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1571 ABSTRACT 

This invention is concerned with methods and appara 
tus for recording multiple exposure holograms on a 
?lm record and displaying reconstructed images of the 
separately recorded subjects. Means are provided, by 
the use of simultaneous application of multiple differ 
ent reference beams, to reconstruct a plurality of im 
ages, each of which can be separately controlled in in 
tensity. Also, the recording of the separate subjects 
can be controlled in a predetermined time sequence, 
and the corresponding reconstruction of the plurality 
of images can be controlled in the same or different 
timing sequence. Means are provided for recording 
the separate subjects by keeping the subject and refer 
ence beam in ?xed directions and rotating the plane of 
the recording ?lm. 

14 Claims, ~19 Drawing Figures 
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HOLOGRAPHIC SYSTEMS 

This application is a continuation of our copending 
application Ser. No. 721,989, ?led Apr. 17, 1968, and 
entitled Holographic Recording and Visual Display 
System, now US. Pat. No. 3,560,071. A related appli 
cation is copending application Ser. No. 721,998, enti 
tled System for the Storage, Retrieval and Display of 
Information, ?led Apr. 17, 1968 by one of us, now US. 
Pat. No. 3,560,072. 
This invention is concerned with the preparation of 

a storage record of information at high storage density 
and for its rapid retrieval and display. More particularly 
it is concerned with storage of information on radiation 
sensitive media in the form of multiple exposure holo 
grams, any one of which can be reconstructed and dis 
played at will. More than one reconstructed image can 
be displayed simultaneously and in different light inten 
sities. 

In the prior art, the storage of information on ?lm at 
high density has generally been in the form of reduced 
scale replicas or microreproductions, or in the form of 
patterns of spots each of which spots comprise units, or 
bits, of information. With present day commercial ?lms 
and their high resolution capabilities, it is possible to 
create very high density patterns of spots, such as 108 
or more spots per square inch. There is still a weakness 
in such systems, however, and this concerns the effect 
of blemishes in the ?lm, or dust or dirt particles on the 
?lm. If these obscure one or more of the spots or bits, 
they have removed the information in those spots, 
which cannot be retrieved, and are thus lost. 

In this invention the information, be it a pattern of 
spots or a microfacsimile, is stored on the ?lm in the 
form of a hologram, which is a complex diffraction pat 
tern of light and dark spaces representing the informa~ 
tion. It is a characteristic of a hologram that each small 
area of the hologram contains information about the 
entire subject, or in other words, an image of the sub 
ject can be reconstructed from the entire hologram, or 
from any part of it. Therefor, if part of the hologram is 
obscured by a blemish in the ?lm, or by superposed 
dust or dirt particles, the image of the subject can still 
be reconstructed from the remainder of the hologram. 
Of course, somethin is lost, which is the “quality” of 
the image, or its resolution. However, all of the infor~ 
mation in the subject will be present in the recon 
structed image. 
We propose to further increase the storage density of 

information on the ?lm record, by multiply exposing 
the ?lm with successive subjects in such a way that im 
ages of any one of the separate subjects can be recon 
structed at will without interference from any of the 
other subjects recorded on the ?lm record. 

It is therefore an important object of this invention to 
create an information system in which the information 
record has a low susceptibility to dust, dirt and blem 
ishes, to the end that a minimum of information is lost 
due to these causes. It is a further object to increase the 
storage density by superimposing multiple holographic 
images on the ?lm, any one of which‘ can be withdrawn 
from storage and displayed independently of the oth 
ers. It is a further object to display the information for 
machine readout and/or visual examination. 

It is a further object of this invention to provide 
means for precisely relatively positioning the subject, 
the reference beam and the holographic ?lm so that the 
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2 
image of a spot pattern subject will be displayed in a 
predetermined position to facilitate scanning the spot 
pattern. 

It is a further object of this invention to provide 
means to synchronously change from one reference 
beam to another as the hologram ?lm is traversed from 
one exposure frame to another. 
These and other objects and details of this invention 

will be understood more clearly from the following de 
scription when taken in connection with the accompa 
nying drawings, showing by way of examples, several 
embodiments of the invention. Referring now to the 
drawings: 
FIGS. 1 and 2 show two views of one embodiment of 

this invention in which the plurality of reference beams 
reach the hologram ?lm from different directions. 
FIGS. la, 2a and 21) show additional details. 
FIG. 3 shows an embodiment in which the subject is 

a transparency and is illuminated by back lighting. 
FIGS. 4a, 4b and 40 show how the recorded image is 

reconstructed and how the image is utilized. 
FIG. 5 shows an alternative optical system to that of 

FIG. 1. 
FIGS. 6a, 6b and 6c show alternative embodiments of 

the hologram ?lm. ' 

FIG. 7 shows an alternative embodiment to that of 
FIG. 1 utilizing ?ber optics. 
FIG. 8 shows an alternative embodiment to that of 

FIG. 1 in which the plurality of reference beams reach 
the hologram ?lm at the same angle, but at different az 
imuths. 
FIG. 9 illustrates an embodiment in which the plural 

ity of reference beams have different patterns of inten 
sity. 
FIG. 10 illustrates one embodiment of a subject card 

utilizing a pattern of information spots and a pattern of 
guide indicia. ' 

FIG. 11 illustrates an optical servo means for rela 
tively positioning the subject card of FIG. 10 and the 
hologram positioning means. 
FIGS. 12 and 13 show schematically two views of a 

preferred embodiment of this invention. 
FIG. 14 illustrates means for obtaining a plurality of 

mirrors to get simultaneous reference beams. 
FIG. 15 illustrates one type of removable mask 

means. 

