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Foreword

Optical storage and retrieval of information for the purpose of process-
ing or display is an extremely old technique, particularly if one
remembers that hand drawings, writings, and paintings represent some
of its most basic early forms. This art received its first major boost
with the invention and evolution of camera imaging in the 16th and
17th centuries, followed by the successful practical harnessing of the
long known optical sensitivity of silver halides in the 19th century. The
more than three hundred years that elapsed between the discovery of
light-induced changes in absorption in silver salts, and the development
of a process with sufficient sensitivity and fixing capabilities tor com-
mercial use, should stand as a reminder of the progress made in the
rate at which new knowledge is exploited. Over the years, optical stor-
age and display technologies continued to advance at an evolutionary
pace, utilizing improved recording and imaging techniques with inco-
herent light.

Lasers have provided the next large impetus to this field, with holo-
graphy, coherent processing, and fast optical deflection representing
the most important techniques that became practical with the availa-
bility of coherent monochromatic light sources. The inherent capability
for parallel access and for transmission and processing of large quanti-
ties of information is perhaps the most fundamental key to eventual
success of coherent optical techniques. The degree to which these
attributes can be harnessed economically depends on the state of
development of the components and devices needed for the specific
task. Thus, much of the research effort of the past few years has been
focused on developing better lasers and the control and storage devices
needed for efficient optical information handling.

This issue of RCA Review is devoted to optical storage and display
media, a keystone for nearly all optical systems. The contents include
discussions of theoretical considerations in information storage, a brief
comparative survey of storage media, and detailed articles on a repre-
sentative number of the most promising media for holographic and
direct-image storage. It is hoped that assembling this information under
one cover will help workers in the field get a broader view of the present
state of the art and will stimulate progress towards harnessing the po-
tentials of this new technology at an ever increasing rate.

Juan J. Amodei
Head, Quantum Electronics Research
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Holographic Information Storage

E. G. Ramberg
RCA Laboratories, Princeton, N.J.

Abstract—This paper presents a survey of the different types of holograms, their
distinguishing characteristics, and the physical processes employed
in preparing them, referring to other papers in this issue of RCA Review
for detail. Factors limiting the storage capacity of plane holograms
and volume holograms are indicated and, in part, evaluated in semi-
quantitative fashion.

1. Nature of Stored Information

Since the advent of the laser, stress has been placed on the ability
of the hologram to store and reproduce three-dimensional information
about objects and scenes. In the present treatment I shall depart from
this emphasis and shall consider the information to be stored to be
two-dimensional—e.g., in the form of a half-tone picture, a line draw-
ing, or a geometric array of dots. The last form is most commonly
considered in computer applications, with, e.g., a luminous dot at an
integer coordinate position (4,j) of a “memory page” representing a
logical 1 and its absence in the same location representing a logical 0.
Information in this form is particularly well suited for a quantitative
comparison of the storage capacity of different holographic media. On
this basis, the storage capacity in bits of a holographic medium is
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given simply by the product of the number of “memory pages” that
can be stored and the number of dot positions (i,j) on every page. Te
make a comparison of different media valid, care must be taken, of
course, that the same signal-to-noise ratio, or the same certainty of
discrimination between a 0 and a 1, prevails for the compared media.
Among the factors besides storage capacity that affect the useful-
ness of a holographic storage medium for a given application are:
Possibility and speed of erasure and rewriting of information
Access time to a particular memory location
Permanence of storage
Sensitivity for recording images (“holographic sensitivity”)
Efficiency of utilization of reconstructing beam for forming
image (“holographic efficiency”).
These factors must be considered in the selection of holographic media
for information storage. They do not, however, lend themselves to the
establishment of a comparative figure of merit for different media.

2. Classification of Holograms

Holograms can be classified in a number of different ways, depending
on their action on an incident light wave, their thickness, the method
of recording and reconstruction, and the hologram medium. These
criteria, and the resulting subdivisions, will now be discussed.

2.1 Effect of Hologram on Reconstructing Wave

(a) Hologram producing amplitude changes.

1. Amplitude changes produced by variation in absorption index
(absorption hologram).

2. Amplitude changes produced by variations in reflectance or
magnetization of reflecting medium (magnetic Kerr effect in
reflection).

(b) Hologram producing phase changes (phase hologram).

1. Phase changes produced by variations in refractive index or
magnetization (Faraday effect in transmission).

9. Phase changes produced by surface relief.

In 1(a)1 and 1(b)1 the interior of the holographic medium is responsi-
ble for the observed effects, whereas 1(a)2 and 1(b)2 represent
surface effects. Phase holograms have the basic advantage over ampli-
tude holograms of no (necessary) energy dissipation within the holo-
gram and potentially higher holographic efficiency.

6 RCA Review e Vol. 33 e March 1972




HOLOGRAPHIC INFORMATION STORAGE

2.2 Hologram Thickness

a. Plane Hologram

Plane holograms can be regarded as a superposition of plane
gratings differing in grating constant and orientation. Accordingly,
plane holograms direct radiation into several different orders: (1) the
zero order (undisturbed reconstructing beam) ; (2) the first order of
diffraction (corresponding to a virtual image in the position of the
object if the reconstructing beam is identical with the reference beam
in recording and to a real image in the same location if it is identical
with the reference beam reversed in direction) ; (3) a minus first
order equal in intensity to the first order and corresponding to the
“conjugate image”; and (4) in general also into any number of higher
orders of decreasing intensity. These higher orders, which occur
particularly at high hologram efficiencies, are light distributions bear-
ing no resemblance to the object. All of these several orders also
appear if the reconstructing beam deviates from the reference beam
in direction, convergence, or wave-length. However, such deviations
result in aberrations of the image, as well as in changes in size and
location.

b. Volume Hologram

Volume holograms, on the other hand, can be regarded as super-
positions of three-dimensioral gratings (Fig. 1). As is well known
from x-ray diffraction by crystals, diffraction by a three-dimensional
grating is subject to the Bragg condition,

2d sin 8 = n\ [1]

where d is the spacing of a set of parallel grating planes (on which all
scattering centers of the grating are distributed), ¢ is the glancing
angle of the incident ray with respect to the grating planes, n is the
order of diffraction, and A is the wavelength of the diffracted radia-
tion. The diffracted ray is in the direction of reflection at the grating
planes for the incident ray; i.e., it forms a glancing angle —@ with the
grating planes.

In a volume hologram, interference of radiation from a point of an
(infinitely) distant object and a parallel reference beam (Fraunhofer
or Fourier-transform hologram) produces a sequence of parallel planes
of maximum field intensity that generates, through interaction with
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the hologram medium, a similar set of planes with a maximum change
in refractive and/or absorption index. The orientation of these planes
is that of the bisecting plane for the angle 26 between the directions of
the reference beam and the particular object ray considered. The
spacing d of the planes is given by Eq. [1] with n =1. The Bragg

n=0

Object .
Beam nz 1| Imoge Beom
n=2
Reference And
Recanstruction
Beam n=
dp=SING. = A
(o) P eq a
smga=/.1.sm(ze)
Aa=p X
dp =dsecg
v ./t—/ 2dSING= )\
n=0
dp=dsec g .}_j
Object p—un | g = 5 =1 !moge
Beom 83" 2 Beom
/
Reference And | . ——
Reconstruction
Beom
(b) n

Fig. 1—Comparison of (a) plane and (b) volume holograms. The example
of a “hologram grating” or Fraunhofer hologram of a point object
is illustrated.

condition then tells us that a reconstructing ray (of the same wave-
length A) incident on the set of hologram planes considered is dif-
fracted uniquely in the direction of the original object ray. Thus the
volume hologram reconstructs a virtual image in the position of the
object if the reconstructing beam coincides with the reference beam
used in recording and a real image in the same location if the recon-
structing beam is identical with the reversed reference beam. However,
both the “conjugate image” and the higher-order diffractions are
absent. Furthermore, with the exception of object points in specific

8 RCA Review e Vol. 33 e March 1972




HOLOGRAPHIC INFORMATION STORAGE

locations,* no light is diffracted, and image reconstruction does not
take place if the direction of incidence of the reconstructing beam
deviates from that of the reference beam. Similarly, a change in wave-
length (without a change in the direction of the reconstructing beam
relative to the reference beam) suppresses reconstruction of the
image.**

These properties of the volume hologram make it possible to record
in it a large number of images or pages in superposition, each read
into it with a reference beam differing either in direction of incidence
or in wave-length. These images can then be reconstructed without
crosstalk by directing onto the volume hologram reconstructing beams
with the same directions and wave-lengths as the reference beam. If
the several reconstructing beams are directed at the hologram simul-
taneously, the corresponding images appear in superposition. This
procedure has been used for color holography with white-light read-
out.! The object (e.g., a color transparency) is illuminated by laser
radiations corresponding to the three primary colors, and the trans-
mitted or reflected radiation from the object is permitted to interfere
in a volume hologram medium with three superposed reference beams
derived from the same laser sources. If, then, a white-light recon-
structing beam coinciding in direction with the reference beams is
directed into the developed hologram, a virtual three-color image of
the object is observed; only the spectral components of the white
light that are used in recording contribute to this image. The re-
mainder is not diffracted by the hologram.

The description of the behavior of the volume hologram here given
is, of course, idealized. There is always a range of angle of incidence
and a range of wavelength of the reconstructing beam for which image
reconstruction takes place. These ranges decrease, and the properties

* The excepted object points, which are reconstructed by the rotated
reconstructing beam, correspond to object rays on the cone containing the
reference beam with axis normal to the plane bisecting the angle between
reference beam and reconstructing beam. The reconstructed points are
mirror images of these object points with respect to the bisecting plane.
There is no diffraction or image reconstruction unless the solid angle of the
object field overlaps the indicated object ray cone.

** Reconstructing wave-lengths, which are an integer fraction of the re-
cording wavelength, will also lead to reconstruction if the variations in
refractive and/or absorptive index recorded within the hologram medium
are a nonlinear function of exposure. Since the visual spectrum embraces
less than an octave, this is of no practical consequence. If both wavelength
and direction of incidence are changed, again object points on a certain
ray cone only are reconstructed. If, e.g. A/A = cos §’ (6’ is the angle of
reconstructing beam with respect to reference beam), the object-point
ray cone degenerates into the plane through the reference beam normal to
the plane containing the reference beam and the reconstructing beam, and
the image-point rays are displaced from this plane by the angle #”.

RCA Review e Vol. 33 e« March 1972 9



of a hologram approach more closely those of an ideal volume hologram
as the hologram thickness is increased. Both ranges also depend on the
angle between the reference beam and the object beam. The internal
angular range reaches a minimum when the angle between reference
beam and object beam within the hologram approaches =/2 (as closely
as permitted by refraction at the hologram surface),* and the wave-
length range reaches a minimum when this angle approaches = (i.e.,
when object beam and reference beam are contragradient) .2

In general, there is a gradual transition in the properties of a holo-
gram from that of a plane hologram to that of a volume hologram as
the medium thickness and the angle between object beam and reference
beam are increased. Only surface-relief holograms or, more generally,
the holograms listed under 1(a)2 and 1(b)2, are uniquely plane holo-
grams. Klein® has introduced the parameter @,

272, T
Q=

[2]
pd?

as criterion for distinguishing between a plane and volume hologram.
Here A, is the wavelength in air, T the hologram thickness, p the
refractive index, and d the spacing between scattering planes. Klein
notes that for Q@ > 7 or, if the scattering planes are parallel to the
axis and 4, is the external angle of incidence for Bragg reflection,

NA,
T > [3]

4 8in?f,

the hologram acts as a true volume hologram, being capable of over
959% holographic efficiency if the recording is in the form of a varia-
tion in refractive index (phase hologram). We might take as a cri-
terion for a thin hologram that the conjugate image be no less than
half as bright as the true reconstructed image. Applied to the
case of an object and reference beam symmetrically placed with respect
to the hologram normal, with angles of incidence *+6,, the intensity
ratio becomes

* In a medium with refractive index # = 1.5 and with the object ray
on-axis, the angular sensitivity referred to change in the external angle
becomes a maximum for an angle of incidence of the reference beam of 48°;
the angular sensitivity for an angle of incidence approaching 7/2 is re-
duced by the fact that, here, the change in internal angle . corresponding to

given change in external angle 6., A, = (cos §./cos 0.)A0:(1/r), becomes
very small.

10 RCA Review e Vol. 33 e March 1972




HOLOGRAPHIC INFORMATION STORAGE

T
I_, 1 2n 2
_= = exp <j—t(cos 8 —cos a) > dt

I T A

o

r =T 2
sin <— (cos 8 — cos a)>
A

= [4]
=T
— (cos § — cos a)
A

Here 6 is the Bragg angle (within tke lologram medium of index ")
and « is the angle (within the medium) that the conjugate image
beam makes with the hologram normal. For small 8, « =3 ¢ and cos 6
— cos a = 46% Since (sin z)/x = 0.707 for x = 1.39, the criterion of
thinness, 7_,/I; < 0.5, takes the form

47 T2 A BA,
<139, T< = ,orQ < 3. [5]
A 9.062 96,2

2.3 Convergence of Object and Reference Beams with Respect to
Hologram Medium

a. Fresnel Hologram. (Fig. 2)

A Fresnel hologram is recorded when the object is at some finite
distance from the hologram medium and the reference source is at a
different distance from it. Commonly the reference source is placed
at infinity, i.e., a parallel reference beam is employed. For a single
object point, the interference maxima then lie on paraboloids of revo-
lution, with the object point as common focus. Their intersection with

Holegram Common Center
Plate Of Ellipses

~

Reference !
Beom

Fig. 2—Fresnel hologram of point object.
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a plane at the hologram medium is a system of ellipses forming a zone
plate pattern, with fringe spacing decreasing with increasing distance
from the axis of the paraboloids, i.e., the line parallel to the reference
beam passing through the object point in Fig. 2. If a Fresnel holo-
gram, read out with a parallel reconstructing beam, is displaced, the
image moves with it.

b. Fraunhofer Hologram* (Fig. 3).

A Fraunhofer hologram is formed when the (two-dimensional) object
is placed in the focal plane of a lens interposed between the object and
hologram and a parallel reference beam is employed. The interference

Reference
Beom

Fig. 3—Fraunhofer hologram of point object.

pattern for a single object point is now a system of parallel planes,
intersecting a plane in the hologram medium as a line grating with
sinusoidal intensity variation. Orientation and spacing of a particular
hologram grating is uniquely correlated with the position of the object
point relative to the reference-beam source, which is also located in
the object plane if object beam and reference beam pass through the
same (perfect) lens. If the hologram is displaced, the image does not
move; with respect to the hologram, the effective object position is at
infinity and its displacement (by the hologram displacement) is re-
duced to zero when the infinite object is reduced to finite size by the
lens. The amplitude distribution at the image is, however, altered by
a phase factor, with the phase difference increasing with angular dis-
placement of the object point from the reference source.

* We adhere to the definition of a Fraunhofer hologram given by Leith
and Upatnieks.* Thompson et al® use the same term for a hologram formed
by the interference of a reference beam with light scattered from it by
small objects located a distance L >> D2\ from the hologram plane, placing
the hologram in the far field of the diffraction pattern of the objects. D is
here the diameter of the object.

12 RCA Review e Vol. 33 ¢ March 1972




HOLOGRAPHIC INFORMATION STORAGE

b,. “Lensless Fourier-Transform Hologram”* (Fig. 4)

Such a hologram is produced when the object and (point) reference
source are equidistant from the hologram medium. The reinforcement
surfaces of the interference pattern for a single object point are now
hyperboloids of revolution with the object point and reference point

Reference
Beom

Fig. 4—“Lensless Fourier transform hologram” of point object.

as common foci. For small angular separation of these two points
referred to the center of the hologram, this system of hyperboloids, at
the hologram, can be closely approximated by a system of equidistant
planes (as for the Fraunhofer hologram) and its intersection with the
hologram plane by a sinusoidal line grating. This hologram is thus
properly regarded as a modification of the Fraunhofer hologram and
shares its properties to a first approximation. Motion of the hologram
through the reconstructing beam leaves the image approximately im-
mobilized, but alters the image phase by an amount proportional to
the separation of image point and reconstructing source focus.

¢. Fourier-Transform Hologram (Fig. 5).

The Fourier-transform hologram is a specialization of the Frannhofer
hologram realized when the distance between lens and hologram is
made equal to the focal length of the lens. Then, apart from the effect
of the aperture limitation of the lens, the amplitude distribution of
the object beam in the hologram plane is the Fourier transform of the
amplitude distribution in the object plane. The change in the recon-
structed image with displacement of the hologram is the same for a
Fourier-transform hologram as for any other Fraunhofer hologram; a
displacement (Ax, Ay) of the hologram results, if the reconstructing
beam coincides with the optical axis of the system, in a phase change

* This terminology was introduced by G. W. Stroke et al.®
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Object Hologram Hologrom
Plote Object f f Plate

f —oe—t —» [Ip——

Fig. 5—Fourier transform hologram of (a) point object and (b) trans-
parency illuminated by collimated beam. Amplitude distribution
of object beam in hologram plane is Fourier transform of ampli-
tude distribution in object plane.

27 (x,Ax + y,Ay)

- (6]
A f

if the object point coordinates are (x,, ¥,) and f is the focal length of
the lens, leaving the intensity distribution in the image unaltered.

d. Image hologram (Fig. 6).

An image hologram is formed by imaging the object on the hologram
medium, which is simultaneously illuminated by a reference beam
coherent with the object illumination. Such a hologram has properties
intermediate between those of an ordinary photographic image and a
conventional hologram. Viewed directly, the image is visible with
low contrast and exhibits a fine grating structure. An image with
normal contrast is obtained if the hologram is inserted in a Schlieren
viewer. Here the hologram is illuminated by a crudely collimated beam
of white light and is imaged onto a viewing screen in such fashion that
the undiffracted light is intercepted by a mask. A phase image holo-
gram thus has the advantage, over other phase holograms, of permit-

(=) v=f)f2

Object Hologram
v v Plate
—_— T — —
SI~o S -~
~
~ ~
P - é) —
AT

Fig. 6—Image hologram.
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HOLOGRAPHIC INFORMATION STORAGE

ting reconstruction with ordinary white light and shares with them
the advantage of permitting optical projection with minimal thermal
loading (no absorption required within the hologram frame!). It does
not have the advantage of redundancy (i.e. diffusing the effect of holo-
gram defects over an extended area of the image) nor that of image
immobility with hologram displacement, which is characteristic of
Fraunhofer holograms.

A phase image hologram can, in fact, be prepared without reference
beam and without coherent radiation. It is only necessary to vary
(e.g., by a molding or evaporation process) the thickness of the photo-
sensitive material of the hologram plate, e.g., in proportion to

2nx

1+ kcos <—> , d =A/sine, [7]
d

Exposure of such a plate to the intensity distribution I(x,y) of the
image and development such as to leave a transparent residue pro-
portional to the thickness and the square root of the exposure (y=05)
will result in a hologram imparting on the reconstructing beam a
phase delay

27

A6 = const. <1 + k cos <—>> [Ao (2, 1) |, Ao(zy) = VI(xy)
d

If, on the other hand, the hologram is prepared by imaging the
object transparency illuminated with a plane wave with wavelength A
onto the hologram plate (with a flat photosensitive coating), exposing
the same simultaneously to a parallel reference beam with an angle of
incidence «, and an amplitude A,, the phase delay imparted by the
developed hologram becomes,

27\ \7
A0=const.<1+[A,|2+2|A,||Ao|cos —
d

2nx
= const.” <1 + k| A,|cos (— TFo c [9]
d

7|4l 2y
where k’ =2 = for IK |A, |2
I+14,1*/ A/
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Beom

Fig. T—Principle of reconstruction with white light of color image from
plane image hologram.

In either case, the light diffracted into the first order (at an angle o,
with the incident radiation) and hence contributing to the image is
proportional to the object intensity I(x,y) = |A,|?; the object detail
is assumed to be coarse in comparison with the grating constant d.

The grating pattern impressed on the plate emulsion need not, of
course, have the contours prescribed by Eq. [7] to impart the desired
properties to the “image hologram”. Groove shape and depth affect
only holographic efficiency.

On the other hand, the use of an image hologram for color re-
production, with three separation transparencies recorded in super-
position with reference beams of different orientation and wavelength,
requires conventional holographic methods using coherent radiation
in recording. Playback can then be with white light (Fig. 7).

2.4 Relative Direction of Incidence of Reconstructing Beam
and Emergence of Image-Forming Beam

a. Incidence and emergence on opposite sides of hologram (transmis-
sion hologram) (Fig. 8)

Such holograms are prepared by illumination of the hologram medium

with the object beam and the reference beam from the same side and

embrace both volume and plane holograms and, among the latter,

{ Virtual |
Image

=
-
-

(Real)
Object

Reaonstruc' ion
An
Reference Beom

Fig. 8—Hologram with incidence of reconstruction beam and emergence

of image beam on opposite sides.
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HOLOGRAPHIC INFORMATION STORAGE

surface relief holograms, holograms with internal refractive and ab-
sorptive index variations, and magnetic holograms utilizing the Fara-
day effect.

b. Incidence and emergence on same side of hologram

In the case of volume holograms, these reflection holograms are (Fig.
9) prepared by incidence of the object beam and reference beam on
opposite sides of the medium. In them, the grating spacings are
invariably close to A/2 in magnitude, and the sensitivity-to-wavelength
change is maximized.

(virtaal) /
Image
(Real)‘ 72

Object T

Fig. 9—Volume reflection hologram.

In plane holograms, emergence on the same side as incidence is
realized through optical reflection at the surface of the hologram or
a backing surface (Fig. 10). A relief hologram on a transparent sub-
strate can serve either as a transmission or a reflection hologram. If
the reflection at the back surface is suppressed (by a quarter-wave film
or, in the case of the reflection hologram, an absorbing layer) and the
depth modulation is substantially smaller than A/8, we find that the
ratio of the hologram efficiencies for the two types of play-back is

4n

(n—l)Sf:I-’

DY
— =n. [10]

(hologram eff.) o n—1\2 281\ 2
n+1 A

The ratio of the holographic efficiencies is thus simply equal to the
refractive index n of the hologram material, the effect of the larger
phase change with reflection almost balancing out the ratio of the
reflection coefficient to the transmission coefficient. If a thin metallic
coating is deposited on the hologram surface, the holographic efficiency
in reflection can, of course, greatly exceed the efficiency in transmission.

(hologram eff.) ; ppem. (4 1)2
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If reflection at the back surface is not suppressed, it may result in
undesired interference effects in the image, for transmission as well
as reflection holograms.* If a reflecting backing is employed to enhance
the holographic efficiency of a reflection hologram, the entire hologram
thickness T should fulfill a thinness criterion such as Eq. [5].

Reconstruction
Effective And

~& Reconstruction
~ “8eam

N N
~N

(virtual ™ N
ima. —

Reference Beam

a
> ~

Fig. 10—Plane reflection hologram.

2.5 Object lllumination During Recording

a. Illumination by a monocentric beam.

A monocentric beam may, in particular, be a parallel beam, with the
center at infinity. We assume the object to be a plane transparency.
Then, unless the illuminating beam is focused at the hologram plane
(as for a Fourier transform hologram of an object with parallel
illumination), the object beam projects a shadow image at the holo-
gram, with the object detail surrounded by diffraction fringes of a
width proportional to the square root of the product of the wavelength
and the object-hologram separation. As a consequence, the dynamic
range of the object beam at the hologram is not far different from
that at the object itself. Also the removal of a section of the hologram
will prevent the reconstruction of a corresponding section of the
image—there is essentially no redundancy. A further property of
images reconstructed from holograms prepared with monocentric object
illumination is the visibility of “cosmetic defects”, commonly in the
form of circular interference fringes, resulting from dust specks and
other defects on the object-illumination optics.

* See R. Bartolini, J. Bordogna, and D. Karlsons, “Recording Consider-
ations for RCA Holotape”, in this issue of RCA Review.
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b. Diffuse illumination.

The placing of a diffuser ahead of the object transparency overcomes
these defects; the object beam at the hologram is now of macro-
scopically uniform intensity and there is practically unlimited re-
dundancy—removal of any portion of the hologram has merely a
minor effect on overall image resolution. Furthermore, cosmetic de-
fects of the optics result, at most, in general contrast reduction. On
the other hand, diffuse illumination introduces a serious deficiency in
the image—speckle noise. As a result, any elementary area of the
image with a linear dimension equal to or smaller than the diffraction-
limited least-resolvable separation exhibits a mean-square intensity
fluctuation equal to the mean intensity in that region of the image.
For larger elements of area, the ratio of the mean intensity to the
root-mean-square fluctuation in intensity increases in proportion to
the linear dimension of the sample area. Thus the attainment of a
reasonably good signal-to-noise ratio in the image demands a holegram
area that is very large compared to that needed to provide the desired
image resolution.

It may be noted that, with diffuse object illumination, the intensity
distribution in the object beam at the hologram also exhibits speckle
noise, with the quantity corresponding to the least resolvable separa-
tion given roughly by the wavelength divided by the angle at the holo-
gram intercepted by the object diameter.

¢. Polycentric illumination

The use of two-dimensional gratings in close juxtaposition to the
object transparency or of aperture or lens-array plates ahead of it
makes possible the distribution of the light from any one element of
the object over different portions of the hologram, achieving both a
large measure of redundancy and relative uniformity of the object-
beam intensity near the hologram.” At the same time, the grating or
aperture plate introduces a regular spurious background pattern that
can be rendered unobjectionable by making the pattern periods smaller
than the smallest separation to be resolved. As with diffuse illamina-
tion, the visibility of cosmetic defects of the optics is greatly reduced.

With polycentric illumination, as with diffuse illumination, re-
dundancy is purchased by the superposition of a spurious pattern un-
related to the transmission variation of the object transparency. With
polycentric illumination, this pattern is regular; with diffuse illumina-
tion, it is random. In either casc, the spurious pattern can be rendered
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innocuous by increasing the hologram size cr decreasing the density
of information stored in the hologram. However, for a prescribed
signal-to-noise ratio in the image, the “purchase price” in terms of
increased hologram area can be made much less with polycentric il-
lumination than with diffuse illumination.

For further discussion of holograms prepard with polycentric il-
lumination we refer to the paper in this issue by Firester, Fox,
Gayeski, Hannan, and Lurie.*

2.6 Physical Process Used to Record Hologram

a. Thermal evaporation.

Holograms have been prepared by the intcrference of intense ruby
pulsed laser beams at solid metal surfaces (copper, silicon)™ as well as
on thin metal films (Au, Bi) on a glass substrate. Amodei and Mezrich®
found 50 wJ/cm? sufficient for recording on a 100-A Bismuth film;
resolution of 1000 Ip/mm on film and holographic efficiencies of 6%
were obtained. The holograms could be used for reconstruction by
reflection or transmission.

b. Recording in silver halides (photographic plates or film)

High resolution photographic plates (particularly Eastman Kodak
649-F° and, later, the more sensitive Agfa-Gevaert Scientia Plates,
such as the 10E56 and 10E70') are the classic materials for recording
holograms. Since the emulsion thicknesses of these materials range
from 15 um to 6 um, they form true plane holograms only for small
angles between the object beam and reference beam (e.g., 10° or less).
With object and reference beam incident from opposite sides, they
form very effective volume holograms with high wavelength discrimina-
tion (provided that appropriate precautions are taken to minimize
emulsion shrinkage).

Photographic plate holograms are normally primarily absorption
holograms. However, bleaching the developed silver converts them into
phase holograms, arising primarily from surface relief" or internal
refractive index modulation'” (depending on the bleaching process
employed). Refractive index modulation, resulting from the replace-
ment of the developed silver by silver salts with index higher than
that of the gelatine, leads to the highest resolution in a photographic
phase hologram.

* A. Firester, E. Fox, T. Gayeski, W. Hannan, and M. Lurie, “Re-
dundant Holograms”, in this issue of RCA Review.
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c. Photoresists.

Photoresists are, in general. organic materials containing photosensi-
tizers that, upon exposure to light, are either rendered soluble (posi-
tive photoresist) or insoluble (negative photoresist).”” They are
washed after exposure, leaving a residue of insoluble material that,
in the case of a holographic exposure, constitutes a surface-relief phase
hologram. Negative photoresists are, of course, preferably exposed
through a transparent substrate. Photoresists generally have very
low sensitivity but are superior to bleached photographic plates with
surface relief with respect to both resolution and reduction in light
scattering.

d. Dichromated gelatine.

In addition to being a negative photoresist when soft, dichromated
gelatine when hardened exhibits a refractive index change upon ex-
posure that makes possible the recording of a volume hologram with-
out development. This hologram may be fixed and the holographic
sensitivity greatly increased by washing the material with isopropanol
alcohol to remove unreduced dichromate and subsequent dehydration.
The interesting properties of this material are described and inter-
preted in the paper by D. Meyerhofer in this issue of RCA Review.*

The photosensitivity of dichromated gelatine is much lower than
that of photographic plates; furthermore, it is limited to relatively
short-wavelength radiation. This limitation can be overcome by con-
verting a hologram formed in a photographic emulsion (such as the
649F) with, e.g., helium-neon laser radiation at 6328 A into a
hardened-gelatine hologram."* The procedure is to bleach the developed
and fixed hologram plate, treat it with an ammonium dichromate solu-
tion containing a wetting agent, expose the dichromated plate to argon
laser radiation (at 4880 &) (preferably in the Bragg direction for the
recorded hologram) or to radiation from a mercury arc, remove
residual dichromate with bisulfite solution and residual silver salts
by fixing, and develop the hardened gelatine emulsion in hot isopropanol
followed by a hot-water wash. The resultant hologram is a permanent
phase hologram with holographic efficiencies of 50% or more and high
signal-to-noise level.

e. Photopolymers

Photopolymers produce permanent, irreversible phase holograms with
high holographic efficiency. The initial material contains, as its es-

* D. Meyerhofer, “Phase Holograms in Dichromated Gelatine” this issue
of RCA Review.

RCA Review e Vol. 33 ¢ March 1972 21



sential component, a relatively unstable mixture of a monomer and a
generally dye-sensitized catalyst. The initial step is the holographie
exposure at a wavelength strongly absorbed by the dye in the catalyst,
which produces localized polymerization. The final step is fixation by
flooding with short-wave radiation (e.g., radiation from a mercury
arc) to polymerize the remainder of the monomer and to convert the
dye into a stable nonabsorbing substance. The essential intermediate
event is, presumably, the diffusion of monomer into the already poly-
merized regions, increasing their optical density after fixation. One
process, which uses a ruby laser for the initial exposure of an aqueous
solution of monomer and catalyst between glass plates some 25 pum
apart, results in holograms in which surface relief contributes the
major part of the holographic diffraction.’® In a second process,® in
which a mixture of monomer, catalyst, and polymeric binder is spread
on a glass substrate and is initially exposed to ultraviolet (or, with
dye sensitization, blue or green) recording radiation, the surface
modulation is negligible at the frequencies above 100 lines/mm (i.e.,
at the frequencies of interest for holographic storage) and the holo-
gram is truly a volume phase hologram. In both, while the holographic
sensitivity is low, the entire processing can be carried out in situ.

f. Photoconductive-thermoplastic sandwich*

By a sequence of steps involving corona charging of a thermoplastic
surface (with respect to a common ground electrode applied to the
other side of the sandwich) and exposure to the light pattern to be
recorded, a field depending on the light exposure is impressed across
the thermoplastic layer. Heating (to some temperature between 60°
and 100°C) softens the thermoplastic and causes it to flow from the
more highly illuminated areas (with the stronger field) to the less
illuminated areas, producing a surface relief that is frozen in position
as the thermoplastic cools. In this manner, efficient plane holograms
with minimal light scattering may be formed. Heating to a higher
temperature or for a more prolonged time erases the hologram, making
the material ready for reuse. Both thermal development and erasure
can be carried out in situ by passing current through the base elec-
trode. The fact that the frequency response of the thermoplastic holo-
gram is peaked at a value depending on the thickness of the thermo-
plastic can be used to advantage.

* See T. Credelle and F. Spong, “Thermoplastic Media for Holographic
Recording”, in this issue of RCA Review.
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g. Photochromic materials

Photochromic materials change their transmission spectrum in re-
sponse to exposure to light. Examples are a variety of organic
materials; alkali halide crystals, such as KBr; the photochromic
glasses, containing a dispersion of silver halide crystals; and a long
series of doped inorganic crystalline materials, among which CaF,,
doped with the rare earths La or Ce, and SrTiO; doubly doped with
Mo and Fe or Ni, are most prominent. They are, in general, darkened
by exposure to short-wave visible or ultraviolet radiation and blcached
by exposure to long-wave visible or infrared radiation, and are com-
monly practically unaffected by radiation at some intermediate wave-
length. Hologram recording can take place either in the darkening or
in the bleaching mode. Since the absorptive-index changes produced
are rather small, photochromic holograms tend to be inherently (ab-
sorption) volume holograms. Since volume holograms must be read out
at the recording wavelength, the reading process gradually wipes out
the holographic recording by driving the darkening or bleaching
process to saturation. On the other hand, recording, read-out, and
erasure can take place in situ without development, and the material
(with the exception of the organic photochromics) can be reused in-
definitely. The properties of photochromics are discussed in more
detail in the paper by R. Duncan.*

h. Electro-optic materials

Electro-optic materials are suitable for holographic recording if, by
photoexcitation, local variations in the intensity of illumination result
in corresponding variations in space-charge density. The electro-optic
effect then converts accompanying field variations into a modulation of
the refractive index. Since these index changes are small, the holo-
graphic material must be thick to diffract the reconstructing wave
efficiently. Electro-optic materials thus form phase volume holograms.
As with photochromic materials, the read-out process, necessarily
carried out with radiation of the wavelength used in recording,
gradually erases the hologram. With appropriate polarity of the
crystal, this erasure process may be retarded, however, by an enhance-
ment process consisting of the rerecording of the hologram through
the interaction of the reconstructing beam with the image beam
generated by it. Furthermore, in pure lithium niobate (LiNbos), in

* See R. Duncan, “Erase-Mode Recording Characteristics c¢f Photo-
chromic CaF., SrTiO;, and CaTiO; Crystals”, in this issue of RCA Review.
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particular, it has been found possible to fix the hologram by a heat
treatment that cancels the internal field produced by trapped electron
concentrations by the displacement of impurity ijons. Apart from
lithium niobate (pure or doped with Fe to achieve greatly increased
holographic sensitivity), many other materials, such as Ba,NaNb;0;;,
LiTa0;, BaTiO;, and Bi,TizO,4, have been shown capable of recording
volume phase holograms. The properties of such materials are dis-
cussed in papers by J. Amodei, D. L. Staebler, and W. Phillips in this
issue of RCA Review.*

i. Magneto-optic Materials

If a film of MnBi, uniformly magnetized in a direction normal to film,
is exposed to an interference pattern produced by pulsed laser radiation
of sufficient intensity to raise the temperature at the antinodes of the
pattern above the Curie point (360°C), the demagnetizing field from
the remainder of the field produces a reversal of magnetization at these
points. In this manner holograms can be recorded on the film and can
be read out by the transmission or reflection of a reconstructing beam.
In transmission, the local fields in the film rotate the plane of polariza-
tion by the Faraday effect, producing a first-order reconstruction with
a light-field component polarized at right angles to the incident wave.
In reflection, the magnetic Kerr effect similarly produces a rotation of
the plane of polarization of the reflected wave, also resulting in a
reconstruction polarized at right angles to the incident wave. Since
the films are very thin, the magnetized film acts like a plane (phase)
hologram in transmission and like a plane (amplitude) hologram in
reflection. Magnetic holograms have also been recorded on EuO films,
with a Curie point at 69°K, obviously requiring cryogenic cooling to
prevent erasure of the hologram.”

Magnetic holograms can be erased thermally, permitting replace-
ment of the record with a new record. Once recorded, MnBi holograms
have indefinite shelf life. Apart from low holographic sensitivity and
low efficiency in reconstruction, they have thus the most important
properties desired for holographic storage with plane holograms. They
are discussed in detail in the paper by Mezrich and Cohen in this
issue.t

*J. Amodei and D. Staebler, “Holographic Recording in Lithium
Niobate”, and W. Phillips, J. Amodei and D. Staebler, “Optical and Holo-
graphic Storage Properties of Transition Metal Doped Lithium Niobate”, in
this issue of RCA Review.

+ R. Mezrich and R. Cohen, “Magneto-Optic Recording Materials”, in
this issue.
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j. Recording by phase transformation

In some materials, such as a thin VO, film sputtered on a glass sub-
strate, phase transformations involving substantial changes in absorp-
tive and refractive index can be produced locally (in volumes of the
order of 1 um®) by a momentary rise in temperature, such as may be
produced by a pulsed-laser interference pattern.’ If the substrate is
maintained at a temperature close to the transition temperature (63°C
for VO,), a hologram recorded in this manner is relatively permanent
owing to the hysteresis of the transformation process; it may be erased
by a momentary decrease in temperature. Since the primary optical
effect of the (insulator-to-metal) transformation in VO, is a change
in reflectivity, the VO, hologram is most efficient as a plane reflection
hologram. It shares with the materials listed in section 2.6¢(e) to
2.6(g) the desirable property of permitting recording, read-out, and
erasure in situ.

Much higher holographic efficiencies (up to 80% for 10 um films
read out at 6328 &) have been achieved with evaporated As,S; films."**
The phase transformation, which has not been uniquely identified, is
accompanied by a 200 & absorption-edge shift and induced by exposure
to argon laser radiation of wavelengths 4880 A or 5145 A. The record
is erased by thermal cycling between 100°C and room temperature.
The process appears related to holographic storage in arsenic-sulfur
glasses with high sulfur content, observed in much thicker layers (e.g.,
0.045 cm) and tentatively attributed to a devitrification process.*

k. Photoactivated Liquid Crystals*

Nematic liquid crystals exhibiting the dynamic scattering mode (DSM)
and operating below the DSM threshold, as well as liquid erystals
showing alignment effects, change their effective refractive index in
response to applied electric fields. Thus a sandwich of a phetocon-
ductive layer of, for example, CdS of about 5 um and a liquid crystal
layer of 13 um in a cell between transparent electrodes constitutes a
sensitive system for producing transient holograms with limited
angular range, the resolution being only about 100 lines/mm.* Radiant
inputs of the order of 1 uJ/cm? suffice to create a hologram that has a
decay time of the order of a second.

* For the optical properties of liquid crystals, see J. Castellano, “Liquid
Crystals for Electro-optical Applications”, in this issue of RCA Review.
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1. Modulation of Color Center Alignment

Alkali halide crystals, such as KCl, doped with cations of smaller
diameter, such as Na, may be discolored, for example, by heating in
potassium vapor so as to form F-centers, or anion vacancies containing
an electron. They may then be partly bleached with F-center-absorbed
radiation, with the resultant formation of F, centers, or the combina-
tion of an electron in a vacancy with a foreign ion. These F, centers
are randomly aligned with the crystal axes. When the electric vector
coincides with their principal axis, they are excited by a lower fre-
quency (e.g., 6328 A light) than when it is normal thereto. Such
excitation may result in ionic reorientation and a consequent reduc-
tion in absorption coefficient at the wavelength in question. Thus
amplitude volume holograms may be recorded in the crystals, and when
the crystal is kept at 77°K the record is permanent. Since 15 mJ/cm?
were found to produce a density change of 0.4 in a crystal 0.2-cm thick,
their sensitivity is about four orders of magnitude lower than that of
photographic plates, but some two orders higher than that of KClI
storing holograms by F-center formation.?

3. Holographic Efficiency

The holographic efficiency is defined as the ratio of the radiant flux
diffracted into the reconstructed image beam to the incident flux of
the reconstructing beam. In comparing the performance of different
hologram materials, it is common practice to assume the simplest type
of hologram—a hologram grating formed by the interference of a
plane object beam and a plane reference beam or a Fraunhofer (or
Fourier-transform) hologram of a point source. For a plane hologram
formed by an object beam with angle of incidence 6, and reference
beam with angle of incidence 6,, both in the xz-plane, the interference
pattern is a plane grating with grating constant d,

A
d=——— [11]
sin g, —sin 4,

If the hologram material has a photographic gamma y and a modula-
tion transfer function M(l/d), an angle between the electric vectors
of the object wave and reference wave of 6,, and a ratio of reference-
beam intensity to object-beam intensity at the hologram of R, the
amplitude transmission of an absorption hologram can be written
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27 y+ 2 27x
Ty=T4ol1—mcos— + ——m*cos* | —}---]. [12]
d 2y d

Here T,, is the amplitude transmission in the absence of coherence
between the object beam and the reference beam and

YyMR

m= cos 0, [13]

R+1

For y = —2, only the first two terms in Eq. [12] are different from
zero, and the three Fourier terms corresponding to the amplitude
transmission expression give rise to the zero-order wave and two
first-order diffracted waves of equal amplitude m/2. The maximum
value of m is then realized for 6, =0° (electric field normal to plane
defined by the two wave normals), M = 1( 100% modulation transfer),
and R =1 (object and reference beam of equal intensity), and is
given by m = 1. Furthermore, since T, <1, T, < 1/(1 +m). Hence
we find for the ratio of the amplitudes A, and A, of the first-order
beam and the incident beam in reconstruction

A, m
—<———<
A, 20 +m)

1 I, 1
—yp=—<— [14]
4 I, 16

n = 0.0625 is thus the upper limit of the holographic efficiency of a
plane amplitude hologram with a linear relationship between exposure
and amplitude transmission. For small m, the relative diffracted-wave
amplitude is quite generally m/2 (with m given by Eq. [13]), even
if the response is nonlinear.

The extreme case of nonlinearity is the binary hologram, for which
the amplitude transmission is T,,.x if the exposure exceeds some
threshold value and is T ,.,;, if the exposure is less than this threshold
value. If the exposure exceeds the threshold value a fraction p of the
time (for the single-point Fraunhofer hologram), the hologram ampli-
tude transmission is given by

o Sin (n7p) 27nx
Ty =Tpmin + (Tamax — Tamin) P{1+2 Z cos . [15]
n=1 nap d
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The holographic efficiency in this case is

I,
== (TAmax - TAmln)
1

o

sin (7p) }'-’
_ [16]

T

This is clearly maximized for T,,,x — Tumin =1, » = Y%, so that, for
a binary amplitude hologram,

I, 1
7=—<—=10.1013. (17]
I, =2

The maximum holographic efficiency is realized when the threshold
exposure equals the average exposure.

