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ABSTRACT
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Numerous applications of display systems require the presentation

1

—
O

of visual information that car te continuously altered with time. In particular,
a head-up display system as used by an aircraft commander must provide
a simulation of the real-world exterior to his vehicle, and, at the same

time, represent any change in his attitude with respect to a predeten"nined

segment of this real worid.

In the particular case of an aircraft landing approach, one can
characterize the pilot's view of the aircraft carrier and its subsequent
variations into six degrees of freedom. The display must provide the view
corresponding to the instantaneous values of these parameters and change

as any one or more of the parameters change,

This report describes the development work on displays of this
type usir g sideband or carrier-frequency Fresnel holographic recorded
images. An important feature of the holographic approach is that a true
3-D image of an object can be recorded. It is, therefore, possible with a
single hologram to present an infinite number of different views of an object
to an observer. Continuous control of the pertinent parameters is required

to make a dynamic real-time display.

High quality holograms of aircraft carrier models have been made
in sizes up to 8 by 10 inches. Techniques and systems for manipulating the
holographic real and virtual images from these holograms have been tested

and are described.

This work was performed by the IBM Systems Development
Division, Product Development Laboratory, at Poughkeepsie, N. Y. with
assistance from IBM's Federal Systems Division, Electronics Systems

Center, at Owego, N. Y.
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1. INTRODUCTION

The first airborne head-up display was a simple optical gunsight
consisting of an illuminated crosshair reticle, a collimating lens, and a
beam splitter or '"combining glass' mounted at 45 degrees to the pilot's line
of sight. This simple system presented the pilot with a luminous image (the
crosshairs) that appeared at virtual infinity directly in front of the aircraft.
The potential advantages of such a system for information display were
readily apparent:

(1) the pilot could receive visual information without diverting his
attention from the outside world, and without even changing his
eye focus;

(2) the information that was displayed held a fixed spatial relation-
ship to the aircraft's principal axes, regardless of the pilot's

head position.

This embryonic head-up display remained nothing more than a
gunsight until flyable cathode ray tubes and computers appeared on the
avionics scene. When a CRT screen was first substituted for the illumin-
atcd reticle, the old gunsight became a contact analog head-up display,
which had an information presentation capability limited only by the capacity
of the computer that fed it. Present day head-up displays are used to
present a variety of information in several different modes of operation. In
the navigation mode, attitude, command flight path, airspeed, and altitude
might all be presented in one integrated format. Other modes of operation

present weapons delivery information and landing approach information.

Despite continuing advances in display technology, present head-
up displays are limited to providing highly symbolic presentations, which
require a large degree of mental interpretation. Typical display formats
consist of crude, computer-generated line images, which are sometimes
augmented by alpha-numeric data. Some development work is being done on

continuous-tone computer-generated imagery intended to simulate a real-

-1-
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world scene during conditions of reduced visibility. Such imagery is two-
dimensional, and its complexity and refresh rate are still ultimately limited

by the capacity of the computer that generates it.

Recent developments in holography suggest a greatly accelerated
evolution of display systems. Holographic images are three-dimensional
images and exhibit all the depth and parallak of their real-world counter-
parts; their realism and detail are not limited by a computer's storage
capacity. Because they are truly three-dimensional, holographic images
may be manipulated in six degrees of freedom to simulate the relative motion
of the scenes that they represent. This manipulation may be done directly,
without going through a coordinate transform computation for each point in

the image, as is required with contact analog imagery.

This report presents the findings of a study to adapt holography

to a dynamic head-up display for carrier-deck landing approaches during

restricted visibility.
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2. THEORY OF HOLOGRAPHY

b 2.1 INTRODUCTION

The ability to use holographic images for a real-time display
system depends upon the degree to which these images can be manipulated.

To some extent an appreciation of the image itself, and its subsequent pos-

0 sibilities, can be gained in the laboratory. This observation, however, does
J not give an indication of the limits within which the hologram can be operated
in order to simulate the required motions. In order to assess these con-
straints, and where possible exploit them, it is necessary to delve into the
theory of this unique process. Only in this way can a comparison be made
between the almost unlimited variations in this concept. It should be possible
with holography to structure a system that allows the best simulation of a
real-world/real-time event. Of course, theoretical predictions must be

verified experimentally before they can be accepted.

It is the purpose of this section to present the basic concepts of

the holographic process and establish a common base and terminology for
further development. The more important properties and their impact on

display applications are also included.

2.2 GENERAL THEORY

2.2.1 Introduction

In order to present a cohesive treatment of the theory of the holo-

graphic process, we will first consider the case of interfercnce between two
plane waves, the recording of this interference, and the subsequent recon-
struction of one plane wave. The analysis will then be extended to treat the
general case of recording and reconstructing the information contained in a
three-dimensional object space. In all cases we will assume that the radi-
ation is monochromatic and that scalar theory applies (i. e. , polarization

effects can be ignored).
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2. 2.2 Plane Wave Holography

If we consider a point at infinity as a simple object, then in the
region of space where the recording is to be made, the wavefronts of the
radiation from the point are essentially plane waves. In any arbitrary plane
this wavefront may be characterized by a constant amplitude and a sinusoidally
varying phase factor. The rate at which the phase varies is proportional to
the spatial frequency (V) of the light incident on the plane. Spatial frequency
may be thought of as the number of intersections per unit length that the
plane makes with the antinodes comprising the plane wave. It is hence
proportional to the wavelength of the light (A) and the angle (¢) between the

->
beam direction and the plane normal, n.
v = (sin @)/ 2 (1)

The plane waves from the object, hereafter called the signal beam, can be

described by the function Us where
iéx
: (2)

with § = vas = (2wsin@)/X\ .

If we now introduce a second plane wave, called a reference beam,
its amplitude and phase distribution with respect to the same arbitrary

plane can be represented in a similar manner by
U =be " (3)

where n = Zﬂvr = (2msin §)/ )\ .

e,

The relationship between the signal and reference beams and the sampling

plane (P) is shown in Figure 1.

mmmmmm—l--—-—--——-i

If the reference and signal beams are phase-coherent, i.e., with

respect to an arbitrary reference point any phase difference between the two

==

beams remains constant with time, then the beams can interact to produce
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Figure 1. Plane Wave Holography.




an interference pattern that is time-independent and remains fixed in space.
The amplitude distribution of the interference pattern on plane P is given by

the sum of the individual amplitude distributions. Thus,
U=Us+Ur=ae1€x+be1nx (4)

Since a photosensitive device such as a photodetector or a photo-
graphic plate is a square-law detector, it will respond only to the intensity
of the light in plane P and not to the amplitude. The intensity of the light
distribution is determined by multiplying the sum in Equation 4 by its com-

plex conjugate.
% 1{N-= i({N=
Uu = a.2 + bz +ab [el(n g)x+ e in €)x] (5)
where a and b are real numbers.