FIG. 16 illustrates another embodiment of this inven 
tion in which the recording ?lm is rotated in azimuth 
and elevation between exposures. 
Referring now to the ?gures, and particularly to 

FIGS. 1 and 2, we show in plan and elevation respec 
tively, one embodiment of an apparatus for recording 
holographic information on a ?lm, and for reading out, 
or reconstructing images of the holographic informa 
tion. In FIG. 1 numeral 20 represents a source of in 
tense coherent light. This is preferably a laser of the 
continuous or pulsed types, which are well known in 
the art and their use in the preparation of holograms 
has been well publicized. For convenience, the appara 
tus will be discussed in terms of a continuous gas laser. 
No detailed explanation of the use of lasers in the mak 
ing and reading of holographs will be given. There has 
been adequate publication of this art, and the reader is 
referred to the many articles and books in the litera 
ture, such as the article by E. N. Leith and J. Upatnieks 
published in the Journal of the Optical Soc. Amer., 
Vol. 53, No. 12, pp. 1372 (1963). 1 



3,807,828 
3 

The laser beam 21 is modi?ed by optics 22 to form 
a beam 23 (23a, 23b) which is de?ected by mirror 24 
to irradiate the subject, or information 26, that is to‘ be 
recorded. This subject can be a plane diagram, picture, 
pattern of spots of light and dark, or colors, a transpar 
ency, or a three dimensional solid object, etc. In FIG. 
1 we show an opaque, front lighted plane subject. In 
FIG. 1a we show a three dimensional object 26", and 
in FIG. 3 we show a back lighted transparency 26’. The 
subject 26 is positioned in a subject positioning or 
mounting means 25. 

In FIGS. 1 and 2 the rays 40 and 41 from mirror 24 
flood the subject and part of this radiation is re?ected 
and scattered, and generally redirected back 42, 44 to 
the ?lm 30, on which the hologram is to be recorded. 
This ?lm must, of course, be sensitive to the radiation 
from the source 20. The mirror 24 may be mounted 
above and centered over the ?lm 30, although its posi 
tion is not too critical. 
Above the mirror 24 is another mirror 50 rotatable 

about a vertical axis. In FIG. 1 it is shown for clarity, 
displaced to the right, although in FIG. 2 it is shown in 
its optimum position centered over the plane of the ?lm 
and over the centerline of the ?lm 30. This mirror re 
ceives part 23b of the radiation of the beam 23, and re 
flects it to one or another of the plurality of mirrors 
55a, 55b, 55c, 55n etc. These are arranged in a horizon 
tal plane with their surfaces substantially perpendicular 
to the radii to the center of the ?lm. Thus, as the mirror 
50 is turned by motor 5], drive 52, and control 53, light 
from beam 23 is sent to a mirror 55 by ray 56, for ex 
ample, and returned to ?lm 30 by ray 58, FIG. 2. Thus 
by turning mirror 50 appropriately, light from laser 20 
can be made to irradiate film 30 from any desired one 
of the directions such as 70, 71, etc. provided by the 
plurality of mirrors 55. 
Now, in the holographic process, it is necessary, in 

order to record a hologram, to receive light at the ?lm 
from the irradiated subject and simultaneously from a 
reference beam, preferably at a different angle to the 
?lm than that from the subject. The radiation in the ref 
erence beam and from the subject should come from 
the same coherent source 20, however. The light reach~ 
ing the ?lm 30 by way of mirrors 50 and 55 constitute 
the reference beams. 
Once a hologram is recorded on the ?lm by exposing 

it simultaneously to the light from the subject and to a 
reference beam from a different angle, such as 70, for 
example. The ?lm can then be developed and replaced 
in its original position. The ?lm 30 would normally be 
held in a hologram mounting or positioning means 32, 
so that the developed ?lm can be precisely repositioned 
to its original position. Then when the light to mirror 
24 is blocked by mask 29, and light from source 20 is 
directed to mirrors 50, 55 and back to the developed 
?lm 30, the image of subject 26 will be seen in the same 
position as originally occupied by the subject 26, if the 
eye is directed along direction 39. The line 39 connect 
ing hologram and subject can be called the subject line. 

Of course, a camera can be directed along direction 
39 instead of the eye and it can record the image of the 
subject 26. The resulting picture recorded by the cam 
era can be read, to retrieve the detailed information. 
Or, any one of the many types of scanners described in 
the art can be used to read or scan the image to retrieve 
the detailed information from the image. 
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4 
Now, starting with a fresh unexposed ?lm 30, and a 

subject 26a, the mirror 50 is turned to utilize mirror 
55a and a ?rst hologram 30a is recorded. Without mov 
ing the ?lm 30 a second subject 26b is placed at posi 
tion 26, and mirror 50 is rotated to utilize mirror 55b, 
and a second exposure or second hologram is recorded. 
In this manner as many separate exposures can be 
made as there are possible distinct or separate angles 
70, 71, etc. of the reference beams. Although one 
might conceive of a very great many angles and thus 
separate exposures, for practical purposes there is a 
limit to avoid crosstalk, although as many as 10 to 15 
or more separate exposures on the same ?lm are possi 
ble. When the multiply exposed ?lm 30 is developed 
and replaced into its original position, any one of the 
plurality of recorded images can be reconstructed by 
shutting off beam 23a and using beam 23b, and turning 
the mirror 50 to the desired mirror 55. 

In FIG. 3 we show the mirror 24 directing its rays 66, 
67 over the subject 26’ (which in this case might be a 
transparency of a micro?lm or a spot pattern) to mir 
rors 64, 65, where it is directed to the back surface of 
the subject 26'. This backlighted transparency 26’ is 
now the subject, and the light diffracted by the trans 
parency and redirected to the ?lm 30 is combined with 
the reference beam from mirrors 50 and 55, to form the 
hologram. 

It will be clear that the various optical elements, such 
as lenses, mirrors, ?lms, etc. should be rigidly mounted 
to a base and frame shown schematically as 18, 17, l6, 
15, etc., but well understood in the art, and should be 
enclosed in a light-tight case or housing, such as 14, 
etc. 

The ?lm 30 can be one of a series of separate chips 
of ?lm, or it can be one of a plurality of separate 
frames on a strip ?lm. Such a strip ?lm system is illus 
trated in FIG. 2a where the ?lm 125 is reeled on two 
reels 127, l28'and passes through a ?lm gate 200, ex 
posing a frame 201 of ?lm. The ?lm can be traversed 
by means of motors 129, 130 as is well known in the 
art. Precise means, (not shown) for positioning the 
frame 201 in the ?lm gate or hologram mounting 
means 200 will be described in connection with FIGS. 
10 and 11. 

It will be clear also that this ?lm strip system of FIG. 
2a can be used in place of the subject record 26, where 
any one of the frames on the proper ?lm strip 125 can 
be presented as the subject to be recorded on the holo 
gram ?lm. These can of course be displayed by front 
lighting or back lighting as shown in FIGS. 1, 2 and 3. 