For a plane phase hologram, we obtain for the Fraunhofer holo-
gram of a single object point

27 y+2 27x
Ty=e% ¢p=¢,[1—mcos — +——m2cos?|{ —}--- ], [18
d 2 d

where m is again given by Eq. [13]. For y = —2, only the first two
terms in the expansion of ¢ differ from zero, and an expansion of T,
as a Fourier series in (272/d) leads to a holographic efficiency

I
n=—=[J,(m$,) ]2 < 0.338, [19]
I

o

the maximum efficiency being attained for m¢,=1.84. ¢, increases,
within limits, with exposure. For small values of m, the first-order
diffraction efficiency is given by Eq. [19] quite generally; also for
y # —2. On the other hand, higher-order beams, with relative ampli-
tudes given by Bessel functions of corresponding order, are generated
even for y = —2.

For a binary plane phase hologram grating we obtain, for phase
step A¢,

2 2

o

I, 4 Ag\ 4
7 =—=—sin? (7p) sin2 [ — | < — = 0.4053. [20]
2

The holographic efficiency for volume holograms with a sinusoidal
variation of the absorption coefficient and index of refraction (i.e. for
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idealized Fraunhofer holograms of a single object point) have been
derived in greatest generality by H. Kogelnik, using the coupled-wave
theory. In a volume hologram, it is necessary to consider the diffrac-
tion by the hologram grating of the image wave, as well as that of the
reconstructing wave. Fortunately, for a sufficiently thick hologram, all
of the scattering of the image wave can be regarded as serving to
enhance the reconstructing wave, just as the scattering of the recon-
structing wave can be regarded as contributing exclusively to the
image wave. Thus, with suitable assumptions concerning the smallness
of the changes in refractive index (n;) and absorption constant (y)

27
n=mn,+ ny cos— (xsin¢ + zcos ¢) [21]
d

2w
a=a,+ a,cos — [xsin¢ + zcos ¢].
d

Maxwell’s equations lead to a simple pair of coupled differential
equations for the field amplitudes of the reconstructing and image
waves; ¢ here designates the angle which the grating plane normal
makes with the hologram normal (the z-axis).

Kogelnik derives the following expressions for the holographic
efficiency n for the special case ¢ = 7/2 (object and reference beam
symmetrical with respect to yz-plane) :

Absorptive transmission hologram:

2a,t ayt
7 = exp {— sinh? < ) [22]
cos 8, 2cos d,
1 at
Nmax = — = 0.087 for ——— =In3and oy =, 23]
27 cos é,

Absorptive reflection hologram:

2

ay
n= — - — [24]
t 2
[ 2a, + Vda, — a2 coth < Va2 — aﬁ)]
2cos b,
1 a,t
Nmax = —— =0.072 for — « and a; = q, [25]
2+ V3)2 cos 8,
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Phase transmission hologram:

Wnlt
7 = sin® < > [26]
Acos b,
2n,t
Vmax = 1 for — =1,3,5,... (odd integer) [27]
Acos @,

Phase reflection hologram:

1r’n1t
n = tanh2 | - [28]

A cos 8,

2n,t

Nmax = 1 for —> o [29]

Acos b,

Here t is the thickness of the hologram, 2«, is the average absorption
cocfficient, A is the wavelength of the radiation within the medium, a,
is the glancing angle of the object and reference rays with respect to
the plane of constant refractive index or absorption constant. The
derivation requires that the hologram be very thick (Q >> 7, with Q
defined by Eq. [2]) and that »; K n, a; K 27n,/A, a, << 27n,/X. Sur-
face reflection effects, which could be nullified by the application of
thin films of appropriate refractive index and thickness, are left out
of account. Table 1 gives a summary of the upper limits to the holo-
graphic efficiencics of different types of holograms.

Table 1—Upper Limits to Holographic Efficiency

Plane Holograms Volume Holograms
Amplitude Phase  Absorption Modul. Refractive Index Modul.
Linear Binary Linear Binary Transmission Reflection Transm. Reflect.
0.0625 0.1013 0.338 0.405 0.037 0.072 1.00 1.00

The indicated theoretical upper limits to hologram efficiency have
been quite closely approached in practice with the simplest type of
hologram—the hologram grating or Fraunhofer hologram for a single
object point. However, the upper limit to the holographic efficiency
of volume phase holograms may be shown to be 1 for complex objects
as well. In particular, the reflection volume hologram with pure re-
fractive-index modulation (and zero absorplion) should have 100%
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holographic efficiency for any picture content, provided only that the
hologram is sufficiently thick.

It should also be emphasized that the various types of holograms
listed in the table exhibit basic differences with respect to storage
capability apart from their efficiency. We have already noted the ad-
vantage of volume holograms (as compared with plane holograms)
resulting from their angular and wavelength sensitivity and the sup-
pression of the conjugate image and higher-order diffractions. We
should also note that, with binary plane holograms, the inoperativeness
of the superposition principle affects the faithfulness in the reproduc-
tion of a complex image and that here the production of undesired dif-
fracted beams is an even more serious problem than with the linear
plane hologram.

4. Holographic Sensitivity

It is reasonable to define holographic sensitivity as the reciprocal of
the hologram exposure required to produce a hologram with a pre-
scribed efficiency. For any given mean exposure E, the hologram
efficiency % is proportional within a certain range—the “linear” range
for which there is proportionality in the intensity of object and image
—to the square of the fringe modulation or “visibility” V, defined by

Imax " imin
| —— [30]
Imax + Imin

For a simple interference pattern between two coherent parallel
beams with an angle 8, between their electric vectors,

vAVA I,
cos b, R=—, [31]
1+R I,

V=

where I, and I, are the intensities at the hologram of the reference
and object waves, respectively.

Lin® has appropriately defined the holographic sensitivity S of a
hologram medium by the quantity

112
S=— __\/1’—" [32]
E, [ oV |E,
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Here, the derivative is taken in the linear range of \/17 as a function
of V. For media without an exposure threshold and an initial gamma
equal to —2, S is a constant for small exposures. For media with a
threshold, such as photographic materials, S will be maximized for a
certain exposure, which may be not too far from that yielding max-
imum linear range.

Through the holographic efficiency 7, the holographic sensitivity S
is also proportional to the modulation transfer function of the medium
as applied to the space frequency of the fringe system, which in turn
depends on the angle between the interfering beams.

5. Storage Capacity of a Hologram

It is possible to describe the information-storage capacity of a holo-
gram by the general Hartley-Tuller-Shannon expression for the infor-
mation capacity of a communication channel *

—p
C=2WTIog2\/1 +—. [33]
V24

Here, W is the frequency width of the communication channel and T
is the transmission time; thus, 2WT is the number of independent
samples that define the signal. P, is the mean signal power and P, the
mean noise power.

If, as with a hologram, the signal transmission consists in the
recording and reconstruction of a two-dimensional pattern, the ex-
pression for the storage capacity can be rewritten

C:nlog2\/1+ -1, [34]
N

where 7 is the number of picture elements and S/N the signal-to-noise
ratio of the reconstruction of the individual picture elements.

The logarithmic term can be regarded as the logarithm of the
number of steps of intensity that can be distinguished for each picture
element.

In general, the number n is more readily determined than the
signal-to-noise ratio S/N. In computer applications in particular,
where the patterns normally are luminous dots at locations in a reg-
ular geometric array (presence of dot = 1, absence of dot = 0), n
becomes simply the number of dot locations in an array or, if several
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arrays are recorded in superposition, the product of the number of
arrays and the number of dot locations in each array. Furthermore,
the storage capacity in bits becomes at most equal to n; the signal-to-
noise ratio must simply be chosen high enough that the probability of
error in the recovery of the information is less than some prescribed
limit.

The simultaneous storage of many images or dot arrays is nor-
mally practiced only in volume holograms. It is thus appropriate to
consider single-image (or dot-array) storage in a plane hologram and
multiple-image storage in volume holograms separately.

5.1 Storage Capacity of a Plane Hologram

Consider a square area A on a photographic plate on which a square
array of dots and vacancies is recorded. To distinguish dots and
vacancies, we make the center-to-center separation of array loca-
tions equal to the limit of resolution of the plate, d,. We then have
the storage capacity of the plate for photographic imaging,

A

As an alternative, we could obtain a similar array of dots by recon-
structing a point-source array of C dots spaced dpin apart with a holo-
gram having a diffraction-limited resolution d,,,. Let us assume that
we accomplish this with a square Fraunhofer hologram of area A4,,
with the reference source adjoining the center of one of the sides of
the object array (Fig. 11). If f is the focal length of the Fraunhofer
lens, diffraction theory tells us that

Af
VA,

At the same time, the resolution limit of the hologram plate must be
at most equal to the grating spacing corresponding to the object point
farthest removed from the reference source:

[36]

dmln =

A fA

dm = =
max /4
\/— Cd2n1h1
5

[37]
sin ¢

RCA Review e Vol. 33 ¢ March 1372 33

N




Substitution of Egs. [35] and [36] leads to the conclusion,

A’l =—A. [38]
4

This rather crude analysis leads to the unquestionably correct con-
clusion that, with the identical recording material, the hologram area
required to record a pattern with a given number of picture elements
is somewhat larger than the area needed to record the pattern directly.

Area
Ax

Hol
Reference R L
Source
Location

Fraunnofer
Lens

Object or Image
Source Array

Fig. 11-—Derivation of storage capacity of plane hologram.

A somewhat more convincing argument* would have led to the greater
ratio of areas

Ay

A

(39]

| o

In practice, however, a reference beam offset just to the edge of
the image field, as shown in Fig. 11, is almost never employed. The I
reason is that, with it, spurious intermodulation terms disturb the
image. Consider the ideal case of an amplitude hologram, processed
for y = —2, recording a field on N point sources of equal amplitude
A, and arbitrary phase ,. If the reference beam amplitude is A,, the
amplitude transmission of the hologram can be written

* This argument is based on requiring the same upper limits for the
spatial spectrum of the direct image and of the hologram. The same result
is obtained by the preceding argument if the array is oriented diagonally.
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v
A, +4, 3 exp{jlk,*r+q,1}|2

n==1

T,=c [40]

|4, +4, 35 exp (jlky+ 7+ 9,1} |2

fimal

A4, « ,
=cql1+ 2 (exp ilkn e 7 + a1}
AZ+NAZ =i
‘402 N n-—1

texp {—jlka* 7+ @u} | + ———
" " A2+ NAZ ,.;1 P

[exP {][(kn_km) *r+o,— ('Pm]}

+9XP {_j[(kn_km) .7'+"Pn_cpm]}:|} - [41]

Here k, is the propagation vector corresponding to source n, with the
components (2r/A) (x,/f, v,/f) and r is the position veetor with com-
ponents (x,y). The last term indicates that, in the image, there will
be spurious intensity contributions at the image points = (x,-x,,,
Ya-Um). These spurious intensity contributions can be quite large. Con-
sider, e.g., a pattern made up of N dots located so that, pairwise, the
vector displacement between them has the common value (). The
intensity at the proper dot positions is then

I,
IJ=¢————, [42]
(I, + NI,))2
whereas the expected value of the intensity at the vacant position
(x,,¥:) becomes

. 102 N/2 . : N 102
I =c¢ —| > exp{ip,} | =¢——. [43]
(I, + NI)2 \&= 2(I, + NI,)2

The ratio of the expected value of the spurious intensity to the in-
tensity at a recorded dot is here (for random phases ¢,)

I. NI, R

I, 21, 2
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Reference

Source \.

Fig. 12—Intensities at vacancies for a particular dot array with adjoining
reference source. The ringed figures at the vacancies in the upper
left-hand corner indicate the most probable values of the ratio of
the intensity at the location in question to the intensity at dot
positions.

or half the ratio of object beam intensity to the reference beam in-
tensity. Fig. 12 illustrates the most probable intensities at the vacan-
cies of a particular dot pattern.

More generally, Eq. [41] shows that the intermodulation terms
extend over a square (centered on the reference source) with twice
the side of the image field. Thus, to prevent overlap with the image
field, the reference source is displaced a distance at least 3/2 times
the width of the image field from the center of the latter (Fig. 13).
For an amplitude hologram not processed with y = —2, and for phase
holograms generally, the second-order diffraction terms extend over
an area equal to that of the intermodulation terms beyond the image
field (from the reference source) and the intensities of the inter-
modulation terms are modified. Third-order terms (in the power
expansion of the amplitude transmittance) invariably lead to image
distortions; these can however be minimized by making the (object

. Second- Order
intermodulation Diffroction

Intensities Intensities
i -

OOnpgate/

image

Field Imoge
Reconstructing Field

Source

Fig. 13—Minimum spacing between image field and reconstructing source
required to prevent image distortion by intermodulation.
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beam)/(reference beam) intensity ratio E sufficiently small. It may
be noted that a reference-source offset large compared to the image-
field dimensions becomes mandatory, even apart from intermodulation
term considerations, if the recording medium (such as thermoplastics)
has a response range less in width than the space frequency of peak
response. With the larger offset of the reference source (3/2 the
image-field width), the requirement of an equal spatial spectrum range
for the hologram and direet recording leads to an area ratio

=, [45]

We thus come to the conclusion that we require approximately eight
times the recording surface for recording a pattern of prescribed
information content on a hologram as for direct photographic recording.

Clearly, holographic recording in plane holograms does not present
an advantage over direct recording if maximum density of informa-
tion storage is the only consideration. It presents a decided advantage,
however, if certainty of full recovery of the information stored, from
a densely stored record, is of primary importance. Furthermore, it
can be far superior to ordinary photographic recording in faithfully
recording a very wide dynamic range of light values on recording
media with limited latitude.

With dense photographic information storage the settling of dust
particles on the record or accidental scratches experienced in Landling
can completely obliterate important information. This hazard can be
removed or diminished by introducing “redundancy” (e.g., by prepar-
ing duplicate records and viewing or sensing them, in some manner, in
superposition). With holograms, redundancy is achieved more simply
and more completely.

Not all types of holograms are equal in this respect. A hologram
prepared with diffuse illumination of the object (diffuse hologram)
possesses both the property of unlimited redundancy and that of record-
ing a wide dynamic range on a material with small latitude. Damage
to any part of the hologram affects all portions of the image equally,
producing slight reductions in image brightness, contrast, and resolu-
tion. This applies irrespective of the light distribution at the object.
If the light is concentrated at just a few object points, the dynamic
range at the object and image will be enormous, while, at the same
time, the light modulation at the hologram will be no greater than for
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a flat object field with the same total luminous content. The clipping
of the high peaks in the superposed interference patterns results, to a
first approximation, simply in directing some of the reconstructing
light into higher-order diffractions, outside of the image field.

As long as the object-beam/reference-beam intensity ratio R is
kept reasonably small, the intensity distribution in the image is un-
affected by the clipping produced by the nonlinearity of the recording
material. This is demonstrated most strikingly by the reconstruction
of quite faithful images with binary materials (i.e. materials capable
of only two levels of amplitude or phase transmission) such as mag-
netic holograms.

Even so, the diffuse hologram is rarely the best choice in hologram
recording. The reason for this is its unfavorable signal-to-noise prop-
erties. The source of noise (or spurious intensity fluctuations) in
hologram images is partly purely statistical in character, partly “cos-
metic” in nature (resulting from flaws and optical imperfections of
recording and reconstruction system components), and partly inci-
dental to system design (such as multiple reflections within the
system). In photographic recording materials the granularity, which
also determines the resolution and sine wave response of the material,
is an important statistical source of noise.** However, there is no
unique relationship between granularity-caused noise and resolution
(or sine-wave response).”

For essentially grainless materials, such as thermoplastics and
photo-resist, such statistical scattering related to the recording process
is much less important. In general, however, random scattering of the
reconstructing beam in the hologram material and its support set a
limit to the signal-to-noise ratio that can be obtained.

It is important to remember that light scattering, whatever its
source, is far more important when the image is formed with coherent
light than when it is formed with incoherent light. In the first case
we are dealing with the addition of amplitudes, in the second with the
addition of intensities. For example, let the intensity of scattered
light I,.., reach a portion of the image of intensity /. With incoherent
light, the intensity will simply be increased by the fraction Ie,/I.
With coherent light, on the other hand, the intensity may vary in the
range

IIS('n
(\/1:\/_1“,")221<1:2 .-" ) [46]
\ g
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Thus a scattering intensity that would simply increase the image
brightness by a background brightness of 1¢; in incoherent imaging,
may lead to the superposition of spurious fringe or granular pattern
with 20% modulation in coherent imaging.

It has already been noted that, with diffuse illumination of the
object transparency, these secondary sources of noise are overshadowed
by speckle noise, which is inherent in the radiation pattern emanating
from an object that is diffusely illuminated or is itself a diffuse
reflector and hence cannot be removed or reduced by any sub-
sequent manipulation. With speckle noise, the ratio of the root-mean-
square fluctuation in light flux within an image area smaller than
the limit of resolution of the imaging system is simply equal to the
average light flux in this area (S/N =1). As the hologram area A4,
is increased so that the sampling area, or picture element, becomes
substantially greater than the limit of resolution, the signal-to-noise
ratio becomes equal to the ratio of the square root of the sampling
area to the limit of resolution, or increases in proportion to the square
root of the hologram area:*

S VA,A, Af
_— \/X(>—_=dmln 0 [47]
N Af VA,

Here, f is the focal length of the Fraunhofer lens for a Fraunhofer
hologram and A, the sampling area at the image; for a lensless holo-
gram, f is simply the image-to-hologram separation.

* This applies if the object intensity over an area corresponding to A:
is substantially uniform or, generally, for continuous images. For a dot
array, where the area A, of the object sources, which here are in the form
of diffusely illuminated apertures, is substantially less than the sampling
area (corrected for an eventual magnification f/f. between the recorded
object and reconstructed image), we have instead

S VA, f Mo
—,—— VA>—VaA, VA, > - (48]
N Afa % VA,
Af Mo
e=1 VA > , VA, <—-
VA, . VA,

Here f, is the Fraunhofer lens focal length or the object-to-hologram
separation used in recording. The use of a diffusely illuminated aperture
plate as object pattern is thus particularly disadvantageous with respect
to the obtainable signal-to-noise ratio.
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In summary, with diffuse illumination, the signal-to-noise ratio in
the image in inherently small and is increased only very slowly as the
hologram area is made larger than that required to resolve the indi-
vidual picture element (defined by the acuity of the observer, the
transmission capabilities of the remainder of the system, or the
sampling aperture of the detector).

Fortunately, the high degree of redundancy, which is the major
asset of the diffuse hologram, can be achieved without diffuse il-
lumination of the object and the resulting introduction of speckle
noise. An example is the Fourier-transform hologram shown in Fig,.
5(b) or the closely analogous “lensless Fourier-transform hologram”
obtained by illuminating the object with a beam converging at the
hologram plane, shown in Fig. 14. We see immediately that, in either

Object
Transparency Halagram

Plate

Fig. 14—Redundancy achieved with “lensless Fourier transform hologram”
by letting object illuminating beam converge at hologram plane.

case, every part of the hologram receives light equally from all parts
of the object, so that the effect of damage of any part of the hologram
is distributed uniformly over the reconstructed image.

The holograms obtained as shown in Figs. 5(b) and 14 differ, how-
ever, from the diffuse hologram in that the hologram illumination is
highly nonuniform; in particular, it exhibits a high intensity spike
at the center, with intensities falling off at a rate depending on picture
content. The limited latitude of the recording material will result in
loss of low-frequency information in the image and, at the same time,
very low holographic efficiency.

The advantageous properties of high redundancy and near-uniform-
ity of illumination at the hologram can be achieved, however, without
the introduction of speckle noise, by displacing the hologram in Figs.
5(b) and 14 from the position of lens focus and restoring the re-
dundancy lost in the process by modifying the object illumination
through the introduction of finely structured two-dimensional phase
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gratings or aperture plates. Suitable procedures are described in the
paper by Firester, Fox, Gayeski, Hannan, and Lurie.*

5.2 Storage Capacity of Volume Holograms

P. J. van Heerden® has given a general argument, based on the wave-
length discrimination of volume holograms, to show that the ultimate
storage capacity of such holograms is V/(A3) picture elements, e.g.,
a crystal with a rectangular area ab and a thickness ¢ can store, in
superposition, ¢/A pictures, each with ab/A2 resolvable picture ele-
ments. The same ultimate storage density, i.e. one element of informa-
tion in a cell with a volume A3, holds also for directly recorded,
optically retrievable information, such as that stored in the emulsion
of a nuclear-track plate. Furthermore, the optimal signal-to-noise ratio
for each picture element resulting from the statistical distribation of
light-responsive elements (such as color centers in a colored alkali
halide crystal) is given in both cases by the square root of the number
of elements in a volume equal to A3.

The indicated storage density and signal-to-noise ratio must be re-
garded as upper limits that can at best only be approached in practice.
Any specific model can be expected to lead to lower values for the
storage density and signal-to-noise ratio. In the appendix**, I consider
the example of » image fields consisting of picture elements of the
same average intensity and random phase distribution and ask how
many pictures can be recorded subject to the requirement that the
ratio of the intensity of the desired image to the fluctuation in inten-
sity induced by the superposition of amplitude components derived
from the remaining stored images be equal to a prescribed signal-to-
noise ratio (S/N),, I find for the maximum number n of stored
pictures, (each with a number of picture elements of the order of
(hologram area) /A2),

c/A
[49]

ne .
4(S/N) np*

Here c is, again, the crystal thickness.

* A, Firester, E. Fox, T. Gayeski, W. Hannan and M. Lurie, “Redundant
Holograms”’, in this issue.

** The derivation disregards reconstructing wave attenuation and re-
generation of the reconstructing wave by the diffracted wave and is thus
strictly applicable only for hologram efficiencies well below the maximum;
however, no qualitative change in the results is to be expected from a more
complete, coupled-wave, analysis.
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Clearly, a very high price has to be paid for increasing the required
signal-to-noise ratio. As in the case of diffuse holograms where the
number of picture elements in a picture reconstructed by the holo-
gram decreases inversely as the square of the required signal-to-noise
ratio (as determined by speckle noise), so here the number of storable
pictures decreases with the inverse square of the prescribed signal-to-
noise ratio.

It should be noted that the assumption of an array of essentially
uniformly white or grey pictures is particularly unfavorable. Consider,
instead, binary pictures, such as line drawings, in which a fraction f
of the picture elements are white, the remainder black. Here we find,
if the signal-to-noise ratio for the white elements is prescribed,

c¢/A
n=——. [501
4f(S/N) n?

Since, for a white-on-black drawing, f may be a very small number, the
number of such drawings that can be recorded as holograms in a
crystal is much greater than that of essentially white pictures.
Furthermore, in this instance, we are normally less interested in the
signal-to-noise ratio for the individual white picture element than in
the contrast C,, (again, as limited by the intensity superposed on the
desired image by diffraction by the remaining stored holograms) be-
tween the “white” and “black” portions of the picture:

Iw _Ib
Crp = ) [51]
I,

In terms of this contrast we find,

c¢/A

n=

. [52]
2fC,yp

The contrast for a binary black and white pattern (arising from holo-
gram superposition alone!) is seen to enter the expression for the
number of storable pictures linearly rather than quadratically.
Doubling the required contrast for such patterns requires only doubling
the hologram thickness; whereas, for substantially white or grey pic-
tures, doubling the signal-to-noise ratio requires quadrupling the holo-
gram thickness.
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So far we have considered only the effect of picture crosstalk on
the signal-to-noise ratio. If we consider pure phase volume holograms,
which are both nonabsorbing and depend entirely on refractive index
modulation for picture reconstruction, the statistical distribution of
the photo-excited light scattering elements over individual holographic
cells of the order of A3 in magnitude sets a further limit to the number
of pictures with prescribed signal-to-noise ratio that can be stored.

Let us consider a transmission volume-holographic medium storing
n pictures with a prescribed signal-to-noise ratio owing to picture
crosstalk (S/N),,, and with refractive index modulation 7, and a thick-
ness ¢ such as to lead to 1009 holographic efficiency. If we neglect,
for a moment, the quantum nature of the excitation giving rise to the
index modulation and assume (S/N),, > 1, this condition can always
be approached very closely; Eq. [27] establishes the relation between
the refractive index modulation (for the individual hologram) and
the thickness c:

Acosd,
2¢
Substituting from Eq. [49] for ¢ =4nA(S/N),,* we find
pcosf, 1
ny=— - - [54]

S 2 S 2
8n| — 8n| —
N np N np
For a thickness ¢c=1cm, A =5 X 10—% cm and relatively small Bragg
angles 6, Eq. [53] yields

n = 2.5 X 10—5-

Measurements by Turner® suggest that the field amplitude E in
lithium niobate, which we shall consider as an example, is related to
the index amplitude n; by

7, = 1.86 X 10—8 E volts/cm [55]

and to the amplitude of the trapped charge density N, for a fringe
period d =1 um, by
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e¢dN

E = =898 X 10— Nem—3, withe = 2.84 X 101 F/m.

27e

With Eqgs. [54] and [55] we thus find for the charge-concentration
amplitude

7.5 X 1018
Ne ——— [57]

S\=
n _
N/w
As the number of trapped charges in a cell with linear dimensions of

the order of a half fringe period, which in the present example is
approximately equal to

0.9 x 10¢
NA3 = ——cm—3, (58]

5).

nl —

N/

becomes very small (e.g., of the order of unity), we must expect con-
siderable statistical variation in the position of the “scattering cen-
ters” (here, electro-optically induced index variations) relative to the
mean scattering planes, as well as in their amplitudes. We can get
some semiquantitative notion of the magnitude of these effects if we
neglect the amplitude variation and put the statistical variation in
position equal to the statistical variation in the position of the center
of gravity of the excess charge in a cell of the indicated volume. We

assume that the probability of trapping of a charge of one sign at a
distance 2 from the scattering plane is given by

T 27X d d
P(x) =—cos|{ — |, ——<z<—, [59]
d d 4 4

where d is the spacing of the scattering planes. Then the mean-square
deviation from the mean scattering plane of the center of gravity of
the charge in a cell with linear dimension d/2 is

x2=0.0371 d2 if there is one charge in the cell

r2=0.0186 d* if there are two charges in the cell

T2 =0.0048 d2 if there are three charges in the cell, etc.
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We can inier the effect of such statistical displacements from
Debye’s theory of the effect of random thermal motions of the atoms of
a lattice on x-ray diffraction.*® Debye finds that the random displace-
ment of the scattering centers reduces the diffracted radiation (or,
in our case, the reconstructed image intensity) by a factor D? and,
at the same time, increases the scattering background intensity in
proportion to 1 — D2, Here

D? = exp {—4n2(x Z/d?)). [60]
We thus find

D? = 0.231 for one charge in a cell
D2 = 0.480 for two charges in a cell

D2 = 0.825 for three charges in a cell, ete.

Thus with one charge per cell of volume (d/2)3 = A3 we see that the
image intensity has been reduced, owing to the granular nature of the
stored record, by a factor greater than 4. The rough computation given
clearly underestimates the effect, since it considers only one aspect of
the statistical disorganization of the diffracting lattice. The require-
ment of at least one charge or excitation process per cell with volume
A3 for every stored image seems thus a reasonable requirement for
multiple picture storage. Eq. [58)] then suggests an upper limit of,
for example, 100 halftone pictures with a signal-to-noise ratio of 100.
For binary black-on-white line drawings it should be possible, based on
Eq. [52], to store 2 xX 10* pictures with a contrast ratio of 100 making
use of Eq. [52]. The appropriate crystal thickness would be 20 cm.
These are both definitely upper limits, since we have here limited our
attention to the effect of picture crosstalk on signal-to-noise ratio and
contrast, leaving out of account random scattering and other sources
of a noise background. With a less thick crystal, the number of pictures
that can be stored for a given signal-to-noise ratio or contrast is re-
duced in proportion to the thickness (as given, e.g., by Eqs. [49],
[50], and [52]); at the same time, effects from the granular nature
of the record are reduced.

The preceding rather crude and fragmentary consideration of
factors affecting the storage capacity of volume holograms indicates
the large potential of such holograms for multiple picture storage, a
potential that has already been largely verified by experimental demon-
stration.
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Appendix—Picture Crosstalk Limitation on Number of Pictures that Can
Be Stored in a Volume Phase Hologram

Let a reconstructing beam be incident from a distant source at r,’
with direction cosines !/, m,’, n,” on a hologram in which the deviation
of the dielectric constant from its mean value is given by Ae(2,9,2).
Let the hologram be a rectangular block with dimensions a,b,c centered
on the origin. Consider the scattered amplitude A(r,) at a large
distance r, from the hologram center, in the direction (l,, mo, n,). The
expression for the radiation of an oscillating dipole® indicates that this
amplitude is given by

T 1 Ae(r)
A(ry) =—— A, cos '— ——exp {jlko s (ro— 1)
1\2 € |1'2 _ 1‘|
+ke(r—r/)1}dr [61]

where

Ae=B(A, T A+ A A) =B|A,|Y |4;] (exp ([ (k, —ky) *
1

+ @41} + exp {—j [(k, — k) * 7 + $;1}) [62]

In the preceding equations, the #’s and k’s are vector quantities and
the integration is to be carried out over the volume of the hologram.
The hologram is assumed to be a Fraunhofer hologram, with j
enumerating the object points, with corresponding wave amplitudes
A, A, is the amplitude of the reference wave, A,/ that of the re-
constructing wave, and B is a constant proportional to the exposure
and the recording sensitivity of the hologram medium. 6’ is the angle
between the direction of polarization of the incident reconstructing
wave and its projection on a plane normal to r,.
In cartesian coordinates we can write

b -]

a
PR 2
A(Zp,Y02,) =C D A fdxf dy f dz exp {7k [lo(xy — x)
J
a b c

2 2 2
+my(y2 — ¥) +na(zo —2) 1} [63]
exp (jkll/(x — /) + m,’(y —y,)) + n,/(z—2/)]}
[exp (sk[(l, — D2+ (me—m)y + (n, —n;)z] + jd;}
+ exp {—jk[(, — L)z + (my — mp)y + (n, — nj)z] — j¢;}]
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w0
=CV exp {jpo} z,: A (exp {—J¢,} sinc [— G—=1lL+1 — lz)] .
A

wb e
sine | — (m; — m, +m,” —my) | . sinc| — (n;—7n, + ny — Nny)
A A

ks

@
+ exp {j¢,} sinc [— (—l,+l,+lo’—12)] .
A

b
sinc | — (—m; + my +m,” —m2) | .
A

we
sine [— (—n; + 1, + 0 — n2) D . [64]
A

Here ¢, is a phase constant depending on the position of the reference
point and

bA,A, cos §’
C=s— . [65]
A2€ l 7‘2 l

If the phases ¢, are random, the average intensity distribution ean be
written

e
I(22,y022) =C?V2 Y A2 { sinc? [— G=1+1 1) } X
i A

.”b wc
sing? | — (my — m, + m,’ — my) |+ sinc? [ — (15 — 2, + 1" — 1) J
A A

[66]

0
+sine? | — (=L + L+l —L)|.
A

=b e
sinc? [— (—my+ m, +m,” —my) |. sine? | — (—n; + 1, + n," — n,) ] }
A A

with the usual notation sine(x) = sin(x) /x.
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Since the coefficients (wa/A), (#b/A), (mc/A) are very large for a
thick hologram, only those terms contribute appreciably to the in-
tensity, for which the multipliers of these three quantities are very
close to zero. This condition is fulfilled for the first and second term,
respectively, if the unit vectors =+ (l,m;n)), F(,m,n,), (I, \m,/n,),
—(ly,me,m2) form very nearly a closed figure. For the first term this is
fulfilled for

(U my' my) = (Lyme,n,), (loymany) = (Lmy,n;) [67]

corresponding to the formation of an image identical with the object
when the reconstructing beam is identical with the reference beam.
For the second term (corresponding to the conjugate image) it cannot
be fulfilled, so that its contribution to the intensity is negligible.

We shall now assume that a series of image fields are recorded on a
three-dimensional hologram by employing reference beams differing in
direction (within the hologram medium) by intervals [, m,. Since

dl, dm, =sin 6, cos 8, db, do,, [68]

the distribution of the reference beam directions will (except for the
factor cos 6, which lies between 1 and 0.7) be uniform in solid angle.
In air, outside the medium, the density of the reference directions will
be less by a factor (1/u)2 (for not too large values of §,), where p is
the refractive index of the hologram (e.g., . = 1.5). We shall compare
the intensity that we observe along the axis (0,0,1) as the result of
the recording for which the reconstructing beam and reference beam
are identical with the intensity scattered in the same direction by all
the other stored patterns, i.e., those recorded with different (l,,m,,n,).
We shall assume that the object intensity is the same for all the pat-
terns and is distributed in Lambertian fashion from (I;,m,n,)
= (0,0,1) to (I,,,cos &, I, sine, \/1—1,,2), where [, is the angular
image field within the hologram medium and is necessarily much less
than 1. With |A4;|2 =1 and replacing the snm over the first term in
Eq. [66] by an integral over I,,m,, with

(lo’:mo,,no’) = (lmmmno): (l2rm2rn2) = (010)1) [69]

we find for the desired intensity

llm \/w
7ral1 Trb‘ml
I=C2v2 / / sinc2 < > sinc2? < > X
A A
—hm  —Vami-0?
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. re{ VT = F —m;% — 1)
X sinc? dl, dm,. [70]
A

For a thickness ¢ comparable to or smaller than the lateral dimen-
sions of the hologram, e and b, =¢ (1,2 + m,2)/2\ is very much smaller
than 1 for all values of (wal,/A), (wbm,/A) for which the first two
factors in Eq. [70] make an appreciable contribution to the integral.
Hence the last factor can be replaced by 1 and we obtain

a2
I == C2V2— [71]
ab

Fig. 15—Construction for integration over (I, m.).

We shall now endeavor to compute the contribution of the other
stored patterns, I, to the intensity observed in the forward direction.
For convenience, we shall replace the summation over all the unwanted
stored patterns by an integration over the (l,;m,) plane extending
from the circle of radius l,,, to that of radius l,,,,, with the exclusion
of a circle of radius Al, about the reference beam (1,/,0) as indicated
in Fig. 15. We assume here that there is one reference beam position
for pattern recording for an area =Al?2 in the (I,,m,) plane. We then
obtain for the undesired illumination in a forward direction

C2V2 llm \/tlm—’ \
fd& f dy f dl, f dm, sinc2 <_ (=87
rAl 5 —lim V=12 /
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b
sinc? <— (my — n)> . [72]
A

wc
sinc? {T [\/ﬁf__m? —1+n/ —Vn2—28 —&— nz:l} g

Here £¢=1,— 1/,  =m, — m,/ =m, With [73]
A=l —¢§A' =m,—q [74]

the argument of the last term can be written

A

— A — A — — — —
n, 2n,"? 2n,/ 2 2

me (8, £0-—n2) 20 —n) Az A%
{ + -+ } [75]

- + —+
A ny 2n,’3 2n,

we {Sln’ £ —n3) 2*°(1—mn)) }

m:é wa@ 7ey b
since —K —, —K—. [76]
A A A A

We can now integrate over A and A’, obtaining

' Az 1 mc [ &, £(1-n,2)
r=Crve— fdg-fdn sinez {— +
ab wal? A n 2n,?

721 —n,')
+ —]} . f77]

2n,’

Here the integration over £ and 5 is now limited by a circle of radius
1., about the reconstructing beam direction as well as by the circles
of radius I, and l,,., about the viewing direction (z-axis).

The argument of the sinc function vanishes for

—7? [78]
(1 —n,/3)2 1—n,3

l/n,? l*n, 4 n,’2(1 —n,)
+
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2 (L—nS) 17
_Cag_____.q2.
2 4

In a direction transverse to the line along which the sinc function
argument vanishes, the argument is given by the product of the
transverse displacement by

e / 7 1+n"° [T 5#d—-n) 2 n*(1—mn,)?
A ‘\ nn’ nola 0,2

Integration in the transverse direction thus yields

A{/L\E 2 (1—n,)2) 12
=)+ . [80]
c n, n,?

We hence obtain

r 2 A I’\2 I (1—=mny)q—1/2 1 172
—_—= — dg —_ ) - 2£ — 1 -
I =Ql)2e¢ n, n,2 26(1 —n,)

imux

r 1 A I/\2 »n2(1—ny)2] -2 22(1 — n2)) 172
—=————fdy|{— ) +— — 1+
I =Q)=c, n, n,2 {532

Al

2 n/A Lim — Al, . .
B Vi =17 — Al whichever is smaller
T l,,’c (—\lo) 2 omax o o [82] |

The additive term —Al, may here be omitted as negligible.
In the first instance, l,,, < Vi — % we give Al2 a value

sufficiently large to lead to a prescribed signal-to-noise ratio, S/N
1/(2r), (in view of Eq. [46]) for values of !’ down to [

omin *
42 /8\?2 VI—Tmn
Alp=——{ = . [83]
T C N lomln

Thus for relatively small l,,,, the number of pictures that can be stored
in the hologram becomes
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lunulx2 - lomin: T C NN\Z1 [ (1/,”')2 - lomhnz
n= - =——|—] — |%mn— [84]
Al|:2 4 A S llm \/ = lomlnz max
1 ¢ /N\*
=0.098 —— | — | , for Iy, =041, = 15. [85]
Lo A\ S

For \/lomnxl - lomln‘ < llm'

2 4a S\? \/lomaxz - lomlnz \/1 - lomln:
Al2=— [ — , [86]
T C N lomin

and the number of pictures that can be stored in the hologram becomes

lomax2 - lomi||2 7 ¢ (N\?
N=——"—""""=""—"\— lumln [87]
Alz2 4 A \S max
¢ /N\?2
=02—(—) for =05, =15, 1, > 0433. [88]
A\S

Eq. [88] is the basis for Eq. [49] of the text.

c/A
Mo ———

4(S/N),,*

The rounding off of the numerical coefficient to 14 seems reasonable
insofar as the number of pictures that could be stored would be in-
creased slightly by a more advantageous, nonuniform spacing of the
reference beam orientations during recording.
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Materials for Magneto-Optic Memories

Roger W. Cohen and Reuben S. Mezrich

RCA Laboratories, Princeton, N. J.

Abstract—We review the capabilities of magneto-optic materials and indicate the
possibilities and limitations of their use in data siorage and retrieval
systems. On the basis of ideal material properties, a lower limit of the
required laser power for Curie-point writing is obtained, and the mate-
rial systems in which this lower limit can be approached are discussed.
We propose a new figure of merit which reflects both heat sensitivity
and read-out requirements. This figure of merit allows the rapid evalu-
ation of the relative qualities of materials for magneto-optic memories.
It is found that, while system requirements for resolution and read-out
efficiency can be met with presently available materials, there is a
serious discrepancy between the write sensitivity demanded by a holo-
graphic system and material capabilities, either present or anticipated.
We conclude that advances in laser technology are necessary in order
to achieve the advantages of a holographic magneto-optic memory.

1. Introduction

Magneto-optic materials have recently become the subject of great
interest to workers concerned with computer storage. Combining the
best features of optical recording (high bit density and the possibility
of redundancy) and of magnetic storage (permanence coupled with
erasability and freedom from fatigue), successful magneto-optic stor-
age would seem to offer the most promising method to satisfy the
future needs of computer systems.
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ERASE
COIL; DETECTOR
o
[
LASER LENS

STORAGE FILM

Fig. 1—Schematic representation of bit-by-bit storage.

Two main techniques for magneto-optic storage have been devel-
oped: bit-by-bit and holographic. In the bit-by-bit technique, schem-
atically illustrated in Fig. 1, light is focused to a small spot (1-5u) at
the surface of a thin magnetic film. Different spots are accessed by
either moving the film or deflecting the spot of light. In the holographic
approach,’ illustrated in Fig. 2, two beams, one called the reference
beam and the other the object beam (which contains light scattered
from thousands of bits), interfere at a spot on the surface of a mag-
netic film (~ 1 mm spot size). Separate locations are usually accessed
by deflecting the light beams. Read-out with both techniques is ac-
complished by simply illuminating the proper location on the film.

In both methods, information is stored through the mechanism of
Curie-point writing,' in which incident radiation is absorbed in a
magnetically saturated film, thereby heating the film. Strongly illum-
inated regions of the film are heated above the Curie-point, forcing
these regions into the paramagnetic state. Upon cooling either in an
applied magnetic field or the dipole fields of the surrounding magnetic
material, the film will return to the magnetic state, but with a variation

HOLOLENS
0/00—D
BEAM
DEFLECTORS

PAGE COMPOSER /_[I
AND DETECTOR
(LATRIX) — |

STORAGE

cILM ERASE COIL

Fig. 2—Schematic representation of holographic storage.
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in the direction of magnetization that is related to the incident light
pattern. [We note in passing that the need to resort to Curie-point
writing is due to the lack of any strong direct action of light on the
magnetic state.]

The stored information is read either by light passing through the
film (the Faraday effect) or by light reflected from the film (the Kerr
effect). With the bit-by-bit method, polarizers and analyzers must be
used to sense the different directions of magnetization; the holographic
approach does not demand polarized light, although its use does enhance
the detected signal-to-noise characteristics.

In this paper we discuss the features of magneto-optic storage, the
material properties desired, the available materials, and the possibili-
ties of successfully obtaining all the desired magneto-optic properties
in one viable storage medium.

2. Material Requirements for Magneto-Optic Memories

The optimum magneto-optic storage medium must meet system require-
ments for high-bit-density capabilities, high write sensitivity, and
large read-out efficiency. In this section, we discuss the effects of
material paramaeters on these requirements and indicate the steps that
can be taken to optimize the performance of magneto-optic media.

2.1 Material Requirements for High-Density Storage

The smallest resolvable spot in magneto-optic storage is determined by
the minimum stable domain size. Although, in the general case, par-
ticular features such as grain size and an externally applied magnetic
field can determine this limit, for the important class of materials that
have one axis of easy magnetization perpendicular to the surface, the
domain size can be related to the magnetic characteristics., The min-
imum stable domain size in this class of materials can bhe found by
minimizing the total magnetic energy:!