This can be better visualized by considering the case of two plane
waves equal in amplitude (a =b). These waves make equal angles with the

plane normal (n= -§). In this case Equation 5 reduces to:
%
uu = 4a2 cos2 nNx (6)

This is then the intensity distribution of the interference pattern
between the signal and reference beams that would be observed if plane P
were scanned in the x direction with a detector having a linear response.
Figure 2a is a plot of Equation 6 and shows that the beams interact to pro-
duce alternate regions of coanstructive and destructive interference (i.e., a
periodic pattern of light and dark fringes). The spacing between the fringes
is determined by the angle between the beams and by the wavelength

(spacing decreases as the angle is increased).

The more general case of Equation 5 (a # b) is shown in Figure
2b, which also shows a similar cosinusoidal intensity variation. This
variation, however, has a bias level that prevents the minimums from

going to zero. This lack of contrast is characterized by a quantity called

Coo =
:
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Figure 2a. Intensity Distribution in Interference Pattern
between Two Plane Waves of Equal Amplitude.
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Figure 2b. Intensity Distribution in Interference Pattern

between Two Plane Waves of Unequal Amplitude.
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visibility, which can assume values between zero and one and is defined by:

Imax - Imin
V= (7)

I +1I .
max min

In the example shown in Figure 2a, b =aand V = 1. In Figure 2b,
b = 5a and V & 0. 4.

If we assume that a photosensitive medium placed in the location
of plane P has a linear response in that the resulting amplitude transmittance
of the processed photograph is directly proportional to the exposure, then

we may write:

Ta(x) = k E(x) = k I{x)t (8)

where Ta(x) is the amplitude transmittance,
I(x) is the intensity distribution of the exposing radiation,
t is the exposure time,

k is a constant of proportionality.

1/2

Amplitude transmittance is defined as Ta = (I'/I(')) where I; is the intensity

of light incident on an attenuating medium and I' is the light intensity trans-
mitted by the medium. We are assuming that the amplitude transmittance
is a real function and, hence, is independent of the thickness variations of

the recording medium.

The recording of the two-beam interference pattern given by
Equation 5 produces a density variation that gives a subsequent amplitude

transmittance of:

%*
kt UU

T (x)
2 (9)

= kt (2% +b°) + ktab [el{M8)% 4 -1(M-E)xy

From Figure 2b we see that Equation 9 represents a hologram consisting of

alternately light and dark regions or bars. It is, in fact, a photographically

-8-
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generated diffraction grating and, as will be shown, exhibits many of the

properties of a conventional grating.

If this hologram is then illuminated with only the reference beam
as given by Equation 3, the amplitude distribution of the light coming out of

the hologram will be given by:

U'(x) = U_(x) T, (%)
= [b e M)kt (a® + b%) + keab(e M 8%, o-ilm-E)x)

=AetM* 4 paell?f-blx g, 6% (10)

! where A = kt:b(a2 + bz)

| B = ktb

' Equation 10 shows that three beams of light are generated from

= the single, illuminating, beam. These are shown in Figure 3. The first

term represents a beam travelling in the same direction as the illuminating

beam and contains no useful information about the signal beam. This is

| called the zero-order beam and is analogous to the undiffracted beam from
, a diffract—ion grating. The third term in Equation 10 is identical (within a

u ;

L multiplicative constant) to the wavefront that had originally emanated from

the object point (see Equation 2). Consequently, this reconstructed wave-

: front would appear to an observer to come from an image located in space

! { in the exact position as the original object; the reconstructed image would
appear to be a point located at infinity. Since the reconstructed wavefront

l l is generated by the hologram and directed only into the space on the
observer's side of the plate, no light exists in the region between the holo-

l gram and the apparent location of the image. Any obstruction placed in this

region would not affect the observed image; hence it is called a virtual image.

The reconstructed wavefront can be operated on with lenses, mirrors,

screens, etc., just as if the light were coming from the original object.

—— e e

|
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The second term in Equation 10 represents a third beam of light
that is formed on the opposite side of the zero-order beam symmetric with
the previously discussed virtual image beam (see Figure 3). This is also a
reconstruction of the object wavefront except for its direction and, as will
be shown later, is modified such that it forms a focused or real image of

the object in the space on the observer's side of the hologram.

We have shown, therefore, that in the special case of plane waves
the resulting hologram contains a grating-like structure, which upon sub-
sequent illumination creates three beams of light analogous to the zero-
order and two first-order beams from a conventional grating. The analysis
must now be enlarged to encompass the more general case of a three-
dimensional object and to show that the reconstructions are again a faithful

reproduction of the object.

2. 243 Three-Dimensional Holography

The concept of how a hologram records information about three-
dimensional space can be built up by referring to the previous discussion on
plane waves. In that treatment we demonstrated that the fringes recorded
on the hologram plate have a spacing that is proportional to the angle be-
tween the signal and reference beams. The larger this angle becomes, the
more the fringe spacing decreases, and conversely. We can also observe
that the fringe spacing remains constant from one side of the hologram to
the other. This indicates that the angle between signal and reference beam
does not vary from one position in the signal beam to another. That is, all
the rays comprising the beam are parallel and appear to come from a point
at intinity. If, however, the origin of the signal beam were located at a
point other than infinity, the rays would not be parallel at the hologram
plane. Consequently, the angle between the reference beam and the
signal beam would not be constant but would vary from point to point. The
resulting fringes will then vary in spacing according to the variation of this

angle. An example of this is shown in Figure 4 where light from a point

) -11-
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Wave Showing Variation in Fringe Spacing.
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" source interferes with a plane wave (shown in two dimensions)., We can

make a general statement and say that the average spacing (frequency) is
indicative of the angular direction of the point source, and the range or
variation in spacing is a measure of the distance of the point from the
recording plane. Each point in the three-dimensional object space may be
considered to be a point generator of light; they each create a characteristic
fringe pattern representing their particular position. The resultant on the
recording medium is a complicated superposition of all the fringe patterns.
In general, the fringe pattern over a two-dimensional recording media is
not a simple grating-like structure except for the cases cited above. A
spherical wavefront from a point source interacts with a plane wave to
create an interférence pattern. This pattern consists of concentric circles
whose common center is at the foot of the perpendicular drawn from the point
object to the recording plane (when the plane wave is incident along the normal
to the recording plane). If the plane reference wave makes an angle with the
normal, then the interference pattern recorded is the projection of the con-
centric circles--ellipses--onto the recording plane. For a reference beam
that is not a plane wave, the pattern is even more complicated. In any
event, the phase information regarding direction and distance of the object
point from the recording plane is transformed, via interference, to a vari-
ation in spacing of intensity peaks or fringes. This is analogous to storing
information via frequency modulation in communication theory. In a like
manner, the intensity of a point is transformed into contrast or visibility

of the fringes by virtue of its relative strength with respect to the reference
beam. This, also, is analogous to communications theory as it represents
amplitude modulation. This comparison can be extended even further as

will be shown later.