We contemplate that the reconstructed images can 
be utilized in many ways, such as, 

a. photographically copied, to be 
I. scanned by a machine, 
2. read visually, 

b. scanned by machine directly, to read the informa 
tion, or v 

c. visually displayed. 
FIG. 4 illustrates how the multiple exposure holo 

gram is used in the image reconstruction, and how the 
reconstructed images are utilized. Numeral 75 repre— 
sents the developed hologram. The reconstructing irra 
diated coherent beam 76, arriving at one of many dif 
ferent discrete angles, unlocks and reconstructs the 
particular image that was recorded with that particular 
reference beam angle. The resulting reconstructed 
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image is shown schematically at 77. This can be seen 
by placing the eye 81 at position 78 on the axis of the 
hologram. If desired, a camera 80 can be placed at 78 
to record the image 77. Or a photo-optical scanner 79, 
such as is well known in the art can be placed at 78 to 
scan or read the pattern of spots in the hologram image. 

In FIG. 2 we show the mirror 24 and the movable 
mirror 50 separated one above each other. Optically, 
it may be more convenient to have the two mirrors in 
line along the direction of the laser beam 23. As shown 
in FIG. 5 this is accomplished by using instead of mirror 
24, a partially silvered mirror or beam splitter 85. Thus 
the beam 23 enters the beam splitter 85. Part of the ra~ 
diation is re?ected 40 to subject 26. The remainder 
passes on through to the mirror 50 by means of which 
it is reflected to the mirrors 55. 

In FIG. I we show the hologram as a single chip of 
?lm 30. However, if a large amount of data are to be 
stored, calling for many frames, it becomes convenient 
to use a long strip of ?lm 125 as in FIG. 2a and to re 
cord separate frames along the length of the ?lm. 
Since a plurality of exposures are to be made, these 

can be made successively without moving the ?lm, so 
that all of them will occupy the same space. This is il 
lustrated in FIG. 6a by frames 92, 93 of ?lm 90. On the 
other hand, if desired, as in FIG. 6b, the ?lm can be 
shifted intermittently between exposures by a distance 
99 which is a fraction of the frame length 89. This frac 
tion will preferably be equal to l/n, where n is the num 
ber of superimposed exposures on the ?lm. Conversely 
the distance 99, called d, can be equal to D/n where D 
is the longitudinal dimension of the exposed area (89), 
and n is the number of partially superimposed images. 
n will generally have a value of 5-10 or more, but gen 
erally at least 2. Numerals 95, 96, 97 represent the tops 
of successive frames, while 95b, 96b, 97b represent the 
bottoms of the corresponding frames. Thus, as shown 
in FIG. 6b each one of the frames (89) partially over 
laps both the frame which immediately precedes and 
the frame which immediately succeeds that one frame 
in the hologram series. The distance 99 may be kd, 
where k is a variable affording an index for a series of 
holograms, a selected hologram in such series, and a 
selected image in a group of images in such selected ho 
logram. 1 

In FIG. 6c we show a modi?ed form of ?lm 94' to be 
used as a part of ?lm 94 or as a separate ?lm which car 
ries the same frames 95, 96, 97, etc. as strip 94. It has 
an opaque section 79 carrying longitudinal strips 82, 
83, 84 etc. A punched out or otherwise transparent or 
translucent area or spot 85 is placed in one or another 
of the strips 82, 83, 84 at a longitudinal position corre 
sponding to each frame 95, 96, 97, etc. Thus, the hori 
zontal and longitudinal position of each spot 85 is in 
dicative of the particular frame to which it corre 
sponds. Now, if this strip 94’ is placed in the position 
of ?lm 30 and if light from beam 23 can be impressed 
on area 86, light will pass through each of the spots 85 
in turn. Light from the spot in column 82 can be di 
rected to mirror 55a, for example, (such as by mirrors 
or optical fibers), from which it is re?ected to the 
frame 95, for example. Similarly, as the strip ?lm 94' 
is advanced to the next frame 96, the next spot in col 
umn 83 is in the area 86 and receives light from 23 and 
passes it on to mirror 55b and back to frame 96, and so 
on. Thus, as the strip moves along, new spots 85 in 82, 
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6 
83, 84, etc., are presented which control the illumina~ 
tion of the holograms on strip 94' by choosing automat 
ically the proper reference beam to record and/or re 
construct the holograms. 

If the portion 79 of the ?lm 94' is prepared before 
hand, with transparent spots in the proper positions, 
and if illuminated portion 86 is shielded from the unex~ 
posed ?lm 95, etc. then the holograms can be recorded 
by controlling the particular reference beams, (such as 
from mirrors 55) by passing the laser beam through the 
particular spot corresponding to the hologram frame 
being recorded. When prepared in this way, and the 
?lm developed, the plurality of holograms can be re 
constructed sequentially by simply directing the beam 
23 to area 86 and drawing the ?lm strip through the ho 
logram mounting means 32. This could be done quite 
rapidly, creating the illusion of a three dimensional 
moving picture. 
While we prefer to have the control portion 94' of 

the ?lm strip with its columns 79 as part of the holo 
gram ?lm 94 itself, it is clear that the control portion 
79 can be on a separate ?lm strip from the hologram 
frames 95, 96, 97 etc., provided the two strips are tra- , 
versed in synchronism, by means that are well known 
in the art. Of course, other means, equivalent to the 
perforated strip 94' can be used, when driven synchro 
nously with the ?lm 94 to control the reference beams. 
For example, the motor 51 of FIG. 1, positioning the 
mirror 50 can be driven in accordance with motors 
129, 130 of FIG. 2a, so that as the ?lm 125 is moved 
to expose new frames, the mirror 50 is turned to a dif 
ferent mirror 55 to form a different reference beam. 

In describing the apparatus of FIGS. 1 and 2 we have 
shown that they are purely schematic diagrams and ‘ 
show the essentials of the apparatus. However, to indi 
cate that all the elements described are part of a com 
plete system, and furthermore to indicate that all of the 
optical parts should be mounted rigidly with respect to 
each other we have schematically indicated a frame 
work comprising a base 18, uprights l7 and 16 and 
brackets 15, etc. to hold the individual elements in 
proper position. Also, a housing or light shield 14 is re 
quired, particularly for the recording operation, to re 
strict the radiation falling on the ?lm 30 to that from 
the object 26 and the reference beam. Of course, for 
the readout, reconstruction, or display of the hologram 
images, the illumination of the subject is cut off such as 
by the mask 29, and the reference beam alone is used. 
The housing 14 can be closed or open. However, if the 
reconstructed image is to be photographed or scanned 
it would still be desirable to keep the case 14 closed. It 
will be clear that if the instrument is to be used in a 
closed dark room, then the housing 14 would not be re 
quired. Also, while a laser beam is desired for the re 
cording operation, it is not necessary to have such an 
intense illumination for reconstruction, and one or the 
other of several commercial (reasonably) monochro 
matic light sources can be used for reconstruction, at 
least for visual observation. 