16M 2D A A 2wz kT K\
E={ ——mM— E‘ —[1 —exp (—nrwz/D] +
72 nodd n3 D 2ra

In this expression M, is the saturation magnetization, D is the domain
size, z is the film thickness, T, is the Curie temperature, K, is the
magneto-crystalline anisotropy constant, r is the number of interacting
neighbors, and a is the lattice constant. The first term on the right of
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Eq. [1] represents the contribution due to the demagnetizing fields and
the second term is the contribution due to the domain wall energy.
Fig. 8 shows a plot of D versus film thickness obtained by minimizing
E with respect to D (the parameters chosen are those for MnBi). We
note that for thick films z=D (e.g., MnBi films greater than one

0 T T T T T T L e e T — T T T T

DOMAIN SIZE, Dicm)
>

Fig. 3—Minimum domain size D as a function of film thickness z.

micron), the minimum stable domain size is given by the approximate
expression

D= [2]

(2n32)1/2 [ KT K, ] 1/4
2ra ‘

aM,

Thus, the domain size is inversely proportional to the saturation mag-
netization and directly proportional to the square root of the film
thickness.

The anisotropy constant K, influences the limiting resolution in
two ways. Through its effect on the domain wall energy, Eq. [1], it
helps determine the domain size. Its other effect is more significant;
namely, it determines the direction of easy magnetization. For a thin
film to sustain an easy axis of magnetization perpendicular to the film
surface, the condition
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K, >2rM,2 [3]

must be satisfied. From Eqs. [2] and [3], it is seen that, for the film
to be capable of supporting small domains (i.e. have a large magnetiza-
tion), it must have a very large crystalline anisotropy. The Curie
temperature is seen to have only a slight influence on the determination
of the domain size; its dominant effect is on the energy needed to
achieve storage, as discussed in the following section.

2.2 Material Requirements for Curie-Point Writing

As described above, information contained in a laser beam can be
stored in a magnetic film by heating selected portions of the material
above the Curie temperature T, and allowing them to cool, thereby
locally reversing the direction of the magnetization. In this section,
we shall discuss the important material properties that determine the
laser power requirements for this process. We shall also estimate the
minimum power that would be required to write information into a
hypothetical material with ideal physical properties.

The energy per unit area that must be provided in order to raise
a film to its Curie temperature is

C(T,— T,z
Q=—" ", [4]
Vu

where C is the average molar specific heat, T, is the ambient or bias
temperature, z is the film thickness, and V), is the molar volume. Heat-
flow considerations' show that the heating must be accomplished in a
time less than the thermal diffusion time r in order to avoid distortion
of the incident intensity pattern. Assuming that the thermal match
between the magnetic film and the substrate is sufficiently poor so that
heat flow into the substrate can be neglected, the diffusion time r is
given by'

Cd?
(5]

=

 4nKV,

where d is the required resolution or spot size, and K is the average
thermal conductivity. Thus, the minimum power density which must
be supplied in order to write information into a medium thermo-
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magnetically is approximately

Q  4rKz(T,—T,)
P=—= . [6]
T d?

The power density P must be provided by a light beam through the
mechanism of optical absorption. If r is sufficiently long so that all
heat generated by the light beam as it passes through the film is
distributed throughout the thickness of film,* the relation between
P and the intensity of the light beam is

P=1,—-1,. [7]

Here I, is the light intensity at the back surface of the film and I, is
the intensity at the illuminated surface. Using Egs. [6] and [7] along
with Lambert’s law I, = I exp(—az), where a is the optical abserption
coefficient, the required light intensity is

4=2Kz(T.—T,)
1,= [1—exp(—a2)]. [8]
d:!

From Eq. [8], it is seen that the important material parameters
that determine the power requirement are the thermal conductivity,
the Curie point, and the optical absorption coefficient. Low thermal
conductivity is advantageous because heat is not able to diffuse quickly
from an illuminated spot, and thus the heat is concentrated in the spot
where it can be converted into an increase in temperature. A low
Curie point is desired because it reduces the required temperature
excursion that is to be provided by the laser. The film thickness should
be small in order to minimize the volume of material that is to be
heated. However, minimum values of z are set by the minimum
domain size, as discussed in the preceding section, and by the optical
absorption constant of the material. If az € 1, most of the light
intensity passes through the film and does not contribute to heating of
the material. In this limit, I, is independent of z but is inversely pro-
portional to a. This result demonstrates the advantage of high eptical
absorption to reduce laser power requirements.

Since the bit packing density pp is inversely proportional to d2,

* This condition requires that Cz}/KVy << 7, or from Eq. [5], 2*
<L d¥/ (472),
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Eq. [8] indicates that I, «c py. In a bit-by-bit system, a laser beam may
be focused down to dimensions of order d, so that the required power
output of the laser P, is independent of p;. However, in a holographic
system Pj « pp. Thus, high-bit-packing density increases the power
requirements in a holographic system. This point is discussed in
more detail in Section 4.

We now estimate the minumum laser intensity required to raise
a hypothetical optimum magnetic material to its Curie point. We shall
ignore the question of whether the combination of material properties
that will be assumed can be achieved in a practical material. The
object is to provide an absolute lower limit on the required laser
power imposed on us by the restrictions of material properties.

To estimate the minimum thermal conduclivity K, we employ the
simple kinetic theory result?

1
K=—Csl/Vy, (9]
3

where s is the sound velocity, averaged over all phonon modes and fre-
quencies, and ! is the phonon mean free path. We assume that the
minimum K corresponds to an [ of atomic dimensions, approximately
3 A. This low value of ! implies a disordered or possibly amorphous
material.* The remaining factors in Eq. [9] are expected to be min-
imized in materials with heavy, large atoms and, therefore, large
molar volumes and low sound velocities. We choose V, = 20 ecm3 and
s =1 X 105 cm/sec, values appropriate for a material with a Debye
temperature of about 100° K. Then for operations at and above 300°
K, C == 3R, the Dulong-Petit value. Using Eq. [9], the thermal con-
ductivity corresponding to the above values of I, Vy, s, and C is

Koin =1 X 10—3 watt/cm—°K.

From Eq. [5], the corresponding maximum heating time allowed for a
resolution d =1 p is

Tmax == 0.3 X 10—8 sec.

We next assume that the magneto-optical properties of the material

* It should be noted that such a material may not have sufficient mag-
neto-crystalline anisotrophy for a film to sustain an easy direction of
magnetization perpendicular to the plane of the film,
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are sufficiently large so that efficient reading can be accomplished on
a film operated (7,— T,) =25° K from its Curie temperature. We
choose a high absorption constant « =5 X 105 em—1, appropriate for a
metallic medium at visible wavelengths, and take z =1/« =200 A. Us-
ing the above values of K., 2, « (T.,—T,), and d, the minimum
required intensity for our hypothetical material is obtained from Eq.

[8]:
(1,) mia == 300 watt/cm=.

The above figure would represent an improvement of more than
three orders of magnitude over MnBi, most of the advantage coming
from the lower thermal conductivity. Whether even this hypothetical
material would lead to practical holographic memory systems will be
discussed in Section 4.

2.3 Material Requirements for Magneto-Optic Read-Out

To retrieve information that is stored in a magnetic film in the form
of an array of domains with various spin orientations, the magneto-
optic properties of the material can be utilized. The read-out can
be accomplished either by transmission (Faraday rotation or circular
dichroism) or by reflection (the various Kerr effects). In the follow-
ing, we examine the material properties that determine the read-out
efficiency in the transmission mode and discuss the manner in which
these properties conflict with those determining the heating power
requirements discussed in Section 2.2. We introduce a new material
figure of merit that includes aspects of both heating and read-out
requirements.

Consider a linearly polarized beam of intensity I, incident on a
magnetic film. In passing through the film, the polarization vector of
the beam is rotated in a direction that depends on the orientation of
the magnetization of the film. For the case where the magnetization
is perpendicular to the plane of the film, the intensity passing through
an analyzer placed in back of the film and set for maximum contrast
between contributions from “spin-up” and ‘“‘spin-down” regions is

A] = I, 8in?(2Fz) exp(—az). [10]
In Eq. [10], F is the specific Faraday rotation of the magnetic mater-

ial. If I, is sufficiently small compared to the intensity I, required to
heat the film to its Curie temperature, the value of F is appropriate to
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that of the material at the temperature T,. Since we are dealing with
very thin films, the total rotation Fz is likely to be small, and we may
replace the sin in Eq. [10] by its argument. The maximum value of
AJ/Ig defines the material efficiency Z,; it is obtained for z =2/a and
is given by

Z,=0.54 (2F /a)2. [11]
The quantity in the parentheses in Eq. [11] is the Faraday figure of

merit np. Letting the temperature dependence of F be governed by
that of the spontaneous magnetization of the material, nr has the

form
T,\8
2F, {1 ——
e

nr— ’ [12]

where F, is the low-temperature specific Faraday rotation and the
exponent B8 depends on whether the magnetic material has a first or
second order transition at T,:

B =0, 1st order transition

1 1
e — to —, 2nd order transition. [13]
3 2

The maximization of % naturally requires materials with large
Faraday rotation F,. A more general calculation’ shows that the
effect of circular dichroism A« is to retain the form of Eq. [12], but
with F, replaced by a generalized effective rotation F., where

1 /2,
Fope = [Foz +— (Aa)2] [14]
4
Thus, large circular dichroism is also desired. Qualitative theoretical
guidelines for the preparation of materials with large magneto-optic
effects have been established.? These guidelines predict that large
Faraday rotations are favored by the large spin-orbit interactions
present in materials with heavy atoms of high atomic number. To
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eliminate the possibility of deleterious birefringence, structures with
sufficient symmetry perpendicular to the direction of light propagation
are required. Such structures include cubic, tetragonal with magnet-
ization parallel to the c-axis, and amorphous materials.

From Eq. [12], one concludes that small values of the optical
absorption coefficient « and low operating temperatures T, (for 8 > 0)
are required for efficient read-out. Both of these requirements con-
flict with those for low heating power, as discussed in the previous
section. Reducing « to zero allows 100% read-out efficiency, but re-
quires infinite heating power (Eq. [8]). Similarly, lowering T, pro-
duces a larger Faraday effect, but raises the temperature excursion
that must be produced by the laser.

We propose that a more realistic figure of merit for a magneto-
optic memory material, one that reflects both heating and read-out
requirements, is the ratio AI/I, of the read-out signal to the heating
power. Employing Egs. [8] and [10] with F, € 1, we find

Al Foe? T,\26-1
—=A < > <1 —-—> zexp(—az) [1 —exp(—az)], [15]
I, KT, T,

where A is a constant that is independent of material properties. The
maximum value of AI/I, is obtained from a film thickness z = 1.44/a.
Thus, the combination of material properties which determines Al/I,
is a new figure of merit:

Fett2 To 2ﬂ_1'
n= (T.K) = (1 - —) [16]

a

c

In connection with Eq. [16], it should be noted that for materials with
values of 8 in the range 4 to %% (those which undergo second-order
transitions), » is relatively insensitive to (T,— T,) but is inversely
proportional to T,. On the other hand, for materials such as MnBi with
B =0 (those which undergo first-order transitions), 5 is inversely
proportional to (T,— T,) so that it is advantageous to operate the
material close to its Curie temperature. However, the tolerance con-
dition I, € 7, places a practical lower limit on the permissible value
of (T,— T,). We also note that the figure of merit Eq. [16] stresses
the advantage of a low K, while, compared to 55, it de-emphasizes the
importance of small values of a.
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3. Available Magneto-Optic Materials

In Section 2, we found that materials for magneto-optic memory
applications should have sufficiently large magneto-crystalline anisotro-
py to overcome the demagnetizing field in the thin-film configuration.
Large, heavy atoms favor low thermal conductivity and large Faraday
rotation. The structure should have sufficient disorder or small gain
size in order to minimize the phonon mean free path and, therefore,
the thermal conductivity. Curie temperatures near room temperature
are desirable, but the possibility of thermal biasing reduces the urgency
of this requirement. If laser power requirements are more severe than
those for read-out efficiency, metallic or intermetallic systems with
high optical absorption are favored. On the other hand, if sufficient
laser power is readily available, insulating materials with lower optical
absorption and higher read-out efficiencies are appropriate. In this
section we examine the properties of available materials and their
utilization in magneto-optic memories.

3.1 “Conventional’” Materials

The materials that have been the subject of most of the research on
magneto-optic storage are the intermetallic compounds MnBi and
MnAlGe, the magnetic semiconductor EuO, and the insulating ferri-
magnets Gd;Fe;0,, (GAIG) and Y3Fe;0,, (YIG). The pertinent prop-
erties of these (and several other) materials are listed in Table 1.
In connection with Table 1, we note that while the garnets and other
insulators have values of 5, equal to or larger than metals, metals have
far larger values of F,.?/a. This observation illustrates the inherent
advantage of magnetic metals and inter-metallic compounds over in-
sulators for Curie-point storage.

Bit-by-bit storage has been demonstrated with most of these mater-
ials and holographic storage with three of them (MnBi, EuO, MnAlGe).
Of these materials, EuO and MnBi appear to be the most interesting.
The major drawback of EuO is its very low Curie temperature; it
must be operated in a cryogenic environment which, while it does not
preclude use of the material in a practical system, does add to the
complexity of the total system.

3.2 Granular Ferromagnets

Granular ferromagnets®? represent a new class of ferromagnetic ma-
terial that shows promise as a potential storage media for optical
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memories. These materials consist of an array of submicroscopic
(100 &) ferromagnetic grains embedded in an insulating matrix.
Films of these materials are conveniently produced by the technique
of co-sputtering® a metallic element such as Ni, Co or Fe with a stable
insulating substance such as Si0,. Either magnetic or nonmagnetic
insulators may be used.

Measurements®’ show that by simply varying the relative amounts
of metal and insulator, the Curie temperature of a granular ferro-
magnet can be tailored to any desired value between 0° K and that of
the pure metal. Thus, granular ferromagnets with Curie points con-
veniently near room temperature can be synthesized. Furthermore,
due to the very large density of internal grain boundaries and the
acoustic mismatch between the metallic and insulating components of
the granular system, the room temperature thermal conductivity K is
estimated®* to be of order 10—2 watt/ecm—°K. This value of K is ap-
proximately an order of magnitude less than that' for MnBi, although
still significantly larger than the minimum K estimated in Section 2.2.
The combination of lower T,'s and small K’s may reduce the required
laser power for Curie-point writing by two orders of magnitude over
MnBi.

We have also found experimentally that the Faraday figures of
merit np of various granular ferromagnets are significantly enhanced
over those of the pure metals. As can be seen from Table 2, observed
values of 7, at 6328 A for the granular system Co, ,(SiO.), are in-
creased by over a factor of three over pure Co and are nearly as high
as MnBi. Note, however, that the values of F42/a are still much
smaller than that for MnBi. Similar enhancements of »; have been
observed® in granular Ni and Fe. The enhancement can be under-
stood in terms of a dielectric anomaly induced by the Lorentz dipole
fields of the metal grains. It is found® that a generalized Lorentz-
Lorenz equation for the complex dielectric tensor reproduces the ob-
served behavior in a semiquantitative manner and predicts that the
enhancement is a general phenomenon for dispersed small metal grains
in a dielectric matrix at frequencies sufficiently below the metal plasma
frequency.

The most serious drawback of the granular ferromagnets synthe-
sized to date is the lack of sufficiently large magnetic anisotropy (either
crystalline or shape anisotropy) to produce ithe required irreversible
magnetization loops for magnetic fields perpendicular to the plane

* Based on Eq. [9], using the observed particle size (Ref. [7]) and the
calculated transmission coefficient for phonons passing through a Ni-SiO-~Ni
boundary.
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of the film. Unless materials with such large anisotropy can be
prepared, the magnetic moment must lie in the plane of the film
in memory applications, thereby significantly reducing the read-out
effiiency.

Table 2—Optical Properties of MnBi and Granular Co.

F2.¢/a
Material a(em—1) F(deg/em) Aa(cm—1) nF(deg) (deg2/cm)
Pure Co 85X 105 3.0 X 105 8.0 X 103 0.89 1.7 X 105
Coos{Si0:2)0ee 1.15 X105 <2 X 104 5.9 X 103 3.0 2.5 X 105
C00.i(Si0z2)0..6 1.056 X 105 < 2 X 104 5.7 X 103 3.1 2.5 X 105
MnBi 47X 105 6.1 X105 25.0 X 103 4.0 19 X 105

Note: The granular Co properties were determined at 300°K using a
He-Ne laser (6328A). The applied magnetic field was 6kOe
directed perpendicular to the plane of the film. This field was
not sufficient to saturate the films, so that the values of A« and
np given in the table are estimated to be approximately 10 to
20% smaller than the saturation values. The values for pure
Co were taken from tke source given in Ref. [4]. The values for
MnBi are for representative samples described in Ref. [10].

4. System Considerations and Conclusions

In the preceding sections we have reviewed the capabilities of magneto-
optic materials and have indicated the possibilities and limitations of
their use in data storage and retrieval systems. Among some of the
important results are the determination of a lower limit of required
laser power for Curie-point writing and the derivation of a new figure
of merit that allows a practical evaluation of the relative qualities
of magneto-optical materials. These results aid in the selection of
suitable media for use in storage systems and should prove useful in
determining goals for future research on magneto-optical media.

The knowledge of the characteristics of magneto-optic media or
the demonstration of which material, among a collection of media, will
have favorable properties is a necssary but not a sufficient goal of
research. The goal of materials research is to supply elements capable
of operating within specified system limitations, which are set, in turn,
by the capabilities of auxiliary state of the art components. It is,
therefore, of interest to compare the possible and actual magneto-optic
media characteristics with those required in practical systems. As we
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have stressed before, the key parameters are resolution, read-out
efficiency, and write (heating) sensitivity.

4.1 Resolution

To achieve a limiting resolution determined by the wavelength of
light (i.e. effective bit dimensions of the order of one micron), the
medium must have resolution capabilities in excess of 103 lines per
millimeter. The intrinsic resolution of magnetic materials is deter-
mined by the minimum stable domain size, which is proportional to
the square root of the film thickness (Eq. [2]). By using thin films
(of the order of 1000 A), domain sizes less than 0.25 u (resolutions in
excess of 2000 lines/mm) can be realized. Another limitation on the
resolution is set by thermal diffusion; if heat is applied to one region
of the film for a long time, the temperature in remote parts of the
film will rise to the Curie temperature. The nature of the effects of
thermal diffusion are seen by examining the temperature response of
the film to a spatially periodic input of the form I(x) =1 + cos(2nrx/d),
where d is the spatial period. The temperature rise produced in the
film is found to be of the form!

AT(x,t) = AT(0,») [1+ (7/t) cos(2zx/d)], [17]

where t is the exposure time and r is the diffusion time defined in Eq.
[5]. The term 7/t can be viewed as a transfer function between the
heat input and the film. Since 7 « d2 (Eq. (5]), we see that thermal
response, the fidelity with which the film can store high spatial fre-
quency information (corresponding to high bit intensity), decreases
as the square root of the exposure time. With optical pulse durations
of the order of 0.1 usec, spatial resolutions of the order of 103 lines/mm
have been achieved. It is noteworthy that, although the energy needed
to bring the average temperature of the film to the Curie temperature
is modest, the demand of high resolution requires short exposure times
t < and, therefore, high peak power. There exists no analog to
“integration” such as is found in photograptic film or photoconduction
systems.

4.2 Read-Out Efficiency

As we have stated, to be of practical importance, the magneto-optic
storage medium must perform within limits set by other state-of-the-
art components. To this end, we can estimate the efficiency required
in a practical system and compare it to the values determined previously.
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At the present state of the art, the optical signal at a solid-state
photodetector must be greater than® 2 X 10—1¢ joules to achieve an
error rate less than 10—8. Present-day continuous-wave lasers or
pulsed lasers capable of high repetition rate (greater than 105 Hz)
have less than 102 watts output power capability. Optical systems
efficiencies Z,, which including surface reflections, deflector inefficien-
cies, and the Gaussian nature of a laser beam, are less than 10%;
practical overall efficiencies are of the order of 19%. Within these
limits we can calculate the required storage medium read-out efficiency
Z,.

The energy per bit reconstructed from a hologram is

E,=P,Z,Z.t,/N, [18]

where N is the number of stored bits, P, is the laser power, and ¢, is
the read-out time. If we assume* P, = 10 watts, E, = 2 X 10—14 joules,
Z,=10-2, N =10% and {, = 10—% seconds, we find

Z,>=2x10-3,

The energy available during read-out from a bit-by-bit system is N
times greater than the above value. In this case, the required efficiency
is

Z,=2x10-7,

The difference in the two values of Z, lies in the fact that the bit-
transfer rate of the holographic method is N times that of the bit-by-
bit method.

From Eq. [11] and the material parameters given in Table 1, it
is evident that the capabilities of several materials are well within the
limit set by systems considerations for bit-by-bit operation (for ex-
ample, MnBi gives Z,=2.7 X 10—3 in the maximum contrast config-
uration). Operation in the holographic mode is seen to stretch the
capabilities of available materials to this limit.

4.3 Write Sensitivity

In previous sections we have shown that due to the material and
thermal properties of potential storage media, the minimum power

* These values for P., Z, and N correspond to a light intensity incident
on the film Ix = Z,psP./N = 10—5p5 (watt/cm2), where ps is the bit density.

Thus, for ps < 108cm—2, the tolerance condition Ir << I, is well satisfied
even for the “optimum” material discussed in Section 2.2.
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needed to achieve high density storage is I, = 300 watts/em? (present-
day materials such as MnBi and EuO require power densities of the
order of 10 watts/cm2). If we assume, as above, that practical system
efficiencies Z, are of the order of 10—2, and the available laser power
is 10 watts, then the maximum arca of a storage element (either a
hologram or bit) is 3 X 10—*cm2. In the typical bit-by-bit method
(for example, in an optical disk) spot sizes can be less than 10— cm?2.
From optical considerations, the optimum hologram size for proposed'?
memories of 108 bit capacity is 10—2 cm2.

The preceding discussions have attempted to show the possibilities
and limitations of magneto-optic media used in data storage and
retrieval systems. The requirements of such systems with respect to
bit density and read-out efficiency can be met with presently available
materials. However, with regard to the write sensitivity, there is a
serious discrepancy between the needs of the system and the capabili-
ties of the materials in the case of holographic operation. Even assum-
ing the theoretical minimum power required in an optimum material,
as was done in the above discussion, the required sensitivity is two
orders of magnitude beyond attainable levels. To realize the advan-
tages of a holographic magneto-optic memory, the improvements must
come from progress in laser technology. For bit-by-bit applications,
improvements in material characteristics could lead to simplified
systems using low-power solid-state light sources.

References:

! See for example R. S. Mezrich, Magnetic Holography (Thesis), University Microfilms
Inc., Ann Arbor, Mich.; R. S. Mezrich, App. Opt., Vol. 9, p. 2275 (1970).

2 See for example, R. D. Present, Kinetic Theory of Gasesg, p. 42, McGraw Hill Book Co.,
Inc., New York, 1958.

3 P. J. Wojtowicz, “Magnetic Materials”, Chap. 12 in Solid State and Quantum Elec-
tronics, D. W. Herschberger, ed., J. Wiley and Sons, 1972,

4 For the magneto-optic properties of MnAlGe, see R. Sherwood et al, J. Appl. Phys.,
Vol. 42, p. 1704 (1971); the properties of Bio.rCa2.3Fes.s5¥1.15012 are given in A. Aksel-
rad, Proc. Seventeenth Conf. Magnetism and Magnetic Materials, to be published. The
properties of the other materials can be found in Di Chen, ‘‘Magneto-Optic Materials",
Handbook of Lasers, p. 460, CRC Press, Cleveland, Ohio, 1971,

5Y. Goldstein and J. |. Gittleman, Solid State Comm., Vol. 9, p. 11971 (1971).

¢ J. I. Gittleman, Y. Goldstein, ard S. Bozowski, Phys. Rev. (in press).

7 M. Rayl, P. J. Woitowicz, M. S. Abrahams, R. L. Harvey, and C. J. Buiochi, Phys. Letters,
Vol. 36A, p. 477 (1971); Proc. Seventeenth Conf. on Magnetism and Magnetic Materials,
Chicago, Nov. 1971, to be published.

8 J. J. Hanak, “The ‘Multiple-Sample Concept’ in Materials Research: Synthesis, Com-
positional Analysis, and Testing of Eatire Multi-component Systems,” J. Mat. Science,
Vol. 5, p. 964 (1970).

? S. B. Berger, A. Amith, and R. W. Cohen, to be published.

10|, Gordon, S. B. Berger, E. A. Cufone, and J. Csercsevits, Proc. Seyenleenlh Conf.
on Magnetism and Magnetic Materia!s, Chicago, Nov. 1971, to be published.

11 D, H. R. Vilkomersen, R. S. Mezrich, and J. M. Assour, IEEE Trans. Solid State Cir-
cuits, p. 317, Dec. 1969.

12 W, C. Stewart and L. S. Cosentino, “‘Optics for a Read-Write Holographic Memory,”
App. Opi., Vol. 9, p. 2271 (1970).

70 RCA Review e Vol. 33 ¢ March 1972




Holographic Recording in Lithium Niobate

J. J. Amodei and D. L. Staebler
RCA Laboratories, Princeton, N. J.

Abstract—This article provides an up to date comprehensive review of the
physics and performance properties of undoped LiNbO, in holographic
storage applications. It describes the physical model and shows the
quantitative and qualitative agreement between the transport theory
developed earlier and the available experimental evidence. Some of
the practical aspects of performance are discussed and methods for
improving the multiple-hologram recording properties of the crystals
are explained.

1. Introduction

In the few years since the early experiments of Chen'? and his co-
workers, lithium niobate storage effects have developed from a labora-
tory curiosity to the point where the material has become a strong
potential candidate for many holographic recording applications.
Mainly responsible for the increase in importance of this approach
to optical storage are the improvements in theoretical understanding
and in the performance of the material, most of which have been
covered in the scattered literature of the past few years. At this
stage, the process of recording and thermal fixing of holograms in
undoped and in y-irradiated lithium niobate, as well as the practical
performance parameters of the materials, are understood and charac-
terized well enough to warrant an effort at tying together what is
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known about the behavior and performance of this medium. It is,
therefore, the purpose of this article to give an up-to-date review of
LiNbQ; as a holographic recording material, with sufficient detail to
permit physical understanding and evaluation of its present and future
potentials by researchers and prospective users alike.

After a brief discussion of the pertinent physical properties of
LiNbQ;, this paper will review the transport model of holographic
recording and will discuss the evidence showing that this model gives
a simple self-consistent and quantitatively correct picture of the
behavior of the undoped crystals. We will then proceed to discuss
the practical performance of the material as a medium for read-write
or optically nonerasable storage. Discussion of the performance of
doped materials, some aspects which are not as well understood, will
be left for an accompanying paper® in this issue.

2. Physical Properties of LiNbO,

Lithium niobate is a rhombohedral ferroelectric erystal with point
group symmetry 3 m.* It is transparent in the visible and infrared
range from 3800 & to 5 pm.

The crystal is uniaxial and its ordinary and extraordinary indices
of refraction at 4500 & are n, = 2.37 and n, = 2.27° The electro-optic
tensor for lithium niobate has the following components:®

733 = 30.8 X 1019 cm/V
ri3= 8.6X10-10¢cm/V
Tse = 3.4 X 10— cem/V
o= 2.8 X 10-10¢em/V

The dielectric constant of LiNbO,; for directions perpendicular to
the ¢ axis is 78, along the ¢ axis it is 32.7

The dark conductivity of LiNbO, at room temperature is extremely
low. There has been some controversy on this point leading to ques-
tioning of the ability of these materials to sustain internal fields.®
Many measurements have now been carried out over a wide range of
temperatures, however, and the consistency of the results suggests
that extremely high resistivities are indeed typical of this material.

Generally, oxidation treatments produce crystals with the lowest

' conductivity. Values as low as 10—1®% (ohm-cm) —! have been measured
in such crystals using dielectrie relaxation techniques.® Larger con-

ductivities are observed under optical illumination or at elevated tem-
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peratures. The optically induced conductivity is the basis of hologra-
phic storage in these materials and arises from the photo-excitation
of electrons out of traps deep within the ~ 3.3-eV forbidden gap. The
thermally activated conductivity is telieved to be predominently ionic,
and has a ~ 1.1-eV activation enegry.’ Thermal activation of the
trapped electrons requires a larger activation energy, as evidenced by
the success of thermal fixing techniques in this material.!®

The Curie temperature is quite large, 1210°C," only ~ 50°C below
the melting temperature. Near room temperature, therefore, this
material is a stable ferroelectric material; fields as large as ~ 3000
KV/cm are required for polarization reversal.

The fields required for holographic storage are much lower than the
coercive fields, so that in this application the crystals remain single
domain (i.e., holograms are created through linear electro-optic effects
rather than by polarization reversal).

Pyroelectric effects are readily observable in LiNbO;, and the
pyroelectric coefficient is ~ 10—2 pC/(m2deg) ' at temperatures in the
neighborhood of 100°C. Because of the strong temperature dependence
of the ionic conductivity and the large pyroelectric effect, an interesting
phenomenon occurs in these crystals when they are heat-cycled?® As
the temperature rises above 100°C, the conductivity becomes high
enough for the resulting pyroelectric fields to relax in a matter of
minutes. When the crystal is cooled, however, the pyroelectric effect
is reversed and, since the conductivity drops rapidly, a substantial
portion of the field remains for many weeks if the material is not
exposed to light. This effect appears to provide the most logical
explanation of the internal fields of unknown origin postulated by
Chen'* to explain optical damage by drift of electrons. It also explains
the inconsistency that often is observed in the behavior of a given
sample during holographic recording. Because of the above effect, the
degree to which the recording process is governed by drift or thermal
diffusion''* depends on the previous heating and exposure history of
the sample.

3. Physical Model and Transport Theory of Holographic Recording
3.1 Qualitative Description

The qualitative aspects of this type of recording can be explained by
referring to Fig. 1. One begins with a substantially transparent

medium that possesses a high electro-optic coefficient and a given con-
centration of localized traps containing electrons that can be excited
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Fig. 1—Schematic of plane wave hologram recording.

by light of the appropriate wavelength. To allow for redistribution
of charge, one must also assume that a certain percentage of the traps
are empty, as shown schematically in Fig. 2(a), or that a given trap
containing an electron can also trap an additional electron.
Exposure of such a medium to the light-interference pattern con-
situting the hologram excites electrons from the traps to the conduc-
tion band at rates that are proportional to the light intensity at any
given point. This gives rise to an inhomogeneos concentration of free
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carriers that diffuse thermally, or drift under applied or internal electric
fields, and become retrapped preferentially in regions of low-intensity
light. The end result is a net space-charge pattern that is positive in
regions of high intensity and negative in regions of low intensity, as
shown schematically in Fig. 2(b) for a sinusoidal interference pattern.
The space charge generates a field that modulates the index of refrac-
tion and gives rise to a phase hologram.

Upon exposure to uniform light, as during readout, the electrons
are reexcited out of the traps and redistributed evenly throughout
the volume, thus eventually removing the field and erasing the holo-
gram,

3.2 Quantitative Model

The details of the dynamics of recording and erasure, as well as the
shape and magnitude of the index of refraction changes, depend on
the physical model and the assumptions that are made for the calcula-
tions. There have been several different qualitative models proposed
in the literature as responsible for, or contributors to, the photo-
induced index changes occurring in elcctro-optic crystals. The early
work of Chen'* led him to conclude that the index variations in lithium
niobate and lithium tantalate, upon exposure of these materials to a
laser beam or to a holographic interference pattern, were caused by
photoexcited electrons drifting under a field and getting retrapped.
Where the phenomenon occurs in the absence of externally applied
fields, as in LiNbO,;, Chen postulated the presence of internal fields
due to unneutralized polarization charges. In a later paper, Johnston®
proposed an alternate model in which the drift fields were photo-
generated by polarization changes that occurred as a result of a given
number of electrons being in the conduction band during exposure to
light. His model assumes electron migration due to these fields, giving
rise to changes in the density of impurity dipoles in the regions of
high intensity, with opposite changes in the regions of low intensity.
Johnston proposed that these polarization variations somehow persist,
causing the index changes, while the fields generated by the space
charge (due to the electron migration) relax in a few minutes through
intrinsic conductivity. Because of the low value of resistivity that
he had measured (~10'3 ohm-cm), Johnston assumed that neither
internal drift fields nor space-charge-generated fields can exist in
LiNbO; for more than a few minutes. While the model proposed by
Johnston has some merit, it requires the transfer of a much larger
number of electrons to give the same index variation as the space-
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charge model; also, the assumptions that fields cannnot exist in the
material are based on what appears to have been an incorrect deter-
mination of the dielectric relaxation. At the present time, therefore,
evidence points to drift under internal fields (as proposed by Chen)
and diffusion of electrons due to thermal energy as proposed and
analyzed by Amodei'® as the two mechanisms responsible for charge
separation and consequent index changes in LiNbO,;. The fields gen-
erated by both of these transport processes were calculated and the
relative importance (and differences) between the drift and diffusion
processes in holographic recording were assessed in a recent paper."
We will briefly review the mathematical model and the analysis
covered in that work, the results of which are supported by our ex-
perimental observations.
The essential features of the model that will be used to analyze the
process of holographic storage can be summarized as follows:

(a) The electro-optic material contains localized centers with

trapped electrons that can be excited into the conduction band

by light of the proper wavelength.

(b) Exposure to a holographic interference pattern results in

an inhomogeneous density of free carriers that drift and/or

diffuse and become retrapped. This gives rise to a net accumu-

lation of negative space charge trapped in regions of lower

intensity, balanced by positive charge in regions of high inten-

sity.

(¢) The space charge generates an electric field that modulates

the index of refraction through the electro-optic effect, thus

producing a hologram.

The theory is developed for the simplest form of interference

pattern, the sinusoidal distribution given by the superposition of two
plane waves, as shown in Fig. 1.

I(x) =1, (1 4+ mcos Kx) [1]

where m = modulation ratio

27
l
A
= — = wavelength of the intereference pattern. [3]
2sin 0/2
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The model assumes that the trapping time is very short, so that
the electrons will not be able to diffuse or drift very far before they
are retrapped. Under these conditions, the concentration of free elec-
trons in the conduction band will remain a faithful replica of the free-
electron generation rate. If one further assumes that the redistribution
of elecrons only affects a small percentage of the total number of
trapped electrons, so that the generation rate throughout the volume
varies only as the light intensity, the free electron distribution n(z)
will remain directly proporticnal to the intensity distribution of the
light interference pattern,

n(x) ~n, (1 +mcos K x) [4]

Here, n, is a constant proportional to the peak intensity 1,, the trap-
ping time, and the absorption coefficient due to trapped electrons.

Under the influence of an electric field or through thermal diffusion,
the above-mentioned free-carrier concentration would produce a
spatially inhomogeneous current given by

dn
J(x) = gD, — + qnu,E(x), [5]
dx

where q is the electronic charge,

D,, is the diffusion constant for electrons,
1, 18 the mobility for electrons, and

E (x) is the total electric field, assumed in the z-direction.

The spatially varying current would give rise to a trapped space-
charge accumulation which, at any point, would increase at a rate
given by

dp
8t

Thus, one may always calculate the space charge resulting from a
certain exposure by integrating the divergence of the current density
as given by Eq. [5]. Since the local field E () depends on the space
charge, numerical techniques are usually required except in special
cases where drift or diffusion dominate the process. For these
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limiting cases, one can compare the relative contribution of the two
transport mechanisms and observe the fundamental differences in
their resulting patterns.

In practice, it is fairly common to have a situation where transport
occurs primarily via drift or through diffusion. The critical value of
applied field E, at which drift and diffusion contribute equally has
been shown to be given by™

kT
E,=—-K, [7]
q

where k is the Boltzmann constant. At room temperature Eq. [7]
can be written as E, > 0.16/1 in units of V/cm, where [, as defined
before, is the wavelength of the interference pattern.

Thus, if the applied or internal field in the material is much
greater than the above value, one can justifiably neglect diffusion and
calculate the space-charge field recorded in the material, including
only the drift component or current. Alternately, if no fields are
present, diffusion is the only active mechanism.

For large applied fields and within exposure times that yield space-
charge fields much smaller than E, the above model predicts a space-
charge field E,(x) that grows linearly with time and remains a faith-
ful replica of the intensity distribution of the light:

E,(z) ~ —E,coskz, 8]

where E,, = qu.E,m /e and ¢ is the dielectric constant of the material.

It is important to note from Eq. [8] that the peaks of the drift-
generated field occur at the high-intensity minima of the light inter-
ference pattern, and that the magnitude of the field is independent
of I. These features are characteristic of the drift-induced pattern
only and do not apply to the diffusion process, as will be seen later.

If the exposure is allowed to continue until an equilibrium space-
charge pattern is established, the resultant field is no longer linear.
Neglecting diffusion, and assuming that only a small percentage of
the total trapped-electron concentration has been redistributed (so
that n(z) is still given by Eq. [4]), the equilibrium field would be
given by

Jo
E(x) = [9]
qp.m,(1 + m cos K x)
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where J, is the current density when equilibrium is reached.

That this expression diverges for 100% modulation (m=1) is
a consequence of the assumption of negligible diffusion length and un-
limited trap density. A finite diffusion length would have an effect
equivalent to reducing the modulation ratio, and the finite trap density
would put a limit on the maximum field for a given fringe spacing.
In general, since either applied or inherent fields can be much larger
than the space-charge fields required for holographic recording, one
could operate in the linear range where Eq. [8] is valid. As was
mentioned in the discussion of pyroelectric properties, high fields can
be frozen into these materials any time the sample is heafed and
later cooled rapidly to room temperature.

For the case where there are no applied or internal fields, the
diffusion mechanism governs the formation of the space-charge fields.
Under these conditions, the equilibrium value of the space charge
field can be shown to be®

kT) KmsinK z
E (x) = — — — ]. [10]
? < q <1+mcost

If this expression is expanded in a Fourier series, the fundamental
term, which contributes to holographic reconstruction, would be given

by
kTKm
E,(x) = (—-—) sin K z. [11]

a1 —m?

The peaks of this fundamental are seen to occur 90° out of phase
relative to those of the drift-generated pattern shown in Eq. [8]. This
phase shift is most significant in that it gives rise to completely
different behavior of the interactive coupling between the object and
reference beams during recording, and will be discussed in more
detail in what follows.

3.3 Diffraction Efficiency, Resolution, and Sensitivity

So far we have only discussed the formation of the electric field dur-
ing exposure of the material to the holographic interference pattern.
The actual diffraction of the light occurs as a result of the variation
in the index of refraction =»,(x), which is caused by the electric field
through the electro-optic effect. The determination of the index of re-
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fraction variations seen by light propagating at an arbitrary angle
and arbitrary polarization in an anisotropic crystal, as caused by a
given field pattern, is a fairly involved problem. It requires the use
of the electro-optic tensor for the particular material to determine
the changes in the index ellipsoid and the effect of these changes
on the beam in question. However, the mazimum effect in LiNbO,
occurs for the special case when the c-axis of the material is perpen-
dicular to the bisector of the two beams and the polarization is in
the plane defined by the c-axis and this bisector. For small angles of
incidence, the changes in index of refraction can then be calculated
for this condition rather simply and to a good degree of approximation
using the formula

n,(x) ~ 1.8 X 108 E(x). [12]

The relationship between the diffraction efficiency of a sinusoidal
grating hologram 5 and the index variation, as given by Kogelnik,* is

™m,d
p=sin? | — |, [13]
Acos /2

where d is the thickness of the medium.

Thus, the index variation amplitude needed to produce a hologram
with 1009 diffraction efficiency for light of 5000 A wavelength for
small angles 6 in a 1-em-thick crystal is ~ 2.5 x 10—5, corresponding
to fields of about 1400 V/cm.

Fields of this magnitude can easily be achieved through either
process, drift or diffusion.

The amount of incident light energy that is required to give a
certain diffraction efficiency is a measure of the sensitivity of the
material. It determines the exposure time required to store a single
hologram with a given power density, and it is thus a most important
practical parameter in most applications. It is interesting to consider
the theoretical limit of sensitivity in this process as well as the
physical mechanism that controls the sensitivity in a practical situa-
tion.

It was pointed out above that the field required to achieve 100%
diffraction efficiency in a 1-cm-thick crystal of LiNbQ; is E,, ~ 1400
V/em. The associated charge distribution is given by

p(x) =ppsinKx=¢KE,sinKz f14]
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so that, for the above field, and assuming ¢ =2.9 X 10— F/m for
LiNbO; and a grating spacing ! =1um, we obtain a peak charge
density of p, =2.5X 10—* coul/cm3. The average displaced charge
can be calculated as

Y2
1 Pm
Pay = — pmSin K 2 =do = —. [15]
l 7

The total number of displaced electrons N is then

P
N= —'—"~O.5 X 1015 electrons/cm3 [16]

q

Normally, each electron would have to be reexcited many times in
order to move to its final equilibrium position in the redistributed
pattern. In fact, a rough estimate of the number of trips that it must
make to the conduction band would be given by the ratio of the fringe
spacing ! to the mean drift or diffusion length Z The highest quantum
efficiency would result when this diffusion length is very large. Even
for this case, however, the quantum efficiency would be something less
than unity, because the electron would not always be trapped at the
correct final location. Nevertheless, we can assume unity quantum
efficiency for the sake of the argument and arrive at a number for the
minimum absorbed energy that this process would require. For light
of 0.5-um wavelength, the energy per photon is e = 4. X 10—19 joules.
Thus, the theoretical minimum absorbed energy that would be required
to reach 100% diffraction efficiency in LiNbO, for a unity quantum
efficiency process is

Cmin =h o N =2 X 103 joules/cm?. [17]

For 1%, one would require ~ 10—%J/cm2. It should be mentioned
that this number is independent of thickness. The highest sensitivity
obtained so far from our Fe-doped crystals®® is a factor of about
1000 below the theoretical maximum.

As discussed above, we can obtain an order-of-magnitude estimate
of the minimum absorbed energy required from an actual crystal by
assuming that an electron must make an average number of I/z trips to
the conduction band before it moves the required distance. In this case,
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the absorbed energy would be given by

hoNl  2hoe

8&:

E,. [18]

z qZ

It should also be pointed out in passing that Eq. [14] also deter-
mines a minimum impurity concentration required to achieve a certain
field for a given fringe spacing. Since the charge density required to
sustain a given field is inversely proportional to the fringe spacing,
this fact may explain the inability to obtain high diffraction efficiencies
in thin samples of undoped LiNbQj;, even though large index changes
(10—3) can be observed when laser damage is measured with beams
of millimeter dimensions.
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Fig. 3—Effect of y-irradiation on sample sensitivity.