We may now formalize the process of recording information
about a three-dimensional object. If a three-dimensional object is illumi-
nated with coherent radiation, as from a laser, then each object point will

act as a spherical radiator. The total effect of all these radiators will be to
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generate a complex wavefront that propagates through space. (It is this
wavefront that is intercepted by the eye and creates an image on the retina. )
With respect to an arbitrarily placed plane, the amplitude and phase of this
wavefront can be described by the complex function A(x, y) where
N -ip_(x,y)
Alx,y) = 2 an(x,y) e U (11)
n=1
In this expression, an(x,y) represents the amplitude, and (pn(x,y)
represents the phase of an individual object point as measured on the record-
_ ing plane. (The quantities an(x,y) and (pn(x, y) are reflated to the object through
: the Kirchhoff diffraction integral.) In this analysis we have defined the com-
plex function A(x,y) to represent the wavefront emanating from the object.
Hence, it will only be necessary to show that the holographic process re-
creates this identical wavefront in order to prove that an image of the original

object will be observed.

For the purpose of analysis, let us position our recording plane
as shown in Figure 5 and introduce a plane wave reference beam at an angle
6 to the plane normal. In the same manner as Equation 4, we may write

for the resulting amplitude distribution on the recording plane:

U (x,y) = Alx,y) + beinx (12)

where b is the amplitude of the plane wave (constant over x and y), and
7 = (27 sin §)/\ is the spatial frequency (in radians) of the reference beam.

The intensity is given by

[Alx,y) + be 1A% x,y) +b £171%]

*
uu

lat, y) |2 + b2 + Al y) be M+ A%(x,y) be'M* (13)

If we assume a linear recording medium, the resulting amplitude trans-

mission becomes

T (xoy) =kt [[AGy) [+ 821+ keb [AGy)e M+ A%, y) M)
(14)
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If the hologram is now illurhinated with a beam identical to the reference

beam, the resulting wavefront coming from the hologram will be:

U'(x,y) Ta(x,y) b e”’x

2 24 i
ktb [|A(x,y)|“ +1b“] e 1* 4 kep? A(x,y)

2 % i2nx
+ ktb A (x,y) e n (15)

From this we see that the first term represents a beam travelling in the

same direction as the illuminating beam and containing no phase information--
the zero-order beam. The second term contains the function A(x,y), which

is identical to the original wavefront that existed in the region of space where
the recording was made. As far as an observer is concerned, the image
formed by the reconstructed wavefront cannot be distinguished from the
original object (except for the constant multiplier, which affects the recon-
structed brightness, and other factors that will be considered later). As
before, this is a virtual image, since the image appears to be ir the

original object position although there is no light in that region of space.

The effect of the third term is more difficult to interpret in view
of the complex conjugate involved. It can be readily verified (see Section 9.
Appendix) that the expression A*(x, y) represents a wavefront in which all
curvatures have been reversed; i. e., diverging light becomes converging
light and vice versa. Thus, a conjugate wavefront is generated that, instead
of diverging from an object, will converge to form a real image of the object.
This image exists in the space on the opposite side of the hologram from the
original object and may be observed, in focus, on a viewing screen. The
exponential factor in the .third term causes the real image to be located in a
symmetric position on the opposite side of the zero-order beam. The

relationship between the various images is shown in Figure 6.

An important property of the hologram should be mentioned at this

time. Since we can assume that each point of the object emits a spherical
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wave, it is easy to see (Figure 5) that the light from each point spreads out
over the entire recording medium. That is, information about a particular
object point is not localized as in conventional photography but rather is
spread out and intermingled with the information about all other points. This
provides a high degree of storage redundancy in that any defects in or on the
photosensitive medium will not affect the quality of the reconstructed image.
Tris also means that any small subarea of the hologram contains information
about the entire image and can be used for the reconstruction by itself. An
individual area, of course, acts like a window of the same size, thereby
reducing the angular view and restricting the observer's head motion, so
that change in perspective view is limited. Reduction of the size of the
interrogated area also produces other image effects. These will be dis-

cussed as they become pertinent.

At this point we can draw another analogy between holography and
communications theory. That is, the reference beam can be considered to
represent a spatial carrier frequency, similar to an RF carrier wave. As
in communications, the spatial bandwidth of the signal, A(x,y), will deter-
mine the minimum carrier frequency that will permit undistorted recording

and retrieval of the signal wavefront,.

The spatial bandwidth of the signal is determined by the physical
size of the object and its separation from the recording plane. These
dimensions determine the extreme angles at which the signal wavefront
arrives at the recording plane and, hence, the maximum and minimum
angles between the signal wave and the reference wave. These angles, in
turn, determine the maximum and minimum spatial frequencies that are
created by the interference between the two wavefronts. As an example, in
Figure 7, an object is located on the normal through the center of the re-
cording plane so that the extreme rays from the object form angles of % ¢
with respect to the normal. Since all angles between + ¢ may exist, the
spatial bandwidth of the signal is restricted to the range + w, where

w= (27 sin )/ .
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With reference to Equation 13, we can construct a spatial frequency
spectrum representing the intensity distribution to be recorded. This is
shown in Figure 8. The first expression |A(x, y)|'2 contains the intermodu-
lation terms and extends between + 2w in the spectrum. This, and the next
term b 2, at zero frequency, give rise to the d-c term in readout. The
third term is the complete signal wavefront A(x,y) on a spatial carrier of
frequency 7 and will form the virtual image. The last term is the conjugate
wavefront A*(x, y) on a carrier of frequency -7 and will generate the real
image. From this we see that, for the signal spectrums not to overlap the
d-c terms, the carrier must have a frequency 7) such that 7 2 3w. This means
that, for a distortionless reconstruction, the reference beam must make an
angle @ with the recording plane normal such that 62 sin-1(3 sin®). There-
fore, the signal information stored in a hologram is carried in the sidebands

in the same manner as for a modulated F.F carrier wave.
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Figure 8. Spatial Frequency Spectrum of Hologram Showing Information
Contained in Sidebands.

