
gram as the source and views the image using
light reflected or back scattered by the holo-
gram. .
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