4. Experimental Results on Dynamic Behavior

4.1 Recording

Whether the dominant transport mechanism is drift or diffusion, the
initial rate at which the space-charge field constituting the hologram
builds up in these materials is linear. This implies a quadratic initial
increase of diffraction efficiency with time, behavior that was indeed
observed in nearly all of our experiments. The buildup of diffraction
efficiency during exposure of a sample of LiNbO; before and after ¥-
irradiation is shown in Fig. 8. The change in absorption of the sample
is shown in Fig. 4. The quantum efficiency, measured by the ratio
of minimum to actual absorbed energy required to reach a given
diffraction efficiency, is of the order of 10—3. The minimum energy
is calculated as explained earlier by assuming that a single absorbed
photon is required to transfer an electron to its final location.
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Fig. 4—Optical absorption of a LiNbO, sample before and after exposure
to ~ 10° rads of y-irradiation.

In the absence of applied or internally generated electric fields, the
recording and erasure behavior of ~ l-em-thick undoped crystals of
LiNbOj, whether y-irradiated or not, is nearly symmetrical as pre-
dicted by the transport model.'” The erasure process is simply one of
field relaxation by the photoconductivity generated in the material,
while the recording process occurs through diffusion as explained
above. This behavior is illustrated by curve A in Fig. 5, taken for a
1-cm sample of LiNbO; that had been exposed to light for a long
period of time prior to recording to relax all internal fields.
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Fig. 6—Record—erase behavior of LiNbO; with and without applied fields.
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An electric field applied externally (or generated internally) will
increase the recording rate to a degree determined by the relative
magnitude of the applied field and the equivalent diffusion field (Eq.
[7]). This behavior is illustrated by curve B in Fig. 5. The increase
in recording rate is in agreement with what is predicted by the trans-
port model, since the equivalent thermal diffusion field (Eq. [7]) is
1600V/cm at T = 300°K and I = 1pxm. The erasure rate is not affected
strongly by the field, as one would expect in the case where the redis-
tributed charge is a small percentage of the total trapped electron
concentration."”

4.2 Effects of Beam Coupling During Recording

In the general discussion of hologram storage in these materials, one
must also consider the effect that a hologram has on the writing beams.
Because of the very high diffraction efficiencies that can be obtained,
certain beam coupling effects that can usually be ignored during
recording in other media become quite significant.’ In principle, a
phase hologram can act as a periodic array that couples two interfering
light beams. Although similar coupled-wave phenomena are well
known in waveguide technologies, it is not generally realized that an
analogous effect can play an important role in hologram storage. The
point is that as the two intersecting beams begin to record a hologram,
the hologram couples the two beams and thus rearranges their ampli-
tude and phase as they travel through the crystal. The result is to
limit or distort the hologram that is ultimately recorded.

We have used the above effects to verify that in LiNbO;, hologram
storage is associated with charge transfer. The significant aspect of
beam coupling is its dependence on the relative position of the phase
grating, a parameter that depends on the storage mechanism. From
Section 3, it can be seen that when drift dominates, the resulting index
modulation is simply proportional to the interference pattern of the
reference beams. That is, the position of the phase grating is such
that the index modulation is symmetrical with respect to the light
interference pattern. This occurs for all other storage media known
to date, and produces very little coupling. The only effect that should
be observable is a slight “bending” of the hologram caused by a
rearrangement of the relative phase between the two light beams.*®

However, the situation is quite different wken diffusion dominates.
Here, the index modulation is shifted so that it is =/2 out of phase
with the interference pattern. In other words, a cosx light pattern
produces a sinr index modulation. This shift is unique to electro-
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optic materials and results in a highly efficient transfer of energy
from one writing beam to the other. Here, the effect on storage is
to limit the ultimate diffraction efficiency that can be achieved; trans-
fer of all light to one of the beams creates regions of uniform light
intensity that tend to erase the hologram.™.
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Fig. 6—Energy transfer and diffraction efficiency for recording by diffusion
only and by combination of drift and diffusion.

Studies of undoped LiNbOz; have demonstrated both diffusion and
drift effects. Fig. 6 shows the diffraction efficiency, and the amount
of light transferred, as a function of exposure. Normally, i.e., without
an applied field, the storage is dominated by diffusion, as indicated by
the large transfer shown in the top curve. The amount of transfer
agrees well with theory. One can show that when diffusion is
the only transport mechanism, the fractional amount of light, A7, trans-
ferred from one writing beam (e.g., the object beam) to the other,
is related to the diffraction efficiency by

Al =2 [y — n2]1/2 [19]
This equation shows, as does Fig. 6, that a hologram with a fairly

small diffraction efficiency can cause a sizable transfer. For example,
when 9 = 1%, Al = 20%.
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An added feature of this coupled-wave analysis is that the sign
of the photo-excited carriers is easily determined. This is done by
merely observing the direction of transfer (the sign of Eq. [19])
relative to the orientation of the crystal. For all of our measurements
on LiNbOjs, electrons have been the dominant carriers.

Fig. 6 also shows what happens when one applies an electric field
slightly larger than the thermal field for diffusion. The storage rate
is enhanced by drift, but the interaction remains essentially unchanged.
This occurs because the additional component to the phase grating, the
component due to drift, does not contribute to the interaction. That is,
the interaction depends only on the diffusion component, and is not
affected by an electric field.

The results presented above, combined with the behavior observed
in fixing experiments discussed in the next section, leaves little doubt
that the transport model involving both drift and diffusion explains
correctly all aspects of holographic storage in undoped LiNbOsj.

5. Thermal Fixing of Holograms

A Dbasic obstacle to the practical application of hologram storage in
electro-optic crystals is the optical erasure of the hologram during
read-out. This is a particularly severe problem in the use of these
holograms for read-only applications that require repeated access to
the stored patterns. Although it is possible to achieve nondestructive
readout by using a different wavelength for readout and writing,
this introduces distortions in the displayed image. The most desirable
solution is to fix the holographic patterns once they are recorded, so
as to prevent optical erasure of the information. The thermal fixing
technique that was developed' achieves this quite effectively.

The method for fixing can be described step by step as follows.
First, a ‘“normal” hologram is written by the interference of two
intersecting laser beams. This optical interference pattern generates
a modulated concentration of free carriers that migrate by diffusion
or drift, producing a space-charge pattern of trapped electrons or
holes, referred to hereafter as the electronic charge pattern. This
charge displacement sets up an electric field that modulates the index
of refraction. The fixing mechanism that is described here takes ad-
vantage of this electric field to create an optically stable charge pattern.
It is accomplished by heating the sample to a temperature at which
ions in the lattice become relatively mobile, while the trapped electronic
charges remain thermally stable. The ions are hence allowed to drift in
this field until they nearly completely compensate the trapped electronic
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charge. Upon being cooled to room temperature, the resulting ionic
charge pattern is “frozen” in; so that when the sample is exposed to
light, the trapped electronic charges redistribute, leaving an electric
field pattern that mirrors that of the original hologram. The initial
electronic charge pattern is thus converted into an optically stable ionic
charge pattern, and the hologram is fixed.

An example of the room-temperature readout of such a thermally
fixed hologram, compared with the readout of a normal one, is shown
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Fig. 7—Erasure of a normal and a fixed hologram in LiNbO..

in Fig. 7 for an undoped LiNbQO; sample. The first curve shows the
readout of a normal hologram. It decays as the uniform readout beam
reexcites the trapped electrons so that they may migrate back, thus
“erasing” the holographic field. The second curve shows the room-
temperature readout obtained after first recording a hologram in the
same manner and then heating the crystal to 100°C for ~ 14 hour.
The initial efficiency is seen to be quite low, because the ionic charge
had compensated the electron charge and erased the field. During
readout, however, the diffraction efficiency increases as the electronic
charge is redistributed by the uniform readout beam, leaving the
electric field pattern due to the fixed ionic charges.

If higher tempertures are used for fixing, it can be done in a
shorter time than shown above because the ionic mobility is thermally
activated.? The temperature dependence of the fixing can be determined
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from the following relation for thermally activated conductivity:

E,
T=0,CXp < —— ",
kT

where ¢ is the conductivity, ¢, is a constant, k is the Boltzmann con-
stant, T is the temperature, and E is the termal activation energy for
ionic motion. This ionic conductivity relaxes the electric field pattern
of a hologram during fixing. The time in which this occurs, i.e., the
fixing time, is related to the dielectric relaxation time, ¢/o. Thus,
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Fig. 8—Temperature dependence of fixing times in LiNbOs.

by increasing the temperature, one can increase the ionic conductivity
and shorten the time required for fixing. This temperature dependence
for undoped LiNbOj; is explicity demonstrated in Fig. 8, which shows
the measured relaxation time observed during fixing at a number of
temperatures. The slope indicates an ~1.1-eV activation energy for
ionic motion.

In prineiple, one can obtain a fixed hologram having a diffraction
efficiency equal to that of the original hologram. In practice, however,
the strength of the fixed hologram is limited by the relative concentra-
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tion of ionic and electronic charges. The first requirement for complete
fixing is that the concentration of ionic defects n; is large enough
to relax the electric field of the displaced electronic charge. In fact,
if we assume that the density of trapped electronic charge =, is
sinusoidal, i.e.,

e =N, + n,sinK , [20]

where K =2r/l and 1 is the grating spacing, and that =, > n,, it
can be shown that the equilibrium value of the amplitude of the relaxed
field E' is given by

EO

EFro— g
q qny

14—

kT K2

[21]

Here g is the ionic charge, k is Boltzmann’s constant, T is the temper-
ature, ¢ is the c-axis dielectric constant, and E, is the initial amplitude
of the field pattern. Typically, the grating spacing is approximately
1pm, so that the relaxed field becomes

E =~

—_— [22]

2 X 1015 ¢m—3

1+

where we have assumed T = 400°K and ionic defects of unit charge.
According to this equation, complete relaxation occurs if n,; > 2 x 1018
cm—3, a reasonable condition for the concentration of ions.

The second condition for fixing is that the density of irapped
electrons is small enough to allow reconstruction of the field pattern.
This follows because the holographic field reappears only when the
trapped electrons redistribute evenly by diffusion during exposure to
uniform light. The final, or fixed, value of the field due to the partially
unneutralized ionic distribution can be shown, by the same argument
used above, to be

-E,
E~——

_— [23]
N,

1+ —

1.6 X 10%¢m—3
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where N, is the average density of trapped electronic charges. In
this case, we have assumed a small equilibrium modulation on the
net density of trapped electrons n, and that 7= 300°K. Thus, a signi-
ficant fraction of the field is reconstructed only if the density of occu-
pied traps is no greater than ~ 10" em—2. This places a stringent
limitation on the dynamic range and sensitivity of the storage medium
when good fixing performance is required as well. However, one can
overcome the above problem to some extent by using a fairly thick
crystal. This reduces the space-charge density required to obtain a
significant diffraction efficiency, e.g., a space charge of only ~4 X
104 em-—3 will give a 509% diffraction efficiency in a 2-cm crystal of
LiNbO;.

When a fixed hologram has a weak electric field pattern, because
the ion concentration is too low or a trapped charge concentration is
too large, one can still obtain large readout efficiencies by making use
of a “self-enhancement” effect. This effect, brought about by the
interference of the readout beam and the diffracted beam, occurs
because the fixed holograms are in a thick, optically sensitive storage
medium. Thus, when a readout beam is applied and part of it is
diffracted by the fixed hologram, the two beams (the readout beam
and diffracted beam) intersect within the crystal to form an inter-
ference pattern that writes a new hologram by the normal mechanism,
i.e., the displacement of trapped charge. This new hologram is identi-
cal to the fixed one and can thus enhance the net diffraction efficiency,
as long as the two holograms constructively interfere. Such an en-
hancement effect is shown in Fig. 9 for an undoped LiNbO; sample with
the c-axis pointed in the proper direction. When the hologram is
read out, the efficiency increases. When the sample is turned slightly,
so that the Bragg condition for readout is no longer satisfied, the
enhancement is erased.

6. Other Performance Considerations
6.1 Multiple Hologram Storage

While a single hologram stored in a given volume of these materials
can achieve very high diffraction efficiency, recording of a large number
of patterns can normally be accomplished only at the expense of overall
diffraction efficiency. The illumination of the crystal for each succes-
sive recording erases a large fraction of the already recorded patterns
unless they have already been fixed. In faet, in a 1-em-thick crystal
that could support nearly 1009 diffraction efficicney for a single holo-
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gram, storage of 10 patterns reduces the efficiency to a fraction of a
percent. If one resorts to thermal fixing after recording each pattern,
the results are improved. This is a very time consuming process, how-
ever, and is not completely effective because some erasure of the
holograms during each heating cycle still takes place.
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Fig. 9—Enhancement of fixed hologram.

Where multiple recording is desirable in order to take advantage
of the increased storage capacity of a thick crystal, the best technique
consists of taking advantage of the assymetry in the record—erasure
curves induced by electric fields (as illustrated in Fig. 5). [t has
been demonstrated' that, by applying an electric field along the c-axis
of the crystal during recording, it is possible to record ten patterns
with more than 309 efficiency and over 100 holograms with efficiencies
well above 1%. Using these techniques it may be possible to record
up to 1000 patterns with usable levels of diffraction efficiency in the
recontructed image.

6.2 Optical Erasure

The optical erasure of holograms that have not been thermally fixed
in LiNbOj; is illustrated in Fig. 7. For the case where there is no
electric field applied to the sample, the pattern is erased when readout
exposure reaches approximately the same level required for recording.
When an electric field is used, about 10 to 20 readouts can be made at
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energy levels used for recording before losing the information. In
many applications, it is possible to use considerably reduced power
levels during readout, allowing the information to be retrieved many
times nondestructively.

Where multiple recording for read-only type applications is en-
visioned, thermal fixing of the patterns constitutes the best solution.
Fixed holograms show negligible optical erasure at all intensity levels
where the crystal does not actually become substantially heated by the
readout beam.

6.3 Thermal Erasure

The thermal decay of holographic fields in LiNbO; corresponds to a
dielectric relaxation process governed by the intrinsic conductivity
and dielectric constant of the material. As mentioned earlier, our
measurements show resistivities that are of the order of 10'8 ochm-cm
and the conduction process is believed to be predominantly ionic at
temperatures below 150°C. These values eorrespond to relaxation
times of about a month for the holographic fields, which is what is
found in practice.

The activation energy for ionic conductivity was measured at about
1.1eV, so that there is a very strong temperature dependence of the
relaxation times and slight cooling can increase the storage time by
many orders of magnitude. At 0°C the estimated relaxation time is
about 10 years, already in the range suitable for archival storage.

7. Conclusions

While some aspects of the behavior of doped LiNbO; are still not
thoroughly understood, the performance of undoped and v-irradiated
samples of these crystals has been found to follow closely the predic-
tions of theoretical models. Engineering design to begin incorporating
these materials into storage devices can therefore proceed on a sound
basis.

The lower sensitivity of these crystals can be partially offset by
recording with an applied electric field, which was shown to narrow
substantially the performance gap between doped and undoped ma-
terials. The excellent performance of the thermal fixing techniques,
which makes these crystals good candidates for read-only, long-term
storage applications, provides an additional and very significant ad-
vantage over other volume storage media, such as photochromics, where
no known method exists for achieving high erasure resistance.

Finally, the ready availability at reasonable prices of high optical
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quality LiNbOj; erystals in boules of up to several inches in dimensions
makes this material quite practical from an economic point of view
as well.
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Optical and Holographic Storage Properties of
Transition Metal Doped Lithium Niobate*

W. Phillips, J. J. Amodei, and D. L. Staebler
RCA Laboratories, Princeton, N.J.

Abstract—Measurements of recording sensitivity, maximum diffraction efficiency,
and erase behavior have been carried out on LiNbOs crystals doped
with various first-row transition elements. Manganese, iron, and copper
doped crystals have distinctive absorption spectra and show large
increases in sensitivity over undoped crystals, a factor of 500 in the
case of iron. The erase sensitivity of crystals doped with iron during
growth is an order of magnitude lower than the record sensitivity.
When iron-doping is carried out by diffusion, record and erase behavior
become nearly symmetrical.

1. Introduction

The storage of volume phase holograms in LiNbO;' relies on the
presence of localized centers containing electrons that can be optically
excited into the conduction band. Attempts to improve the recording
performance of this material have, therefore, focused on radiation
treatments and on the incorporation of dopants® to allow experimenta-
tion with a variety of trapping centers in controlled concentrations.
In this paper we will discuss the optical properties and holographic
storage performance of transition metal-doped crystals of LiNbO; with
particular emphasis on iron-doped materials whose sensitivity was
found to be superior to all the others.

* This work was supported in part by the Naval Air Development
Center, Naval Air Systems Command, Department of the Navy.
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The storage mechanism in undoped LiNbO; crystals is described
in detail in an accompaning paper® in this issue of RCA Review.
Gamma irradiation of undoped crystals produces substantial improve-
ments in their holographic recording sensitivity by increasing the
concentration of lattice defects available to act as electron traps. Im-
purity doping of LiNbO; makes possible the introduction of a new
set of traps with properties differing from those of the radiation-
induced defects, and perhaps more suited to specific applications.

The intreduction of dopants into LiNbOjy can be expected to affect
its behavior in two ways: (1) The optical absorption may be increased
and if the excitation produces a free electron, the recording sensitivity
may be increased proportionally. (2) The transport parameters and
other bulk properties of the material may be modified by sufficiently
large concentrations of impurities, leading to concentration-dependent
changes in the storage or erasure process.

In this paper we describe (1) the choice of suitable dopants for
LiNbO;. (2) methods of material breparation, (3) the optical absorp-
tion characteristics of the doped crystals, and (4) their improved
holographic storage properties. In addition we discuss several inter-
esting, and as yet incompletely understood, phenomena that occur
in the doped crystals,

2. Choice of Dopants

The characteristics required of a suitable dopant, i.e., the ability to
give up an electron under visible light excitation and to later retrap
an electron, are very similar to the properties of aetivators in inor-
ganic photochromic materials* In fact the only different between the
two processes is that photochromic behavior relies on the retrapping
of the excited electron in another center with different optical absorp-
tion than the first, whereas electro-optic storage requires charge trans-
port and subsequent retrapping of the free electron in a different loca-
tion, giving rise to a local electric field.

The useful activators in photochromic oxides are usually tranmsition
elements capable of giving up and recapturing d electrons. In parti-
cular, this is the case for alkaline earth titanate photochromic
materials such as SrTiOz° Therefore, the transition metals were the
first candidates for doping LiNbQO,. These elements can be expected to
enter the LiNbOj, lattice substitutionally in either the Li or Nb sites,
both of which are surrounded by a roughly octahedral array of oxygen
atoms. This environment resembles that of the dopants in photo-
chromic alkaline earth titanates, and it can be anticipated that some
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transition metals will give rise to trapped electrons lying at optical
energies below the conduction band in LiNbO; and capable of under-
going optically excited charge transfer.

One can expect large variations in effectiveness of different dop-
ants, depending on the nature of the transition giving rise to the
absorption at the excitation wavelength. For instance, in a material
where this absorption occurs between a ground state and an excited
state that is several kT in energy below the conduction band, the
transition will seldom lead to a free electron and the quantum efficiency
of the process will be accordingly very small. However, if the excited
state is closely coupled to the conduction band, the quantum efficiency
will be large.

During the course of the present study, the behavior of LiNbOj,,
doped with first-row transition elements has been examined. The ele-
ments, Cr, Co, and Ni produce only minor changes in the storage
characteristics of LiNbO;. On the other hand Mn, Fe, or Cu doping
produces large increases in both the sensitivity and maximum diffrac-
tion efficiency.

3. Crystal Preparation

Doped single crystals used in this work were grown by the Czochralski
method using resistance heating of melts (usually having the con-
gruently melting composition) contained in 100 cc platinum crucibles.
The starting materials were Grade I lithium carbonate and niobium
pentoxide obtained from United Mineral and Chemical Company.
Dopants were added to the melt as the appropriate transition metal
oxides. Concentrations given throughout this paper are the nominal
values. Exploratory crystals were usually grown at rates of 5 mm per
hour to a total length of 25 to 30 mm and a diameter of 12 to 14 mm.
It was useful to maintain a small current (2 mA) through the crystal
during growth, from melt to seed, because this resulted in reduced
domain structure compared to crystals grown with no current or with
current in the opposite direction. However, single-domain congruent
crystals could not be obtained in this way, because, in the low vertical
temperature gradient of the electric furnace, these crystals were
above their Curie temperature of 1140°C® for some time after growth
was terminated. Following growth, the crystals were lowered into the
central portion of the furnace, annealed at about 1150°C for 4 or 5
hours, then cooled at 100°C per hour to room temperature. The
crystals were later poled in an oxygen atmosphere at about 1200°C.
In spite of the oxygen atmosphere, however, the crystals are found to
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become reduced during poling, producing coloration starting at the
positive electrode and continuing down the crystal. This effeet was
minimized by using the lowest possible poling current; 1.5 or 2 mA was
found sufficient to produce complete poling in crystals grown as
described above.

The amount of reduction occurring during poling of Fe-doped
LiNbO; is quite variable. Poled crystals usually had to be reoxidized
in a separate operation before they could be used for measurements in
0.5-cm thicknesses. The amount of oxidation required was determined
empirically in each case. Crystals containing large amounts of iron
required higher oxidation temperatures than those only lightly doped
with iron. Reduction of the crystals, when required, was accomplished
by annealing in an argon atmosphere for a short period of time, e.g.,
one hour to 650°C for 1 or 2 mm thick samples.

Both doped and undoped crystals grown and processed as described
above were consistently free of cracks and visible inhomogeneities. A
series of light-scattering measurements was performed to detect short-
range refractive-index variations. The results were the same for doped
and undoped crystals; most of the scattering that could be detected
appeared to arise from the polished surfaces of the crystals. Distor-
tions of holographic patterns that would arise from long-range re-
fractive index variations could not be detected.

4. Optical Properties of Trarsition-Metal-Doped LiNbO,

Pure LiNbOj; is transparent from about 5um to 3500 A, where the
fundamental electronic absorption begins (Fig. 1). The introduction of
the transition elements Cr through Cu produces visible optical absorp-
tion as shown in Figs. 2 and 3 (the curves are for 0.05 mole percent
nominal doping in 0.5-cm thick samples). Two types of absorption
spectra are apparent. For the elements Cr, Ni and Co, the absorption
at 4880 A and longer wavelengths is associated with well-defined
absorption bands isolated from the fundamental edge. In the case of
Mn, Fe and Cu, the absorption bands are not distinet from the
absorption edge but appear to be a continuation of it. In fact, for
Cu no independent absorption bands can be discerned.

These observations suggest that in LiNbO, doped with Cr, Co, and
Ni, the optical absorption arises from localized electronic states,
whereas for Mn, Fe, and Cu the absorption arises from states in which
excited electrons are coupled to the conduction band and are only
loosely bound to the transition metal. Further evidence to support this
view is found in the behavior of doped crystals with respect to oxidiz-
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Fig. 1—Absorption spectrum of an undoped LiNbO, crystal (curve a) and
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Fig. 3—Polarized absorption spectra of LiNbO, crystals doped with Mn, Fe,
and Cu. In each case the crystals are 0.5 em thick and norminally
contain 0.5 mole percent transition element.

ing and reducing heat treatments. In Fig. 4, we compare the optical
absorption that is induced in doped crystals by reducing heat treat-
ments to the absorption induced in an undoped crystal by a reducing
heat treatment (each curve is the difference in absorption between a
reduced crystal and the same crystal before reduction.) The absorp-
tion induced in Ni-doped erystals closely resembles that induced in
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Fig. 4—The absorption spectra induced by the reduction of (a) an undoped
LiNbQ, crystal, (b) LiNbO; doped with Ni, and (¢) LiNbO, doped
with Fe. These curves were obtained by subtracting the absorption
spectra of oxidized crystals from the spectra of the same crystals
after reduction.
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undoped crystals. No change in the intensity of the Ni band can be
detected. The same behavior is found for Co- and Cr-doped crystals.
The conclusion is that these three impurities have extremely stable
valence states in LiNbO,;. By comparing the absorption spectra of
Fig. 2 to those obtained for the same ions in other materials,” the
probable valence states can be identified as Cr3+, Ni?+, and Co*+.

On the other hand, the reduction of iron-doped crystals induces
more of the characteristic iron absorption (see dotted curve of Fig. 4)
rather than the absorption induced in similarly treated undoped
crystals. The valence state of iron in fully oxidized Fe-doped crystals
has been identified as Fe3+ by EPR techniques.® The coloration of
reduced Fe-doped crystals is, therefore, due to the formation of Fe?+
jons during reduction. The trap depth of electrons in these sites is
evidently greater than that of electrons trapped at the sites responsi-
ble for the coloration of undoped LiNbO; crystals.

The behavior of copper-doped crystals upon reduction parallels that
of iron-doped crystals. However, the intensity of the manganese ab-
sorption in the 4880 A region decreases upon reduction, while another
absorption band appears elsewhere, indicating that two valence states
of Mn produce visible coloration.

In general, this group of impurities (Fe, Mn, and Cu) appears to
change valence states in LiNbQO, more easily than Cr, Co, and Ni. In
fact, we have recently demonstrated reversible optically induced (photo-
chromic) charge transfer between Fe and Mn ions and between Fe
and Cu ions in double-doped LiNbQ, crystals.” This further confirms
the capability of Fe, Cu, and Mn ions to fulfill the photo-induced charge
transfer requirements of holographic storage.

5. Holographic Storage
5.1 Recording

As anticipated, Mn, Fe, and Cu doping produces large increases in the
recording sensitivity and maximum diffraction efficiency achieved in
LiNbO, crystals. Recording curves for samples containing these
dopants are shown in Fig. 5, together with recording curves for an
undoped sample and for a sample doped with Ni. These curves were
obtained by measuring the intensity of the diffracted beam for brief
intervals while grating holograms were being recorded in the crystals
with a known power density of 4880 A laser light and with the polariza-
tion vector aligned parallel to the ¢ axis.

The largest increase in sensitivity is found in crystals doped with
Fe. These crystals typically show a 500-fold increase in sensitivity
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Fig. 5—Writing (solid) and erasure (dashed) curves for several LiNbO,
crystals. Incident power density was approximately 400 mW /cm2.
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over undoped crystals and achieve diffraction efficiencies approaching
100%. Cu- and Mn-doped crystals also exhibit increased sensitivity
and high diffraction efficiencies. On the other hand, Ni, Cr, and Co
doping produces only minor changes in the recording sensitivity of the
crystals. The curve shown in Fig. 5 for Ni is representative of Cr and
Co as well.

The sensitivity of iron-doped crystals has been found to depend
approximately linearly on the intensity of the Fe2+ absorption at
4880 A for all iron concentrations in the range 0.015 to 0.1 mole
percent. This is illustrated in Fig. 6 in which the inverse of the
incident energy required to rccord a hologram with 40% diffraction
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Fig. 6—The writing sensitivity, 1/J., plotted against fractional absorption
for several iron-doped erystals having undergone varying degrees
of oxidation or reduction. The crystal marked “stoich” was grown
from a stoichiometric melt, the rest from congruent melts. J. is
the incident energy density (J/cm®) at 4880 A reguired to achieve
40% diffraction efficiency.
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efficiency (1/J,,) is plotted against the fractional absorption (corrected
for reflection losses) measured at 4880 A for a number of different
erystals (5-mm thick) that have been subjected to varying degrees of
oxidation or reduction. The fact that the data points tend to cluster
about a straight line through the origin, regardless of the concentra-
tion of Fe in the crystals, indicates that a constant diffraction efficiency
is produced per unit of energy absorbed by Fe2+ jons. About 1.25
joules/ecm? of absorbed energy is required fo produce a 40% diffrac-
tion efficiency. This strongly supports the view that holographic
storage in iron-doped crystals arises from the photoionization of Fe?+
ions. Presumably, the free electrons are subsequently retrapped by
Fe3+ ions in regions of low light intensity. The storage mechanism
in Cu- and Mn-doped crystals is believed to be similar to that in
Fe-doped samples.

Crystals containing Mn, Cu, and Fe are sensitive to light through-
out the visible. This is particularly true for the iron-doped crystals
(see Fig. 3). Thus, one can record color holegrams by using three (or
more) separate laser lines covering the red, blue, and green regions
of the spectrum. We have accomplished this with an argon-krypton
mixed gas laser. The color hologram was composed of three holograms,
recorded within the same volume by the 4880 A (blue), 5145 A (green),
and 6471 & (red) laser lines. During reconstruction with all three
lines, a particular laser wavelength reads out only its corresponding
hologram, and the combination of all three diffracted beams reproduces
the color information.

Since the absorption of the doped samples generally decreases for
larger wavelengths, there is a corresponding drop in the storage
sensitivity toward the red. This is accentuated by the inverse de-
pendence of the diffraction efficiency on the wavelength.'® Measure-
ments on Fe-doped samples show that the sensitivity to incident light
(polarized along the ¢ axis) decreases by roughly a factor of 50 going
from 4880 & to 6328 &. Of course, the red sensitivity can be increased
by using crystals with higher absorption, particularly where good
transmission in the blue is not required.

5.2 Erasure

Holograms stored in Fe-doped LiNbO; decay thermally at room
temperature with characteristic lifetimes of several weeks. They can
also ke erased by visible light excitation. Optical erasure at 4880 A
shows a sensitivity roughly an order of magnitude lower than the
writing sensitivity for a given crystal. This is illustrated in Fig. 7
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which 1/J,, where J, is the energy density (J/cm?2) required to erase
a hologram to half its original intensity, is plotted against the absorp-
tion coefficient at 4880 & in a manner analogous to Fig. 6. To obtain
meaningful optical erasure data, one must minimize the self-enhance-
ment effect." This has been done by taking the measurements in Fig. 7
with an off-angle coherent-light beam that was periodically scanned
through the proper readout angle.
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Fig. 7—The erasure sensitivity 1/J, plotted against fractional absarption
at 4880 A for several iron-doped crystals, as described for Fig. 6.
J. is the energy required to erase a hologram to half its original
intensity.

On the basis of the storage mechanism discussed earlier, the
erasure process would also involve photoexcitation of Fe2+ ions. How-
ever, the lower sensitivity for erasure as compared to writing may
arise from an additional complexity. The charge-migration mechanism
in iron-doped crystals involves drift in an internal electric field. [t can
be shown® that this enhances the recording process but not the erasure
process, thus making the record sensitivity greater than the erasure
sensitivity.

The erasure sensitivity of Mn- and Cu-doped crystals is also smaller
than the record sensitivity for these crystals, indicating that similar
consideration may apply to these dopants, but this aspect of their
behavior has not yet been studied in detail.

An important advantage of the relative insensitivity of doped
crystals to erasure is that multiple holograms can be recorded more
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easily (the erasure problem encountered in the multiple-storage process
is minimized'?). This erasure problem arises because each hologram is
recorded in the same volume of the crystal, with only the angle of the
crystal relative to the writing beams being changed. Thus when a new
hologram is recorded, the writing beam tends to erase those holograms
already recorded at other angles. The slow erasure inherent to the
doped crystals significantly alleviates this problem.

5.3 Thermal Fixing

Although the erasure time is relatively long in doped crystals, con-
tinued readout will ultimately completely erase the hologram. This is
not desirable in some applications, such as read-only memories. One
solution to this problem is the thermal fixing technique previously
demonstrated in undoped crystals.® To fix a hologram or a set of
holograms, one heats the crystal to ~120° C for 5 minutes or more
in the dark, and then cools it to room temperature. This converts
the electronic charge pattern of the original hologram into a charge
pattern consisting of ionic defects. Since the latter is insensitive to
light, the hologram is fixed and does not decay during readout. With
this technique, high-diffraction-efficiency holograms of detailed patterns
have been successfully fixed in undoped crystals.

However, the performance of doped crystals where the hologram has
been fixed in this manner has been less than satisfactory, since the
diffraction efficiency of the fixed hologram is typically much smaller
than that of the original hologram. Reductions of one to two orders
of magnitude are common for samples doped with 0.01% or more of
iron. One way to circumvent this problem is to use samples with
lower doping. This reduces the density of occupied traps and allows
more complete reconstruction of the holographic field after fixing.'
We have found that in samples doped with only 0.001% of iron, more
than 14 of the diffraction efficiency is retained after the fixing treat-
ment. However, this improved performance is obtained at the sacrifice
of sensitivity, because lightly doped crystals have less optical absorp-
tion. Within practical limits, the sensitivity can be increased by using
thicker samples.

5.4 Optically induced Scattering
Another problem encountered in transition-metal-doped samples of

LiNbO; exhibiting high sensitivity is the appearance of optical scat-
tering induced by exposure to coherent light. This phenomenon occurs
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during exposure to a single or to two superimposed beams. The scat-
tered light pattern takes the form of two lobes with their axes aligned
along the ¢ axis. Uniform incoherent light does not give rise to
scattering and, in fact, erases it. It was originally thought that the
scattering arises from interferences due to internal reflections in the
crystal, but it was later found that antireflection coatings on the
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Fig. 8—Scattered light intensity as a function of time for illumination
with a uniform beam at an angle of 15° to the surface.

samples do not alleviate the problem. Fig. 8 illustrates the increase in
scattered light intensity as a function of time for illumination with a
nominally uniform beam having an intensity of 0.064 W/cm? in a
sample doped with 0.05% Fe. The incident angle was 15° with the
normal to the surface of the crystal, and the polarization was in the
plane containing the c-axis. The initial build-up follows a square law
as does the build-up of stored holograms. The fact that the scattering
appears only during exposure to coherent light, and that it shows
pronounced angular selectivity (see Fig. 9) suggests strongly that the
process is at least triggered by interference fringes present in the
beam.
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The angular dependence shown in Fig. 9 is consistent with the
presence of fringes with an approximate 10 um spacing. The fact
that such widely spaced fringes can be recorded is consistent with
other indications that in doped crystals the storage process is asso-
ciated with an internal electric field (see Sec. 5.2). When diffusion is
the transport mechanism involved in storage, as is the case for
y-irradiated undoped crystals, the thermal field associated with in-
tensity variations over a 10 um range is so small that this effect is not
observed.

SCATTERED LIGHT INTENSITY (ARB. UNITS)

1 1 1
4 16 [1-]

ANGLE OF INCIDENCE (°)

Fig. 9—Variation in scattered light intensity as a function of angle of
incidence of readout beam. Scattering was caused by a beam at
16° to surface, corresponding to the center of the main scattering
peak.

One way to overcome the scattering problem in doped crystals is
by optical erasure. When the sample is rotated to a new angle, the
incident beam tends to erase the scattering that occurs at other angles.
This approach is suitable for readout of a number of fixed holograms
in lightly doped crystals. The angular rotations required for access of
the holograms could prevent any overall scattering problem from
building up.

6. Diffusion of Transition Metals into LiNbO; and LiTaO,

In addition to doping during growth, LiNbO; can be successfully
doped by diffusion. This also is the case for LiTaOz, which we will
also discuss in this section. Diffusion doping has been demonstrated
for Fe and Cu in both LiNbOj and LiTaOjg, and for Ni in LiTaO3. The
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method used was as follows. Thin layers (1000-2000 A) of the ap-
propriate metal were evaporated onto crystal wafers, which were then
annealed in argon for 48 hours. The temperatures used were 1200-
1230°C for Fe and Ni, and 1000°C for Cu. Although the ecrystals
became depoled when their Curie temperature was exceeded, single-
domain regions could ke found that were suitable for testing without
the necessity for repoling the entire crystal. The penetration depth of
Fe in LiNbO; at the end of this time is estimated to be 50-100 pm.
The absorption spectra of diffused crystals were comparable to
those doped by ordinary means. The colored regions of the erystal
corresponded to the shape of the evaporated film. The coloration
boundary was quite sharp for Fe in LiNbOj; but less so for Fe in
LiTa0Q,, indicating that diffusion proceeds more easily in the latter.
Copper was found to diffuse more readily than iron in both hosts.
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Fig. 10—Writing and erasure curves for a LiNbO, plate doped with iron
by diffusion.

The writing and erasure curves for an iron-diffused LiNbO, sample
are shown in Fig. 10. The writing sensitivity and diffraction efficiency
are seen to be comparable to material doped by conventional means.
The notable feature of Fig. 10 is that the erasure sensitivity is nearly
equal to the writing sensitivity, a situation that cannot be duplicated
in material doped during growth. This is a very useful feature for
a number of applications, such as read-write memories. The high
erase sensitivity of Fe-diffused LiNbO,; is duplicated in LiTaO;.
Copper-diffused crystals, on the other hand, behave in a manner
similar to material doped in the conventional way. The explanations
for this behavior may lie in the fact that there is a high local concen-
tration of Fe near the surface of the diffused crystals, greatly exceed-
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ing that which can be obtained in conventionally doped crystals. Since
copper diffuses more rapidly than iron, it is not subject to as high sur-
face concentrations and so does not exhibit the high erasure rates.

To determine if the thermal conditions during iron diffusion were
responsible for its high erasure sensitivity, a number of conventionally
doped LiNbO, crystals were annealed at the same time the diffusions
were carried out. These crystals did have increased erase sensitivity,
but it was still a factor of three smaller than in the diffused crystal.
Holograms stored in Fe-diffused LiNbOg are found to decay thermally
(in the dark) over a period of a few hours. However, Fe-diffused
LiTa0, is quite stable thermally, showing about 109 decay in 16 hours.

7. Summary and Conclusions

It has been shown that the holographic storage performance of LiNbO,
crystals can be increased significantly by doping with transition metal
oxides. The most effective dopant, iron, results in a 500-fold increase
in sensitivity over undoped LiNbQj;. Typical iron-doped crystals re-
quire an incident energy of approximately 150 mJ/cm? to produce a
hologram with a 19, diffraction efficiency. This figure compares
favorably to other reusable storage media, and is better than the
sensitivity of hologram storage in most photochromic materials. How-
ever, whereas photochromic media are limited to maximum diffraction
efficiencies of a few percent, the maximum diffraction efficiency in
doped LiNbQOj,; approaches 100%.

The erasure sensitivity of doped LiNbOj crystals is about a factor
of 10 lower than the record sensitivity. This characteristic is very
useful for applications calling for the recording of a number of holo-
grams in the same volume, or for repeated readout of a stored holo-
gram. However other erasure characteristics can be obtained through
changes in the processing of the material. For example in LiNbO,
doped with iron by diffusion, the erasure sensitivity is about equal to
the record sensitivity. Alternately, in lightly doped crystals, fixing
techniques can be applied to produce essentially permanent, high ef-
ficiency stored holograms. Thus the properties of iron-doped crystals
can be tailored to fit a number of different applications.

It should be emphasized that the work reported herein only begins
to explore the potential of LiNbO;. It can be anticipated that other
dopants or combinations of dopants will be found that further enhance
the sensitivity of the material, and that new dopings or processing
techniques may result in even more flexibility than is exhibited by the
present materials. Finally, the results presented in this paper apply
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only to LiNbO; (and to some extent to LiTaOz). There is evidence
that dopants can play an equally important role in hologram storage in
other electropotic materials, some of which may be found to have
greater potential than LiNbOj.
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Phase Holograms in Dichromated Gelatin

Dietrich Meyerhofer
RCA Laboratories, Princeton, N. J.

Abstract—Dichromate gelatin is one of the most promising recording materials
for phase holograms because of the high efficiency and low noise ob-
tainable. We describe the general properties and requirements for thick
phase holograms and how dichromate gelatin fulfills these requirements.
Reliable processing procedures for obtaining optimum results have been
evolved. The total available phaseshift allows the superposition of up
to 20 efficient holograms. The variation of gelatin thickness during the
processing was studied to determine the conditions for forming the best
images. Interesting applications of this material are for lenses to per-
form multiple imaging and photocomposition. Also, high efficiency cop-
ies can be made from low-efficiency holograms formed in more sensitive
materials.

Introduction

Recently, dichromated gelatin (DCG) has been developed as potentially
one of the best holographic recording materials.! Efficiencies close to
the theoretical limits have been obtained.”® The scattering noise can
be very small,® so that high signal-to-noise ratios are possible in the
reconstructed images. Some of the disadvantages of this material are
the low sensitivity and the difficulties in controlling the properties
and development of the emulsion. Also, the mechanism of photochem-
istry is only poorly understood.*
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In a previous paper,®” we discussed the photochemical properties of
thin, unhardened layers of DCG that behave like negative photoresist
material. Its application to holography is limited by its resolution
(the spatial frequency response starts to decrease around 200 line-
pairs/mm). The present report is concerned with hardened layers of
DCG where most of the optical path length variation takes place in the
“interior” of the emulsion. Since we use spectroscopic plates as start-
ing materials,® these are relatively thick holograms. We will discuss
the properties and processing of these layers and the kinds of high
resolution holograms and holographic optical elements that can be
produced with them.

Because the properties of phase holograms are not as widely known,
we will first discuss the characteristics of the various types of holo-
graphic recording materials and then describe the specific properties
of DCG and the kinds of holograms that can be made with it.

Holographic Recording Materials

Holographic recording materials have generally been divided into
four different categories according to the following two criteria: is
the information recorded as a variation of absorption (absorption
hologram) or of phase (phase hologram) and is the recording medium
thin or thick? We will discuss these distinctions in more detail below.
It must be emphasized however, that these are not clear-cut separa-
tions, in that most recording media have both absorption and phase
effects and the thickness often has some intermediate value. In addi-
tion to these categories, a distinction is also made depending on the
recording procedure, which may cause the reference and object beams
to impinge on the recording medium either from the same side
(transmission hologram) or from the opposite sides (reflection holo-
gram).