Thus far in the treatment of holography we have restricted our

discussion to the particular case of a recording medium so oriented that the

S —=

reference and signal beams impinge onto the same side of the emulsion. In
general, however, the recording media can be located at any position within [
the region of space where the signal beam and reference beam overlap. This
gives rise to an interesting application when the orientation is such that the

two beams enter from opposite sides of the emulsion as shown in Figure 9a

for a plane wave ''object' and in Figure 9b for a general object. The arrange-

ment in Figure 9a closely resembles a process known as Lippmann Photo- | |
1 ]
graphy, invented at the turn of the century. The more general case in W

Figure 9b is termed Lippmann Holography. (1

Where both the signal and reference heams are plane waves, the
resulting interference pattern is a standing wave consisting of alternate
dark and light fringes--nodes and antinodes. These regions are oriented i
perpendicular to the collinear axis of the beams and hence are parallel to
the emulsion surface. The photosensitive medium, therefore, becomes

exposed throughout its depth or thickness in such a manner that, after
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processing, the resultant is a multilayered structure consisting of partially
transparent silver planes separated by clear gelatine. These planes are

separated by a distance

A
—
d = = (16)

where AO is the wavelength of the light and n is the refractive index of the
emulsion. The number of planes formed would be
2nt
e
A

N = (17)

0

where t is the emulsion thickness. (For example, N = 95 when t =15y,
A = 5000 R and n = 1. 5.) This "photograph' will now act much 11ke a reflec-
8 tion interference filter if it is illuminated with incoherent white light. That
is, as the white light passes through the structure, a small fraction of it
will be reflected by each silver plane. All of the individual reflections will

add together to form the reflected light. However, this addition will be

‘ coherent for only that wavelength component of the reflected light that
satisfies Equation 16, It is only for this wavelength that the individual
reflections will be in phase and allow a superposition of amplitudes. The

resulting intensity of the reflection at this wavelength (neglecting absorption)
is given by:

NlNalz = NI (18)

N
2 2
I = |A| =|2 anl 0
n=1

where I_ = |a.|2 is the intensity reflected from an individual plane.

0
Since none of the other wavelengths can satisfy Equation 16, their
resultant total intensity will result from incoherent superposition and, hence,
will be the sum of the individual intensities, not the amplitudes.
N

| ['r = 1 = NIO (19)
’ n=l] M
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From this we see that the reflection spectrum contains a peak at wavelength

_ )‘0 that is N times stronger than the light at any other wavelength. This

peak will have a finite bandwidth by virtue of the finite number of reflecting
planes that are recorded. It has been shown2 that this bandwidth is inversely
proportional to the number of planes and is given approximately by:
0- 9 Xo

N (20)

A\ ~

For )\, = 5000 R and N = 95, the resulting bandwidth would be A) = 45 K.

If, therefore, this ''photograph' is illuminated with a plane wave
of white light, a reconstruction will be generated that is identical to the

original object wavefront in both direction and wavelength.

It is interesting to note that if the illuminating radiation is incident
on the emulsion at an angle different from the original reference beam, then
the wavelength peak of the reconstructed beam will shift to shorter wave-
lengths. This is analogous to the Bragg effect in crystallography. The
relationship between the reconstructed wavelength >‘r and the angular mis-

alignment @ is given by:3

)‘r = XO cos 0 (21)

This process can be extended even further by exposing the same
volume of emulsion to a second standing wave of different wavelengths, The
reconstruction will then contain two reflection peaks, one for each wavelength
recorded. This technique can, and has been, 4 extended to the recording

and simultaneous reconstruction of at least 12 different wavelengths,

This type of recording can be extended to a general, three-
dimensional object as shown in Figure 9b. One can consider each point on
the object to set up its own standing wave with the reference beam, indepen-
dent of the other points. An individual multilayer structure will, in general,
not be a set of parallel planes, but rather a set of equally spaced spherical

surfaces with a common center of curvature. The resultant structure due

2B




to the entire object will be a complicated superposition of all of these

individual structures,

In readout, however, each structure will reconstruct an image
point corresponding to the original object point in both location and wave-
length. Consequently, this type of hologram is capable of being illuminated
with white light and of producing a multicolor reconstructed image of a

three-dimensional object.

2.2.4 Special Properties

In an attempt to present the concepts of holographic storage and
retrieval, it was necessary to use a rather simple theoretical model. This
is unfortunate, however, as many of the fine points of the process cannot be
treated easily. It is the purpose of this section to elaborate on some of

these subtleties and their interesting, and sometimes troublesome, properties.

The Linearity of the Photosensitive Medium. In determining the response

of the photographic medium to the intensity distribution of the intcrference
pattern, it was assumed that a linear transforrn existed (Eque-tion 8). In
reality, however, the relationship between the amplitude trensmittance of
the processed photograph (hologram) and the original exposuice ic linear only
over a small portion of the dynamic range of the medium. A typical .;et of
experimentally determined amplitude transmittance curves for 649F plates
is shown in Figure 10 as a function of exposure energy density. From these
curves we see that a reasonable approximation to linearity can be obtained
only over a very short range. This means that the modulation or visibility of
the interference pattern must be restricted so that the maximum and minimum
exposures fall within this linear range. This is most easily obtained by
adjusting the amplitudes of the signal and reference teams so that the bias

intensity, I_, represented by the first two terms in Equation 13, produces

B
an exposure that is in the center of the range. At the same time, the ex-
tremes given by I:!: = IB + |2A(x,y)B| are adjusted so as not to exceed the

range.
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This solution produces a hologram that will give almost distortion-
free reconstructions. This, however, is done at the expense of efficiency,
which is the fraction of the illuminating radiation diffracted into the recon-
structed image. It has been determineds that the efficiency is linearly
related to the modulation (or visibility) of the fringes for a fixed bias level.
Consequently, a trade-off exists between reconstructed image brightness
and possible degradations such as a decreased signal-to4noise ratio and
false image generation. The particular application of holography will deter-

mine which factor can be sacrificed.