In FIGS. 1 and 2 we show how a plurality of mirrors 
55 can be mounted in a circular frame with each mirror 
directed in the proper angle to re?ect back to ?lm 30 
light that reaches it from mirror 50. We have described 
the mirrors 55 mounted in a horizontal plane. In FIG. 
2b we show schematically a part of FIG. 2. In addition 
we show the mirror 55 mounted on a frame 54. The 
frame 54 is a circular frame carrying all of the mirrors 



3,807,828 
7 

55. Frame 54 is supported by two radial arms 33 that 
are pivoted on a horizontal axis 33". By means such as 
the motor 36 the arms 33 can be rotated to position 33' 
carrying the frame 54 and mirrors 55 to positions 54’ 
and 55'. Thus a plurality K of positions of the frame 54 
permit K times as many exposures of the ?lm as there 
are mirrors 55. The mirrors 55 give a change in azimuth 
to the reference beams, while motor 36 provides K 
changes in elevation angle for each of the reference 
beams from mirrors 55. I 

As will be further described in connection with FIG. 
7, the plurality of mirrors 55 can be displaced by the 
use of a plurality of optical ?bers 104. The separate 
fiber ends 105 can of course be mounted in a frame like 
54 and elevated through a plurality of angles to provide 
additional reference beams. 

In FIG. 1 we show how by the use of a plurality of 
mirrors 55 it is possible to direct the reference beam to 
the ?rst surface of the record 30, from any one of a plu 
rality of discrete separate angles. In FIG. 7 we show an 
other way to get the plurality of beams at different dis 
crete angles. This involves a bundle of ?ber optics 100. 
Part of the fibers 10] goes, with optics 102 to irradiate 
the subject 26 with rays 103. The other ?bers are bro 
ken up into groups, each group 105a, 1051:, 1050, etc., 
going to appropriate positions and directed along radii 
107a, 107b, 107e, etc. Optics 106a, 106b, 1060 etc. are 
required to provide a beam of the desired cross section 
to irradiate the record 30. Of course, since all of the ? 
bers 104 will be carrying light all of the time it is neces 
sary to provide shutters or masks 108a, 108b, 1086‘ etc. 
to close off the light. Then by means (not shown), any 
one of the masks can be opened to pass light at that 
angle to the ?lm. These shutters or masks can be small 
vanes attached to magnetic armatures or relays that 
can be operated by passing current through an asso 
ciated magnetizing coil. 
FIG. 8 illustrates in schematic form another embodi 

ment of this invention, in which a plurality of positions 
of the reference beam relative to the hologram are pro 
vided by keeping the beam at the same angle with the 
perpendicular to the holographic record, but changing 
its azimuth. This is accomplished by a mirror 125 on 
arm 132 rotated about axis 129 by motor 130 through 
drive 131. Light from the laser beam 23 is carried to 
mirror 125 via mirrors 50, which is now ?xed and not 
rotatable, 126, 127 and 128. Instead of rotating the arm 
132 and mirror 125, a plurality of ?xed mirrors like 
125, can be mounted on a circular ring around axis 129 
(coincident with the locus of mirror 125) and then sim 
ply rotating mirror 128 will carry light to each of the 
mirrors sequentially. By this means a plurality of im 
ages can be displayed in rapid succession. It will be 
clear that by suitably synchronizing motor 130 and 
drive 131 with the drive mechanism that moves ?lm 94, 
(FIG. 6) then as the ?lm is moved incrementally by dis 
tance 99, mirror 125 will move to a new reference 
beam position to correspond, and so on. We contem 
plate also, in connection with FIG. 8 having two or 
more sets of mirrors 125, 125' set at greater radius 
from the axis 132. When these are used, the angle 0 will 
be greater than for the case illustrated. Thus a plurality 
of K sets of reference beams can be formed each having 
a different angle 0 with the perpendicular to the ?lm 
surface. Each set would have a plurality of reference 
beams each with constant angle 0, but having a differ 
ent one of a plurality of azimuth angle. 
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Another way to create a plurality of holograms on the 

record 30 is to use a plurality of coded reference 
beams. Such a coded reference beam is one that has a 
varied intensity of radiation over a cross-section of the 
beam. This can be done as illustrated in FIG. 9. Here 
the holographic ?lm 30, subject 26 and mirror 24 are 
the same as in FIG. 2. However, instead of using a beam 
of uniform intensity as the reference beam as in FIG. 
2, we propose to back light a transparency 136 by mir 
rors 50 and 135, and by means of optics 137 illuminate 
the ?lm 30. This reference beam, modi?ed by the 
transparency 136 in the gate 136', plus the light from 
the subject 26, both arriving together at the ?lm will 
make a hologram. The reconstruction of this hologram 
can only be accomplished by irradiating the developed 
hologram 30 with the identically same reference beam, 
which is the beam 138, 139 from the transparency 136. 
However, a second hologram can be recorded on the 
same ?lm 30 (before development) by using a different 
beam 138, 139 derived from a di?‘erently coded trans 
parency 136 and so on. The different transparencies 
can be mounted on a rotating disc or drum as is well 
known, or on a strip ?lm such as 140 controlled by 
reels 141, 142 as is well known in the art. 
By using a coded reference beam, the hologram can 

be reconstructed and the information read only by 
using the exact same reference beam in the exact same 
position. Thus the information on the hologram is com 
pletely private and cannot be read without having the 
precise coding mask that was used to record the holo 
gram. This is a form of security storage, or scrambling 
of con?dential information that is part of this inven 
tion. 
The total number of points of light that can be re 

corded on the ?lm 30 depends on the resolution of the 
?lm and the size of a diffraction pattern recorded on 
the film from a single point on the subject. The total 
number of such points of light is, in general, a very 
large number, so that 'many different holograms can be 
superimposed without serious loss of information due 
to overlapping of points. However, there will be spots 
from different holograms which are superimposed, and 
the double or triple exposure of such spots will intro 
duce errors. For the case where the holograms repre 
sent pictorial subjects, whether from two dimensional 
or three dimensional subjects, these relatively few 
points of overlap are not likely to be troublesome. 
However, in the holographic recording of digital spot 
patterns where each spot or bit, is important, this over_ 
lapping of points may be troublesome. In preparing 
such digital holograms we propose to use spot pattern 
subjects as in FIG. 10 with appropriate guide indicia 
151, 152, which are recorded in precise geometric rela 
tion to the matrix or rows 146, 147 and columns 148, 
149, etc., if all of the subject cards 26 are prepared with 
the same matrix and guide indicia. Then by the use of 
motor 155 and screw feed 154, the subject card 145 
can be traversed in steps, so that column of spots 156 
of the matrix is successively placed at 157, 158, 159, 
etc. There may be as many positions as desired before 
the column 156 would be superimposed on the adja 
cent column of the matrix. The movement in horizontal 
traverse would be sensed by index 160. 