Consider first the differences between absorption and phase record-
ing. We can make some general statements without going into the
details of the recording materials or processes. When modulating the
absorption, there is a well-defined upper limit for the modulation and
consequently for the modulation depth, namely the difference between
no absorption and complete absorption. Furthermore, at reasonable
modulation depths, a substantial part of the incoming light beam
must be absorbed and cannot contribute to the reconstructed image
beam. In contrast to this, a material that records a signal as a modu-
lation of phase does not have any inherent limitation to the modulation
depth. The amount of phase change can in principle be made as large
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as desired by increasing the amount of material to be modulated.
At the same time, such a material does not absorb any light; all the
incident light is available to form the image beam. Thus, a phase
material can be expected to produce a higher efficiency hologram (as
compared to absorption materials) and to allow multiple exposures.
The two kinds of modulation also differ in the fidelity with which
the image can be reproduced. Consider the basic hologram geometry
shown in Fig. 1. If » and o are the wavefronts of reference and object

REFERENCE WAVE (r)

1}
/// PHO;Ei?éPHIC
o~

OBJECT OBJECT WAVE (o)

LASER

a) RECORDING GEOMETRY
READOUT WAVE (c)

. ¢
- f

i
i RECONSTRUCTED
VIRTUAL IMAGE IMAGE WAVE (i}

b) RECONSTRUCTING GEOMETRY

Fig. 1—Hologram geometry: (a) recording (b) readout.

beams, respectively, impinging on the light-sensitive medium (i.e.,
their amplitudes), then the total intensity is given by

Ipy=(r+0) (r+o0)*
= |7|2 + |o|2 + (ro* + r*0). [1]

The exposure r and o produces a modulation of the developed medium
that varies from point to point

M=MUy), (2]

which may be a change in absorption or phase or both. Considering
thin holograms first, I,, needs to be specified only in the plane of the
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hologram. When the hologram is now inserted in the setup as in Fig.
1(b) and illuminated by a readout beam ¢, the resulting image beam ¢
may be written

1= (M) (¢). [3]

In the case where M represents absorption, we write it in terms of
amplitude transmittance T,

t= TAC' [4]

Consider the simplest case of a linear recording medium, i.e.,

TA = to - tl (I‘”)- [5]

Also, let the readout beam be the same as the reference beam ¢ = r.
Then Eq. [4] becomes

t=tr—t,(|r|24+ 0|2 r—t, (r)20%—t, | 7| 2. (6]

The first two terms, proportional to r, represent the attenuated read-
out beam (or zero order), the third term is the conjugate real image
(—1 order), and the fourth is the virtual image (+1 order). The latter
term, i, = const * o, shows that if |r|2 is constant, the object may be
reconstructed without distortion by the appropriate holographic tech-
nique. If the recording medium is not linear, then Eq. [5] only repre-
sents the first terms of a series expansion. The higher order terms will
cause additions to Eq. [6] in the form t,|7|2|0|2%, etc., which must be
added to i, and which represent distortion.

When M represents a phase variation, the situation is very different :
i =exp {i¢} c. [7]

If the modulation is linear (¢ = fI,,) and ¢ = 7, this becomes
t=exp {if (|7|24+]0|2)} exp {if (ro* + r*0)} r. (8]
It does not produce a single term t, = const * 0; there are always higher
order terms. If I,, is not too large, so that the exponent can be ex-

panded, the lowest order terms of the virtual image (the one propor-
tional to o) becomes
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i, = if |r|2 exp {if |7|2}[1 + if |0|3{1 + (if/2) |r|?}
+ higher order terms in (f|o|?)o. [9]

The (f|0|2) terms represent unwanted signal or noise, which can only
be eliminated by using small (f|o|2) values, and therefore small
efficiencies.

\'> PLANES OF

EQUAL PHASE

AN

ho— ] ——

a) THICK HOLOGRAM: §'> ¢

ol

EI 4.’5.-/‘../.-

o— d —

b) THIN HOLOGRAM: 8'< ¢

Fig. 2—Definition of thin and thick holograms (Kogelnik criterion). The
angles § and §” will differ if the refractive indices inside and out-
side the emulsion differ.

These considerations apply only to thin holograms because Eqgs.
[4] and [7] describe a two-dimensional recording surface. Thick
holograms consist of phase variations distributed throughout the
volume of the material, usually produced by a changing index-of-
refraction. (There are also thick absorption holograms but they are
inefficient and will not be considered here.) In this case, the recon-
struction efficiency for the first-order virtual image can approach 100%,
as compared to a maximum of 30-40% for thin phase holograms. This
can be shown qualitatively in the case of a simple sinusoidal grating
produced by two plane waves, as sketched in Fig. 2(a). When the
readout beam ¢ is parallel to the reference beam r, the image beam 1
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will be parallel to the object beam o. Then the planes of constant
index-of-refraction n are oriented in such a way that ¢ is reflected into
i. Since each change in n produces some reflection, and ¢ traverses
many of these index “planes,” it becomes apparent that {7 can become
very large. The other diffracted beams (=1, +2 orders, etc.) do not
have this mirror geometry and will be much weaker.,

These considerations can be put on a quantitative basis. The two
beams forming the hologram in Fig. 2(a) are plane waves making
angles ¢ with the y axis (the z-axis is along the emulsjon surface in
the plane of the figure) ;

0 = 0, exp[ik (xsind’ 4 y cos ¢’) ]
r =1, exp[ik (— zsind’ + y cos )] [10]
Here, k = 2x/)’, )’ is the wavelength in the medium. In this case, M

of Eq. [2] represents a change in dielectric constant Ae. Inserting
Eq. [10] in Eq. [1] one obtains

Ae = A¢, + ¢,c08Kz, [11]

where K = 2k sin§’ = 2m/A, A is the spacing of the fringes (Fig. 2).
Since the modulation is always small, Ae < €,y We write

€ =¢,+ ¢ cos Kz. [12]
When a beam c is incident on the developed hologram, the modulation
varies with distance and it is necessary to solve the wave equation in
order to calculate 7:

k?FE = v2E. [13]
From the above discussion, we know that as long as ¢ is the same as 7,

one needs to consider only one reconstructed order i, so that one can
write

E =c¢(y) +i(y), [14]
with the boundary conditions
c(0) =c¢, (0)=0. [15]

Solving Eq. [13] for ¢ and i yields the diffraction efficiency at the
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output plane (y = d) for the special case c =r

i* T g d
=sinz ———. [16]
cc* 2 ¢ N

77:

This shows that 100% efficiency is reached for the first time when

Al

d= [17]

/¢

One can now obtain an approximate expression for the small higher
order terms (i,) and one finds’ that their intensities have the max-
imum values of

(inin*)mnx 1 € A%\ 2
o ==\ ./ [18]
cc* 16 \ ¢, A2

This permits one to define a thick hologram as one in which the
value of Eq. [18] is much smaller than 1. Eliminating the modulation
¢, from Egs. [17] and [18] and expressing the result in terms of the
factor Q used by Hargrove® in calculating diffraction from ultrasonic
acoustic waves,

27 A'd

A?
one finds that for a thick hologram,
Q > 10. [19]

The condition can be understood intuitively by considering Fig. 2.
Using the angles ¢ = tan—! (A/d) and ¢, Eq. [19] is changed to

o> 6.

which evidently means that in a thick hologram ¢ must go at least once
through the entire modulation range.

When the hologram is more complicated than a simple grating,
Eq. [12] becomes more complex. One can, however, expand it in a
Fourier series of plane wave gratings and one then finds that a max-
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imum efficiency of 1009 can still be obtained in principle (even for
diffuse object beams) if Eq. [19] is fulfilled. Under these conditions,
there will be noise in the reconstructed image due to the |o|2 term,
which decreases both as the reference-to-object beam ratio increases
and as the hologram is made thicker.

It is the possibility of high-cfficiency, low-distortion reconstruction
that makes thick phase holograms so attractive compared to other
kinds of holograms. To turn this possibility into reality, one requires
materials with adequate or, preferably, high sensitivity, large enough
modulation to allow at least a = phaseshift in the linear range of
exposure, and good stability. By the last we mean that the material
must have the same dimensions after development that it has during
exposure. Also, the developed material should be transparent to the
reconstructing radiation and not be affected by it.

Because of difficulties with one or more of these requirements,
thick phase holograms have not yet come into widespread use. Bleached
silver halide emulsions have been studied most thoroughly. Good
results have been obtained,” but the processing requirements are very
severe, and effects of the reconstruction radiation are difficult to
eliminate completely. Other materials that have been described make
use of photochromic, electro-optic, or other photoelectronic effects.'
Because of the low values of modulation per unit thickness, crystals
or other very thick materials must be used with concomitant advan-
tages and disadvantages. They usually have low sensitivities and the
quality depends strongly on difficult material development. On the
other hand, very thick holograms have the advantage of high angular
sensitivity, so that many holograms can be superimposed in the same
space and read out separately if the total phase shift available is
appropriately large (= phase shift for each image).

The material to be discussed here, dichromated gelatin, has many
properties that promise to make it almost ideal for recording of thick
phase holograms. We use Kodak 649F spectroscopic plates as starting
material. Of the approximate gelatin thickness of 12 um only about
4 pm are used in the hologram formation, as will be shown below.
Inserting this value and a typical laser wavelength into Eq. [19], one
finds that a thick hologram will be recorded if the smallest angle
between the object and reference beam is 23° or larger.

Processing Dichromated Gelatin for Thick Phase Holograms

We now describe the procedure for sensitizing and developing di-
chromated gelatin plates based on Kodak 649F spectroscopic plates as
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starting material® The procedure, summarized in Table 1, is based
on the results of numerous trials throughout an extended period of
time. This sequence of steps was found to produce optimum results
with fair reproducibility. There are occasional variations in the
results that appear to be caused by variations in the gelatin obtained
from the spectroscopic plates.

Before we consider the various steps in the process, we summarize
what is known about photochemical mechanism of DCG. Dichromated
colloidal materials are among the earliest photosensitive materials
known.® However, the details of the photochemical processes are still
only poorly understood. In sensitizing the gelatin by dissolving
(NH,),Cr,0;, or some other dichromate, in it, the chromium ion is
incorporated as Cré+. During exposure, the absorption of light changes
this to some lower ionization state, possibly Cr3+. The reduced ion
then causes cross-linking and hardening of the gelatin. This is accom-
panied by small changes of optical pathlength in the exposed regions,
so that weak phase recordings can be made.®

If the original gelatin layer was unhardened, then the exposed
plate can be developed by washing away the remaining unhardened
material. This technique is used to make etching resist patterns and
relief phase images and holograms.®* In the present process, the layer
is pre-hardened, so that a water wash after exposure does not remove
the gelatin, but only the excess (NH,),Cr,0;. The wash causes an
increase in optical pathlength difference, but the recording is still
rather weak.

The crucial step in producing the strong phase recording is the
immersion in isopropyl alcohol following the wash. It increases the
optical pathlength difference to such a large value that efficient phase
holograms can be produced. It is known that part of the phase change
is produced by having isopropyl alcohol molecules securely bound to
reduced Cr sites where the gelatin is cross-linked.”* This complex has
an absorption peak in the near-ultraviolet and therefore exhibits an
increased dielectric constant in the blue region of the spectrum. The
change can reach a value An =0.01—0.02 for a fully exposed DCG
layer.! The maximum shift in optical pathlength in a 15 pm thick
layer is therefore 0.3 pum, or 0.6 A of blue light. This is about what
is required to reach 1009 efficiency. However, the measured maximum
pathlength difference is much larger than that, since many high effici-
ency holograms can be superimposed on the same 15 pm plate, or
single high-efficiency holograms can be made in layers as thin as 1 pm.*
The latter implies a An of the order of 0.5, which can only be obtained
by actual removal of a substantial amount of gelatin in some areas.
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Table 1—Processing of Dichromate Gelatin Plates

A. Preparation of 649F Plates.

. 15 min. in Kodak fixer with hardener.

. 10 min. wash in running water (20-25°C).

. 10 min. in methyl alcohol or until plate is clear (agitate).
. 10 min. in clean methyl alcohol.

. Dry in vertical position.

OV GO N

B. Preparation of Sensitizing Solution.
1. 50g/l of Baker, Merck or equivalent ammonium dichromate fine
crystals (use distilled water).

2. Filter solution before use. There is no limit as to how many plates
one can sensitize with each solution, but after storing one week, a
new solution should be used. The use of Kodak FotoFlow 0.2 oz/gal
is optional.

C. Sensitizing Plates.

1. Soak plates 5 min. in dichromate solution in flat pan with emulsion
side up.

2. Tilt plate ~10° and allow excess to run off (about 3 min.) Remove
residue at edge with a paper towel.

3. Store in light tight box with same tilt as in (2) until ready to use.

4. Expose between 15 hours and 40 hours after sensitizing.

D. Development.

1. Wash 10 min. in running water at 20°C.

2. Soak 2 min. in mixture 509% isopropyl alcohol and 509 distilled
water, agitated.

3. Repeat in 90% isopropyl alcohol-10% water mixture.

4. The hologram is mounted on a stainless-steel plate with gelatin layer
away from the plate, and inserted vertically into fresh isopropyl
alcohol with agitation for 10-20 min.

5. The plate is pulled out of the container at a rate of about 1 cm/min.
At the same time, a flow of hot air is directed against the gelatin.

Shankoff* confirmed that there appeared to be voids in the gelatin as
observed under the microscope, and the holograms could be wiped out
reversibly by immersing in a noninteracting index-matching fluid. It
must therefore be assumed that this immersion in isopropyl alcohol
and the consequent rapid dehydration and shrinkage of the gelatin
causes it to tear apart.

We now discuss the processing outlined in Table 1. The first
series of procedures is designed to produce as clean a gelatin plate
as possible. The reason for starting with photographic plates rather
than coating clean plates with gelatin is that this procedure leads
more easily to uniform and repeatable layers. It does, however, con-
tribute variability due to changes in gelatin quality from batch to
batch.
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The sensitizing solution is chosen to incorporate the highest con-
centration of dichromate in the gelatin without causing undesired
side effects. Such effects produce noise in the final image. During
the first stage of the drying process, the solution is allowed to run
off the almost horizontal plates. This results in a uniform concen-
tration except for the lowest region of the plate (about 1-cm wide).
If the plates are exposed too soon after sensitizing, they tend to
“crystallize” during development. By this, we mean that regions of
the gelatin appear disturbed as if one of the components in the layer
had crystallized. Such regions cause extra scattering and, therefore,
noise in the final image. If the sensitized plates are kept too long
before exposing, they start to lose sensitivity.

The real “magic” of this process is in the development step. The
water wash serves two purposes. First, it softens the gelatin for the
following drying step. Secondly, it removes all the unreacted di-
chromate. This is essential to preventing crystallization and the
introduction of scattering centers upon drying. For 4 X 5 inch plates,
10 minutes at room temperature seems to be adequate. Lin® suggested
some additional procedures to improve the cleaning, but we find that
they add to the difficulties of making the process reproducible and
reduce the sensitivity; further, they are not necessary if the washing
is done carefully.

The washed plate is immersed wet into the isopropy! alcohol. There
seems to be some advantage to making the first step a mixture of
alcohol and water, but we have not been able to document this con-
clusively. In any case, at least two steps must be used so that the
last bath remains as free of water as possible. We have found that
dehydration is complete after two minutes for 4 X 5-inch plates.
However, for larger plates (8 X 10 inches), the process takes a
much longer time, as it appears that the reaction proceeds from the
edges of the plate to the interior in a diffusion-controlled mechanism.
This can be observed visually, but we cannot offer an explanation for
it. It is known' that using the water and alcohol at elevated temper-
ature increases the sensitivity, but we have observed that it also
greatly increases the scattering of the layer. In fact, the gelatin can
take on a milky appearance.

The final step of removing the alcohol is more critical than
had first been suspected. When plates are removed from the alcohol
and dried in air, the results are very sensitive to the humidity in
the air. Low humidity encourages crystallization, while high humidity
reduces the hologram efficiency. The problem was overcome by pulling
the plates slowly out of the bath and drying them with a stream of
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warm air directed at the liquid interface. When the plate is well
cleaned, the interface forms a uniform straight line, and the dried
plate has a uniform appearance and efficiency. After the drying is
complete, the plates are no longer affected by relative humidity up
to 909 . We have found hologram efficiencies to be unchanged after
2 years storage in room atmosphere and ambient light.

One of the characteristics of these thick DCG plates is that the
development process can be repeated if the first attempt is unsatis-
factory, e.g., due to crystallization. As long as the damage is not
too great, the second hologram, if successful, will have the same
efficiency and low scattering as the first would have had. Repeated
reprocessings, however, usually result in a drop in efficiency.

Experimental Parameters of DCG Holograms in 649F Plates

Phaseshift Available
L

Since the available phase shift in a phase-recording material may be
many times 2x, it allows the storage of a number of high efficiency
holograms superimposed. To determine the maximum phase shift,
one needs to know how much material is exposed, how many photo-
sensitive centers there are, and how much phase shift each exposed
center produces after development.

Sensitized, unexposed 649F plates are about 12 pum thick and
transmit 2 to 5% of 441-nm light (all exposures were made at this
wavelength with He-Cd laser). This means that the absorption co-
efficient a = (2.5—3.3) X 103cm—1 and that absorption is nonuniform.
Only a layer about 4 um thick will be exposed and form the holograms.

We previously measured the absorption cross-section of the di-
chromate complex to be ¢ = 1.5 %X 10—18c¢m? for 441-nm light.} Com-
bining a and o leads to a density of 2 X 102'em—3, or about 309% by
weight of dichromate in the dried gelatin layer. The refractive index
change produced by exposure of one Cr ion was determined on thin,
unhardened layers® to be 4 X 10—24em3. so that the maximum possible
change in index for the thick layers is 0.008. In a 4-um thick layer,
this implies a change in phase of A, = 0.45 at 441 nm and 0.32 at
628 nm.

To check these deductions, the phase change was measured on the
649F plates. The experiment is shown in Fig. 3. It consists of
measuring the diffraction efficiency of a simple grating during expos-
ure. The He-Ne beam is not absorbed by the Cr and does not affect
the exposure. A typical result is shown in Fig. 4. The efficiency is
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Fig. 3—Experimental arrangement for measuring the phase change due to
exposure alone.

independent of grating spacing to the smallest experimental value used,
A = 0.5 um. From the diffraction curve, the phase shift is deduced and
values of Ag,,,, between 0.2 and 0.3 obtained (Ref. [5], Eq. [15]). This
is considered to be adequate agreement with the expected value, because
the variation of exposure with thickness was not taken into account
explicitly. To reach these values of phase shift requires an exposure
of 0.5-1.0 J/cm2,

We now consider the changes that take place during the develop-
ment process. As was mentioned earlier, the water—alcohol develop-
ment process increases the phase shift by a large amount. The ampli-
fication can readily be determined at low exposures. To reach a phase
shift of 0.2 in a developed plate, an exposure of about 2 mJ/cm? is
required for a typical development (cf. Fig. 7). Thus, the procedure
produces a magnification of about 300X in the phase shift per unit
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Fig. 4—Grating efficiency during hologram exposure, measured with He-Ne
laser.
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exposure, or per exposed Cr ion. To measure any variations at longer
exposures, we made multiple holograms in which the collimated ref-
erence beam was kept constant, but the diverging spherical object
beam was moved slightly for each exposure (Fig. 5). The n super-
imposed holograms were read out with the single reference beam. As
expected from the previous discussion, total exposures over 0.5 J/cm?
tended to saturate and wash out the holograms (all Cr ions are being
exposed). Below that level, the light image was evenly divided into

a) HOLOGRAM FORMATION

— FIRST EXPOSURE
~-- SECOND EXPOSURE

OBJECT
BEAM

I b) RECONSTRUCTION

IMAGE PLANE

Fig. 5—Recording of a multiple hologram that focuses a collimated beam
into multiple points.

all the beams, and the total quantity did not vary appreciably whether
there were one or twenty exposures on the plate. Furthermore, the
images were as sharp as the image for a single hologram (close to the
diffraction limit), so that there was no obvious disortion introduced
due to the heavy exposures.

These results of constant amplification and low distortion are
difficult to reconcile with the model of the gelatin cracking apart
during dehydration.*

Emulsion Thickness

One of the problems of thick holograms in photographic media is
that the emulsions change thickness during development. This may
be due to varying quantities of liquid in the gelatin or due to chemical
effects such as hardening. It causes planes of constant index change
in the emulsion to change their angle of tilt. For a simple holographic
grating, therefore, both the angle of the readout beam and the image
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beam must be changed to obtain maximum diffraction. For a picture
hologram, which can be thought of as a superposition of many gratings,
it is clear that each grating will have a different angular change
resulting in reduced diffraction efficiency and/or distortion of the
image beam. A useful holographic material must therefore have the
thickness of the fully developed emulsion approximately equal to that
during the exposure.

RECORDING READOUT

( ANGLES SET FOR )
MAXIMUM DIFFRACTION

Fig. 6—Arrangement for measuring the relative gelatin thickness. The
angles a and B should differ by a large amount for maximum
sensitivity.

We studied the thickness of the gelatin during the various stages
of processing by measuring the angular variation of a simple grating.
The geometry is shown in Fig. 6. The relative thickness is given by

v tan[ (e; — B,) /2]
—= [20]
t tan[(a’; — B’ /2]

The results are listed in Table 2. The thickness of the emulsion during
the first exposure is normalized to 1.0. After the first complete devel-
opment, the layer thickness has increased by 30 to 509 in agreement
with previous measurements.!! This value is larger than the 6%
observed by Lin® for reflection holograms, probably due to the different
recording geometry. To check the permanence of these changes, we
sensitized the plate for the second time and found the thickness at
the exposure time to be the same as the first time. The same was true
after another development. It is known that if the developed plate is
immersed in water and then dried, most of the hologram disappears.
At the same time, the thickness returns to the value after sensitizing.
This demonstrates that it is the water wash, followed by drying, that
determines the original thickness, not the dichromate (this, despite
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the high concentration of dichromate (30% by weight)). The Table
also shows that the thickness of the gelatin during immersion in water
increases by a factor of 3 to 4.

Table 2—Relative Thickness of the Gelatin Layer at Various Stages of the
Processing of DCG.

During Exposure 1.0
After Developing 1.3-14
During Resensitizing 3.0
After Resensitizing (dry) 0.98
After Renewed Developing 1.3
In the Wash 4.1
Dry 1.01
Redevelop 1.3
After Heating 1.0-1.3

It should be noted that the diffraction efficiencies varied greatly
during these measurements, in agreement with previous discussions.
It was always possible however, to measure the angles of maximum
diffraction. The efficiency could be fully recovered by going through
the complete development process.

The last entry in Table 2 shows a very interesting result. If the
developed layer is baked at temperatures of about 150°C, the thickness
gradually reduces to the relative value 1, or even further. Often this
reduction takes place without any change in efficiency. This means
that the large variations in refraction index and/or density of the
layer must remain, even though the average density is increased by
the shrinkage. We note here that ambient humidities up to 70 or 80%
do not affect the holograms in any way, unless the baking has reduced
the thickness below the value of 1. Then, the layer tends to expand in
high humidity back to that value.

Properties of Diffuse-Object Holograms

Previous work®" has shown that simple grating holograms behave
as expected. They show a sin® dependence of diffraction efficiency
on exposure with peak values close to 1. We have measured similar
values for simple gratings and lenses. We have also investigated this
dependence for diffuse-object holograms. Fig. 7 shows the result for
an object consisting of a diffuser surrounded by an opaque frame.
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The reference beam to object beam ratio was 9. The resulting curve
does not show a good sin* dependence and reaches a maximum of only
a little over 70%. This is due partly to a somewhat nonuniform
exposure and partly to the thickness change during development (no
heat treatment shrinkage was attempted with these plates). The
latter effect also caused noise in the reconstructed image at high
efficiencies.

LASER WAVELENGTH 44)nm
BEAM RATIO 9:I

90t
80}
704
60
50|
40t
30 x
20t

DIFFRACTION EFFICIENCY {%)

L 1 1 Il 1 ] 1

10 20 30 40 50 €0 70
TOTAL EXPOSURE (mdJ/cm?)

Fig. 7—Diffraction efficiency into the first order image as function of
exposure. The object consisted of a random diffuser against a black
background.

The plates used in Fig. 7 were sensitized and developed according
to our standard receipe. Variation of these procedures can change
the absolute values considerably. For example, by using hot water and
isopropyl alecohol, the sensitivity is increased considerably, but at the
cost of increasing noise. The curve represents our best compromise.

Holographic Optical Elements and Applications

One of the objects of developing dichromated gelatin as a holo-
graphic recording material was to make use of its high efficiencies
for holographic optical elements. Efficiency is particularly important
in this use, because one usually wants to work with the lowest possible
exposures and because getting rid of the undiffracted beam with-
out increasing the background illumination is generally a problem.
We have studied a number of different optical elements for possible
applications.

The simplest holographic optical element is the grating, which is
the analog of the prism. It has the advantage that by changing the
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angles of the plane waves, a thickness change in the emulsion can be
compensated exactly. A somewhat more complicated element is the holo-
graphic lens, which combines a change in wavefront curvature with a
deflection. It can be formed by a plane and spherical beam or by two
spherical beams. When it is used in reconstruction at or near the
recording directions, it is capable of forming high-resolution images,
but only if the emulsion thickness does not vary from exposure to
readout. This is why the final baking step for DCG gelatin was devel-
oped. It allowed lenses to be formed with over 90% efficiency and high
quality imaging at the same time.

DCG has particular advantages for recording multiple elements
because of its large phase change. Multiple lenses have been of
interest,” but they have been difficult to produce because of the
complicated object beam required. If each lens is recorded separately,
that problem can be alleviated considerably. We have shown in a
previous section that we can record up to 20 such lenses. To demon-
strate the multiple imaging of one object, we fabricated a multiple
lens with the optical arrangement of Fig. 5, except that the collimated
beam is replaced by a converging beam. On readout, the object is
placed at the focus of the converging beam. An example of a small
transparency imaged with a six-fold lens is shown in Figure 8. In this
case, the last two lenses were under-exposed, leading to the variation in
intensity. The distortion of the images is due to geometrical effects
that have been eliminated in a more carefully designed setup.

Since one usually wants more than 10 or 20 lenses,” thicker layers
of DCG are needed to obtain sufficient phase shift for this kind of
exposure. Sufficient phase shift can be obtained by reducing the ab-
sorption coefficient of the sensitized layer by the use of longer-wave-
length light, such as 448 or 517 nm Argon laser light. As long as most
of the light is absorbed in the layer, the sensitivity will not be changed.

Holographic lenses of the type described are simple and are suited
for imaging from the region near one fixed point to the region near
the other fixed point and at the specified wavelength. One application
where this restriction is not a handicap is a proposed photoprinting
scheme shown in Fig. 9. It makes use of a previously discussed holo-
graphic character generation system!® with deflection of the character
onto the line of print by a series of hololenses, each for one or a few
positions. This scheme is simpler than the previously used electric-
pickup-and-readout arrangement. Because of the large optical aperture
required by the hologram and because lenses must be moved rapidly,
conventional lenses can not be used. Hololenses, on the other hand,
work at very high apertures. The field of view of one character is
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Fig. 8—Result of imaging a small transparency by a six-fold lens.

REAL IMAGE LN
\ \

PRINT - OUT

CHARACTER
HOLOGRAMS

HOLO
LENSES

Fig. 9—Schematic view of a photocomposition system with holographic
character storage and moving hololens readout.
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small, so good freedom from aberration can be obtained. Furthermore,
the holographic lenses can be made on very light substrates to allow
the rapid movement.

To test these ideas, we fabricated lenses on film. After experiment-
ing with various emulsions, we found that Kodak 649 films gave the
best behavior, and we were able to make lenses with good fmaging
properties in preliminary experiments.

Duplicate Holograms in DCG

DCG holograms combine the advantage of high efficiency and low
noise with the disadvantage of the low sensitivity. This is particularly
important for diffuse objects, where most of the incident light goes
into illumination of the object. We have therefore investigated a
scheme for overcoming this problem. First, diffuse object holograms
were formed in bleached 649F plates, which have very much higher
sensitivity than DCG. The diffraction efficiency of these holograms
was deliberately kept at 10% or lower. The holograms were then
contact-printed onto DCG. The bleached hologram was located in
exactly the same position as during recording and was illuminated
with the reference beam only. Because of the low diffraction efficiency
of the original holograms, the undiffracted “new” reference beam for
the DCG exposure was adeuately uniform. The diffracted image
beam became the “new” object beam. The procedure produced excellent
copies with the high efficiencies characteristic of DCG.

The low sensitivity of DCG is much less of a problem for copies
than in making originals, first, because all the light is used to expose
the DCG and, second, because much longer exposures can be tolerated
in a contact printing system without encountering any coherence prob-
lems due to vibration of thermal variations. The procedure is quite
similar to the hybrid technique of Pennington ! who essentially com-
bines the silver and dichromate solutions in the same emulsion.
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Redundant Holograms

A. H. Firester, E. C. Fox, T. Gayeski, W. J. Hannan, and M. Lurie
RCA Laboratories, Princeton, N. J.

Abstract—This paper reviews progress made in the development of a holographic
prerecorded television system and examines the fundamental bases for
the elimination of coherent-light noise. In particular, it points out that
when the system noise is large, there is a maximum redundancy per
unit hologram area that can be gainfully employed without introducing
coarse structures within the image that are attributable to the redun-
dancy itself.

This article discusses how high quality images of prerecorded video
information can be holographically stored with a minimum of record-
ing medium area in a manner suited to a low cost consumer product.!
Substantial research effort has been devoted to achieving high quality
within these constraints and some of what has been learned and
accomplished will be reported here. This article is organized into
three sections: (1) an introduction to the holographic system and its
associated problems; (2) the concept of redundant information storage
and a review of prior progress toward achieving highly redundant
holograms; and (3) a description of the results of this theory as
applied to our application.
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1. Introduction

Our application' has used Fraunhofer holograms; we will therefore
restrict our discussion to this form of holography, although the
extension of these results to other types of holograms will be evident
to those familiar with the field. The Fraunhofer hologram records
an image in such a way that, upon playback, the image remains
immobile despite any translation of the hologram. This image im-
mobilization enables us to make a holographic movie as a sequence
of individual Fraunhofer holograms and to reconstruct this movie
by a continuous motion of these holograms, thereby avoiding the
mechanical complexities required by conventional movie projectors.
Fraunhofer holograms are made by converting the light enianating
from each point of the object into a collimated beam and recording
the interference pattern of the ensemble of those beams with a col-
limated reference beam. The recording and playback systems that
accomplish this are illustrated in Figs. 1(a) and 1(b) respectively.

Because highly coherent light must be used for both recording and
playback of holograms, small defects in the system (e.g. dust, scratches
or dimples on the lenses or recording tape) will have an effect in direct
proportion to the electric field amplitude that they intercept and
diffract. Each of the optical elements in the system has surfaces and
bulk material in which such defects may occur. When used with
coherent light, a seemingly perfect optical system will produce an
output obscured by diffraction rings, fringes, and speckle all of which
are caused by the combined effects of dust, minute scratches, scattering
particles, and reflections. This type of noise is usually indiscernible
with incoherent illumination. Fortunately, in any optical system, the
paths of the rays going through the system ean be changed, without
changing the location of the reconstructed object, by changing the
location of the source of object illumination. Therefore, if many
sources illuminate the object, the light from each source experiences
different degradations due to the optical imperfections of the total
system, and the effect of the imperfections on the image is decreased.

2. Redundancy

The ability to direct light from a particular object point through
many different regions of an optical system is our most powerful tool
against noise in coherent-light imaging systems. Redundancy is the
number of different regions in the system traversed by the light from
a particular object point. If the imaging system is used to produce
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Fig. 1—Holographic optical system for (a) object recording and (b) image
playback.

a hologram, the redundancy of the hologram is the number of different
areas on the hologram in which light from a particular object point is
recorded. Thus if one portion of a highly redundant hologram is
mutilated or even obliterated. other parts of the hologram still recon-
struct the entire image. Similarly, since the light that forms each
portion of the hologram has experienced different degradations upon
passing through the optical components, the noise introduced by optical
defects in the record/playback svstem will be uncorrelated and these
effects will also be diminished by the redundancy.

Early research in holography? revealed that holograms made from
diffusely illuminated or diffusely reflecting objects Lave unique noise
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suppression properties. These holograms have a very high degree of
redundancy. Information from every point on the object is spread
all over the hologram and, conversely, every point on the hologram
contains information about the entire object. As a result, such
holograms can be scratched, spotted with dirt, or even broken into
pieces without serious loss of information, and they show little noise
due to optical imperfections in the record/playback system. However,
an unwanted by-product of diffuse illumination, whether or not holo-
graphy is involved, is speckle noise, the noise becoming more severe
as the system aperture is reduced. Assuming that the entire optical
system is solely diffraction limited by an aperture of area A,, it has
been shown?® that the signal-to-speckle-noise ratio of a diffuse coherent
imaging system is given by

(SNR) gieuse = I/ /‘/—;1-2 =VAp/Ann 1]

where I/ V 7%is the ratio of average intensity to rms fluctuation of
light intensity in the image and A,,, is the area of the smallest
aperture size at which image resolution just matches the resolution
of the display. The SNR of actual diffuse holograms is probably
somewhat less than Eq. [1] would indicate since optical defects in the
system are not considered in the derivation of this equation.

We define the SNR, which Eq. [1] expresses as the ratio of average
light intensity to rms fluctuation in light intensity as 20 log (I/ /‘/72)

dB. In our system, the output of the photodetector is a current that
is proportional to the light intensity and, therefore, our definition is
consistent with the definition SNR =20 log ({,/i,), where ¢, and i,
are the signal and noise current derived from a camera. In accordance

Jpats
with this definition we will term a picture with an I/ /‘/72ratio of
100 as a 40 dB picture.

Fig. 2 shows photographs of a transparency illuminated by diffuse
coherent light with \/A,/An, ratios of 2, 4, and 8. Clearly, SNR
improves as the aperture size is increased; unfortunately, the size
needed for acceptable SNR is prohibitively large for most applica-
tions, particularly for high density holographic storage. Speckle can
be eliminated by simply not using diffuse illumination. But, then,
there is no redundancy and, as illustrated in Fig. 3, images are
plagued by the effects of dirt, scratches, and cosmetic defects in the
optical system. In other words, the high redundancy in diffuse holo-
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Fig. 2(a). (3)—Photgraphs ¢f a transpareney ilumirated by diffLse co-
herent light. A transparency, located at the front focal
plane of a 50 mm lens, was illuminated by diffuse coherent
light (441.6 nm). The photographs in (a), (b), and (c)
(see next page) were made with a camera focused at
infinity and cerrespond to 1-mm, 2-mm, and 4-mm stops
located in the back focal plane of the 50 mim lens. The
system is approximately diffraction limited with a 0.5-mm
stop.
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grams diminishes noise due to imperfections in the optical system,
but substitutes a new noise—speckle. Since diffuse holograms that
yield acceptable SNR are too large for most applications and some
degree of redundancy is needed in coherent imaging systems, an
alternate form of object illumination is required.

Fig. 2(c)—Photograph corresponding to 4-mm stop located at
back focal plane of 50-nim lens.

A basic approach to recording redundant, speckle-free holograms
involves illuminating the object transparency with a multiplicity of
beams, the angular spacing between beams being sufficient to ensure
that the spatial frequencies of all periodic interference patterns at
the image are beyond the resolution capability of the ultimate imaging
system. Each of the illumination beams produces what we will refer
to as a subhologram. Accordingly, hologram redundancy is equal to
the number of subholograms, or the number of object illumination
beams. We will refer to the general class of holograms that are
recorded with a multiplicity of object beams as “multiple-beam’ holo-
grams. Likewise, we will refer to holograms recorded with diffuse
illumination as “diffuse’” holograms.

A simple derivation clarifies the advantages of multiple-beam holo-
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Fig. 3(a) —Photograph of a transparency illuminated by collimated coherent
light. Bnlls-eye patterns are due to dust specks while the
“squiggles” are due to scratches. To simulate phase degrada-
tions typical of a poor optical system, a transparency, located
at the front focal plane of a 50 mm lens, was illuminated by
collimated coherent light (441.6 nm). A strip of 1.5-mil-thick
clear vinyl was placed 2 em in front of the back focal plane
of the 50-mm lens, and the photograph was made with a
camera focused at infinity. The highest spatial frequency on
this test chart corresponds to 27 cycles/mm.

Fig. 3(b)—An interferogram of a 17.8 X 20.3 mm sample of the vinyl used
in Fig. 3a. Each fringe represents 316.4 nm change in thick-
ness. A is the thinnest region in this sample. The thickness
increases monotonically to B, which is 3164-nm thicker than A.
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grams over equal-area diffuse holograms. Later in this paper, we
show that when the system noise is greatest, the maximum redundancy
R that can be gainfully employed in multiple-beam holograms is given by

R = Ah/Amm . [2]

If the noise is uncorrelated from one subhologram to another, which is
the usual case, SNR is given by

(SNR) multiple-beam — P\/E = P\/Ah/Amln ’ [3]

where p = I/ ,‘/ 72is the SNR for an individual subhologram. In

highly redundant multiple-beam holograms, the noise seen in recon-
structed images has the appearance of speckle; therefore, by combining
Eqs. [1] and [3], we find that

(SNR) multiple-beam — P (SNR) gieruse » [4]

which indicates that the relative SNR advantage of a multiple-beam
hologram over a diffuse hologram is p.

The subjective signal-to-noise ratio of a subhologram or a non-
redundant hologram depends upon the nature of the recorded object.
Highest subjective signal-to-noise ratio occurs when the object is a
small white spot on a black background; lowest occurs when the object
is an all white field. We shall see later that each Fourier component
of any object—single spot or all white field—suffers the degradation
of the white field. Under certain circumstances the degradations of
Fourier components do not attract attention and the image appears
to have a high SNR. For example, if one views a busy scene consisting
of bare November foliage, one is unlikely to be bothered by a few
twigs that are out of place or a little darker or lighter than they are
supposed to be. However if one is holographically storing a line draw-
ing from which some machine is to cut a part with a high degree of
accuracy, then distortions will be significant.

Regardless of the nature of the object, it is clear that multiple-
beam illumination will enhance SNR, because it spreads redundant
information over a wide area on the hologram and because it tends
to supress “hot spots”, or intensity peaks, that run the exposure beyond
the linear range of the recording materials. Diversity and wideband
modulation produce analogous effects in communication systems. The
use of multiple-beam recording to record redundant holograms is

138 RCA Review e Vol. 33 ¢ March 1972



F S

B N s

REDUNDANT HOLOGRAMS

analogous to the use of frequency-division multiplexing to transmit
redundant information over a communication channel.

Our first attempt to record multiple-beam holograms involved il-
luminating the object transparency with a beam that had passed
through a symmetrical 2-D sinusoidal phase grating® This type grat-
ing has a transmission 7'(x,y) given by

T(r,y) = i i J, (¢) exp {j2nnx/A}

m= —o N= —op

Jn (@) exp {f2mmy/A}, [5]

where J, is the nt order Besscl function of the first kind, A is the
spatial period of the grating, and ¢ is the peak phase shift introduced
by the grating. By constructing a grating with ¢ = 1.43 radians, we
were able to produce nrine equally intense teams and thus achieve
ninefold redundancy in the holograms. However, although the recon-
structed images were speckle-free and had reasonably good dirt and
scratch resistance, it was apparent that further improvement could
be realized by employing more than nine illuminating beams, provided
larger holograms could be tolerated.

To give a concrete example of the redundancy that can be cbtained
from a reasonably sized hologram, we will consider a microholographic
storage and retrieval system in which a standard television system hav-
ing a bandwidth of 3 MHz is used to read out reconstructed images. For
an image width of 10 mm, the smallest horizontal spatial frequency
P, that must be resolved is p, = 15.9 cycles/mm. And, if a Fraunhofer
hologram is recorded with a He-Cd laser (441.6 nm) and a recording
lens having a focal length of f = 50 mm, then the minimum hologram
width is w = 2Ap,f = 0.71 mm. Correspondingly, if the smallest verti-
cal spatial frequency p, that must be resolved to prevent beats with the
television raster structure is p, = 31.8 cycles/mm, then under similar
recording conditions the minimum hologram length [ is 1.42 mm. There-
fore a hologram measuring, say, 6 X 11 mm? could be recorded with a
redundancy of (6 X 11)/(0.71 x 1.42) = 66. Achieving an SNR of 100
or 40 dB from this type hologram would call for the SNR of the indi-

vidual subholograms to be I/ 12: 12, or about 22 dB. In an actual

system, however, practical problems usually arise (e.g., nonuniform
illumination, vignetting, etc.) that prevent the theoretical redundancy
from being realized. Later we will show that there are certain cir-

RCA Review e Vol. 33 ¢ March 1872 139




cumstances under which redundancies much higher than 66 can be
obtained and used. Nonetheless, it is clear that more than nine-fold
redundancy can be used to advantage in most systems. In this regard,
we investigated a few different techniques for generating more than
nine equally intense beams.

Our first attempt involved trying to extend the performance of 2-D
phase gratings. It is possible to fabricate 2-D phase gratings that
produced more than nine equally intense beams by exposing a phase
recording medium through a grating (absorption or phase) having
high harmonic content. For successive exposures, all beams are masked
except, successively, the two first orders, the two second orders, the
two third orders, and so on, with exposure times adjusted to yield
equal amplitudes in the harmonic components of the ultimate phase
grating. Although this approach is theoretically possible, practical
difficulties associated with the nonlinear characteristics of phase-record-
ing materials, cosmetic imperfections in optical components, etc., have
thus far prevented fabrication of suitable gratings.

Our second attempt involved using an array of mirrors to generate
a multiplicity of beams. We achieved a modest improvement in SNR
with an array of 12 mirrors, but only after spending tedious hours
aligning them. Proper alignment requires that the spatial frequency
of the interference pattern produced by each pair of mirrors can differ
from the spatial frequency of any other similar pair of mirrors by, at
most, one half cycle across the object field. This degree of alignment
is required tecause the vidicon response, as well as that of most other
light detectors, is a nonlinear function of the light intensity. This
nonlinearity generates coarse intensity beats between the fine inter-
ference patterns produced by mirror pairs. Maintaining proper align-
ment to prevent these beats proved to be such a formidable problem
that this approach was finally abandoned.