The MTF of the Photosensitive Medium. In addition, a photosensitive medium

does not respond equally to all spatial frequencies. The response is meas-
ured by a function called the modulation transfer function (MTF), which is
the ratio of the resulting image modulation (visibility) to the original object,
or exposing, modulation. This is measured as a function of modulation
(spatial) frequency and is generally found to be relatively constant up to a
certain frequency, after which the response decreases to zero and no image
modulation occurs. This cutoff is primarily caused by image diffusion due
to scattering and is related to the mean grain size and the type of development
process. For 649F film the response at 2200 lines/mm is down to 70% of
its peak value. The cutoff for this film has not, as yet, been precisely
determined; however our previous work4 in Lippmann photography showed

a response out to at least 6000 lines/mm.

Spatial frequency response limitations impose two restrictions on
the holographic process. The first is that the maximum angle between signal
and reference beam is limited by the maximum spatial frequency that can be
recorded. By the communications theory analogy, this means that the upper
limit of the information bearing sideband () + w) is determined. For a par-
ticular carrier frequency, 7, this then limits the angular size of the object
that can be recorded. The second restriction is that the ''zone lers' type of
interference pattern due to a particular object point becomes washed out at

a certain frequency (diameter). Since the resolution in the final image is
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determined primarily by the aperture of this effective lens, any restriction
in its diameter will, of course, limit the resolution. This is most serious
for the carrier frequency type of hologram since the '"lens' is biased on a

carrier and hence will cut off faster.

The Thickness of the Photosensitive Medium. When the spatial frequency of

the recorded fringe pattern produces a fringe separation comparable to the
thickness of the photosensitive medium, the medium can no longer be con-
sidered to be two-dimensional. Just as in the special case of Lippmann
photography, the fringes must now be considered to produce structure through-
out the thickness of the emulsion, thereby forming a hologram that has the
properties of a three-dimensional grating. The reconstruction process must
now be analyzed on the basis of Bragg angle diffraction in a manner analogous
to x-ray diffraction from crystals. This analysis has been carried out6 and
shows that the diffraction efficiency is a function of the angle at which the
incident illumination strikes the hologram and of the wavelength of the illumi-
nation. The relationship is approximately a ((sin x)/x)2 function, which
oscillates such that each successive peak is weaker than the previous one.
The argument of the above function not only contains factors relating to the
previously mentioned readout parameters, but is also dependent on the

exposing parameters (angles) as well as thickness.

This means that, for a particular set of exposure values, the
efficiency of the reconstruction process will be a maximum when the holo-
gram is illuminated from the same angle as the original reference beam.
Any deviation from this angle will cause the image intensity to decrease to
zero (in theory) and then to rise again to another peak value that is lower
than the primary peak. As the angle is increased further the intensity again
drops, and so forth. The effect of the exposing paramet  i's is to regulate
the rate at which this function oscillates. For example - low spatial fre-
quency hologram (small angles) will allow a large angular misregistration
of the reference beam before the reconstructed image is extinguished at the

first minimum of the ((sin x)/x)2 function. As the spatial frequency increases,
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the angular tolerance on the readout beam direction becomes tighter. Actual
data shows, for example, that for an angle of 15° between the signal and
reference beams, the readout beam can vary  15° before the image is ex-

tinguished. At a 70° angle, however, the readout beam can vary only % 4°.

This effect allows a means for storing multiple holograms within
the same volume. This is accomplished by storing the first hologram with
a large angle between signal and reference beamm. The second hologram
containing different information is then stored with a new reference beam
angle. This angle is selected so that a subsequent illumination from this
new direction would produce a minimum reconstruction from the first holo-
gram. Hence, each hologram can be retrieved individually, with a minimum
of signal cross talk from the other holograms. The number of holograms
that can be stored in this manner is limited by the rapidity at which an
individual hologram can be extinguished by an angular change of the readout

beam. This is primarily a function of the thickness of the storage madium.

In addition to a change in the intensity of the reconstructed image,
there is also a change in its angular position with respect to the hologram
plate. This arises because the reconstruction process must obey the grating

equation at all times, The grating equation may be written for the virtual
image as

sin 91 - sin (pi = -sin ¢ + sin @ (22)
where 91 is the angle of incidence of the readout illumination, (pi is the

angular direction of the reconstructed image, ¢ is the original angular

direction of the object, and @ the original angle of incidence of the reference
beam. If the readout angles shift from 91 to 91 + A ei’ then the reconstruction

angle changes from P, to @, + A(pi such that

sin (9i + Aei) - sin ((pi+ A(pi) = -sin ¢ + sin @ (23)

is satisfied. If, before rotation, the illumination exactly reproduced the
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reference beam (i. e., optimum alignment), we could put ®, =@ and 9i =9

and write:

sin (§ + ABi) -sin(¢p + A(pi) =s8in § - sing (24)

From this we see that for small angles we can write sin ¢ ax & ; hence,

A(pi = Aei. Consequently, the reconstructed image can be repositioned
angularly by changing the angle of illumination of the hologram. There is,
of course, associated with this repositioning a corresponding fall off in

intensity as previously discussed.

&2, 5 Other Properties and Their Applications

In addition to the holographic properties treated so far, many
modifications and extensions of the process have been made in order to
satisfy particular applications. Some of these will be briefly described
here in an attempt to give an overall picture of the wide scope of applications

possible with this concept.

Multicolor Holograms. A method for obtaining a multicolor hologram has

been proposed by Leith and Upatnieks. 7 This method is essentially a super-
position of three planar holograms and, as suca, is a natural extension of
the monochrome technique.  Widely different angles for each spectral
component of the reference beams are required to avoid the cross talk be-
tween colors. A method proposed by Pennington and Lin8 obviates the need
of multidirectional reference beams and has the advantages of less noise and
more holograms that can be stored on the recording plate. Figure 11 shows

an arrangement for making a two-color hologram.

Collimated beams from an argon laser (4880 X) and a He-Ne laser
(6328 X) are mixed through a beam splitter. The two beams are recombined
at the recording plane by two mirrors. A color transparency is placed in
one of the beam paths as the object. The most important feature of this
system is that all reference beams can be directed toward the plate at the

same angle. The information fringes of each color build a set of planes
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Figure 11. Method of Making a Two-Color Hologram.
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within the emulsion. A particular color reconstruction is obtained by
illuminating the hologram with that particular beam. If multicolor beams

are used, a single multicolor image is produced.