In a similar way the card 145 can be traversed verti 
cally in steps. Thus there are different matrix positions 
equal in number to twice the number of positions such 
as 157, 158, 159, etc. that can be occupied without 
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overlapping spots on the hologram ?lm. Of course, 
each different subject pattern will require a different 
card 145 or ?lm frame 201 of FIG. 2a. However, by 
means of the guide indicia 151, 152, etc., sensors 160, 
160' and appropriate servo means, each of the matrices 
can be accurately positioned with respect to the holo 
graphic ?lm. 

It will be clear that the precision of placement of the 
subject with respect to the holographic ?lm is most im~ 
portant when the subject consists of a pattern of spots, 
each of which is an item of information. Generally, a 
spot scanner will be placed at the viewing point 78 and 
it is desirable that the spot matrix be positioned accu 
rately with respect to the scanner. 
The subject can be positioned directly with respect to 

the holographic ?lm, or it can be positioned with re 
spect to the subject mounting means, and the subject 
mounting means positioned with respect to the holo 
gram positioning means, and the hologram ?lm posi 
tioned with respect to the hologram positioning means. 

We show in FIG. 11 how a subject record (as in FIG. 
10) containing a matrix of spots and guide indicia can 
be precisely positioned with respect to a remote frame 
of reference. This could be the hologram positioning 
means, for example. Assume that the subject record is 
of the form of card 145 containing a matrix of spots and 
longitudinal and transverse guide indicia. The indicia 
can be lines of spots, as shown, or continuous lines, etc. 

The card 145 is imaged onto the frame 175 (which 
might hold a hologram ?lm 176). There are two optical 
systems 177, 178 placed in such a position with respect 
to the frame and ?lm, that when the matrix of card 145 
is precisely positioned on the ?lm 176 the guide indicia 
152 and 151 will be precisely centered over the prisms 
179, etc. Thus, half of the light transmitted through the 
translucent guides 152, for example, will fall on each 
side of prism 179 and each half will be re?ected to the 
photo-electric sensors 180, 181. The outputs of these 
sensors go to servo amplifier 184 of conventional de 
sign and leads 185 to motor 155’. If the light falling on 
each sensor 180, 181 is the same, then there is no signal 
to the motor. If, because the matrix is not positioned 
properly over the ?lm, the light is not balanced on the 
sensors 180, 181, then an appropriate signal will go 
from the ampli?er 184 to the motor 155', which will 
drive screw 154’ to move the card 145 up or down (as 
required) to balance the light on the sensors. When it 
is balanced, the matrix is in proper position in a vertical 
direction. A similar set of prisms, sensors, ampli?er, 
etc., in conjunction with motor 155 will serve to posi 
tion the card transversely. ‘ 
By this means, the subject records can be precisely 

positioned with respect to the hologram mounting 
means. In a similar way, the reference beam code 
masks 136, of FIG. 9, having patterns of spots and 
guide indicia can be positioned with respect to the ho 
logram positioning means. Also, if the hologram ?lm, 
when ?rst positioned in the hologram positioning 
means has recorded on it a pattern of guide indicia, 
then after development, these indicia, by means such as 
shown schematically in FIG. 11, can be used to position 
the developed hologram with respect to the hologram 
positioning means. Thus all three interacting elements, 
subject card, reference beam mask means, and holo 
graphic ?lm can be separately and accurately posi 
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tioned with respect to the hologram positioning means, 
and therefor with respect to each other. 
Having positioned the subject card 145 to the proper 

position with respect to the frame 175 it is possible to 
disconnect the servo ampli?er and by means such as 
motor 192, drive 191 and differential gear 190 to insert 
an incremental displacement of the card corresponding 
to position 157, for example. 
To facilitate the precise placement of the subject spot 

pattern we propose to record on the subject card, guide 
indicia to facilitate the placement of the subject pattern 
with respect to the holograph positioning means and 
the holographic ?lm. These indicia will not only facili 
tate the placement of the subject card or ?lm strip 
frame, but in the reconstruction it will facilitate the po 
sitioning of the scanner with respect to the pattern of 
spots. 
We show in FIG. 10 a pattern of spots on the subject 

card 145, with a corresponding array of guide indicia. 
Also, in FIG. 9 we show that the reference beam 138, 
139 can be modi?ed vor coded by transmission through 
a transparency or mask 136, or the like. Since it will be 
important in the reconstruction to generate the precise 
same reference beam at the same position on the holo 
gram, we propose that each of the frames of the coding 
transparency 136 have guide indicia recorded thereon 
so that, by means such as shown in FIGS. 10 and 11, the 
coding pattern on 136 can be placed in the precisely 
same position. We also contemplate recording such in 
dicia on the hologram record 30, so that after develop 
ment, it can be accurately repositioned'in the hologram 
positioning means of the reconstruction apparatus. 

In summary, we contemplate the use of guide indicia 
on the subject records, and appropriate servo means, 
responsive to the guide indicia to precisely position the 
subject pattern record 145 or transparency 136. Also 
we contemplate placing guide indicia on the code mod 
ifying means such as 136 and means to accurately posi 
tion the code modifying means so as to accurately di 
rect the coded reference beam. Also the hologram film 
itself, will _ have guide indicia recorded, so that after 
being multiply exposed and developed it can be reposi 
tioned in the reconstruction apparatus to its precise 
proper position. 
We have shown in the preceding ?gures and descrip 

tion which are essentially the same as shown in the co 
pending application of one of the present coinventors 

a. the principles and practice of recording and recon 
structing optical holograms, 

b. means for creating a plurality of different refer 
ence beams each having substantially uniform in 
tensity in the beam, but 
1. reaching the hologram at different angles, or 
2. reaching the hologram at ?xed angles and with 

different azimuths, 
c. means for creating a plurality of different reference 
beams each directed at a ?xed angle to the holo 
gram, but each coded by a pattern mask to have a 
different pattern of intensity, 

d. means for precisely relatively positioning the sub 
ject, the coding mask and the hologram record. 