A third approach to multiple-beam holography, which we have
explored, enabled us to achieve redundancies higher than those of Eq.
[2] by using the Fresnel images* of an array of pinholes whose peri-
odicity is coarser than the sampling periodicity required by the object
bandwidth. If this relatively coarse array of pinholes is illuminated
by coherent light, exact images of the array are formed at finite
distances from the array: at distances intermediate between these
exact images, additional images called Fresnel images are formed.
Some of these intermediate images are arrays of points whose period-
icity is much finer than the original coarse array and can equal and
even exceed the sampling requirements of the object bandwidth. For
example, if an original square array of 0.1 mm periodicity, is illum-
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inated with 441.6 nm light, a square array of 0.02 periodicity will be
formed in space a distance 9 mm from the original. By locating the
object at one of these Fresnel images, we have made holograms with
over sixteen times the redundancy of Eq. [2]. Such holograms, how-
ever, are particularly sensitive to system noise and defects. The effect
of such defects is to generate in the background of the image the
coarse periodicity that was characteristic of the original array. An
example of the failure mode is illustrated in Fig. [4].

3. Theory

All multiple-beam holograms can be represented by an illumination
source consisting of a number of point sources. Our crossed gratings
and mirror arrays can be modeled by a finite array of point sources at
infinity, while diffuse illumination can be modeled by an infinite number
of randomly phased point sources, also at infinity. We will show that,
beyond a limited number of point sources in the illumination, noise in
the form of spurious patterns or speckle tends to occur.

Illumination of the object by multiple coherent sources implies that
there will exist at the object plane interference patterns whose coarse-
ness will increase as the number of sources per unit area (and, there-
fore, the redundancy) increases. It is possible, as Gabor® has pointed
out, to arrange these multiple sources with any density in such a
manner that the coarse patterns at the object plane are eliminated.
We will show however, that the success of this strategy depends upon
the quality with which the hologram and optics reconstruct the wave-
fronts resulting from each source. When the optics are poor, it becomes
more difficult to suppress the coarse patterns associated with high
redundancy. It appears that redundancy is like bank credit; the more
one needs it, the worse are the terms on which it comes. In what
follows, we shall put forth a quantitative theory of the behavior of
multiple-object-source systems. We shall also try to make predictions
as to the behavior of such systems in the presence of system con-
straints and degration.

Two aspects of the redundancy device must be closely controlled.
The first is the illumination pattern of the object. It can have no
structures coarse enough to be visible or of such frequency that they
cause objectionable moire beats with structures in the recorded object.
The second aspect is the failure behavior of this illumination upon
degradation by system noise and imperfections. After degradation, the
illumination should not revert to any coarse patterns. This feature we
term failsafe, and failure to meet this criteria is why diffuse holo-
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Fig. 4—Photographs of a transparency illuminated by the multiple beams
derived from a square array of 4.5-um pinholes on 36-sm centers,
The trausparency was located 50 mm from the pinhole array and
was illuminated by the light diffracted by the array. Photograph
(a) shows the transparency when its illomination is one of the high
periodicity Fresnel images of the original array. Photograph (b)
shows the same transparency when system degradation causes this
type of illumination to display the original coarse periodicity.
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grams are not satisfactory. The small aperture size of an otherwise
perfect optical system causes them to produce coarse speckle. We will
first discuss how this firss requirement limi-s the redundancy device;
we will then show theoretically how system noises and imperfections
prevent some schemes that successfully satisfy the first recguirement
from satisfying the failsafe requirement.

We model the redundancy device by any array of perfzct point
sources located a distance z from the object plane; each poi-t source
completely illuminates the object and none are vignetted anywhere in
the system. This model is useful both experimentally and thecetically.
In experimentation, an actual array of point-sources can be reliably
generated with behavior approaching the thecretical behaviour through
the use of spatial filtering with pinholes; in a theoretical analysis, an
array of point sources can be used to represent any redundancy device.
For example, if the light from any of the point sources fails to cover
the entire object, or is vignetted anywhere in the system, the system
noise functions can be altered to take this into account.

Having chosen as a mcdel a physical arrzy of pinhole sou-ces such
that each illuminates the entire object and then passes thr-ugh the
system uncbstructed, we are left to make an optimum deeision, if
possible, on the phase, amplitude, and locati>n of these sourzes. The
first requirement on our pjint-source array ia that when it illuminates
the object plane, this illumination shall contain no spatial frejuencies
so low that their beat proiucts with the object fall within tke spatial
passband of the object. The fact that each pair of point-sources illum-
inating the object plane forms a sinusoidal intensity gratir.z whose
spatial frequency is proportional to the separation of the poi-t-source
pair suggests a lower bour.d on the separatiom of any pair in the array
(we will show later that there are “non-failsafe’” arrays that can have
closer spacing). Since each unvignetted point in the array will recon-
struct the entire object w.th a different (largely uncorrelate3) noise,
we expect the SNR of the total reconstruction to increase as th2 square
root of the number of points in the array. Because we want as many
points as possible in the array and a lower bound on sepatation, a
regular array having all pcints equally intens: is called for rather than
a random array.

Fig. 5 shows the schem.atic layout of a generalized multip.e-object-
beam record/playback systam for Fraunhofer holograms. For the sake
of simplicity, we assume that playback occurs with a reconstructing
beam identical in wavelength and angle to the recording raference
beam. The redundancy cevice, a regular array of equally intense
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point sources with arbitrary phase, lies in a plane with coordinate
system p, q and located at a distance z behind the object plane. Since
the light from each point in the redundancy device is first diffracted
by the object, the object itself can be replaced by modifying each point
in the redundancy device so that, at a distance z along the optic axis,
the diffraction pattern of the device is identical to the actual illumi-
nated object. This modificaticn of the redundancy device to incorporate

o IMAGE OF
CLEEEY [T REDUNDANCY DEVICE
(s, t) BY RECORD LENS

RECORD PLAYBACK

REDUNDANCY LENG \
DEVICE PLANE 1 LENS IMAGE PLANE
3 \ y OF OBJECT
] . )
)
|

l% - N 7/;&‘ /
¥ "
4 ‘—/-::.‘_;.\

b ‘
\
HOLOGRAM

\ FINAL IMAGE OF
REDUNDANCY DEVICE

\
RECORD <— y —» PLAYBACK

Fig. 5—Multiple object beam record/playback system for Fraunhofer
holograms.

the object consists of Fresnel transforms® of the object located at each
point of the redundancy device. It is convenient to discuss the object in
terms of its spatial Fourier transform, which is z independent, rather
than its Fresnel transform, which does depend upon z. Recall, how-
ever, that for infinite 2z, the two transforms are equal, and for finite z
they are interrelated. Thus for individual Fourier components of the
object, the object-modified redundancy device is the one actually
present, but translated according to the vector frequency of the Fourier
component and with a relative amplitude and time phase corresponding
to the relative amplitude and spatial phase of the object Fourier com-
ponent modified by the Fresnel phase factor.

Light beams from each point of the object-modified redundancy
device progress through the system and each is further diffracted by
all optical apertures and inhomogeneities in the system. The optical
inhomogeneities include those that arise from slight amplitude and
phase differences between the reconstructing beam and the recording
reference beam, as well as surface and bulk optical defects of the
system components. Every Fourier component, of the object will there-
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fore be modulated by the pattern its corresponding redundancy device
and set of fictitious system noise, amplitude, and phase filters impose
on the object plane. These patterns will be statistically similar for
all Fourier components of the object. Thus the key to understanding
of noise in multiple-object-beam holograms lies in calculating the
pattern modulating the zero-frequency component of the reconstructed
object. Data relevant to this method of modeling the sources of holo-
graphic noise can be obtained by measurements of the amplitude and
phase noise of holographic reconstructions of white-field objects.

Our treatment will be to consider the holographic system with a
white-field object (zero spatial frequency component of the object) as
reproducing a distorted image of the redundancy device. We will then
determine the intensity pattern on the reproduced object field due to
the distorted image of the redundancy device. A model of any de-
gradation in the image of the redundancy device can be made by the
use of two system filters: (1) by convolution of the perfect redundancy
device with one complex filter and (2) by multiplication by a second
complex filter. The object itself is a filter of the first type, while a field
stop for the redundancy device is an example of the second type. We
will term these two filters N, and N,, and, for convenience, will locate
the convolutional filter N, at the plane of the object or its image and
the multiplicative filter Ny at the plane of the redundancy device or
its image. We will consider only the effects of the multiplicative filter
Ny. The effect of the convolutional filter N is trivial; the object
intensity is modulated by |N(|2, since we assume it to be located at
the plane of the object or its image.

The redundancy device consists of an array of point sources located
on a lattice whose basic vectors are p and a in a plane perpendicular
to the optic axis z as illustrated in Fig. 6(a). The field at r, in the
plane of the redundancy device, z =0, is thus

Uri;0)= 3 Up 8(r, —r,,). [6]
m,n
where
Tmn = Mp + nq ; [7]

m.n are integers, and U, is the complex field amplitude of the point
source at r,, as modified by multiplicative system filter N,, .

Within the usual parabolic approximation to the Fresnel-Kirchhoff
equation, the field at point (r,;z) within the object plane, produced
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by this modified array of point sources, is described by

jk
U (ry;z) = exp {jkz} 3 Upnexp {(—-) |r, — r,,,,,|2} , [8]

m,n 2z
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Fig. 6—Coordinate System of (a) the redundancy device space and (b) the
reciprocal lattice space.

where

k=—
A

To describe the location of points within the object plane it is
convenient to define a new coordinate system in terms of the reciprocal
lattice of p and q.7 This new coordinate system, illustrated in Fig.
6(b) has basis vectors s and t defined by

qXz zXp
s=——zand t=———z. [9]
P°aXz P°qXz

These new basis vectors have the property that

s°p=Az seq=0 [10]
teq=2Az tep=0
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Expressing r, in terms of these basis vectors as r, = as + 8t, Eq. [8]
can be written

ik
U(e,B;2) = exp{jkz} Z U nn €XD {<—> (ry2 + r,,,,,2)}

22
exp{—2nj(am + Bn)}. [11]

Our interest, however is not in the field at the object plane but
rather the intensity at that plane. The intensity I(«,8;2) is the squared
magnitude of the field, i.e.,

I(a,8;2) = U(a,8;2) U* (a,8;2)

ik }
= Z Z Upmn U’ €XP {<—> (P pnZ — r,,,,,,,z)( [12]

mmn m’,n’ =

exp{2njla(m’ —m) + B(n —n)]

The intensity pattern in the object plane, I(e,8;2), can be rewritten

I(a,B:2) = 2_;,,1,” exp{2nj (aM + BN)} [13]

where

I,y = exp{(—jk/22) (M?p*> + 2MNp*q+ N2¢*)}
Z Umn U*u+m,N+nexD{— ik/z)
m,n

[Mmp? +(Mn + Nm) p * q + Nng?]} [14]

Eq. [13] expresses the intensity at the object plane as a Fourier
series with the basic periodicity of the szt lattice, never coarser. No
matter how the multiplicative filter modifies either the magnitude or
the phase of the point sources in the redundancy array, the object-
plane pattern will never have patterns coarser than the basic periodicity
of the s,t lattice. If the modified redundancy array maintains equal
intensity and cophasarity of all points, however, intensity patterns
finer than the st periodicity can be achieved. For example for the
particularly simple case of a rectangular array, i.e, p* q=0, it can
be shown that a distance 2z can be chosen such that (kp2/2z) =2n
(H+1/J) where H and J are integers. It should be noted that for a
given J, a set of distances z exist that correspond to all the integers H

RCA Review e Vol. 33 ¢ March 1972 147




that satisfy this equation. If all U,,, are equally intense and cophasor
and z satisfies the above relation, the only nonzero I, are those for
which M =0,J,2J,3J... These distances are the object-plane locations
where the illumination periodicity is J times the periodicity, which is
expected if the array points are not cophasor or equally intense. These
distances are not the planes of the Jt harmonic of the array itself as
described in Ref. [4]. Indeed multiplication of the basic st spatial
periodicity is not necessary for our application. To eliminate the
fundamental s,t periodicity, for example, it is only necessary to prevent
beats with the object frequencies from falling within the system pass-
band; the elimination of higher harmonics is not necessarily required.
However, with equally intense, cophasor point sources, a distance z can
be found for which the basic spatial-pattern repeat frequency in both
the s and t directions can be multiplied by an integer.

Although the optic system can be designed so that the multiplicative
modifications of the point sources still permit the utilization of these
finer spatial patterns, the noise component of the multiplicative filter
will generally destroy the amplitude and phase relationship among the
modified point sources and will cause the intensity pattern at the object
plane to revert to the basic s,t periodicity. It is only when the noise
component of the multiplicative system filter can be controlled, that it
is possible to use schemes that result in intensity patterns which are
spatial harmonics of the basic st periodicity.

Needless to say, the higher the sought-for harmonic of the s,t
periodicity, the more difficult it is to achieve. By way of example the
Jth harmonic in the s direction imposes amplitude and phase require-
ments over groups of J point sources in the modified redundancy array.

Before we consider a specific application of this theory, let us derive
the maximum redundancy that we can achieve assuming equally intense
but randomly phased point sources in the modified redundancy device.
Under these circumstances, the intensity pattern on the object plane
will have the basic st periodicity. Referring back to Fig. 5, we see
that the redundancy device is imaged in holospace. If our hologram is
of finite size, the number of array points whose light can pass through
the system without vignetting will have an upper bound set by the
number of points in the holospace image of the array that fit within
the hologram area A;,. The redundancy R is the hologram area A4 7
divided by the area of each subhologram. The area of each subholo-
gram is the area of unit cell in the p.q lattice times the square of the

linear magnification (f/z)2, where f is the foeal length of the Fraun-
hofer lens. Thus,
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All

R= - (z/Hx. [15]

p°qXx (z/z)

However, the unit cell area of the p,q lattice is related to the unit cell
area of the reciprocal lattice Ay, by

(peqXz/z)-'=(s*tXz2/2)/(\2)* = A,/(\z)2. [16]

Thus, in terms of the area of a sample on the object Ag, the redundancy
is

R = .

[17]
A2f2

Any increase in redundancy beyond this value will involve depend-
ence upon multiplication of the effective sampling rate as discussed
previously. The success of sampling-rate multiplication will depend not
only upon both the amplitude and phase noise in the optical system and
the hologram itself, but also on the location of the hologram with
respect to the holospace image of the redundancy device. If the holo-
gram is located at or near the holospace image of the redundancy
device, both hologram amplitude and phase noise will be uncorrelated
from one redundancy array point to another. Since, for example, 2 X 2
multiplication of the failsafe sampling rate imposes amplitude and
phase requirements upon 2 X 2 groups of array points, the effect of
hologram noise will be modulation of each Fourier component of the
object by the coarse, objectionable patterns that are characteristic
of the unmultiplied s,t periodicity. If, however, the hologram is not
located at the image plane of the redundancy device, the hologram phase
and amplitude defects will not only tend to bring out these coarse
patterns but will also degrade the image with defects that could have
even lower spatial frequencies. The degradation caused by hologram
defects, when the hologram is not in the plane of the holospace image
of the redundancy device, is similar to the degradation caused by the
hypothetical system noise filter N.. Both can introduce image noise
with no lower bound on spatial frequency.

4. Experimental Results

Applying the foregoing results to a practical system calls for designing
a pinhole array and selecting a recording geometry that will provide
the desired sampling rate at the plane of the object transparency. Once
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the desired sampling structure is established, an appropriate pinhole
array can be designed such that the fundamental s,t periodicity pro-
vides the desired sampling rate. One can then go on to design
geometrically similar arrays of finer structure that will yield higher
redundancy. But, as mentioned previously, the finer structures can be
used effectively only if the optical fidelity of the system is high enough
to ensure that the fundamental s,t components will be adequately
suppressed.

It is theoretically possible to calculate the increase of redundancy
that can be achieved through multiplication, given sufficient amplitude
and phase statistics of the overall optical system, but an experimental
approach has proved to be the shortest route to determining maximum
redundancy.
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Fig. 7—Sampling structure for television playback system.

Let us consider, as an example, a typical television playback system
with these parameters:

Object frame size..............c..oovnn.. 12.2 X 7.8 mm
Focal length of Fraunhofer lens.......... 50 mm
Recording wavelength................... 441.6 nm
Hologram size...........covivinennnn... 6.4 X 11.1 mm
Television bandwidth.................... 5 MHz

As a starting point we will consider the SNR that can be achieved
without relying on multiplication of the basic s,t periodicity. Accord-
ingly, the sampling structure shown in Fig. 7 represents a good design
compromise between achieving high redundancy and introducing seri-
ous beat problems. For this structure 4, = 7.15 x 10— mm?, providing
104-fold redundancy on the 6.4 X 11.1 mm? hologram. Experimental
results show that such holograms replicated on commercial-grade vinyl
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yield a low frequency SNR of 36 dB. Since this SNR is barely
acceptable, it is desirable to invoke multiplication of the effective
sampling rate to achieve higher redundancy. Doubling, for example,
would yield 416-fold redundancy, which in turn would increase SNR
to 42 dB.

Fortunately, it appears that the doubling strategy is at least par-
tially successful. In Fig. 8(a) we see a photograph of the fine struc-
ture at the object plane resulting from an array with p = 1.90 mm,
¢ = 2.13 mm, and « = 55.9°, operating at z = 223 mm. This photograph
was taken by placing an unexposed film in the object plane, exposing
it to the object plane illumination, and taking a microphotograph of
the result. It can be shown, however, that I,,, Io3, Ios. .. should be
nearly zero at this distance, corresponding to the doubling of the pat-
tern repeat in the s direction seen in Fig. 8(a). Fig. 8(b) is the same
as Fig. 8(a) except that a low quality sheet of 1-mil-thick vinyl of the
type used in replicating holograms has been placed over the array. We
can see that the coarser structure has been brought back. This is an
exaggerated simulation of phase errors that might occur in the record—

playback process. In practice the phase degradations are not this
severe.

5. Conclusions

We have shown that although SNR increases with increasing redund-
ancy, for a given hologram area and object resolution ever increasing
redundancy does not generally result in higher and higher signal-to-
noise ratios. Great care must be exercised in the application of large
amounts of redundancy. Under the worst conditions, when the need for
SNR improvement is greatest, redundancy must be limited so that
coarse spurious structures will not be produced by the redundancy
itself. If on the other hand, system fidelity is sufficient, amounts of
redundancy larger than the “failsafe’” limit can be safely employed.
That the amount of failsafe redundancy is limited has not been prev-
iously recognized and is indeed the crux of the matter. The key lies
in recognizing that the amount of failsafe redundancy is limited,
and that this limit should be exceeded only if the system can tolerate
the requirements of higher fidelity. Within this context, one can
understand speckle in a diffuse hologram as an attempt to exceed the
failsafe requirements. One can also see that illumination by Fresnel
images is dangerous, since such illuminations will result in a coarse
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Fig. 8—Microphotographs of the object plane when illuminated by an array
of 4-pm pinholes (p = 1.90 mm, ¢ = 213 mm, « = 55.9° and z
= 223 mm).
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self-image of the point-source array in the presence of system noise.
With this understanding of the properties and limitations of redund-
ancy, one can proceed to maximize both the redundancy and the system
SNR in a systematic manner.
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Wavelength Dependent Distortion in Fraunhofer
Holograms and Applications to RCA Holotape®

R. A. Bartolini, D. Karlsons, and M. Lurie

RCA Laboratories, Princeton, N. J.

Abstract—Distortion, the only aberration introduced by reading out a Fraunhofer

hologram with light of a wavelength different from that with which it
was recorded, can be changed by changing several system parameters.
For example the record and readout field angles can be changed as
well as the angles between the hologram plane, the reference-beam
axis, and the object-beam axis. In the single-frame Holotape system,
optimization of these system parameters can reduce distortion from
18.2% to 4.0%. In the two-frame color Holotape system, misregistra-
tion is the most serious result of distortion. Maximum misregistration
can be reduced from 3.3% to 1.4% by proper choice of system param-
eters.

1. Introduction

It is sometimes necessary to record and playback holograms at differ-
ent wavelengths,' most often because many useful recording materials
are UV or blue sensitive, whereas the low-cost, highly visible, red HeNe
laser is the preferred reconstructing source. The change in wave-
length causes aberrations. In this paper we consider these aberrations
in detail for Fraunhofer holograms recorded as in Fig. 1. A plane

® Registered trademark of the RCA Corporation.
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object transparency in the first focal plane of a lens produces the
Fraunhofer diffraction patsern on the other side cf the lens That
pattern interferes with an off-axis plane-wave reference beam to
form. the hologram. For this type of hologram, the only wavelength-
dependent aterration is dissortion.
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Fig. 1—Frauahofer hologram recording arrangement.

The planz object transoarency in Fig. 1 can be thoughz of as
composed of many points each producing a wavefront that lecves the
lens as a plane wave. Ther=fore, the hologram of each object foint is
a diffraction grating with uniform period. When this hologram is
illuminated with a plane wave, each of the component gratings rroduces
a plane wave that can be focused by a lens to form an imagz point.
The positior. of the image point is determined bz the per:od and
orientation of the component grating and by the wavelength of the
illumination. The planarity of the reconstructed ‘wave is not dezendent
on wavelength. Thus, since only the location and not the shape of the
reconstructed point is wavelength dependent, the only abecrration
present is d.stortion. More general discussions of holograph:: aber-
rations can be found in the literature.*®

2. Theory of Distortion

Light of wavelength A, from a point p on the objzct, after passing
throagh the recording optics, reaches the hologram recording plane
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as a plane wave whose direction is described by the angle B8, that it
makes with the y-z plane, and the angle «, that its projection on the
y-z plane makes with the z axis as in Fig. 2. The reference beam
direction can be described by similar angles 8, and a,. When recon-

LIGHT FROM
OBUECT PONT P

A Y]

L]

Fig. 2—Coordinate geometry for a point in the object plane.

structed with a plane wave of wavelength A, described by angles B,
ag, the following relationships between image and object points result:

Ao
sina’, cosf’, = — [sina, cosB, + sinay, cosB,] — sinascosB, [1]
1
As
sin@’, = — (8inB, — sinB) + sinf, [2]
A

where ,, o', are the angles describing the reconstructed plane wave
direction. If we assume that the reference and reconstructing beams
lie in the y-z plane, i.e., B8, = 8o =0, then Egs. [1] and [2] become

Aa
sin‘a, cosfB’, = — [sineq, cosfB, + sina,] — sina, [3]
Ay
Aq
sinf’, = — sing,. [4]
A

From Fig. 1, we can relate the location of an object point to the result-
ing plane-wave direction «,, 8,. Let the center of the object be in the
y-z plane, at angle a,, with the z axis as in the figure. Then, for a
distortion-free lens (e.g. a pinhole or wide-angle small-aperture lens
as opposed to a lens satisfing the sine condition),
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@, = a,, + tan—1—, (5]

and

Y
B, =tan—1— (6]
F

where z and y are the object coordinates measured from the center of
the object, F is the focal length of the recording lens, and a,, is the
direction of the optical axis of the object system. On readout, the
corresponding image point is

xl
@y = oy, + tan—1 — (7]
FI

and

4
B =tan—1—, (8]
F

where o, is the image system optic axis angle, " and ¥’ are the image
coordinates measured from the center of the image, and F’ is the
readout lens focal length. Substituting Eqgs. [5] to [8] into Egs. [3]
and [4] gives the following relationships between the object and image
coordinates and the system angles:

x ¥ Ay
sin | «/,, + tan-1-—— | cos | tan—! — | = —

F’ F’ A
[9a]
x v
sin { a,, + tan—1—} cos | tan—1— ] +sina, | — sina,
F F
Y Ag Y
sin| tan-1— | = —gin | tan—1—| . [9b]
F’ Ay F
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Obviously, #’ is not a linear function of z, and ¥’ is not a linear func-
tion of y. Thus, the magnification across the image varies, i.e., there is
distortion. It is apparent from these equations that magnification as
usually defined, Az’/6x and Ay’/Ay referred to the optic axis, is an
unwieldy expression. Expressed in this manner, magnification is best
obtained by numerical evaluation of 2’ and ¥’ using Eqs. [9a] and [9b].
However, the paraxial magnification, da’/dx and dy’/dy can be ex-
pressed more simply. Because it will be important in the example given
later, we define a more general local magnification as

dx’
m,=—, [10a]
dx
and
dy’
m,=—, [10Db]
dy

for any z or y. Differentiating Eqgs. [9a] and [9b] gives

T x'\2 Y
X, F’ cos [aw-*-tan—l—] |:i"+ <—> } cos [tan—l —]
F F F [J

m,=——

x x\ 2 I
M F cos | &+ tan—t — [1-*- -—> ]cos tan—-1 —
F F F
=[5
Ao F’ cos | tan—1— 14+ | —
F F

m,=—— , [11b]

Y y\?¥
M F cos |tan—!— || 14| —
F F

which reduce to the paraxial magnifications for x=y=0. m, is a
function of  and y, but m, is a function of y only. Determining m, and
m, over the field still requires numerical computation because Egs.
[9] must be used to find z’ and 3’ for each value of z and y. But for i
\
|
|
\

and

x =y =0, we also have ' = 5 = 0, so Eqgs. [11] reduce to
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1\2 F COS ay,

Moy = — — [12a]
A F cosea/y,
Ay F7

Moy = — — [12b]
aMF

for the paraxial case.
The paraxial aspect ratio is then
Moy  COS ag,
—_— , [131

’
Moy, COS 'y,

which is usually not equal to one.

Generally, the distortion depends on many hologram parameters,
as well as any lens used. The aspect ratio can be controlled by the
choice of «,, and o/,, but these alter the other forms of distortion.
Furthermore, a,,, with ay, affects the hologram carrier frequency, and
hence the required resolution of the recording material. If we were
free to choose the field of view, i.e., the limits on z and y, and the lens
focal lengths, we could set F>>« and y, and F’>> 2’ and y. In that
case, there would be no distortion, and the magnification would be
everywhere equal to the paraxial magnification in Eq. [12]. In prac-
tice, these parameters are restricted by the size and resolution of the
hologram and object, by the required image size, and by available
lenses.

Thus, in spite of the many parameters involved, the number of
changes that can be considered to minimize distortion is small. Usually
the reference-to-object beam angle a,, + a is kept constant, while «a,
is varied. Eqs. [11] and [13] are used to determine tke distortion for
the various choices of a,,.

3. Calculations of Distortion in the RCA Holotape System

We will use the RCA Holotape television storage system' as an example
of the application of these results. A Holotape is a long series of
Fraunhofer holograms replicated on a flexible tape, each hologram
being a recording of a frame of a motion picture. The images are
played back sequentially and projected into a vidicon camera to
reproduce television program material. The holograms are recorded
on a photoresist requiring blue light using a He-Cd laser at 442 nm.
For economy and reliability, they are played back with a HeNe laser
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at 633 nm. The required object and image formats and the available
recording media restrict many system parameters. Each hologram
records one 16-mm motion picture frame, which is 7.5 X 10 mm. The
resulting image is approximately 9.5 X 12.5 mm for detection with a
one-inch vidicon. Then the required magnification is my, = m,, = 1.25.
With F =50 mm, A, =442 nm, A, =633 nm, Eq. [12a] gives for
m,, = 1.25.

43.7 cos oy,
Fre— [14]
COS8 a,,

To limit the period of the hologram to no less than 0.75 pm we
set an upper limit of 36° on the reference-to-object beam angle. The
object beam subtends a half angle of approximately 6°, so the max-
imum reference-to-object axis angle, a,, + ag, is 30°. The relative
sizes of «,, and ay can be varied by rotating the hologram recording
plane, as one can see from Fig. 1. The only other constraint is that
the readout geometry be symmetrical, a; = «,,, to minimize the effect
of twisting of the holograms,' (this is important because they are on
tape). Table 1 gives the values of o, and a; and F’ required for
magnification m,, = 1.25, for several choice of «,, rounded to the
nearest integer.

Table 1—Requirements for Magnification m,. = 1.25.

Object* Image
Recording Readout
Angle a,, Angle a’so = ag P
0° 21° 41 mm
10° 22° 41 mm
22° 22° 44 mm
30° 21° 47 mm

* Reference angle ag = 30°—a,,

For any choice of «,, we can calculate the magnification over the
field using Eq. [11]. In the Holotape system we have been describing,
the local distortion is critical because of the technique that is used to
record the chrominance information in the color television picture. The
chominance is encoded by modulating one or more spatial frequency
carriers (vertical or tilted bars in the image). Changes in local
magnification, m, and m,, change the spatial frequency, which, in turn,
can affect the demodulation and hence the color image (to which the
eye is very sensitive). The local magnification over the field for various
values of «,, is plotted in Figs. 3 and 4. In both figures, F” was chosen
to give m,, ~ 1.25.
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The figures show that minimum local distortion is achieved with

00 = 30° (the reference beam perpendicular to the recording plane),

but that by minimizing the distortion, the aspect ratio has been altered.
The aspect ratio is shown in Table 2

Table 2—Aspect Ratio for Different Values of «..

Qoo Mos Moy mo:/moy
0° 1.25 1.17 1.07
10° 1.25 1.17 1.07
22° 1.25 1.26 .99
30° 1.25 1.35 .93
My F'» 47mm
\ /aa. o
35
35T My vs. Myvs.y- Mgy=1.345
F=50mm
A;adie X has
F'e mm
1.30F xz.:zu\ /“" 22
L 2sk Moy® 1-260
F's4imm
@ 0°
1.20
Mgy® 1475
115 TN N TN NN NN SN (N N N B |

-0 -8 -6 -4 -2 0O 2 4 6 8 10 ¥ (mm)

Fig. 4—m, vs ¥’ for several values of a,..

By choosing a,, = 22°, the range of local magnification for the given
field is limited to 1.25 to 1.30, giving a local distortion of 4.0% (nearly
minimum) with an aspect ratio very close to 1.0. That is the chosen
compromise for this system.

In a different version of the Holotape system, the modulated spatial
frequency carrier for the chrominance signal is recorded in a separate
motion picture frame from the luminance image, as shown in Fig. 5.
Changes in local magnification have the same effect as in the previous
example, except that the larger field angles must be considered. But
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variation of the conventional magnification, as opposed to the differ-
ential or paraxial magnification, will now result in distortion that
results in pairs of points in the separate chrominance and luminance
images not being superimposed. Thus, portions of the field will show
the color misregistered with the luminance.

16 mm FILM

CHROMINANCE
INFORMATION
= | cewnremmne
T LUMINANCE
FIELD INFORMATION

Fig. 5—Two-frame color-encoded transparency.

To study this problem it was more convenient to divide each frame
into a matrix of 7 X 7 points and calculate image position directly from
Eq. [9] than to derive an analytic expression for magnification (as
explained in Section 2). Misregistration was defined as a fraction of
picture width or height:

horizontal (zg — xn)lum = (zg — xp) chrom
misregistration = — —_ [15]
at point K image width

where xx is any one of the 49 points in the luminance frame or the
corresponding 49 points in the chrominance frame and xp is
the center of the image. Similarly,

vertical Wx = YR \ym — Wk — Y8) rom
misregistration = [16]
at point K image height

where yg is any one of the 7 points on the luminance 1 axis or the
corresponding 7 points on the chrominance y axis (since y is
independent of z, only 7 points are necessary) and y, is the
center of the image.

The distance from the center of the luminance frame to the center
of the chrominanece frame must be correct to give proper registration
at the center of the color picture. The proper distances in the Holotape
system require m,, = 1.38. To produce the correct spatial frequency
for the color carrier, we also require Mo, = 1.38. Using Eqs. [9] and
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Table 8—Values of Various Parameters for m.. = 1.38

Qo0 'y = Qg F’ Mos Moy
0° 21° 45 mm 1.38 1.29
10° 22° 45 mm 1.38 1.29
22° 22° 48 mm 1.38 1.37
30° 21° 52 mm 1.38 1.49

[12], various combinations of parameters resulting in m,, = 1.38 can
be derived as shown in Table 3.

As in the system described previously, e, = 22° produces an aspect
ratio of 1.0, giving the required value of m,,. Using Egs. [15] and
[16], Table 4 gives the percent vertical and horizontal misregistrations
for the four different values of @,,, From Tables 3 and 4 it is apparent
that the least misregistration occurs at e,, = 80° and that the minimum
difference between m,, and m,, occurs at a,, = 22°.

Table !,——Percent Vertical and Horizontal Misregistration With Values of
a,, = 0°, 10°, 22°, and 30°, Values Are for Points Within 7 X7
Matrix (One Frame) (See Eq. [15] and [16]).

a,e = 0°

Vertical Misregistration
0.62
0.28
0.07
0.00
—0.07
—0.28
—0.62

Horizontal Misregistration

—1.95 —2.12 —2.30 —2.50 —2.73 —3.00 —3.32

—1.30 —1.41 —1.53 —1.66 —1.82 —1.99 —2.20

—0.65 —0.70 —0.76 —0.83 —0.91 —1.00 —1.10
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.65 0.70 0.76 0.83 0.91 1.00 1.10
1.30 1.41 1.63 1.66 1.82 1.99 2.20
1.96 2.12 2.30 2.50 2.73 3.00 3.32

a,, = 10°

Vertical Misregistration
0.62
0.28
0.07
0.00
—0.07
—0.28
—0.62
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Table 4 (continued)

Horizontal Misregistration

WAVELENGTH DEPENDENT DISTORTION

—1.23 —1.39 —1.57 —1.77 —1.98 —2.22 —2.50
—0.82 —0.93 —1.04 —1.17 —1.32 —1.48 —1.66
—0.41 —0.46 —0.52 —0.59 —0.66 —0.74 —0.83
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.41 0.46 0.52 0.59 0.66 0.74 0.83
0.82 0.93 1.04 1.17 1.32 1.48 1.66
1.23 1.39 1.57 1.77 1.98 2.22 2.50
a,, = 22°
Vertical Misregistration
0.62
0.28
0.07
0.00
—0.07
—0.28
—0.62
Horizontal Misregistration
—0.30 —0.46 —0.64 —0.82 —1.00 —1.21 —1.43
—0.20 —0.31 —0.42 —0.54 —0.67 —0.80 —0.95
—0.10 —0.15 —0.21 —0.27 —0.33 —0.40 —0.47
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.10 0.15 0.21 0.27 0.33 0.40 0.47
0.20 0.31 0.42 0.54 0.67 0.80 0.95
0.30 0.46 0.64 0.82 1.00 1.21 1.43
ag, = 30°
Vertical Misregistration
0.62
0.28
0.07
0.00
—0.07
—0.28
—0.62
Horizontal Misregistration
0.42 0.25 0.08 —0.09 —0.26 —0.44 —0.62
0.28 0.17 0.05 —0.06 —0.17 —0.29 —0.41
0.14 0.08 0.03 —0.03 —0.09 —0.14 —0.21
0.00 0.00 0.00 0.00 0.00 0.00 0.00
—0.14 —0.08 —0.03 0.03 0.09 0.14 0.21
—0.28 -—0.17 —0.06 0.06 0.17 029 0.41
—0.42 —0.25 —0.08 0.09 0.26 0.44 0.62
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4. Measurement of Distortion in the RCA Holotape System

To verify these results, Fraunhofer holograms were recorded with
various values of «,, using a He-Cd laser 422 nm as the light source.
They were readout with 633 nm light from a HeNe laser. The recording
lens focal length (F) was 50 mm.

For the distortion and aspect ratio measurements, the test pattern
shown in Fig. 6 was used as the object transparency. Figs. 6(a) and
6(b) are photographs of images from holograms recorded with a,,
= 30° and a,, = 22°, respectively. The photographs verify the changes
in aspect ratio in Table 2. Magnification at different points can also
be determined from these photographs. Horizontal magnifications m,
are shown in Table 5(a) and 5(b) for 9 points on the image—the
center, the 4 corners, top and bottom center (3 mm away from center),
and left and right center (4 mm away from center). The calculated
results are in parenthesis.

Table 5—Comparison of Measured and Calculated (in Parenthesis) Values

of m.
(a)—m. With a,, = 30°
1.29 1.27 1.27
(1.27) (1.25) (1.26)
1.29 1.27 1.27
(1.26) (1.25) (1.25)
1.29 1.27 1.27
(1.27) (1.25) (1.26)
(b)—m. With a,, =22°
1.25 1.28 1.30
(1.26) (1.26) (1.29)
1.25 1.25 1.30
(1.26) (1.25) (1.29)
1.25 1.28 1.30
(1.26) (1.26) (1.29)

For the misregistration measurements, holograms were recorded
using the 2-frame format with a uniform crosshatch pattern as the
object in both frames. Figs. 7(a) and 7(b) are photographs of images
from these holograms recorded with e,, = 30° and a,, = 22°, respec-
tively. These photographs were enlarged to 8 X 10 inches and one
image laid on top of the other with the centers aligned to measure
misregistration. The enlarging lens was checked with a test reference
frame to insure that it did not introduce any additional distortion into
the system. Tables 6(a) and 6(b) show the horizontal misregistration
for 6 points on th:e image (4 corners and top and bottom center). The
calculated results are in parenthesis.
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(b)

Fig. 6—Test pattern image from Hologram (a) with a.,, = 30° and (b)
with a,, = 22°.

Table 6—Horizontal Misregistration as a Percent of Picture Width

as = 30°
-+.45% unmeasurable —.74%
(+.42%) (—.09%) (—.62%)
—.45% unmeasurable +.74%0
(—.429%) (+.09%) (+.62%)
@, = 22°
—.35% —.869, —1.72¢%
(—30%) (—-.829%) (—1.434%¢)
+.35% +.86% +1.72¢%
(+.30%) t+.829%) (+1.43%)
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5. Conclusions

Distortion is the only aberration introduced by reading out a Fraun-
hofer hologram with light of a wavelength different from that with
which it was recorded. Magnification due to the change in wavelength
varies across the field, and with direction. Distortion can be changed
by changing several system parameters, such as record and readout
field angles and the angles between the hologram plane, the reference
beam axis, and the object beam axis. Measurements confirm the
calculated distortions for two examples.

(a) (b)

Fig. 7—Uniform crosshatch image from Hologram (a) with a, = 30° and
(b) with a,, = 22°.

In the Holotape system, two forms of distortion are important, the
usual variation of magnification over the field, measured with respect
to the center, and the variation of local magnification measured in any
small region of the field.

In the single-frame Holotape system, optimized parameters produce
a local magnification in the plane of the reference and object beam
axes that varies from m, = 1.25 to 1.30 (Table 5(b)), or 4.0% distor-
tion, with an aspect ratio m,,/m,, = 1.0. Arbitrary choice of these
parameters could produce m, values varying from 1.21 to 1.43, or
18.29 distortion, or an aspect ratio up to 1.07.
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In the two-frame color Holotape system, misregistration is the most
serious result of distortion. It is possible to reduce maximum registra-
tion from 3.3% to 1.4%, while maintaining an aspect ratio of 1.0, by
proper choice of parameters, particularly reference- and object-beam
angles with respect to the hologram plane. With a different choice of
angles, the misregistration can be reduced to half that number, but
the aspect ratio becomes 0.93. Errors of this magniture can be de-
tected in a television receiver. but are tolerable to most observers. In
the Holotape system, further correction can be obtained in a straight-
forward way by predistorting the object.
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Recording Considerations for RCA Holotape®

Robert A. Bartolini, Joseph Bordogna,t and Dainis Karlsons

RCA Laboratories, Princeton, N. J.

Absiract—The differences among Fresnel, Fraunhofer, and lensless Fourier
transform holograms are reviewed. Paraxial and nonparaxial analyses
are included. Practical arrangements for recording small, thin, relief
phase holograms of photographic transparencies of these types are
discussed.

1. Introduction

In any given application of holography, there is always a group of
fundamental factors to be considered. These include type of hologram,
hologram dimensions, redundancy, replication, playback requirements,
recording materials, and recording techniques. We address our atten-
tion here to recording techniques for off-axis, thin, relief phase holo-
grams of photographic transparencies. The interested reader can find
related information on the other factors in other papers of this issue
and elsewhere in the literature."?

The primary motivation for this study of recording techniques re-
sulted from a requirement to produce a type of hologram that could

® Registered trade name of the RCA Corporation.
t Moore School of Electrical Engineering, University of Pennsylvania,

Philadelphia.
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be replicated quickly and inexpensively and whose reconstructed wave-
front yielded an image unperturbed by hologram motion. At the
outset it became clear that the terms used to describe various types
of holograms were loosely defined and implied different meanings to
different workers in the field. To help end this confusion we include
careful consideration of the reasons leading to the present terminology.

Our discussion begins with a description of the arrangements cur-
rently considered most useful in hologram recording. All these are
variations of the off-axis type of hologram, in which spatial separation
of a hologram’s primary and conjugate images® 1s possible.

2. The Basic Recording Arrangements

A hologram is a recording of the interference pattern produced by two
light beams that are coherent to each other.*® In recording a hologram
of a photographic transparency, one of the beams, the object beam,
passes through the transparency prior to mixing with the other beam,
the reference beam. The angular orientation of these two beams with
respect to each other classifies the resulting hologram as either an
“on-axis” hologram* (object and reference beams parallel, coincident,
and normal to hologram plane) or an “off-axis” hologram? (object and
reference beams meet at a nonzero angle at the hologram plane). Most
of the time, the “off-axis” designation refers specifically to the axis of
the reference beam because, in practice, the axis of the object beam
is usually oriented perpendicular to the hologram plane. However,
there do exist important practical reasons in certain cases (described
below) for orienting both beams at nonzero angles with respect to the
normal to the hologram recording plane; therefore, any general an-
alysis should allow for this situation.

Further thought about the reference beam reveals that its wave-
front shape is arbitrary as long as it is coherent with the object beam.
Thus, in general, a hologram may be recorded with a diverging,
parallel, or converging reference beam. There are important reasouns,
however, for the selection of a specific wavefront shape; it is a source
of confusion that these reasons are usually not explicitly stated when
classifying holograms.

Holograms are further classified with respect to the distance be-
tween the object and the hologram recording plane. On this basis,
there are two major classifications of hologram recording arrange-

* Also referred to frequently as a Gabor hologram.
t Also referred to frequently as a Leith-Upatnieks hologram.
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ments—Fresnel and Fraunhofer. In analogy with the concepts of
Fresnel (near-field) and Fraunhofer (far-field) diffraction, a Fraun-
hofer hologram is formed when the object is at a great distance* from
the recording medium and a Fresnel hologram is formed when this
distance is small. Note that these definitions say nothing about the
shape of the reference beam; indeed it is not necessary that they do
so in order to satisfy clearly the analogy with diffraction pattern
terminology. However, since most holographers use collimated refer-
ence beams when recording holograms, this plane wavefront shape is
generally implied in the definition. While this implication is of little
consequence for a Fresnel hologram, it is of considerable importance
in recording a Fraunhofer hologram, because it establishes the prop-
erty of image immobility on readout. Thus, the term Fraunhofer holo-
gram has come to imply image immobility which, in turn, sets a
restriction on the use of this term for describing holograms of Fraun-
hofer diffraction patterns recorded with collimated reference beams.