Contour Generation., Ordinary holography presents a three-dimensional

image of an object in a dramatic way. However, the measurement of an
object's depth is no surer than the measurement by a viewer of any object
seen at a distance. An observer cannot tell precisely from the holographic
image how far away each point in the image is, just as in general he cannot
judge distances with an accuracy of better than 5 to 10 percent. Contour

holography brings precision to the technique.

To produce an image with contours, more than the usual amount
of information must be put on the hologram. Two methods have been re-
ported for producing contour mapping of certain objects. ? The object is
illuminated with coherent light sources located at two different positions
with a small angle between them, and the hologram is placed at 90° relative
to the illuminating beams. The depth of separation of the adjacent contours
can be calculated by a mathematical formula. The object can also be illumi-
nated with two different coherent frequencies. If the object lies at a distance
such that the phase difference between two waves is a multiple of 27 or is an
integral number of wavelengths, the two waves are in phase and a bright line
results. Otherwise the dark lines would show. This sequence of bright and
dark lines represents the contours of certain distances from the hologram
recording plate. The depth separation between contours is )\2/A)\, where
A is the difference of the two wavelengths and ) is the mean wavelength.
The contour interval can be chosen by selecting the appropriate frequency

separation.

Data Storage and Character Recognition. Data can be efficiently stored at

high densities in photosensitive materials using interference techniques such
10 .
as the Lippmann process and holography. Data can be stored in holograms

either by varying color or by varying exposure angles. Storage capabilities
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of one million bits on a half-inch-square potassium bromide crystal have

been reported. 14

Character recognition12 with many variants is another interesting
application of holography. Let the reference beam be a character and the
signal beam be a combination of point sources, forming a unique code word
for each character. The unknown character can be read by a machine when
the character illuminates the hologram. The coded signal word will be
presented as a real image. N characters are discriminated, each with M
variants; the product MN can be made on the order of a thousand or more.

Synthetic Holograms. The main feature of this type of hologram is that the
13,14,15
w

object does not have to exist physically. Several methods ere
reported to produce synthetic holograms. A computer program that repre-
sents a ''mathematical object' guides a plotter that draws a binary pattern.
The pattern consists of many short parallel lines at proper positions. When
reduced in size and recorded on film, such a binary pattern acts essentially
like an ordinary hologram. Another method is the multiple exposures of a
photographic plate to a pattern of Newton's rings. This method is essentially

the interpretation of holograms as a collection of zone plates.

Holograms with Incoherent Light. Holograms produced using incoherent

light have been describec in several articles. LORHH The methods are based

on forming two images, which produce the interference pattern between them.
1 E . 3
In a system reported by G. W. Stoke, 8 the light from the object is split

into two beams by a beam splitter, Each beam passes through a lens to a

mirror and back again through a lens. The two images are formed at different

positions. The image points within each image are incoherent with each
other. However, each point of one image is coherent with the corresponding
point of the other image. At a specific plane each such coherent pair of
points produces an interference pattern, and the summation at all patterns

forms a hologram.
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Copying Holograms. In a typical hologram the fringe spacings are ii. the

order of microns. These fringes have an intensity gradient that, in the

viewing process, effectively eliminates images beyond the first order.
Accordingly, it is necessary to have a resolution on the order of 1000 lines/mm
to make a good copy. Experiments were carried out19 for copying holograms
from a Michigan plate hologram and a Westinghouse film hologram. The

film used was Eastman Kodak 649-GH, which has a resolution better than

2500 lines/mm. 28 Conclusions of these experiments can be summarized

as follows.

The distance between the hologram and copying emulsions is very
critical. An estimate’ ./ ;, separation was used. The copy from the Michigan
plate hologram was observed to have some loss of resolution; the Westinghouse
film hologram is nearly perfect. The illuminating light should come from a
similar direction, with respect to the hologram, as the incident light in the
original. Best results for the glass-plate hologram were obtained by having
the printing source come from a direction midway between the viewing virtual
image direction and the original reference light source direction. When the
angular orientation of the source was reversed, no image could be seen in
the copy. The film processing is not critical. Kodak D-19, D-8, and High
Resolution Plate Developer have b :n used and were found satisfactory.

3-D Holographic Television and Motion Pictures. The possibility of holo-
21,22

graphic television was discussed in a paper by Leith and his colleagues.
The results show that such a system is feasible in principle, but wide band-
width and high camera resolution limit the system. A hologram 10 inches
square with 1000 lines/mm has 6 x 1010 picture elements, compared with
2, 5 105 for a conventional television picture. If the scan rates of present
television systems were maintained, a 105 increase in bandwidth would be
necessary--a jump from 6 to 600, 000 megahertz. Reasonablg design com-
promise could reduce the problem to 100 MHz bandwidth, which is still in

the microwave region. The best solution for this problem is to use a modulated

~ 8B
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laser beam to obtain the required bandwidth of the holographic television

system.

! Some scenes of 3-D holographic movies were successively demon-

strated at the Stanford University System Techniques Laboratory. 2 ‘The

L holographic movies were a series of still holograms. A steady 'shooting
! platform, " which has a movement of less than 1/8 wavelength, is required

to make the holographic movies.

Others. Holograms can be used as a unique type of interferometer, capable
of detecting different motions of the order of 1/10 wavelength in a diffuse
reflecting surface. Real time strain analysis and vibration analys.s use
hologram interferometry. Different techniques are describes in various

r articles, S

360° holograms were first made by two Japanese scientists. 39
A monochromatic coherent light illuminates the object through an unsilvered
central portion of a coavex spherical mirror. A Fresnel diffraction pattern
of the object is formed at the recording plate. The recording plate is on a
cylindrical surface with the object at its center. Light reflected from a
mirror is the reference beam. These two beams form an interference

pattern and a hologram is made.

The reconstruction process was carried out by winding the holo-
gram around the same cylindrical surface and illuminating it with light from
the mirror. The image of the object is produced at its original position

suspended in space.

Undistorted reconstructed images have been obtained by placing

an inhomogeneous medium between an object and the recording pla.ne.31’ L

The same inhomogeneous medium that was used for making the hologram

must be used in the reconstruction. This technique can be used for controlling
wave transmission through inhomogeneous media for comrnunication purposes

or for measurement of the stresses of other disturbances in noncpaque

media.

-34-
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A Laser Fog Disdrometer was built by Technical Operations, Inc.
This is a holographic camera for recording the size and distribution of

particles suspended in the air. 33435

A Q-switched laser emits highly in-
tense light every two seconds, lasting 20 billionths of a second. During
this instant, a recording film in another section of the instrument records
a hologram of all particles illuminated by this camera. Later, a history of
the growth and decay of the particles is analyzed in decail when the scenes

are reconstructed.