We will now proceed to show how this type of appa 
ratus can be used to achieve the following objects of 
the invention, namely to provide a multiple exposure 
hologram system in which the separate hologram im 
ages can be reconstructed and displayed, 
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a. varied in intensity, 
b. a plurality of images reconstructed simultaneously 
with different reference beams, and 

c. a plurality of images reconstructed sequentially in 
a predetermined timed sequence, which is related 
to the timed sequence in which the images were re 
corded. 

For example, the reconstruction apparatus can be 
used to display to a small group of observers the images 
recorded on the ?lm. For this purpose it may be desir 
able to be able to display two or more images simulta 
neously for purposes of illustration of apparatus, etc. 
The various images can be of the same three dimen 
sional subject taken from different azimuthal direc 
tions. Thus, by changing the reference beams, such as 
by rotating the mirror 50 of FIGS. 1 and 2, separate im 
ages will be displayed sequentially and in effect, the 
subject will appear to rotate. ’ 

If more than one image is to be reconstructed simul 
taneously a second mirror like 50 in FIGS. 1 and 2 can 
be used simultaneously with the mirror 50. To make 
the geometry of the reconstructing beams the same, it 
is preferable to use two (or more) such mirrors, such 
as 220, 221 of FIG. 14 rotating about the axis 222 of 
the two mirrors. The two or more mirrors 220, 221 can 
be used with appropriate sets of mirrors similar to 55, 
to reconstruct more than one image simultaneously. 

In FIGS. 12 and 13 we show a preferred embodiment 
similar to that of FIG. 8 but having a plurality of ?xed 
mirrors 255 mounted on a ring 264 concentric with axis 
260. The center of the ring is open, permitting the mir 
ror 259 to irradiate the subject 251 as by beam 280 and 
the subject to redirect radiation back to the record me 
dium 250 as by beams 281. These mirrors are mounted 
at the proper angles such that when one of the plurality 
of ?xed mirrors 256 such as 256a receives light from 
the laser, 20, it reflects it to one of the mirrors 255, as 
by beam 283, and thence by beam 284 to the ?lm 250. 
Similarly, each of the mirrors 256a, 256b, 256n, etc., 
receives light from the laser and cooperates with a par 
ticular one of the mirrors 255a, 255b, 255n, to form 
one of a plurality of reference beams, each reaching the 
?lm ?rst surface from a direction different from that of 
each of the others. Since we may wish to provide light 
from more than one of the mirrors 255 at the same 
time, we provide shutters 257, one in each of the light 
paths from the mirrors 256 and operable remotely by 
means not shown but well known in the art. For exam 
ple as in FIG. 15 a simple magnetic relay can carry a 
shutter or vane that can be displaced by passing a cur 
rent through the relay coil. The vane can operate to 
control the light from the mirror 256. 
We contemplate further that each of the recon 

structed images can be changed in intensity indepen 
dently, so that when two images are reconstructed si 
multaneously, by controlling the intensity of each of 
the images, one image can be made to fade or decrease 
in intensity, while the other can be made to increase in 
intensity. By this means there can be a smooth transi 
tion between the two images. 
We show in FIG. 15 one way to accomplish this fad 

ing from one image to the other. This fader 290 com 
prises a frame 291 of magnetic material, a core 297, 
a coil 292 wound on the core, with leads 293. A hinged 
armature 294 is actuated by spring 295 to pull away 
from the core, while the magnetic pull of the core tends 
to overcome the pull of the spring to pull the armature 
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into contact with the core. The armature carries a vane 
or mask 296 to intercept the light from the mirror 256. 
This vane can assume a number of shapes and positions 
296, 296’, 296" etc. in each of which the amount of 
light passed is changed so that the reconstructed image 
varies from bright to dim, or vice versa. These changes 
are accomplished by varying the magnetic pull of the 
coil 292 as by varying the current by means of resistor 
298, battery 299 and switch 300. Of course other types 
of masks and/or light control valves may be used. 
Up to now, we have considered that in the use of this 

apparatus for storage of information, and for display, 
that each subject for each of the superimposed holo 
grams would be different. They need not be different, 
however, although it would be of little value to record 
the exact same subject without any change whatsoever. 

_ If there is any change, such as a view of the same sub 
ject, but at a different azimuth, or with a slight move 
ment, we would call this a different but related subject. 
Similarly, if the subject has movable parts, and one of 
the parts moves between the times of any two expo 
sures, these would be different but related subjects. 
Similarly, if a part of the subject vibrates and so moves, - 
ever so slightly, between the two exposures, these are 
also different, but related subjects. 

In FIGS. 12 and 13 we show such a subject 251, com 
prising a base 252, upright 253 and arm 254, which 
under proper excitation, not shown, is caused to vi 
brate. It is possible to record two separate views of this 
subject; one with the arm unexcited and another with 
the‘arm vibrating. Or we can take one view, with the 
vibrating arm in one state of vibration, and the second 
view in another state, of vibration. These can both be 
taken with the same reference beam, so that in the re 
construction process both images can be reconstructed 
simultaneously, and interference fringes will be visible 
indicating the extent of motion of the arm 254 between 
the times of the two views. ' 