When recording holograms of plane object transparencies, a Fraun-
hofer hologram can be formed at a reasonable distance from the object
by placing the object at the front focal plane of a lens. Illumination of
the object then produces its Fraunhofer diffraction pattern (where the
Fraunhofer approximation is made with respect to hologram size) at
any plane on the back side of the lens and, thus, a Fraunhofer hologram
at any such plane when mixed with a collimated reference beam. The
lens of course produces in its back focal plane an exact Fourier trans-
form of the complex field amplitude produced at its front focal plane by
the object transparency.® Thus, a Fraunhofer hologram recorded at the
back focal plane of a lens is often referred to as a Fourier transform
hologram. This particular terminology has created another source of
confusion because when a holographer speaks of a Fourier transform
hologram, he usually is not implying the preceding definition. Rather,
he is speaking of the so-called lensless Fourier transform (LFT) holo-
gram.” This designation is somewhat of a misnomer, because such a
hologram is actually a simulated Fraunhofer hologram; that is to say,
it is an approximation to the interference pattern produced when a
Fraunhofer diffraction pattern mixes with a collimated reference
beam. The important of this hologram lies in the fact that it yields
image immobility without the use of a lens, as discussed in the next
section.

* Theoretically, an infinite distance, but in practice, a distance com-
pared to object or hologram size that yields linear phase change across the
wavefront at the recording plane.
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3. Mathematical Fundamentals

Since we are interested here in thin holograms of photographic
transparencies, the mathematical discussion simplifies to two dimen-
sions in the hologram recording plane. Thus, consider the generalized
arrangement®® for recording an off-axis, thin hologram of an object
transparency as shown in Fig. 1. The reference beam emanates from

OBJECT TRANSPARENCY

P(Xo,¥0,2Z0!)

HOLOGRAM
PLANE

REFERENCE
POINT
P(X¢,Yr, 2¢}

—
L

Fig. 1—Generalized arrangement for recording thin, off-axis holograms.

the point (x,, ¥,, 2,) which is, therefore, the origin of a spherical wave.
(For the case of a plane reference wave the implication is that
z,— —.) The location of the object transparency is defined by a
plane surface generally not including the point (z,, ,, 2z,)* and also is
oriented such that no point of its surface lies on a line joining the
reference point to any point on the hologram plane.t Further, since
the polarization of the reference and object beams must be identical
before they can fully interfere, scalar theory can be used for analysis.

A typical point (z,, ¥, 2,) of the object transparency gives rise to
a spherical wave when illuminated with monochromatic light. Hence,
the complex field amplitude (CFA) at the hologram plane caused by
the object can be expressed by the Fresnel-Kirchhoff diffraction
formula,'

ko exp {—jk,7,}
u,(2,y,2) = — Uo (o, Yo» 2,) (1 + CO8 ) — ds
4 T,

S

Here the exponential expresses the change in phase of the wave propa-

*In the special case of a lensless Fourier transform hologram the
reference point does indeed lie in the plane defined by the transparency.

t When the reference point lies on a line joining any point of the
object to any point on the hologram plane, an on-axis (or Gabor) type
hologram results.
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gating from (x,, ¥,, %,) to (x,4,2); 1/7, expresses the reduction in am-
plitude of u, caused by spreading of the spherical wave; k, = 27/A, is
the magnitude of the wave vector; 6 is the angle between the normal
to the surface at (x,, ¥, 2,) and the line joining (2, ¥, %,) Wwith
(%,9,2) ; A, is the wavelength of the monochromatic light illuminating
the transparency; and the integration is carried out over the surface
of the object transparency. If dx,(x,y,2) and dy,(x,y,2) are defined as
incremental line elements within the plane of the object transparency,
then dS, = dx,dy,.

As mentioned previously, we can classify holograms according to
the magnitude of the distance between object and hologram recording
plane, or more specifically, the distance r, between the object point
P(x,, ¥, 2,) and the hologram point P(x,,2) :

o= [(x — 2,02 + (¥ — ¥o)? + (2 — 2,) 21172, (2]

Since we are interested here in thin holograms, we can set 2=10
in Eq. [2] and consider the CFA only in the plane defined by z=0 in
Fig. 1. With the resulting exact expression for r,, the integration in
Eq. [1] cannot usually be performed explicitly and, in any case, is
difficult. Thus, we search for an appropriate expansion for Eq. [2]
that will permit a reasonable approximation for r, Looking at Fig. 1,
we realize that there are two distances about which we can make useful
expansions of Eq. [2] to achieve an approximation for r, namely, 2,
and d,. To investigate the implications of these two different, yet
equivalent, expansions we rewrite Eq. [2] with z2=0, in the follow-
ing forms:

(x — )2+ (¥ — ¥,)? e
To =2, +1 [3a]
2,2
or, noting that x,2 + y,2 + 2,2 =d,2 in Fig. 1,
x? + y? (@, + yy,) .
r,=d,| - Y, -+ 1 ; [3b]
A d,?

Expansion of Eq. [3a] in a Maclaurin series about z, leads to an
analytic description of hologram construction and reconstruction which,
in most cases, requires a paraxial ray restriction about the z axis.
Most analyses in the literature follow this route. Expansion of Eq.
[8b] about d, allows a nonparaxial analysis, which is important when
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rays from object points make large angles with respect to the normal
to the hologram recording plane; such an analysis is required, for
example, for understanding the image reconstruction properties of
the lensless Fourier transform hologram. Champagne® has shown that
the two expansions appear to differ only when the lower terms in each
are retained, but that the expansions are actually identical if all terms
are considered.

We consider first the approximation of r, by retaining the first few
terms of an expansion of Eq. [3a] in a Maclaurin series about 2,.%
Although in many practical applications of holography the first term
in the brackets of Eq. [3a] may appear to be greater than unity
(thereby causing the common binomial series expansion of Eq. [3a]
to be nonconvergent), the use of appropriate optics or geometrical
configuration can force z,2> [(z — 2,24+ (¥ — ,)2]. Then, Eq. [3a]
may be expanded in a Maclaurian series about the point 2z, =0:

@ + 92 + 2,2 + 9,2 — 222, — 2yy,
To=12,91+ ——

22,2

1 (x_mo)z'*' (y'—yo)z 2
- [_. 7—_] +}

8 2,2

With respect to this Maclaurin series expansion for 7, the question
arises as to which terms are significant: in other words, what are the
practical conditions for which the higher order terms can be neglected ?
To answer this question, we recall that to form the expansion in the
first place we had to assume that [(x — 2,02+ (v —v,)21/2,2 < 1 for
convergence. This assumption restricts rays from object points to make
small (paraxial) angles with the z axist and allows ns further to
eliminate the term [1/8)/z,41[ (x —x,)2+ (¥ —9,)2]? as well as sue-
ceeding terms to arrive at a reasonable approximation to r,, namely

T')z + ?/:;2 - 21‘1‘0 - 2:’/”0 22 + ?/2
Tom~z, (14 + . [4]
2z,2 22,2

This particular approximation is known as the Fresnel approximation

* The approximation of 7, in the form of Eq. [3b] is considered below
when discussing the lensless Fourier transform hologram.

tIn other words, the object transparency must lie close to the normal
to the hologram recording plane so that rays from it make small angles
with the z axis. Note that this in no way restricts the orientation of the
reference beam with respect to the z axis.
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and defines the conditions for a Fresnel hologram. If the additional
approximation, (x2+ y2)/22,2<& 1, is imposed on Eq. [4], the condi-
tions for a Fraunhofer hologram pertain as will be explained below
following Eq. [34].

If we look carefully at the implications of the Fraunhofer hologram
approximation on the Fresnel-Kirchhoff formula, we see that we are
requiring

x2 + y2
k.2, &L 2
22,2

in Eq. [1], i.e., there must be little phase change in %,(,y,2) across
the recording plane with respect to all points in the object plane. At
optical wavelengths (say, A, = 441.6 nm) and for holograms of, say,
the size of a 16-mm movie frame (10 X 7.5 mm), the preceding phase
condition demands that

224+ 92 10—+ 0.56-10-*
2z, > = =~ 177 m.
2, 0.884+10—¢

Although this value of z, may at first appear unreasonable for practical
application, it is quite a simple matter to simulate even larger values
of z, by placing the object transparency in the front focal plane of
a lens.

Along with the description of the object beam at the hologram
plane in Eq. [1] and the location of the object beam defined by Eq. [2]
or Eq. [4], we need to describe the reference beam and its orientation
with respect to the hologram plane in order to continue our analysis.
The descriptions for finite 2z, (a spherically-shaped reference beam) and
for infinite 2z, (a collimated reference beam) are different.

For a spherically-shaped reference beam emanating from the refer-
ence point (z,, 9,, 2,) in Fig. 1, the geometry dictates that the phase
difference between the reference beam CFA at the origin of the holo-
gram plane and its CFA at the point (2,y,2) is ¢, =k, *r, —k,* d, s0
that, with z = 0 as before,

exp {jkr ° (l‘,. - dr) }
“r(x,y,o) = Ar [5]
Ty

with
T = [(x - xr)2 + (y - yr)2 + z'_2] 1/27 [6]
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where k, is the wave vector of the reference beam and A, is the
amplitude of the reference wave at the reference point.

For a plane reference beam, z, — —o, thus causing 7, to become
infinite and, therefore, untenable for analysis. This is no problem in
Eq. [5], however, because in the first place, since the plane wave does
not spread as it propagates, there is no reduction in amplitude of u,,
and the factor 1/r, can be eliminated from its description. Also, the
phase change for a plane wave can be derived directly from the
exponent of Eq. [5] by describing k, in terms of the angle B8, it makes
with its projection in the -z plane and the angle a, this projection
makes with the z axis. Thus, since

27
k, =— (a,sin B, + a, cos 8, sin a, + a, cos B, cos a,) [7a]

0

and
r,— dr =a,r + ay,
then

2
k,* (r,—d,) = —" (z sin B, + y cos B, sin «,) [7b]

0

where a,, a,, a, are unit vectors of the cartesian coordinate system and
A, = A,. If we further consider the reference beam to lie in the y-z
plane (a typical situation), then 8, =0, and

2n
k,* (r,—d,) =—ysina,.

0

The CFA of the reference beam at the recording plane then becomes

27
u(2,9,0) = A exp {j —y sin a,}. (8}
Ao
We define
o (2,9,0) = u,(z,y) = |u,(2,y) | exp {jd,(z,¥)} [9]
u,.(2,9,0) = u, (z,y) = |u, (2,9)| exp {i¢,(z,9) }, [10]
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where |u,(x,y)| and |u,.(x,y)| are real and ¢,(z,y) and ¢, (x,y)
describe the spatial phase variation (relative to the phase at the origin
of the hologram plane) of the object and reference beams, respectively.
The total CFA at the hologram plane then is

Uy (2,y) = uo(2,y) + %, (2,y), [11]
which produces an irradiance H at the hologram plane described by
H(z,y) = wu,* = |up(2,9) |2 = |u,(2,y) +u,(2,) |2 [12]

with units of power per unit area (for example, W/em?). If a photo-
resist coated film is exposed to this irradiance, its exposure (i.e., energy
per unit area) is given by

E(xy) =H(zy) T, [13]

where T is the time interval of exposure. This exposure results in a
change in thickness of the photoresist given, as found in our labora-
tory, by

Ad ~ cE, [14]

where Ad is the change in photoresist layer thickness caused by ex-
posure and ¢ is an exposure constant.

Here the nonlinearities of the photoresist have been neglected, a
valid approximation achieved in practice by proper exposure and
development. Since the processed photoresist film has (ideally) a
transmittance of unity, the hologram will alter only the phase of
incident coherent illumination during reconstruction and is thus re-
ferred to as a phase hologram. Specifically, the wave transmitted
through the hologram will experience a phase change (or modulation)
of the form kz(n — 1)Ad, where kp = 2x/A, (the subscript R pertains
to parameters of the reconstruction or readout beam) and n is the
index of refraction of the photoresist. This phase modulation yields
diffracted orders, the two first orders producing the desired recon-
structions of primary and conjugate images.

When compared to that of an ideal absorption hologram, the trans-
mittance function t(zx,y) of an ideal phase hologram is purely imag-
inary, while that of an ideal absorption hologram is purely real. Thus,
for a phase hologram, object information is recorded in the phase
factor of a unity-magnitude transmission function. Therefore, assum-
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ing that the recording medium changes its thickness in proportion to
the exposing radiation as in Eq. [14], the phase variation &(zx,y)
imposed by the hologram on a readout beam can be described using

Eq. [13] as

o(x,y) =kp(n —1)Ad = kp(n — 1)cE(2,y)
=kp(n—1)cTH(xy). [15]

The transmittance function of the hologram becomes

t(z,y) =exp [idp(x,y)] = exp [jkp(n — 1)cTH(x,y)]
= exp [jkKH (z,y], [16]

where K is defined as (n —1)¢T and is a constant of the hologram.
From Eqs. [12], [9], and [10], Eq. [16] becomes

t(x,y) = exp {jkpK|u,(z,y) + %, (x,y) |2}
= exp {7kpK|u,|?} exp {jk K |u |2} exp {72k K |u,]| | .|
[cos (¢ — &,) 1} [17]
Note that the phase (i.e., the interference term) in the third factor
of Eq. [17] is linear in the CFA coming from the point object. Thus,
if u,(x,y) is given by the superposition of several points of the plane
object transparency, e.g.,

o (2,y) = 3 (@) = 20 [uu (@) | exp (ibu(z)),

then the interference term will be given by the superposition of terms
of the form (neglecting small object-to-object intermodulation terms)

(constant) D 2kpK|u,||uy|[cos (¢o — ¢,)].
i

This implies that the point-object analysis we are developing can be
applied directly to the analysis of a complete plane object transparency.
That is, we decompose the object transparency into a superposition of
point objects, describe how the CFA from each point affects the holo-
gram formation, and then add the results to describe the total effect
from the actual object.

To simplify Eq. [17] somewhat, we define

A . .
A, = exp {jkrK|u,|?} exp {jkK|u,|?}
which is a constant for a single point object or, generally, if u, is

sufficiently small. We write furthermore that
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@ = 2kpK |u,| |4, |
P=¢o_¢r' (18]

Ezample: In a situation where a hologram is recorded on vinyl tape,
typical parameters are n = 1.5, Ad = 0.1um, Ay = 0.4416 pm,
|u,| =10]u,|, H ~ |10u,|2. Thus, a typical value for a in

Eq. [18 Jis
2n
a=2kpK|u,||u,| =2 — ) (n— 1)eT |u,| |u,|
Ag
47 cE 4n Ad
= — (n—1) —|u,| |u,-|=— (n—1) —|u,| [u,|
AR H AR H
4w (1.5—1) (10~7) (10|u,|?)
— =0.14.
(4.416 - 10-7)(10|u,,|)2
Using Eq. [18] in Eq. [17],
t(z,y) = A[cos (acos p) + j sin (acos p)], (19]

and using the Bessel function expansions for cos (acosp) and sin
(acos p),

t(x,y) = A, [J,,(a) +2 i (—1)m J,, (a) cos(2mp)

me==1

+ 52 f: (—1)™ Jop 41 (@)cos (2m + l)p], [20]

m==0

where the J;(a) are Bessel functions of the first kind. Each Jy(a) in
Eq. [20] is the amplitude of the ith diffracted order produced by the
grating structure of the phase hologram. For m =0, we obtain the
first order term which, upon readout, yields two holographic images of
practical interest.* Thus, from Eq. [20]

* Of course, the remaining infinite number of orders also yield images.
These are attenuated (because of the decreasing magnitude of higher order
Bessel functions in Eq. [20]), are spatially separated from the first orders
and from each other, and are of little practical importance here. Also,
Eq. [20] is applicable only to individual image points; otherwise p is not
a linear function of distance and there are no grating orders.
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t(x,Y) | memo = AJ (@) + jAJ ()

lexp {j(¢o — ¢,) } + exp {—7(d — ¢,) }]. [21]

When the hologram is illuminated for readout, the wave produced
by the term containing the phase factor +j(¢, — ¢,) is defined as the
“primary”’ image wave while the wave produced by the term containing
the phase factor —j(¢, — ¢,) is called the conjugate image. We dis-
tinguish these terms as ¢,(x,y) and t,(x,y), respectively. Thus,

tH(2,Y) | mmo = Ado(a) + & (xy) + t(2,y), (22]

where

T
t,(x,y) = exp {j <kRK|u,,|2 + kpK|u |+ —>}
2

J

Jl(ZkRKluol |url) exp {](¢o—¢r)} [23]
t.(x,y) = exp {3‘ <kRK|u,,|2 + kpK|u |2+ ;>}
Jl (ZkRKluol |u"l ) €xp {'_ j(¢o - ¢r) } [24]

Illuminating the phase hologram with a readout beam u,(x,y) thus
produces primary and conjugate images u,(x,y) and u.(x,y), given by

up(x’y) =’MR(1‘,’!I) tp(x,y)

T
= e (2y) exp {a‘ <kRK1uo|2 + koaK ;2 + —ﬂ
2

J
J1(2k K | %o | |2%,]) exp {7 (¢ — &,) } [25]

u, (2,y) =ugp(x,y) t,(x,y)
T
=up(x,y) exp s j | kpK|u,|® + kpK|u, |2+ —
2

J1 (2K |u,) | 2,]) exp {— j (o — )} [26]

In general, the readout beam,

ug(x,y) =|up(x,y) |exp {J op(z,y)}, [27]
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can be arbitrary (i.e., plane or spherical), in which case Eqs. [25] and
[26] become

w
up(x)y) =|ug (x,y) | exp {7 <an| Uy|® + kpK|u,|* + ;)}

J1(2keK |, | |u,| exp {j (¢, — ¢+ ¢r)} (28]

e
1

k(s
u,(x,y) =|ugp(x,y) | exp ij <I‘:,,K|u‘,|2 + kpK|u, |2 + —>¥
2/

J1(2kpK |, | |u,| exp {—j(, — b, — Pp) }. [29]

With these expressions, the position and form of the primary and
conjugate images resulting from readout of a hologram with an
arbitrary readout (i.e., reconstruction) beam can be determined. Since
the phase angles in Eqgs. [28] and [29] are functions of beam wave-
length and orientation, differences between ¢, and ¢, will produce
images that are aberrated (i.e., magnified or demagnified nonuniform-
ly). Thus, the situation for fidelity is improved if the wavelengths
and orientations of the reference and readout beams are identical;
for example, when ¢, = ¢, Eq. [28] becomes

k(s
u,(x,y) = |u,| exp {j <(k,,K|ua|2+ kpK|u,|? +;>}

J1(2kRK |u,| |u,|) exp {jd,}. [30]
Since*
1 3 1 5
—a —a
1 2 2
Ji(a) =—a— + — ...
2 12+ 9 12092243
1
~ —a, for small q, [31]
2

Eq. [30] becomes

* Recall from the example associated with Eq. [18] that in practice a
can easily be made to satisfy the criterion for the validity of Eq. [31].
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T
Up =~ {kkKlurl | | exp{j (k,¢K|uo|2+k,¢K|u,|2+g>}} || exp {jd,}

~ constant |u,| exp {j,}

which is the original object transparency CFA (Eq. [9]) multiplied
by a constant.

Eq. [32] includes the effects of the intrinsic linearization of Eq.
[31], as well as the recording material linearization of Eq. [14]. These
linearizations can be accomplished in practice and must be kept in mind
when interpreting experimental results.

4. Distinctions Among Fresnel, Fraunhofer, and Lensless
Fourier Transform (LFT) Holograms

The different kinds of phase-hologram recording arrangements are
distinguished by the mathematical structure of ¢, in Eq. [32]. In the
case of a single-point transparency, for example, ¢,(x,y) is simply
the phase of the object wave CFA in the hologram plane at (z,9,0)
relative to that of its CFA at the origin of the hologram plane. Thus,
from the geometry of Fig. 1,

u, (2,y) = |u,(x,y) | exp {ip, (x,¥)}

exp {jko ¢ (ro - do)}
=4, , [33]

L

where A, is the amplitude of the object wave as it leaves the object
point and (using r, from Eq. [4])

¢,,(m,y) =k, — kody=— (r, — do) =~

27 2 [x24 92 xx, yy.
X, X, > '

2z, 2, Z,

Recalling the discussion associated with Eq. [4], ¢, in Eq. [34]
represents the phase expression for a Fresnel hologram of a single-
point object transparency, i.e., a hologram for which the second-erder
terms in x and y cannot be neglected. If these second-order terms can

be neglected, ¢, reduces to the phase expression for a Fraunhofer
hologram :

27 xT, Yy,
&, (2,1) ~—<—————> . [35]

Ag 2z, 2,
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Let us look carefully at some implications of the Fraunhofer holo-
gram. To start with, since the hologram plane is a very large distance
from the object Eq. [1] becomes

®
ik exp {— Jj k,r,}
uo(x,y,z) = — uo(xo’ yo) - dxodyo 0 [36]
2r To

In addition, with z, large (i.e., 2,2>> (x —2,)2 4+ (¥ — ¥,)2), Eq. [4]
reduces to

rogszo-{-————-——-. [37]
2z, Z, 2,

In the denominator of Eq. [36], r, can safely be approximated by z,
and taken outside the integration; however, the full expression for r,
given by Eq. [87] must be used for r, in the exponential term in Eq.
[36], since the integrand is sensitive to small deviations in its phase
Thus, Eq. [36] can be written

-]
gk, )
u,(2,y) ~ exp § — k.2, %o (%o, Yo) €XP
27z,
-0

.2 + ¥,° ik,
— jkg———— exp (x2, + yu,) ¢ drdy, . [38]

2z, 2z,

Eq. [88] is, of course, truly valid (i.e., truly the Fraunhofer dif-
fraction pattern of the object) only in the limiting case z,-»> — .
However, in practice we can place this Fraunhofer diffraction pattern
at a finite distance from the object by placing the object transparency
in the front focal plane of a lens. In this way, light emanating from
any point in the transparency becomes plane at the lens output, thus
satisfying the condition that the object be at an infinite distance. This
condition holds for any plane (and, therefore, for any value of z,) on
the back side of the lens. At the back focal plane, a further condition
exists—the Fraunhofer diffraction pattern becomes the exact Fourier
transform of the CFA in the front focal plane. This is the well-known
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Fourier transforming property of a lens.® By taking into account the
lens phase factor exp {—jk(x2 + y2)/2F} where F is the lens focal
length and integrating with respect to dax’dy’ over the object, u,(,y)
becomes instead of the expression given by Eq. [38],

“ 2
uo(2,y) ocff %, (%, Y,) €Xp {—j—— (2 + yoy)} dx,dy, - [39]

J J Ao

Letting f, = x/AF, f, = y/A,F, Eq. [39] becomes

u(2,y) = u,(f,, f,) « f[ u,(x,, 1,) exp

(—i2n(x,f, + yof,) } da.dy,, (40]

which says that u,(x,y), the CFA in the hologram recording plane, is
the Fourier transform of the object CFA, u,(x,, ¥,)-

In review, a Fresnel phase hologram is constructed by recording
the intensity of the interference pattern produced by a Fresnel diffrac-
tion pattern of the object (the object beam) mixed with a coherent
reference beam as an optical path difference. A Fraunhofer phase
hologram is constructed by recording the intensity of the interference
pattern produced by a Fraunhofer diffraction pattern of the object (the
object beam) mixed with a coherent reference beam as an optical path
difference. When the recording of a Fraunhofer hologram occurs in
the back focal plane of a lens with the object transparency sitting
at the front focal plane, the recorded interference pattern consists of
the Fourier transform of the object CFA mixed with a coherent
reference beam; we call this interference pattern a Fourier transform
phase hologram.

Usually a Fraunhofer hologram is recorded using a collimated
reference beam, and when one speaks of a Fraunhofer hologram he
generally implies this situation. This particular recording arrange-
ment amounts to the mixing of plane wavefronts producing essentially
a superposition of plane diffraction gratings, each grating correspond-
ing to one point of the object transparency. Images produced on read-
out by such a hologram are immobile with any linear translation of
the hologram because of the property of a plane diffraction grating
that it always diffracts incident light in the same direction no matter
how the grating is translated in its x-y directions. Mathematically,
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this property derives from a consideration of Eq. [39]. During re-
construction with a lens, the CFA of the reconstructed image (say,
u, (x;, ¥;)) is related to the CFA in the hologram plane (say, u, (2, ¥3))
as

AF

2 27
ug (X4, Yy) ff uy (24 ¥4) €xp {—7’_— (wpy + mu;)} dx,dyy .

Suppose now that the hologram is translated in the x, direction a
distance % ; then the magnitude of u;(x;y;) becomes

ff up (24 + h, y,) €xp

27

{
JL— §—— () + il } d(xy)dy,
AP

| oy () |

Letting ¢ = x, + K,

|ui (2 ;) | o

’

y 2
ff uy (&, yp) exp — j—— (éx; + yyy,) + dé dy,
2 c A F

or, since £ is a dummy variable of integraticn,

y 2
ff up, (Xy, Y3) €XP S — j —— (1,2 + yplty) & divy . duy,
AF

0

| () | e

’

which indicates no change in the image due to hologram translation.
Since the “Fourier transform” hologram is a special case of the
Fraunhofer hologram, it too yields an immobile image on readout.

It is interesting to note that an approximation to the Fraunhofer
hologram can be recorded without the use of a lens.” This may
seem odd at first, since an essential ingredient for practical Fraun-
hofer holography is to use a lens to place the Fraunhofer diffrac-
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Fig. 2—Lensless recording of a Fourier transform hologram. The two
spherical wavefronts shown (one from the reference point source
of light and the other from one point on the object) have the same
curvature at the hologram plane since they originate at an equal
distance from it.

tion pattern of the object at a finite distance. However, if the object
and reference source points are equidistant from the hologram plane
and no lenses are used (as shown in Fig. 2), the sphericities of the
two spherical waves at the hologram plane (one from an object point,
the other from the reference point) tend to cancel. This action pro-
duces a spatial frequency grating for each object point approximately
the same as that for each object point in a Fraunhofer hologram where
two plane waves beat. The difference between the constant single-
object-point spatial frequency grating of a Fraunhofer hologram and
the approximately constant spatial frequency grating recorded by lens-
less Fourier transform holography is illustrated in Fig. 3. A math-
ematical explanation of this “trick” of simulating a Fraunhofer holo-
gram can be found in Ref. [14].

5. Relationship Between Image and Object Coordinates

As indicated by Eq. [22], transmission readout of a phase hologram
yields three major fields of light that can be readily observed—the

{a) (b}

Fig. 3—Lines of maximum intensity for (a) Fraunhofer (b) lersless
Fourier transform holograms of a point object.
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zero order (unmodulated) beam, which follows along the direction of
the readout beam and two first-order (modulated) beams, which pro-
duce images of the original object transparency. Since all the image
information is contained (for a thin relief phase hologram) in the
phase factors of the transmittance function of the hologram, the posi-
tions of the images can be determined by describing the phase factors
in detail for the simple case of recording the hologram of a point
object transparency.

5.1 Fresnel Hologram

For the Fresnel hologram, we can distinguish two cases depending
on whether the object beam is normal to the recording plane or not.

5.1a. Object and Reference Beams Both Off Normal to Recording Plane
(Small-Angle Analysis)

In a manner similar to that used to derive the phase factor ¢, in Eq.
[34] for a Fresnel hologram of a point object, the phase factors of the
reference and readout beams are given, respectively, as

27 [+ 92  xx, WYY,

¢ (2y) ~— ———c [41]
Ao 2z, z, z,
2n [22+y® XXz YR

dr(,y) ~— ————— [42]
Ap 2zp Zp 2p

where we must remember that the approximations leading to these
descriptions presuppose a paraxial analysis; i.e., although off the z
axis, the beams are permitted to make only small angles (< 6 degrees)
with respect to it.

From Eqs. [28] and [29], the phase factor ¢, of the primary image
and the phase factor ¢, of the conjugate image are given, respectively,
by

¢y=¢o—¢r+¢k [43]
b=~ (o — ¢, — ¢r). [44]

To avoid the confusion of aberrations generated by wavelength
shift on readout'? we assume at this point that A, = A, = A,. With this
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convenience, substituting Egs. [34], [41] and [42] into Eqs. [43]
and [44] yields

2r fa2+4y?  xx, Yy

$p~— - [45]
A 2z, 2, 2,
27 x? 4 y? T YY.

P~ — —_— [46]
A, 2z, 2. z,

where
2,22
Zp = [47]

22p — 22 + Z,2,

X2 2R — T, Ze2p + LR2.2,
x, = [48]
22p —2,2p + 292,

YoRr2p — YsZop + YrZ2o2,
y, = [49]
22p — 22p + 2,2,

2,22,
2, = [50]
22, — 2,2p + Zp2,

TpZZ, — Tp2,2p + X,2p%,
Te= {61]
2% — 22p + 242,

YR2:Zr — YoZi2R + Y1252,
Ue = [52]
2R, —22p + ZRZ,

Note that Eqs. [45] and [46] have the same form as, for example.
Eq. [34]; thus, we interpret z,, ¥,, z, as the coordinates of the primary
image of the original point object. Similarly, x,, y. 2, describe the
conjugate image. [Also, just as in going from Eq. [34] to [35], Eq.
[45] and [46] become ¢, and ¢, for a Fraunhofer hologram (with
object, reference, and readout beams making small angles with the
z axis) when the terms (x2 + ¥2) /22, and (a2 4 y2/2z, are deleted.]

For the Fresnel hologram constructed with a plane reference beam
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and reconstructed with a plane readout beam, z, =z » —co. Usually,
these sources also lie in the y-z plane of Fig. 1 so that x, =z, =0. In
this case the preceding equations reduce to

2, =2z, Z,=—2,
(36 x, =%,
Yy Yr Yr Yr
yp—yo_zo_+zo_ Ye=Yo —2,— 2%
2y Zp Z Zp
Defining
Yr Yr
a, = tan—! — and ap = tan—! —,
2, Zr

the equations of the image coordinates can be written

Z, =2z, Zo=—2,

=L x, =2,

Up = Yo — 2, tana, + z, tanap Y. = ¥, — 2, tana, — z, tanag.

For identically oriented reference and readout beams, a, =«,, and
the image coordinate equations reduce further to

2, =2, 2= —2,
r, =%, x, =1,
yp =Y, Ye = Yo — 27’0 tanak'
Thus, we see that there exist both real (z, =2z,) and virtual (z, = —z,)

images on readout and that, in addition, the y-coordinate of the virtual
image is displaced by the term — 2z, tana,.

1t is interesting to note that if ap = — a,, the image coordinate
equations yield

2, =z, z2, = —z2,
T, =%, r, =2z,
Yp = Yo — 22, tana, Ye = Yoo

Thus, reading out with a beam lying on the opposite side of the z axis
produces an undisplaced virtual image and a displaced real image.
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5.1b. Object Beam Normal to Recording Plane

An important fact in the practical application of the preceding Fresnel
hologram image coordinate equations is that they apply only for the
condition of all beams making small angles with respect to the z axis.
As discussed in the preceding section, however, the axis of the object
beam is usually oriented normal (i.e., along the z axis in Fig. 1) to
the hologram recording plane, and the shape of the reference and read-
out beam wavefront are usually plane. These facts allow a simplifica-
tion of the discussion of the preceding section and actually provide
more practically useful mathematical descriptions of the relationships
among image and object coordinates.

With the object beam along the z axis, the small angle approxima-
tion leading to Eq. {34] is valid, and for a collimated reference beam
oriented at any angle a, with respect to the z axis and lying in the y-z
plane, Eq. [8] yields a reference beam CFA phase angle

2r
¢, = k,ysina, = — ysine,. [563]

o

Similarly, the phase angle of the readout beam CFA (for a beam lying
in the y-z plane) for Az = A, = A, becomes

2r
¢ = kyysina, = — ysinay. [54]

(4

Thus, substituting Eqs. [34], [53] and [54] into Eqgs. [43] and [44]
yields

27 [ 224+ 92 xx, 1wy, Z, z,
¢, ~— —e—— 1 + — sina, — — sina,,

Aa 220 Z, 2, Yo Yo
2x[ 22+ 9 xx, Wy, z, 2,

b~ — = 1+ —sina, + —sina, || .
Ao 2z, 2, 2, Yo Yo

For identical reference and readout beams, ay = a,, we identify image
coordinate from these equations, as

z,=1z, 2, =—2,
x, =z, r, =2z,
Yp =Y Yo = Yo —22, Sinap
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We see that both real (z,=2,) and virtual (z, = —z,) images are
produced on readout and that, in addition, the y-coordinate of the
virtual image is displaced by the term, —2z, sinap.

For ap = —ay,
z, =2, z,= —2,
T, =2, z, =2,
Yp = Yo — 2z, sinap Yo = Yo-

Thus, reading out with a beam lying on the opposite side of the z axis
produces an undisplaced virtual image and a displaced real image.

In using the preceding Fresnel-hologram image-coordinate expres-
sions, we must keep in mind that they apply for the condition of axis
of object beam normal to recording plane and plane reference beam
oriented at any angle with respect to object beam. Equality of this
situation with that where both object and reference beams make small
angles with respect to the normal to the hologram recording plane
requires that |a,| (and thus |e,|) are such that sine, ~ tane,.

5.2 Fraunhofer Hologram

For the Fraunhofer hologram, in addition to 2z, =zp—> — « (as for
the Fresnel hologram recorded with plane reference and readout
beams), z,> — . Thus, following similar reasoning as in the several
paragraphs leading to the descriptions of a plane reference beam given
by Egs. [7] and [8], ¢, in Eq. [33] becomes

bo = ko ° (ro - do) [55]
with
27
k,=— (a,sinB, + a, cosB, sina, + a, cosf, cosa,) [56]
Ao
ro—d,=a,z+a,y, [57]

where @, is the angle k, makes with its projection in the y-z plane of
Fig. 1, and «, is the angle between this projection and the z axis. Sub-
stituting Eqgs. [56] and [57] in Eq. [55] gives
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27
¢, =— (x 8inB, + y cos B, sine,). [58]

Ao

(Note that this expression for ¢, could also have been obtained by
letting z,» — « in Eq. [35]).

Assuming both reference and readout beams are plane, of identical
wavelength, and lie in the y-z plane, we substitute Eqs. [53], [54] and
[58] into Eqs. [43] and [44], giving for a Fraunhofer hologram

27

b, ~— <x sinB, + y cosB, sina, — ¥ sine, + ysina,¢> [59]
A,
27

o.~— | —xsinB, — y cosB, sina, + y sine, + ysina, |. [60]
o

If it so happens that the point object lies in the y-z plane then B,=0
and Eqgs. [69] and [60] become

27

¢p ~—1y [ sine, — sina, + sinay, [61]
Ao
27

GPo~—1y <— sina, + sine, + sinay . f62]
Ao

These equations tell us the directions in which the Fraunhofer holo-
gram reconstructed images lie for an object point located in the y-z
plane at — e ; i.e., for x,=0 and z,-» — . If we define a, and «,,
respectively, as the angles between the positive direction of the z axis
in Fig. 1 and the direction in which the primary and conjugate images
lie, we can identify

sina, = sina, — sine, + sinay [63]

sine, = —sina, + Sina, + sinag [64]

from Eqs. [61] and [62]. For identical reference and readout beams,
a, = ap, these become

sine, = sina, [65]
sine, = —sine, + 2sine,. [66]
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When using these formulas we must keep in mind our convention
that all a-angles lie in the y-z plane and are considered positive when
referenced counterclockwise from the positive direction of the z axis.

Example: For a point object located at z,- — « in the second quad-
rant of the y-z plane at 12° from the negative z axis, a,
= —12°. For a reference beam in the third quadrant coming
into the origin of the y-z plane at an angle of 18° with
respect to the negative z axis, «, = 18°. Substituting these
values into Egs. [65] and [66], we find that on playback
with ap =a,, the primary and conjugate images lie, re-
spectively, in the fourth quadrant at o, = —12° and in the
first quadrant at «, ~ 56°.

If ap = —e,, Eqs. [63] and [64] become
sine, = sine, — 2sine, [67]
sina, = —sine, (68]

Exzample: For the same hologram recording geometry as in the prev-
ious example, but with «; = —e,, the primary and conjugate
images lie, respectively, in the fourth quadrant at «, = —56°
and in the first quadrant at a, = 12°.

These examples reveal a striking playback difference between Fresnel
and Fraunhofer holograms. The Fresnel hologram reconstructed
images lie on opposite sides of the hologram plane (i.e., one is virtual
and one is real) ; reconstruction from a Fraunhofer hologram produces
primary and conjugate images on the same side of the hologram plane.

5.3 Lensless Fourier Transform Hologram

As introduced in Section 2 in the discussion associated with Eq.
[2], the way in which 7, is expanded in the exponent of Eq. [1] in
order to make mathematical analysis of the hologram process tenable
can result in the restrictions of paraxial analysis. Eq. [3a] does imply
such a restriction but is certainly of practical use in some cases; e.g.,
recording Fresnel holograms with collimated reference beam and ob-
ject beam normal (and therefore satisfying the paraxial restriction)
to the hologram plane. For a Fraunhofer hologram, the question of
expanding 7, does not arise since both object and reference beams are
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collimated; however, in the case of lensless Fourier transform hologra-
phy the proper expansion of 7, is of great importance, since both object
and reference points are at finite distances from and usually far off
the perpendicular to the hologram plane. Thus, we use Eq. [3b]
and expand r, in a Maclaurin series about d, rather than Z,. Such an
expansion is convergent for dg2> x2 + y2 — 2zxx, — 2yy,. This con-
vergence requirement is less severe than that of the paraxial approx-
imation associated with Eq. [4], because it requires only that light
rays emanating from the object transparency make small angles with
respect to d, rather than z,. Thus, the dimensions (x,9,) of the object
transparency and those of the hologram (z,y) must be small relative to
d,, but the object may be located at any angle relative to the z axis
(see Fig. 1).

Expanding Eq. [3b] about d, and retaining terms only through the
second order yields

or

r,~d, + —_—— [70]

Similarly, expansions of r, and rj, about the distances d, and dpg, re-
spectively, of the reference and readout point sources from the origin
yield

r.~d, + —_—— [71]

rpe=d,+ = - o [72]

Using these relationships, the phase factors ¢,, ¢,, and ¢, become
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27 27 [fat+y?  xx, YUY,
¢o:_(ro_do)~—'— —_—— = [73]
AD o 2do do do
2n 27 /x4 y* xx, Yy,
$p=—(r,—d) ~— - [74]
A, Ay 2d, d, d,
27 2z (24 Y xxp Yy
pp=—(rp—dp) ~— —_— ). [75]
Ap Ap 2dg dp dg

As shown in Fig. 2, d, ~ d, for all object points; also, Ap = A, and dp
=d, usually. Using these equalities and substituting Eqgs. [73]1, [74],
and [75] into Eqs. [43] and [44] yields

¢p =¢,— ¢+ ¢r
27 fx*4+ Yyt xx, WYY,
=— _— [76]
A\ 24, d, d,

¢c = _(¢o _¢r _¢R)

2r (x+yt  x(2x,—2) Y2y —y,)
__> [77]

A \ 24, d, d,

Comparing these with ¢, in Eq. [73], we see that the primary and
conjugate image coordinates are

d,=d, d.,=4d,
z, =2z, z,=2x, — X, [78]
Yp =1 Ye = 2Y, — Yo

To interpret this result, we note first that the angular direction of d,
is determined from the signs of the object coordinates ,, ¥, 2,- Thus,
Eq. [78] indicates that if the object point is to the left of the hologram
plane (as illustrated in Fig. 1), so are the primary and conjugate
images. We must keep in mind, of course, that this is true because
we assumed the reference point source was also located to the left of
the hologram plane in our derivation of Eq. [78). On readout we have
an alternative choice for the location of the readout point source. It
could be located either to the left or right of the hologram plane. In
other words, since the readout beam must be spherically shaped it
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either emanates from a point to the left of the hologram plane {z, = z,,
2, negative) or converges to a point to the right of the hologram
plane (z, = —z,).

For z, =z, and z, = —x,, Eq. [78] tells us there exist two virtual
images—a primary aberration-free image at the same position (z,
=1,) as the original object and a conjugate image located at x,
=2(—x,) — 2, = —3%,, or a distance |2z,| below the position of the
reference point source in Fig. 2. Of course, this position is specifically
that for the object point located exactly at a distance |£,]=|x,|] from
the z axis. Since there is only one point reference source but many
object points. the general relationship is z, =~ 22, —x, = —3x,.

For z, = —2, and z, = —zx,, the readout beam converges to a point
to the right of the hologram plane, i.e.,, a mirror image (with Tespect
to the z-y plane) of the original reference point source location. In
this case, Eq. [78] indicates that two real images are produced that are
inverted with respect to the previous readout condition. That is, the
change of signs of z, in Eq. [75] with respect to z, in Eq. [74] causes
Eq. [78] to yield an aberration-free conjugate image.

Comparing these lensless Fourier transform hologram results
with those of the Fresnel and Fraunhofer holograms, we note the
unique distinetion that in the LFT case either virtual or real images
are produced on readout but never a combination.

6. Recording Arrangements and Practical Considerations

For the recording of sequences of holograms with the intention of
producing motion picture images on playback, the discussions above
reveal that CW readout is possible with Fraunhofer and lensless
Fourier transform holograms, while Fresnel holograms require a pulsed
readout beam to preserve image stability. Thus, for such an applica-
tion the Fraunhofer and lensless Fourier transform holograms permit
construction of a more simple playback mechanism, e.g., since CW
readout is possible, frame-to-frame synchronization is not required.
The lensless Fourier transform hologram has the obvious advantage
of requiring no lens, but also the slight disadvantage (because of the
approximate Fraunhofer nature of the lensless Fourier transfer holo-
gram) of yielding not quite as good image immobility as a Fraunhofer
hologram. The emphasis on phase holograms in this paper is based,
of course, on the desire to record easily-replicable holograms. Thus,
a pragmatic thread running through the presentation of recording
arrangements that follows is the necessity to record these holograms

RCA Review e Vol. 33 ¢ March 1972 197




in the form of relief patterns to permit mass production of inexpensive
vinyl tapes, as discussed in detail elsewhere in the literature.?