A laboratory demonstration of x-ray holograms was given by
El Sum35 in 1955. The reconstructed images of simple objects, which only
showed up to three fringes, were obtained. The poor image quality is
mainly due to the lack of an intense coherent x-ray source. If this difficulty
could be overcome, the rewards would be considerable, especially in the
field of medical science. Seveg'a,l technical discussions on this subject have
36,37

appeared in various articles.

2.3 MAGNIFICAT ION38

Real and virtual images can be obtained in the reconstruction of
a hologram according to Equation 15. The amplitude distribution of the light
in the real image is

* i2
HR = ktbz A (x,y) e o=

and in the virtual image is

HV = ktbz A(x,y)

These expressions were obtained by assuming a plane wave b ei N* a5 the
reference beam and also as the reconstructing beam. The complex quantity
used as the wavefront from the object is A(x,y). In general, one could
write the reference wavefront as Rei‘pr, the \vavefront from the object being
recorded holographically as O ei‘p°, and the reconstruction wavefront as

ce'¥e, The amplitude distribution in the real image would then be given by
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and in the virtual image by
1((pc ¥ % - (pr) 1<x‘.V

Hv=ktROCe =ktROCe (26)

The phase of the wavefront forming the real image is given by

£ Quied D) P SN D GEN IR "o e

% = 0 -0, @, (27)
and the virtual image by
= + -
Py T O . te -0 (28)
Specific expressions in terms of space coordinates can be obtained
for P P, and @, Consider an object point P(xo, Yy zo) in a coordinate il
system whose origin is in the center of the hologram with the x and y axes “
in the hologram plane (Figure 12). If the object is illuminated with mono- _;
i 1
chromatic light of wavelength A from the left, a spherical wave will emerge
from P. Its phase within the hologram plane relative to the phase at the 2
origin is given by -
1‘7
2n ,
‘po(x’ y) = A.— (PQ - PO) -
b
-
2 2 2 2.1/2 T
= e— = + - Z
= (- )" +ly -y )" +2.°] i
2 2 2.1/2 z h.
SR R A A A - o
2 2 i
B 2m {[1 +[(x'xo) +(Y‘Yo) ] 1/2 L '
D - T 2 - ]
“a (S
x 2 + vy 2 | I
1/2
e e sl (29) Il
Z
o !
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Coordinate S}.rstem Used to Calculate the Relative Phase in the
Hologram Plane (x-y Plane) of the Wavefront Originating from
the Illuminated Object.
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Expansion of the square roots in Equation 29 ir the form of

1
(1 +a) /2 = 1+ % -%— + (higher order terms)

leads to the following expression for (po. (Terms of higher order than 1/z
are neglected since they are only important when considering aberrations. )
20 x2 +y2 - Zxxo - Zyyo

© (x:y) = ¥ 1 PR ] (30)

The reference beam wavefront originates from a point P(xr,yr, zr),
and the phase at some point (x,y) in the hologram plane relative to the origin

is obtained exactly as (po was obtained. The result is

2 2
+ - -
vx y Zxxr Zyyr

- 2m
‘pr_ A [ zzr 3 (31)

The reconstruction beam of the same wavelength A\ originates at a point

P(xc,yc, zc), and the phase relative to the origin is

2 2
+ - -
x y 2 XX 2 e

22
c

| ] (32)

The phase of the wavefront forming the virtual image (Equation 28) is

2 2 2 2
+ -2 - + -2 -
. =.%_7I[x y xxc ZyyC]+Z_ﬂ[x Yy xxo Zyyo]
vV A 22 A 2z
c o
-ﬂ[x ty -2xxr-2yyr] e
A 2z

and the real image (Equation 27) is

-38-
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|
E Equation 33 can be rewritten as
l 2
f 2‘"[x ty -Zxav-ZyﬁV
. where
l
o 2 e + ¥ g, SE S S 2Pz
) -
aV - z z +z z -z z (36)
) o co
y z_z t vy z z -y z z
B. = e ©IE 0 € T r c o (37)
v z z +t+z z - z z
or cr c o
Tj zC zo Z
) v T Z z tz z - z z (38)
o or € F c o
|
= Equation 35 can be considered as representing the first-order term of a new

sphere, the Gaussian reference sphere with av, ﬁv, and 'yv the off-axis

coordinates of its center, the Gaussian image point.

The corresponding expressions for the real image are

xz +y2 - ZxaR - ZyBR

27

¢ =— ] (39)
‘; R A 2 YR
I (i

where

J xc zo zr - xo Zc zr E Xp zc zo

aR - Z z -z 2z +tz 2z (40)
_‘ o'r c'r c o

- +

g = yc zo Zr yo Zc zr yr zc zo

J R z z -2 2z + z z (41)
or c r c o y
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The object, reconstruction, and reference wavefronts were all
assumed to originate from points, and the calculation of the relative phase
in the hologram plane gave rise to a particular type of expression with the
coordinates of the point of origin as constants in the expression. The ex-
pressions for Q’V and @R (Equations 35 and 39) appear identical to the ex-
pressions obtained for <po, @ and (pr. Consequently, by analogy the
constants in the expressions for 'PV and <I>R are interpreted as the coordinates
of the images. The virtual and real images corresponding to the object point
P(xo, Yo zo) are located at P(av, BV’ 'yv) and P(QLR, ﬁR, -yR), respectively.
Yy and YR ™2Y be positive or negative. If v is positive, the image is real
rather than virtual. If YR is negative, the image is virtual. While z, is always

negative, z_ and z  may be chosen at will within experimental limitations,
5

and either image can be real or virtual.

Viewing distances must be defined in order to calculate angular
magnifications. It seems natural to choose z as the distance from which
the object is seen and Yy OF YR 28 the image viewing distance, whichever is
Artual. In other words, the observer's eye is placed in the hologram plane
to view both the object and the image. The angular magnification is defined
as the ratio of the angle subtended at the eye by the image to the angle sub-

tended by the object. The angular magnification for the virtual image is

then " . .
c 0 r
 C . 2 _ &
a(dv/‘yv) a(zc z z )
= = =1 (43)
ang a(xo/zo) a(xo/zo)

This means that if the observer puts his eyes in the plane of the hologram,
he will not be able to obtain any angular magnification by varying geometrical

parameters.