We propose to make a plurality of holographic expo 
sures of the ?lm 250 with the subject 251. However, 
each exposure will be made with a different reference 
beam, so that its image can be reconstructed separate 
from that of each of the others. The exposures are thus 
made with different reference beams from different 
mirrors 256 and 255, and different shutters or masks 
257. We plan to operate the masks 257 in accordance 
with a different position of the arm 254 in its cycle of 
vibration. Thus, the images when reconstructed will 
show these different positions in three dimensions, in 
timed sequence. And further, we contemplate in recon 
struction, to operate the shutters 257 in a different tim 
ing pattern from that used in recording, in sequence, to 
show, in slow motion, the vibration of the arm 254. 
This might be called a holographic stroboscopic re 
cord, which can be used to show all details, in three di 
mensions, of the vibrating system, all on a single record 
sheet. 
These holograms would be recorded in short expo 

sures made in the proper timing and sequence. We 
show in FIG. 13 one embodiment of an apparatus for 
timing the holographic exposures. This involves a vari— 
able frequency oscillator 271 sending a uniformly 
pulsed signal by line 272 to a control 273. This control 
through switch 274 and line 275 sends pulses to the 
electrooptic shutter or light valve 270 that responds to 
each electrical pulse by passing a pulse of light 23 from 
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the laser 20 to the mirror 259 and to the subject 251 
by beam 269. The shutter 270 also sends ‘light from 
laser 20 to the mirrors 256, masks 257 and mirrors 255 
as described above. The control also sends pulses over 
cable 280 to the masks so that each one opens in se 
quence to pass light from thegmirrors 256 to mirrors 
255. The rate of repetition of these pulses is controlled 
by the oscillator 271, in a manner well known in the art. 

To get suf?cient coherent light to record the holo 
grams it may be desirable to use a pulsed laser, instead 
of a continuous wave laser. This art is well known and 
commercial devices are available on the market. The 
pulses of the laser would then be timed by the control 
273 and would obviate the need of the electrooptic 
shutter 270. 3 

In summary, we make a plurality of holograms on a 
single ?lm, with different reference beams. Each expo 
sure is timed to show a different phase of the cycle of 
vibration or other movement of the subject. After the 
?lm is developed and replaced in the reconstruction 
apparatus, each of the images can be reconstructed in 
turn, and if taken in the proper sequence and with the 
proper time intervals, the entire motion of the vibrating 
system can be observed in slow motion. Also, by using 
two reference beams, for example, one for the one con 
dition of motion and another for another condition of 
motion, the two images will be reconstructed simulta 
neously and the interference fringes will be visible 
showing the exact extent of movement of the system 
during the time interval between the two exposures. 
Then a second pair can be viewed, and so on, all of 
which will provide more information than is now avail 
able. 
While we show a very simple vibrating arm as a sub 

ject, it will be clearly seen that this method is applicable 
to the study of much more complex vibrating and mov 
ing systems. 
We have shown in FIGS. 12 and 13 means by which 

a plurality of holograms can be recorded on a single 
photographic record sheet, that the separate exposures 
can be made at precise times controlled by an elec 
tronic timing circuit or oscillator. It will be clear also, 
that the timing of the exposures can be controlled by 
the moving or vibrating object itself. An example would 
be to have a rotating object and create a timing signal 
derived from the angle of rotation of the object, and so 
on. 

The various reference beams can be constructed as 
illustrated in‘ FIGS. 12 and 13, or they can be con 
structed in other ways, including those outlined in 
FIGS. 1, 2, 7, 8, 9. Also, the hologram can be a single 
stationary frame of photographic material or it can be 
a single frame on a strip or web or ?lm as in FIG. 6a, 
or multiple overlapping frames on a strip ?lm as in FIG. 
6b. Also, as in FIG. 6c we contemplate making the 
choice of reference beam responsive to the motion of 
the strip ?lm, and thus to the particular exposure on the 
strip that is being reconstructed. 

In the illustrations so far described, we have kept our 
?lm and subject stationary and have moved the refer 
ence beams for each of the di?’erent exposures. In FIG. 
16 we show another embodiment of this invention. In 
this embodiment the subject and reference beam are 
kept ?xed, and the recording ?lm is moved, by rotation 
about two perpendicular axes. This changes the angle 
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of the ?lm with respect to both the subject and the ref 
erence beam between each of the exposures. 

In FIG. 16, the recording ?lm 300 is positioned 
within a frame 301 which has a pair of horizontal shafts 
302 projecting from each side of the frame. These 
shafts are supported in bearings 304 in a Y frame 306, 
so that the frame can be rotatedabout a horizontal axis 
through the bearings. The Y frame has a vertical leg 
308 supported in bearings 309. Thus the frame can be 
turned about a horizontal and a vertical axis, both pref 
erably passing through its center. 
The frame can be turned in a reproducible manner in 

steps of ?xed angles, by motor 312 and drive 314 in the 
vertical axis and motor 316 and drive 318 in the hori 
zontal axis. These motors can be reversible step motors 
that are well known in the art, for example. They can 
also be servo motors operated in conjunction with en 
coder discs on each of the shafts. Or they can be 
ratchet controlled to take up speci?c successive posi 
tons. All of these methods of driving the frame form no 
part of this invention, and are well known in the art, 
and so will not be discussed further. 
There is a source of coherent radiation such as a laser 

320 with its beam 324, optics 326 and output beam 328 
directed to a ?rst partially reflective mirror 330, which 
directs the beam as 332, through a removable mask or 
shutter 334 to the subject 320 in subject position 321. 
Part of the illumination of beam 332 impinging on the 
subject is redirected by diffraction, re?ection and scat 
tering back to the recording ?lm 300, as exempli?ed by 
beam 336. 
Part of the beam 328 goes through the partially re 

?ective mirror 330 as beam 340 to a succeeding mirror 
342. The reflected beam 344 passes to plane mirror 
346 and back to the recording ?lm 300, as beam 348, 
which is the reference beam. 

In the preparation of the multiple exposure holo 
gram, an unexposed ?lm 300 is placed in the holder 
301. A ?rst subject 320a is placed in subject position 
321. The frame 301 is set with a predetermined angle 
of elevation (angle about the horizontal axis) and angle 
of azimuth (angle about the vertical axis). The ?lm is 
exposed. A second subject 3201) is placed at 321. Keep 
ing the same azimuth, the frame is rotated by a ?xed 
angle 6 about the horizontal axis. The ?lm is again ex 
posed. The subject is again changed and the elevation 

, angle changed by an additional angle 0, and so on. 
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The angle 0 is the minimum angular change of direc 
tion of the ?lm between two successive exposures for 
which there is no objectionable interference between 
the two exposures. There is no sharp precise value for 
the angle 0. The larger it is, the less the crossfeed or in 
terference between the two exposures. An angle of 
from 10° to 20° or more should be satisfactory for 0. 
After the ?lm holder has been turned through a total 

angle of n 9, where n is an integer, the azimuth is 
changed by an angle 0, and the same sequence of sub 
ject changes, elevation angle changes and exposures 
again made, and so on. Thus by this process the direc 
tion of the ?lm is scanned in azimuth and elevation 
through all possible directions separated by the angle 
6. Preferably the angle 0 corresponds to the ratchet, en 
coder, or steps of the drive system, so that the frame 
can rapidly be positioned and repositioned through the 
entire array of angular positions. 
When the ?lm is fully exposed, it is removed from the 

frame, developed and replaced in the frame. The mask 
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334 is put into position (by means such as that shown 
in FIG. 15 ), to block the beam 332. If the eye 360 is 
placed on axis 362 and the light source 322 turned on, 
the image of subject 320 will be seen at position 321. 
Then as the frame is turned in elevation and azimuth, 
the series of different subjects will be seen in succes 
sion. 
The hologram series in accordance with our inven 

tion comprises at least two overlapping exposure areas 
including a ?rst exposure area with at least one holo 
graphic image thereon and a second exposure area 
overlapping a portion of the ?rst exposure area and 
also having at least one holographic image thereon. 
The displacement of the overlapping areas is a dimen 
sion d wherein d = K/D, D being a corresponding di 
mension of the exposure areas, and K being a known 
variable having a value greater than 1. The extent of 
such displacement may provide an index to the holo 
gram series. 

Stated in another way, the extent of displacement of 
the overlapping exposure areas is a distance d wherein 
d is equal to D/n where D is the longitudinal dimension 
of the exposure areas, and n is the number of partially 
superimposed images. Also as disclosed hereinbefore, 
in respect of FIG. 6b taken with FIG. 6a, a given expo 
sure can partially overlap both the preceeding and the 
succeeding exposures, in accordance with the de?ned 
displacement. 
While we have shown a number of embodiments of 

our invention, there are many others that, in view of 
our description of principles, can be devised by one 
skilled in the art. For example, the art of optical holog 
raphy has developed to the point of availability of holo 
grams in color. Such optical techniques are to be in 
cluded as alternate embodiments of this invention. 
Also, while we have shown how it is possible to vary the 
intensity of the beam of radiation used to reconstruct 
the image to get an image of greater or lesser intensity, 
we contemplate also, in the preparation of the holo 
gram, to use lesser or greater luminous exposures to 
provide under-exposed, properly-exposed or over 
exposed holograms. This will permit in the reconstruc 
tion step, to have certain of the recorded images that 
will not be reconstructed (to a visible level) by beams 
of low intensities, while others will be reconstructed. 
Also, a series of exposures of the same subject can be 
made with increasing and/ or decreasing intensity of ex 
posure. Also, while we have described a planar ?lm re 
cord, we contemplate the use of concave-convex re 
cording surfaces, such as cylindrical ?lms of different 
radius of curvature. We hold that these and other em 
bodiments are part of our invention, and the scope of 
our invention should not be limited tothe embodiments 
shown, but only by the scope of the appended claims. 

We claim: 
1. In an holographic system of preparing and utilizing 

a photographic hologram wherein a record medium is 
given a ?rst simultaneous exposure to a ?rst object 
beam and a ?rst reference beam having a ?rst direc 
tion, and is given a second simultaneous exposure to a 
second object beam and a second reference beam hav 
ing a second direction, all said beams being of coherent 
radiation of known frequency, the improvement com 
prising means for incrementally advancing the record 
medium between said ?rst and second exposures by a 
distance d corresponding to a known fraction of the 
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longitudinal dimension of the exposed area, and means 
for utilizing reconstructed images of said prepared ho 
logram including means for simultaneously exposing 
said record medium to said ?rst and second reference 
beams on being advanced the incremental distance d. 

2. The holographic system of claim 1 including 
means for changing at least one parameter of said ?rst 
reference beam to form a second reference beam, said 
parameter being effective in producing and utilizing 
holograms, said means for changing being responsive to 
the means for incrementally advancing the record me 
dium. 

3. The holographic system of claim 1 wherein the 
fraction of the longitudinal dimension of the exposed 
area of the record medium is a distance d, where d = 
D/K, where D is the longitudinal dimension of the area 
of the ?rst exposure and K has a value of at least 2. 

4. The holographic system of claim 3, wherein the 
distance is kd, where k is a variable affording an index 
for a series of holograms, selected hologram in such se 
ries, and a selected image in a group of images in such 
selected hologram. 

5. The holographic system of claim 1 including 
means responsive to the incremental advancement of ' 
the record medium to control the subsequent exposure 
of the prepared hologram. 

6. The holographic system of claim 1, wherein the 
means for exposing the record to said beams includes 
stroboscopic means. ' 

7. The holographic system of claim 2 including 
means for exposing the record medium to a plurality of 
reference beams to record a plurality of images 
thereon. 

8. The holographic system of claim 7 including. 
means for exposing the prepared hologram to a plural 
ity of reference beams to simultaneously reconstruct a 
plurality of images thereon, and means for continu 
ously advancing the record medium a distance d to se 
quentially reconstruct successive pluralities of images. 

9. The holographic system of claim 8 including 
means for relatively controlling the intensities of the 
said beams during the subsequent exposure of the pre 
pared hologram thereby varying the relative intensities 
of the reconstructed individual images comprising the 
plurality of images. 

10. The holographic ‘ system of claim 1 including 
means for incrementally advancing the record medium 
between exposures a minor fraction of the dimension 
of the exposed area in a continuous sequence of par 
tially superimposed areas, both in recording and in 
image reconstruction. 

11. The holographic system of claim 1 wherein the 
distance d is equal to D/n, where D is the longitudinal 
dimension of the exposed area, and n is the number of 
partially superimposed images, n having a value of at 
least 2 and generally a value of 5 to 10, or more. 

12. The holographic system of claim 1 wherein said 
prepared holograms comprise a photographic holo 
gram series including a ?rst exposure area with at least 
one holographic image thereon and a second exposure 
area overlapping a known increment of said ?rst expo 
sure area and having at least one holographic image 
thereon. 

13. The holographic system of claim 1 in which the 
prepared hologram comprises a photographic holo 
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gram series wherein the incremental distance d equals ing an index for the hologram series, a selected holo 
D/k, where D is the longitudinal dimension of the area 
of the ?rst exposure and K has a value of at least 2. _ _ 

14. The holographic system of claim 13 wherein the Images m such Selected hologram‘ 
incremental distance is ka', where k is a variable afford- 5 * * * * * 

gram in such series, and a selected image in a group of 
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