-40-

—
o—

3

 {e=c ) et L e

-

[ o=

i
P

==

U




SURG SEG ashril i S S

5 "“*’.’n;‘ Lz - rE o e rov -
The lateral magnification for both the real and virtual images is
given by
X
Mlat T ¥x (44)
(o)
or specifically
-1
= {1 + -
MV lat ( zo/zc zo/zr) (45)
and
M = (l-z /z -2z [z )-1 (46)
R lat o ¢ o r

The above formulas are valid for real and virtual images, although
practical application is meaningful only for real images. Because the lateral
magnification depends on the ratio zo/zr, only a certain range of magnifica-
tions is possible with one particular hologram. Ranges of magnification for
various ratios of zo/zr are shown by the curves in Figure 13. For some
values of the ratio zc/zo a negative magnification results. All this means

is that image is no longer real, but virtual.

Normally, the holographic virtual image is observed by looking .
through the hologram itself. In such a situation, the eyes are not located
in the plane of the hologram but a distance p in back of it. The angular

magnification of the virtual image then becomes

.xo MV lat *o MV lat
" n
Yy TP My te
M = =
ang x [z x /z
o o o o

5
g"1

(47)

The angular magnification can at most be unity. This occurs when p = 0 or

M1 3 + o, For all other values of Mlat’ as determined by the ~adi1s of the
a

-41-
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reconstructing wavefront, the magnification is less than unity. If the virtual
image is going to be used, it is only meaningful to talk about the angular
magnification, rather than the lateral magnification, and this magnification

is always unity or less.

Another useful magnification criteria when dealing with 3-D
objects and images in holography is the longitudinal magnification. This

refers to the magnification along the z-axis and is given by

3y z z
_ 'R _ 0 0 .,-2 _ 2
Mlong Tz (1- z z ) - Mlat (48)
o c r

The image will appear distorted with an incorrect length-to-width ratio

since this magnification is the square of the lateral magnification.
2.4 COHERENCE

Radio waves are usually thought of as an oscillation with a single
frequency. Light sources, however, consist of raany colors or frequencies.
In electronics the source of the wave is generally a well-defined single an-
tenna. On the other hand, conventional light sources consist of a large num-
ber of small oscillators or radiators that radiate independently. Consequently,
the light illuminating a finite area of surface will not have a wavefront with
a constant phase. A light source that cmits a wavefront with a constant phase

and a narrow band of frequencies is characterized as a coherent source.

The degree of coherence of a light source is quite important in
much of modern optics. Holograpﬁy has made great stride: in the last few
years primarily because of the availability of highly coherent sources,
lasers. A hologram is essentia'lly the recording of the interference pattern
vesulting from the interaction of two coherent light beams. If these light
sources have a poor coherence, the resulting interference pattern will not
be wcll defined. The holographic image will lack contrast and tend to look
washed out. In the making of a hologram and generally in its reconstructicn,

the highest possible coherence is desired.
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Perfectly coherent light is monochromatic; i. e., the light consists
entirely of one frequency or wavelength. The light is emitted by oscillators,
all emitting in phase. No such perfect light source exists; all light is partially
coherent. In a rigorous theory, a measure of coherence is a term that
ranges from 0 to 1, called the real part of the complex degree of coherence,
|yll(1')|. Perfect coherence corresponds to |yll(1')| = 1, and no coherence
corresponds to |yll(‘r)| = 0. In more elementary considerations, the spatial
and time coherence of a source are treated separately. The phase across a
wavefront does not remain a constant as a function of time because the wave-
front consists of light with a finite bandwidth. The time over which good
coherence is maintained (coherence time) is approximately 1/Av where Av
f is the frequency bandwidth of the light beam. The coherence length I,c is
defined as the velocity of the light beam times the coherence time, i.e.,

c/Av. Light from several different oscillators will have a random phase

with respect to each other. The technique used to achieve some degree of
coherence in light emitted from conventional sources is to wavelength filter
the light through a narrow bandpass filter and then aperture the light through
a small opening. The degree of phase coherence across the wavefront is

referred to as spatial coherence.

The limitation to the coherence of a laser is the oscillation of

more than one longitudinal mode in the laser cavity. The mode spacing in

frequency is equal to ¢/2L where c is the vacuum speed of light and L is the -

length of the laser cavity. The number of modes that will oscillate is deter-
mined by the line width of the active laser media and the net gain in the laser
resonator as is shown in Figure 14. Each oscillating mode is a precise
frequency, but the sum of all oscillating modes represents a frequency spread
that limits the time coherence 1/Av. The coherence length for a He-MNe
laser, for example, may be as high as several feet. In making holograms,
the path difference between the reference beam and the light reflected from
the object whose image is being recorded must be less than the coherence

length £C (see Section 3. 3).
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Figure 14. Typical Doppler Line Width of the He-Ne Laser Line
and Longitudinal Modes Oscillating in a Laser Cavity.
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The number of oscillating longitudinal modes and their relative
amplitudes in the He-Ne laser used to record our particular holograms have
been determined with a scanning Fabry Perot interferometer. 3% A photo-
graph of the oscilloscope trace showing the output of the interferometcr is
shown in Figure 15. The coherence function, |y11(7)|, was calculated
after determining the number of oscillating modes and their relative ampli-
tudes. The coherence function can be obta.ined40 from the spectral distribu-

tion, Gll(v), of the light source by the following expression.

Iy,(r) =4/ G0 e TV ay (49)

0

In calculating the integral it was assumed that each oscillating mode re-
presents a delta function in frequency., The calculated real part of the

coherence function is

= mTTC 2rrce
lv,,07)] = 0.167 +0.29 cos T— +0.23 cos S
3mTc 47 rcC 57Tc
A — + 0. SCe )
+ 0. 166 cos I 0. 103 cos T, + 0. 046 cos T
(50)

where L = 183 cm for the He-Ne Spectra-Physics model 125 laser.

i
The cosine terms in higher angle multiples were insignificantly small.

This function is plotted in Figure 16. The real part of the function drops
to zero at a time difference of approximately 1 nanosecond. The function
peaks again at intervals of approximately 12 nanoseconds. The usable

coherence length is about 6 inches at path difference intervals of 12 feet.

If the laser beam is broken into two separate beams and these two
beams are superimposed at a shallow angle, an interference pattern of

parallel straight lines will result with spacing as given by Equation 6. These
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Output Trace of a Scanning Fabry Perot Interferometer Being
Iluminated with a Beam from the He-Ne, Model 125, Spectra
Physics Laser.
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straight lines will not be visible if the path differencc between the two beams
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