Recording arrangements for the different types of holograms dis-
cussed above are illustrated in Figs. 4, 5, and 6. The entire recording-
table arrangement is shown in Fig. 4 for the Fresnel hologram; Figs.
5 and 6 illustrate just the portions of the recording arrangement that
differ from those in Fig. 4 for the Fraunhofer hologram and the lens-
less Fourier transform hologram.

In the selection of components for the various recording arrange-
ments, consideration must first be given to stability. Since optical
holography demands the recording of fringe spacings on the order of a
micrometer, the recording table must be isolated from building vibra-
tions. Isolation can be accomplished by a variety of techniques, the
most common being suspension of a massive slab of granite or rigid
metal (typically aluminum or steel) or a wood platform on (1) air-
inflated rubber tubes, (2) an interfaced series of thick rubber sheets
and sandboxes, or (3) a set of air-piston legs. If cost is not a factor,
the massive granite slab supported by air-piston legs seems to be the
optimum configuration; however, quite satisfactory “stable tables” of
honeycombed metal and wood structures supported by air-piston legs
are also available at much lower costs. (Some manufacturers also offer
magnetic-based optical bench components as a convenience for use on
steel-topped tables, while other manufacturers usually provide drilled
and 14-20 tapped holes spaced on 2-4 inch centers to permit the fasten-
ing of components to the table top.) In any case, it is advisable to
encase the table-top within an enclosure in order to minimize air
currents which tend to move (refract) the object and reference beams
during recording. The usual material used for this purpose is plastic,
which is opaque at the wavelength of the laser light and therefore
isolates it from the rest of the laboratory for personnel safety.

The laser must be chosen to satisfy the irradiance and wavelength-
sensitivity requirements of the hologram recording material, and its
coherence length must be of sufficient magnitude to permit flexible
arrangements on the recording table. At the present state of the art
of hologram recording on polyester (e.g., Cronar) tape coated with
Shipley AZ-1350 photoresist,” an argon or helium-cadmium laser is
used. For the Ar laser, A = 457.9 nm, output power = 250 mW, and
coherence length = 6 cm; for the HeCd laser, A = 441.6 nm, output
power = 100 mW, and coherence length = 25 e¢m for isotope Cd or 6
em for natural Cd. For uniform irradiance across the hologram record-
ing plane, these lasers are operated in the TEM,, mode. In this mode,

198 RCA Review e Vol. 33 ¢ March 1972




MIRROR |

BEAM TO OBUECT

BEAM RATIO OF N

LUl CALLS \ REFERENCE BEAM

TRANSPARENCY y, REFERENCE BEAM

IN OBJECT LEG) s -
MIRROR 2

/
10X QBJECTIVE

LASER &
»
K
BEAM SPLITTER ——
{GIVES REFERENCE L0208 ECHIVE

~

RECORDING CONSIDERATIONS

10pum PINHOLE

r— 40mm LENS

St ~ 35mm LENS

P
iil(lpm PIN"OLEJb'\ 1y

N
S U -

PHASE GRATING
7508 /in

0BJECT
" TRANSPARENCY

-
4oma /" yorbgram
RECORDING
PLANE

75mm LENS

Fig. 4—Typical Fresnel hologram recording arrangement.

T5mm LENS
PHASE GRATING
7508 /in
10X OBYECTIVE
e </ 0BJECT
TRANSPARENCY
/ \
10um \ )
PINHOLE

rfoke

LENGTH t + 50mm

7 /o
SN

7

/
REFERENCE BEAM I worvenam
RECORDING
PLANE

Fig. 6—Typical Fraunhofer hologram recording arrangement. Remainder
of recording arrangement to left same as in Fig. 4.

ISmm LENS

PHASE GRATING
50t/

0BUEC
TRANSPAR

REFERENCE BEAM
5mm I.ENSX

'Opm PINHOLE
(ACTS AS POINT SOURCE)

Fig. 6—Typical lensless Fourier transfo

ment. Remainder of record
Fig. 4.

T
ENCY

HOLOGRAM
RECORDING
PLANE

rm hologram recording arrange-

ing arrangement to left same as in

RCA Review e Vol. 33 ¢ March 1972 199




the laser output is essentially a plane wavefront with gaussian-distrib-
uted energy cross section—the so-called “gaussian energy profile”.”®

Since the laser generates considerable heat and therefore is likely
to create air currents, it should not be included with the other record-
ing components within the table-top plastic enclosure. Further if it is
mechanically cooled in any way (e.g., by blower or water), it should be
moved to a separate table to isolate its vibrations. In any case, care
should still be given to enclosing the output beam within a tube of
some sort along its entire length.

As shown in Fig. 4, the coherent light from the laser is separated
into object and reference beams by a variable beam splitter. The
“variability” property of this beam splitter is quite important, because
it permits the careful control of the radiance of its reflected and trans-
mitted beams for optimum reference-beam/object-beam radiance ratio
and, therefore, balancing linearity of hologram recording against holo-
graphic diffraction efficiencies. Also, from another point of view, the
use of a variable beam splitter permits maintaining a desired object-
to-reference beam ratio for a variety of object transparencies.

The mirrors following the beam splitter in Fig. 4 enable proper
orientation of the object and reference beams to achieve a desired
angle of interference at the hologram recording plane. To minimize
radiance loss, the coatings on these mirrors should be selected for
optimum reflectance at the desired wavelength and angle. To maintain
spatial coherence after reflection, the coating must be uniform across
the mirror surface.

The beam expanders in both the reference- and object-beam legs
of the recording arrangements must be selected with several con-
straints in mind. Basically, the beam expanders are used to provide a
uniform irradiance across the hologram plane and to allow insertion
of a pinhole spatial filter at their common internal focal point. Since
the cross-sectional output radiance distribution of the laser beam is
gaussian shaped,'® the beam-expander parameters are chosen to spread
the beam sufficiently so that the central beam area covers the hologram
area at the recording plane. The formula for this design aspect is
do/d, = fo/f1, where d, is the desired output beam diameter, d, the
input beam diameter, f, the focal length of the output lens, and f, is
the focal length of the input lens. The lenses should be AR-coated and
wavefront-corrected to A/20 at least; obviously no chromatic correc-
tions are needed, however, because of the single-color recording light.
The pinhole spatial filters “clean” the light in the object and reference
beams, essentially by filtering out high-spatial-frequency light com-
ponents and passing primarily the fundamental. The diameter of the
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pinhole is chosen to provide a diffraction limited spot at the 1/¢* points
of the gaussian-shaped beam at the output of the beam expander in
accordance with the formula D = 4Xf,/=d,. In practice, the pinhole
diameter is usually chosen equal to 2D.

The angular orientation of the two beams shown in Fig. 4 is
typical of the present state of the art. The selection of this angle
derives from a consideration of several factors. Foremost among these
is the resolution capability of the recording material—a photoresist in
the case of embossable phase holograms.! The spatial resolution cap-
ability of a given photoresist is usually expressed in terms of the
highest spatial frequency f it can reliably record. Knowing this fre-
quency, the maximum angles between the reference and object beams
and the normal to the recording plane can be found from the equation?®

sinf, + sind,
f=2fetfi=——,
A

where f = maximum spatial frequency resolution capability of re-
cording material

fe = carrier spatial frequency of the hologram

2f; = information spatial frequency bandwidth of the object
transparency

A = recording laser wavelength

f, = maximum angle between reference beam and normal to
recording plane

6, = maximum angle between object beam and normal to re-
cording plane.

While this equation yields maximum reference- and object-beam angles
based on maximum resolving power of the photoresist, we must also
be concerned about minimum angles in order to avoid hologram spec-
trum overlap. To avoid spectrum overlap, f,=3f. As an example,
f ~ 1500 line pairs/mm for Shipley AZ-1350.! For a typical motion-
picture-frame object transparency, 2f, = 600 line pairs/mm or fi =300
line pairs/mm. Since f,= 3f,, f, can be chosen as 1200 line pairs/mm
and, from the above equation, the angle between reference and object
beams for A = 441.6 nm is 30°.

In the recording of hologram motion pictures, another factor in-
fluencing angular orientation is the physical limitation placed on the
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mechanical design of the object-film and recording-tape transports by
the desired hologram size. If very small holograms are to be recorded
a requirement for a particular angle between the object and reference
beams may have to be modified in order to accommodate the constraints
imposed by the transport structures.

The phase grating in the object-beam leg in Figs. 4, 5 and 6 is not
a necessary component of a hologram recording arrangement; however,
it offers certain advantages. Without the phase grating, a nonredund-
ant hologram recording results; i.e., the object information is recorded
uniquely across the hologram plane. Insertion of a phase grating (of
which there are several varieties) into the object beam in the position
shown in Fig. 4 spreads information from each object point over
several portions of the recording plane, resulting in a redundant holo-
gram. In addition to making the hologram immune to mutilation,
redundant recording causes the reconstructed images to be relatively
free of defects caused by all the optical elements in the system. These
include optical surface scratches, dirt particles, and similar defects
that plague coherent optical systems. The improvement effected by
this use of a grating is vividly demonstrated in Ref. [1] and [2] and
elsewhere in this issue of RCA Review.*

The final lens in the object-beam leg of Fig. 4 is used to control
hologram size at the recording plane; in particular, its focal length
(e.g., 35 mm in Fig. 4) is chosen as a tradeoff among desired hologram
size, required signal-to-noise ratio, acceptable resolution, and resolu-
tion capability of the recording material.! For the system under con-
sideration in this paper, this tradeoff allows a minimum Fresnel
hologram size of approximately 1 mm2. For the Fraunhofer hologram
setup of Fig. 5, the focal length of the lens (50 mm in Fig. 5) is again
chosen on the basis of a tradeoff involving hologram size, signal-to-
noise ratio, and resolution, but notice that it follows rather than pre-
cedes the object transparency.? The object transparency is positioned
at the back focal plane of the lens in order to produce the Fourier
transform of the object transparency at positions beyond the lens. The
exact Fourier transform is formed of course, at the front focal plane,
but because of the limited dynamic range of present recording mater-
ials, the recording is made to either side of the front focal plane.

Notice in Fig. 6 that lenses are placed in both the object and
reference beams in order to provide spherical wavefronts of equal
sphericity and thus to form a lensless Fourier transform as explained

* A. H. Firester, E. C. Fox, T. E. J. Gayeski, W. J. Hannan, and M. J.
Lurie, “Redundant Holograms,” this issue, p. 131.
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in Sec. 5.3. In accordance with the requirements of forming a lensless
Fourier transform hologram, the final reference-beam lens is positioned
so that its front focal point is located at the same distance from the
recording plane as the object transparency. A pinhole spatial filter
is placed at this focal point so as to closely approximate an ideal
point source. The focal length of this lens is chosen to provide a
reference-beam size at the recording plane that overlaps the object-
beam size determined by the final lens in the object-beam leg.

Note the different orientations of the recording plane in Figs. 4,
5, and 6. In Fig. 4, the recording plane is oriented normal to the
object-beam axis in order to satisfy the Fresnel hologram analysis
above, while in Figs. 5 and 6 the recording plane lies oriented sym-
metrically with respect to both tlie object- and reference-beam axis. For
Fig. 6, the LTF theory requires that the recording plane lie normal to
the bisector of the angle between the object- and reference-beam legs.
For the Fraunhofer arrangement in Fig. 5, the hologram recording
plane lies normal to the “approximate” bhisector of the angle between
the object- and reference-beam legs. This arrangement offers a greater
degree of image immobility on transmission readout when the hologram
is subjected to an incremental rotation about the axis in the plane of
the hologram. According to the theory of Ref. [2], the hologram
plane should lie normal to the “exact” bisector of the angle between
object- and reference-beam legs; in practice, however, this would cause
the reference beam to reflect into the image on recording. Therefore,
the hologram is positioned slightly off the normal (e.g., 12° instead of
15° in Fig. 5) on recording but is read out symmetrically. The image
is of course, somewhat more sensitive to holotape twist due teo this
change but, fortunately, the resulting image defects are quite
tolerable.*

Playback arrangements for the three hologram types are shown in
Fig. 7, where only the positions of the aberration-free images are
indicated. One obvious advantage of the Fresnel hologram evident
from this figure is that no lens is needed on readout. However, a
significant disadvantage is that such a hologram does not yield im-
mobile images with respect to hologram motion; thus, for a motion
picture application, either a pulsed laser or frame shuttering with
appropriate synchronization would be required to prevent image smear.

Since both the Fraunhofer and LFT holograms do yield immobile
images on readout, a simple ew laser (e.g., HeNe) can serve as the
coherent source. Both require lenses but the LFT has a more stringent

* R. A, Bartolini, M. Lurie, and D. Karlsons, “Wavelength Dependent

Distortion in Fraunhofer Holograms—Applications to RCA Holotape”, this
issue, p. 154.
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lens requirement—a precision duplication of the reference beam is
necessary to provide acceptable wavefront reconstruction. In either
case, one demand on the playback transport mechanism is to keep the
tape as flat as possible, which is a requirement for proper Fourier
transformation. In this regard, to help minimize image motion caused
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Fig. 7—Transmission playback arrangements for reading out undisforted
primary and conjugate images from Fresnel, Fraunhofer, and LFT
holograms.

by unavoidable time-varying tape twist as the tape moves through the
readout beam, a readout angle equal to the diffraction angle is chosen
(both angles referred to the normal to the hologram plane). It has
been shown® that this “symmetrical” angle readout technique offers
the greatest degree of tolerance to hologram misalignment, consistent
with image-resolution requirements. In addition, use of Fraunhofer
holograms permits simple readout alignment, since the resulting image
is in focus at infinity, i.e., the position of the hologram with respect
to the readout lens is noncritical within the field of view of the read-
out lens.
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Summary

The theory, rules of thumb, and practical aspects of recording replic-
able holograms on vinyl tape for use in RCA’s Holotape Television
playback system have been presented. The requirements of replication
dictate that phase holograms be recorded, and the use of Fraunhofer
holography along with symmetrical angle readout provides motion-
picture immobility with no need for a pulsed laser or a shutter. The
recording configurations for comparing the several types of hologram
recording were shown in detail and the selection of each component
was discussed. The theory underlying these configurations was pre-
sented and the distinctions between the paraxial and nonparaxial
approaches to analysis were delineated.
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Thermoplastic Media for Holographic Recording

T. L. Credelle and F. W. Spong
RCA Laboratories, Princeton, N. J.

Abstract—Thermoplastic-photoconductor media for holographic recording com-
bine the advantages of high sensitivity and resolution, dry and nearly
instantaneous in situ development, erasability, and high readout effi-
ciency. This article reviews the structure, tabrication, and techniques
for holographic recording in this medium. Several new results are re-
ported including holographic grating efficiencies of 40%, image recon-
struction efficiencies of 35% with littie distortion, resolution in excess
of 4100 cycles/mm, insensitivity to high ambient light levels during
recording, and a post development step to increase the diffraction
efficiency of weak holograms.

Introduction

There has been an interest in deformable media for recording and
display devices since the early 1940’s'” and an interest in deformable
films for holography since 1966.*° As a recording material, the de-
formable film has several advantages: all processing is dry, develop-
ment is essentially instantaneous and can be done in situ, information
can be erased and the medium reused, dark handling is eliminated in
most cases, resolution in excess of 4000 cycles per millimeter can
be achieved, and either light or electrical charges can be used for
exposure.
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As a holographic recording material, thermoplastics—one class of
deformable films—have the following desirable properties: good sensi-
tivity (comparable with very high resolution photographic emulsions,
e.g., Kodak 649), high efficiency (since thermoplastics are a thin phase
media), erasability, development in situ, and bandpass spatial fre-
quency response, which we have shown reduces intermodulation
distortion.

In this article we review holographic recording in thermoplastic-
photoconductor media including sample fabrication and recording tech-
niques. Examples of holographic gratings and Fraunhofer holograms
are presented. We also report several new results in thermoplastic
holographic recording: holographic interference gratings with 40%
diffraction efficiency, image reconstruction efficiencies of 359% with
little intermodulation distortion, resolution in excess of 4100 cycles/mm,
demonstration of insensitivity to high ambient light levels while
recording, holograms of incandescent objects, and a post development
step to increase the diffraction efficiency of weak holograms.

Thermoplastic Holography

The thermoplastic hologram is recorded as a thickness variation cor-
responding to the light intensity pattern of a holographic fringe pat-
tern. Since the thermoplastic is usually light-insensitive, it must be
combined with a photoconductor, either in a “sandwich” structure or
in a single layer where the photoconductor is dissolved or dispersed in
the thermoplastic.** The sandwich structure, i.e., a thermoplastic
layer overcoated on a photoconductor layer, has been used throughout
these experiments because higher photosensitivity is obtainable for
the thermoplastic thicknesses used to record at high resolution (e.g.,
0.4 um at 1200 cycles/mm). For this reason the discussion will be
limited to a description of the sandwich structure only.

The recording medium consists of this sandwich structure on a
conductively-coated substrate. Shown in Fig. 1 is the basic structure;
there are three elements of interest coated on a smooth, optical quality
substrate, e.g. glass or Cronar (an optical quality polyester film avail-
able from E. I. DuPont Co. Inc.). The conductive coating is a trans-
parent or semi-transparent layer either sputtered or evaporated to
obtain the necessary surface resistance. Next an organic photo-
conductor is coated from a solvent solution to a thickness of 1-3 um for
these experiments. Finally a layer of thermoplastic is overcoated onto
the photoconductor—the thickness is determined by the spatial fre-
quency response desired.'®
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Fig. 1—Basic recording medium—*“sandwich” structure.

The usual technique of recording can be described by referring to
Fig. 2. The first step is to establish a uniform charge on the free
surface of the thermoplastic, e.g., with a corona-charging device. The
voltage, typically several hundred volts, is capacitively divided between
the photoconductor and thermoplastic layers. The second step is expos-
ure to illumination; the photoconductor conducts in the illuminated
areas and acts to discharge the voltage across it. However, the surface
charge density on the free thermoplastic surface is unchanged; hence,
the electric field at the surface is uniform and, therefore, the electro-
static force is constant along the surface. To establish a force vari-
ation on the thermoplastic, the surface is recharged to a uniform
potential, thus adding charge to the thermoplastic-photoconductor
sandwich where illuminated. Finally, the thermoplastic is heated to
its softening temperature, typically 50°-100°C, and the electrostatic
forces deform the surface as shown. Deformation proceeds until the
electrostatic forces are balanced by surface tension restoring forces,
unless limited by viscous forces. When the thermoplastic cools, the

[ XX XXXXIXXXX]

- 1) CHARGE

L":L L"J
(R EXXXIXXXX]

G i l 2) EXPOSE

i"' ‘ 3} RECHARGE

{ i 4) HEAT DEVELOP

Fig. 2—Sequential recording technique. For simplicity, only the thermo-
plastic (top layer) and photoconductor are shown.
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information is “frozen in’” as a surface relief pattern. To erase the
information the thermoplastic is heated so that surface tension smooths
out the thickness variation. Any residual charge pattern will be dis-
charged by the increased electrical conductivity of the thermoplastic
and photoconductor.

We have used two other techniques with success in the recording
of thermoplastic holograms. These techniques involve “simultaneous”
rather than “sequential” charging and exposure; that is, exposure to
incident radiation is made during corona charging. The advantage of
the simultaneous technique is that a larger charge-density modulation
can be created on the thermoplastic surface; it also reduces recording
to a two-step process.

Simultaneous recording can be done in one of two ways: (1) charg-
ing and exposure before heating and (2) charging and exposure
immediately after or during heating. In the first case the charge
pattern (corresponding to the holographic fringe pattern) is created
while the film is at ambient temperature; a developing heat pulse is
then applied. In the second case, the charge pattern is formed as the
thermoplastic cools. Since charging and exposure continues while
the thermoplastic surface is deforming, there exists an increasing
electrostatic force; i.e., if the potential on the thermoplastic surface is
maintained (by continuous charging, for example) as deformation
occurs, the charge density in the grooves will be increased. Thus the
electrostatic forces will also be increased in that region. In this mode
of operation, the deformation will continue until either the surface
tension and viscous forces balance the increased electrostatic force
or until the thermoplastic film is torn apart along the bottom of the
grooves. We have seen this tearing phenomenon in scanning electron
micrographs of high efficiency thermoplastic holograms.

Sample Fabrication

When choosing materials to be used in thermoplastic recording, certain
requirements on the substrate, the photoconductor, and the thermo-
plastic must be considered. The substrate should have a good, optic-
ally flat surface and should be at least semi-transparent for viewing
in transmission. If the conductive coating is to serve as a resistive
heater, it must withstand 1-10 J/cm?2 heat pulses. In addition it should
be semi-transparent, but not necessarily anti-reflecting, as reflection
fringes are not recorded in thermoplastic holograms (see experimental
results and discussion). If an external heat source is used (e.g., hot air
or radiant heating), the conductive coating can have a surface resist-
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ance as high as 10 ohms/square and still provide a ground for charg-
ing. The photoconductor may be any organic or inorganic photo-
conductor that is sensitive to the incident radiation used and that has
a low enough dark current to prevent rapid dark decay. The main
requirements on the thermoplastic are that it have a high enough
softening temperature to prevent cold flow at room temperature, that
it have a high enough resistivity so that the charge pattern placed
on the free thermoplastic surface does not decay before the pattern is
heat developed, and that the solvent used for coating the thermoplastic
layer does not attack the photoconductor layer.

The substrate materials used in most of these experiments were
commercial indium oxide coated glass,* evaporated chromium-gold on
glass, and evaporated chromium-gold on 0.004-inch Cronar. Holo-
gram size was typically 10 X 10 mm. As substrate heating was used
in this study, the surface resistance of the conductive coating was
from 10 to 50 ohms/square.

An organic photoconductor, polyvinyl carbazole (PVK),} sensitized
with 2,4,7 trinitro-9-fluorenone (TNF),} was chosen. It has nearly
panchromatic photoresponse,” a low dark current, and can be coated
easily from a solvent solution. PVK/TNF with a molar ratio of 8:1,
was dissolved in a 1:1 mixture of 1,4 dioxane and dichrloromethane.
Concentration (approximately 6%) of solids was adjusted to yield a
2.5 um coating when “pulled” at approximately 13 em/min. Samples
were “pulled” in a dry environment (relative humidity < 25%) to
prevent fogging of the photoconductor layer. We have used other
solvents, including tetrahydrafuran and 1,1,2 trichloroethane; the
latter solvent may be used with humidities up to 65%.

Photosensitivity at 441.6 nm of this photoconductor was measured
with a Monroe feedback electrometer; typical results are shown in Fig.
3. The photoconductor layer was first charged to its breakdown limit.
The photosensitivity curves were obtained by exposing the charged
layer to short pulses of light and monitoring the change in surface
potential. The data shown in Fig. 3 is for a 2.9-um-thick photocon-
ductor layer with a gold electrode. The breakdown-field strength was
1.1 X 108 V/em. Sensitivity at 441.6 nm was 22 nC/uJ for a charge
contrast of 110 nC/em2. The average quantum efficiency was 0.11
electrons/absorbed photon. PVK/TNF has a field dependent quantum
efficiency ;" the value of 0.11 is an average from the breakdown field to
half that value.

* Available from Pittsburgh Plate Glass
1 Available from Polysciences, Inc.
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The thermoplastic used in most of these experiments was Staybelite
Ester 10,* a derivative of a natural tree resin, dissolved in petroleum
ether or hexane. A 0.5-um coating was obtained when the sample
was pulled from a 209 solution at a rate of about 13 em/min. All
layer thicknesses were measured with a Watson Barnet interferro-
metric microscope objective. The ‘“write” temperature of this thermo-
plastic is in the 40-50°C range; the “erase” temperature is approx-
imately 70°C. The complete thermoplastic-photoconductor film was
baked for 1 hour at 60°C.
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Fig. 3—Photosensitivity of 2.9 sm layer 8:1 molar ratio PVK/TNF. Con-
ductive substrate consists of evaporated Au-Cr on glass.

Experimental Apparatus

The techniques used to investigate the properties of thermoplastic
holograms involved making both two-beam holographic gratings and
Fraunhofer holograms. The basic experimental apparatus, shown in
Fig. 4, consists of a standard holographic table where the object and
reference beams intersect at an angle of 30°. A He-Cd laser provides
approximately 100 mW of power at 441.6 nm. The corona power supply
used to charge the thermoplastic-photoconductor film is a 0-10 kV
supply and can be operated at either positive or negative polarity.
Typically, positive voltage of 6-10 kV were used in our experiments.
The heater pulse supply consists of a pulse generator, a mercury relay,
and a dc power supply for resistively heating the conductive layer on
glass slides; to heat the flexible substrates, the pulse generator is used

* Available from Hercules, Inc.
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Fig. ——Experimental apparatus for two-beam interference-grating exposure.

in conjunction with an rf transmitter (described below). Readout
of these holograms is immediate, as the development is done in situ.
The projected interference pattern between the object and recon-
structed wavefronts can be viewed on a screen, or the power diffracted
into the first order can be monitored with a Si photodiode. Use of
this detector with an oscilloscope, as shown in Fig. 4, allows accurate
determination of the heat pulse required for full development.

The rf heating technique is used with the flexible Cronar sub-
strates.? Heating is still through Joule losses in the resistive layer,
but contact is made capacitively through the Cronar. Fig. 5 is a
diagram of the heating apparatus and equivalent circuit. Two brass
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FT777 e
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CONDUCTOR-
.004" CRONAR

RF ELECTRODE
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Fig. 5(a)—RF heating apparatus and (b) simplified equivalent circuit.
Capacitance is determined by thickness of Cronar and area of
tape in contact with rf electrode.
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“shoes” serve as rf electrodes and as heat sinks to localize heating to
the gap. Rf power, approximately 50-100 watts, is capacitively coupled
through the Cronar; rf current then flows through the resistive
layer, heating the thermoplastic. Capacitive reactance of the 16-mm
Cronar at 50 MHz is approximately 25 ohms for a 3-cm electrode.
Using this technique, series of holograms have been made on tape
without erasing adjacent information.
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Fig. 6—Fraunhofer recording and readout apparatus.

The Fraunhofer recording and readout apparatus is shown in Fig.
6. It consists of a collimated reference beam and an object path
including a redundancy plate, a film transparency, and a Fraunhofer
lens that is a focal distance from the object.”* A television camera is
used to monitor the “object” image and the reconstructed image
after the hologram is formed. The charging and heating techniques
are the same as used for the grating experiments.

Experimental Results and Discussion

The response to the simplest holographic signal, a sinusoidal charge
pattern, is a periodic rippling of the thermoplastic surface. In the
absence of any signal charge pattern, i.e., with a uniform surface
charge on the thermoplastic, a “frost” pattern can be developed.?
This frosting is a random deformation of the thermoplastic and it
has been observed that this deformation has a dominant spatial
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frequency dependent primarily on the thermoplastic layer thickness
(the dominant spatial wavelength is approximately twice the thick-
ness).'® Associated with this dominant or “resonant” spatial fre-
quency is a bandpass spatial-frequency response. A typical example of
frost deformation is shown in Fig. 7. The frost was formed by uni-
formly charging a thermoplastic layer and then heat developing.
Thermoplastic thickness was 0.4 pm and dominant wavelength was
approximately 1 pm.
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2

Fig. 7—Example of quasi-random frost deformation (thermoplastic thick-
ness is 0.4 sm and dominant wavelength is approximately 1 um).

The thickness is adjusted for the particular holographic record-
ing geometry to center the bandpass spatial-frequency response on
the information spatial frequencies. Holographic ‘“‘signal” information
then replaces the quasi-random frost.® The information bandwidth
should be less than the thermoplastic bandwidth to prevent shading or
vignetting in the reconstructed image, since there is, in our Fraun-
hofer recording setup, a one-to-one correspondence between locations
in the object plane and spatial frequencies in the hologram. Using
the sequential-recording technique, we have demonstrated holographic
recording with very little shading at a center frequency of 1200
cycles/mm and an object bandwidth of 500 cycles/mm for a thermo-
plastic thickness of approximately 0.4 um.

Simultaneous Recording

We have recorded high-efficiency, low-noise, low-distortion thermoplas-
tic holograms using one of the simultaneous recording techniques (i.e.,
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heat, then charge and expose simultaneously). In this mode the electro-
static driving forces are stronger and one need not record at the
resonant spatial frequency; in fact, much thinner thermoplastic layers
can be used then predicted by the factor of two rule relating dominant
wavelength and thickness. Fraunhofer holograms, with a center fre-
quency of 1170 cycles/mm and a bandwidth of 500 cycles/mm, have
been recorded in thermoplastics with thicknesses of 0.10-0.20 pm where
the predicted resonant spatial frequency is 5,000-2,500 cycles/mm.
Little or no shading was seen in the reconstructed images.

If the application permits, the simultaneous mode with thin thermo-
plastic layers is preferred to the sequential mode because virtually
frost-free, highly efficient holograms can be recorded. The superior
signal-to-frost ratio of the simultaneous mode probably can be ex-
plained in terms of the following considerations: (a) a threshold
electric field for frost exists,’* whereas an applied signal does not have
such a threshold response; (b) any small deformation of the surface
will be enhanced by electrostatic forces, which increase as deformation
proceeds. Thus, an applied signal can form a small deformation that
is driven by an increasing field as corona charging proceeds. By the
time the frost threshold is reached, the signal deformation is strong
enough to suppress frost.

The strong electrostatic forces associated with simultaneous re-
cording permit the achievement of both higher efficiency and higher
resolution than obtainable with sequential recording. We have achieved
first-order diffraction efficiencies of up to 409, which exceeds the
theoretical diffraction efficiency for sinusoidal thin phase gratings
(34%). The gratings produced have a symmetrical profile or wave-
shape. If the gratings are tilted from normal incidence, however, up
to 609% of the transmitted light can be diffracted into one of the first
orders. This “blaze effect” is a result of refracted light coinciding
in direction with one of the first-order diffracted beams and is a
symmetrical effect.

The high efficiency gratings were recorded in a sample of 12-um
photoconductor and = 0.2 pm thermoplastic at a spatial frequency of
1170 cycles/mm. (30° between beams at 441.6 nm). Efficiency was
measured at 441.6 nm. Scanning electron micrographs (SEM) of
these high efficiency gratings show a nonsinusoidal waveshape as
expected; Fig. 8 is a typical example of the grating, where the SEM
photograph was taken at an angle of 60° from the normal te the
sample. It can be seen that, in this case, the electrostatic force
during deformation was strong enough to force all of the thermo-
plastic material into the ridges, leaving the underlying photoconductor
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layer exposed. The rough edges suggest that a tearing apart of the
thermoplastic material in the valleys has occurred. The shape of these
gratings approximates that of a half-wave rectified sine wave.

We have found the limiting resolution of these films to be in excess
of 4,100 cycles/mm (130° between beams at 441.6 nm). Diffraction
efficiency at 4,100 cycles/mm was approximately 19%. At 1850 cycles/
mm, it was greater than 10%. Perhaps these efficiencies might be
increased by optimizing thermoplastic and photoconductor thicknesses.

— 1pn |-

Fig. 8—Scanning electron micrograph of high efficiency, low noise, 1200
cycles/mm holographic grating recorded in simultaneous mode.
Grating profile approximates a half-wave rectified sine wave.

Sequential Recording

Although the simultaneous mode with thin thermoplastic layers has
excellent properties with respect to efficiency and signal-to-frost noise
ratio, it is desirable in several applications to separate exposure from
development. For example, when the use of flexible substrates is
required, substrate deformation during heating seriously degrades
the holographic fringe contrast. This temporary deformation causes
no problem in the sequential mode of recording. Furthermore, in
application to real-time holographic interferometry, the “zero fringe”
condition between object and reconstructed wave fronts can be obtained
only with the sequential mode of recording. Moreover, in the sequential
mode the zero fringe condition is readily achieved even with flexible
substrates, e.g., Cronar.
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To record in the sequential mode, the thermoplastic thickness is
adjusted to record at the resonant spatial frequency. For example,
a thermoplastic thickness of 0.45 pym is used for holographic recording
at 1170 cycles/mm. Thinner layers used at this frequency are ‘“‘off
resonance”; the signal-to-frost noise ratio is drastically reduced, and
the reconstructed images are shaded. We have recorded holograms in
this mode with frequencies up to 1850 cycles/mm, with corresponding
thermoplastic thicknesses, down to approximately 0.25 um. The effi-

Fig. 9—Scanning electron micrograph of 1170 cycles/mm holographic
grating recorded in sequential mode. Frost noise is seen as a
quasi-random modulation of the fringes.

ciency is low, 2-5%, at these high frequencies. This is not surprising,
since charge contrast is limited by breakdown in the thin layers, and
surface-tension restoring forces at a given corrugation depth are
stronger for high spatial frequencies. Fast heat pulses (2-3 msec)
were necessary to develop these holograms.

Sequential recording at 1170 cycles/mm has been used to record
holograms with diffraction efficiencies of up to 229 (exposure =~ 160
pJ/cm? at 441.6 nm). Heat development is not critical and heat
pulses, typically 100 msec in duration, could be applied several minutes
after exposure.

An example of a holographic grating made in a sample having 2.5
pm photoconduetor and 0.45 um thermoplastic is shown in Fig. 9. This
SEM photograph, taken at an angle of 45° from the normal, is a
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“noisy” section of the grating; the frost noise is seen as a quasi-
random modulation of the ripples. Diffraction efficiency was approx-
imately 109 at 441.6 nm.

Fraunhofer Holograms

Using the experimental apparatus shown in Fig. 6, Fraunhofer holo-
grams have been recorded in thermoplastics on both glass and Cronar
substrates. This experimental arrangement allowed monitoring of the
object transparency and viewing of the reconstructed image, using
the reference beam for readout. Recording angle was 30° and the
441.6 nm He-Cd laser line was used. Information bandwidth was
approximately 500 cycles/mm centered at 1170 cycles/mm.

Fraunhofer holograms have been recorded using both the sequen-
tial and simultaneous recording techniques with diffraction efficiencies
up to 35% at 441.6 nm for the simultaneous method. An example of
a simultaneous mode thermoplastic hologram is shown in Fig. 10; the
object transparency, a standard test pattern, and the reconstructed
image were displayed on a television monitor and show the full 5 MHz
resolution. Thermoplastic layer thickness was approximately 0.2 pm;
diffraction efficiency was 219 at 441.6 nm. The main source of noise
in these holograms was the random frost deformation. Signal-to-noise
ratio for a standard test pattern was measured to be 27 dB over the
0-5 MHz frequency range (peak-to-peak signal to rms noise). There
is also a slight shading from right to left which corresponds to a roll
off in the spatial frequency response at low frequencies. With sequen-
tial recording, the thermoplastic thickness was adjusted so that shading
in the hologram image was minimized. By varying the thermoplastic
thickness *=10% from a nominal 0.45 um, the shading could be
shifted from the high spatial frequency side of the image to the low
frequency side. With good control on thermoplastic thickness, the
shading is practically eliminated; this is an indication that the spatial
frequency bandwidth is at least 500 cycles/mm for sequential record-
ing. Fig. 11 is an illustration of the information storage application
of thermoplastics; a redundant, Fraunhofer hologram, 3 X 3 mm, of a
standard 81 X 11-inch page of text is shown.

Fraunhofer holograms on 16-mm 0.004-inch Cronar were made
using sequential recording with rf heating. Holograms with little
frost have been recorded on this flexible substrate with diffraction
efficiencies of 179 at 441.6 nm.
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Fig. 10—(a) Coherently illuminated object transparency viewed directly
with TV camera and (b) reconstructed image. Diffraction
efficiency is 21% at 441.6 nm.
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Suppression of Intermodulation Distortion

The achievement of highly efficient, good quality, Fraunhofer holo-
grams demonstrates an important property of thermoplastic holo-
grams—the intermodulation distortion, intrinsic to most thin phase

s atter emerging froer cave, man s shill
he fury of wonder—wonder about him
wironmant, s destiny,

have been the and emotions stimulated by
nder its influence, men have
d their fortunes and their lives to follow its lead

Columbus discovered America out of wonder Magellan cir
cumnavigated the globe. Tensing and Hillary scaled Mt. Everest
m wonder about its sumimit and the capacity ef man to attain it
Colonel Glenn and Commander Carpenter p-obed the void of
space under the same compuision

It is wonder also which pervades the scientific experience,
tocusing its power, directing its energies, sperding its resources
in the endless quest for final knowledge and ultimate under
standing.

But science is more than mere wonder. It is research—the
anatomy of wonder. Through diligent study, it seeks to find the
causes, to explain the mystery, 10 grasp the meaning of life.

To this task it brings method, courage, a capacity for insight
and a quality of patience.

Today, scientific research is the world's greatest adventure—
and ils greatest act of faith. Adventure, because it takes us into
areas that have never been explored, areas where man has never
penetrated. Faith, because from these explorations, we firmly
believe, will come a better way of lite and a deeper commitment
to those principles of individual liberty and social progress for
which so much of the world hungers in these critical times.

-

Crairman of the Board
Radio Carporstion of Amarcs

Fig. 11—Reconstructed image of standard 8% X 11 page of text; holo-
gram size is 3 X 3 mm.

holograms,' is greatly reduced due to the bandpass spatial-frequency
response. The intermodulation distortion, which is manifested as ghost
images in the reconstructed image, is due to beats between the object
spectrum and low-frequency autocorrelation terms; since low frequency
response is greatly attenuated with thermoplastics, intermodulation is
reduced. To demonstrate this suppression, we recorded a Fraunhofer
hologram of a test pattern with an efficiency of 35% at 441.6 nm (see
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Fig. 12). To the best of our knowledge, this is the first time a thin,
phase hologram (other than a simple grating) has been reported with
such high efficiency without appreciable intermodulation distertion.
These highly efficient holograms were made in the simultaneous mode
with thin (approximately 0.2 um) thermoplastic layers.

Fig. 12—Reconstructed image. Diffraction efficiency is 359% at 441.6 nm.
Intermodulation distortion is barely discernible,

Immunity from Reflection Fringes and Ambient lllumination

Another interesting property of thermoplastic-photoconductor media is
their relative insensitivity to illumination other than the holographic
fringe pattern, even though the photoconductor is nearly panchomatic.
This phenomenon results both from the photoelectronic (rather than
photochemical) nature of the process and from the bandpass response
of the thermoplastic.

As an example of how this works to our advantage, consider the
problem of reflections from a substrate. In addition to the holographic
fringes that one desires to record, reflections give rise to other sets of
spurious interference fringes. Photochemical media, such as silver
halide emulsions and photoresist record all such fringes. The photo-
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conductor-thermoplastic structure responds strongly only to those
fringes that are parallel to the electric field, i.e., normal to the surface.
Fringes whose planes lie at an angle or parallel to the surface pro-
duce a nearly uniform distribution of charge as the photogenerated
carriers are swept across the photoconductor by the electric field.
Moreover, since the response of the thermoplastic is “tuned” to the
spatial frequencies of the desired holographic fringes, the spurious,
weak, “ac” terms are further attenuated because they are off reso-
nance, i.e., they have low spatial frequencies. The only effect of the
“dc” and low-frequency terms is a moderate reduction of charge
contrast or signal strength of the desired information. This filtering
effect permits the use of any conductive substrate, no matter how
reflective. We have made good holograms on chrome-gold and silver
substrates that were good mirrors.

Similarly, the lack of response to uniform or low spatial-frequency
illumination allows holographic recording at high ambient light levels
(even though the medium is panchromatic) and permits the recording
of holograms even of incandescent objects.

We have recorded good holograms in the usual manner, with co-
herent 441.6 nm light, but with the additional flood illumination of a
60-watt light bulb 10 cm from the recording medium during exposure!
This recording in high ambient light levels is most effective when done
with continuous charging during exposure. Thermal development, how-
ever, can be done either simultaneously or sequentially.

Real-Time Interferometry

The immunity from ambient light, together with in situ development,
suggests the application of thermoplastic holography to interferometry
in such fields as nondestrictive testing.'®'? In situ development is well
suited to “real time’” holographic interferometry,” a technique in which
the object is interferometrically compared with the reconstructed
image of the object. Small changes in the object are observed as
fringes, which can be monitored in real time. The in situ develop-
ment of thermoplastic holograms permits the achievement of perfect
match, or “zero fringe” condition, of reconstructed and object wave-
fronts. The immunity from incoherent ambient light extends the class
of objects that can be examined by this technique to brightly illumi-
nated or even incandescent objects. Previously, such objects could be
holographed only with Q-switched lasers and gated exposures.'

To illustrate this capability we made a thermoplastic hologram of
an incandescent light bulb filament. Fig. 13(a) is the “zero fringe”

222 RCA Review e Vol. 33 ¢ March 1972




THERMOPLASTIC MEDIA

(b)

Fig. 13—Real time interferometry with in situ developed hologram of an
incandescent object: (a) ‘“zero fringe” interference of recon-
structed image with the direct image of an incandescent light bulb
filament; (b) interference pattern after the light bulb has cooled.
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interference of the reconstructed image with the hot object. Fig. 13(b)
shows the interference after the bulb has cooled. Real-time monitoring
was done with a television camera.

Charge-Assisted Post Development

In the usual sequential mode, i.e., charge, expose, recharge, and heat
develop, the resulting diffraction efficiency may be less than desired.
We have discovered that a post-development step consisting of re-
charging and reheating (either simultaneously or sequentially) con-
siderably enhances the diffraction efficiency. The recharging estab-
lishes a uniform potential on the deformed hologram surface; however,
the charge distribution is nonuniform, with higher charge density in
the “valleys”. Thus there will be electrostatic forces, proportional to
the square of surface-charge density, tending to deepen the corruga-
tions and hence increase the diffraction efficiency of the hologram. We
have used charge-assisted post development to enhance the efficiency
of a Fraunhofer hologram from less than 0.1% to more than 8% with
little loss in signal-to-noise ratio. This gain mechanism is, however,
ultimately limited by an increase in frost noise.

Summary

The thermoplastic-photoconductor medium for holographic recording
combines a number of important advantages:

(1) it has high sensitivity (5-100 pJ/cm2) comparable to high-
resolution silver halide emulsions (Kodak 649),

(2) it is grainless,

(3) resolution is greater than 4000 cycles/mm,

(4) bandpass spatial frequency response reduces intermeodula-
tion distortion and permits the achievement of undistorted
high efficiency reconstructions,

(5) development is dry, nearly instantaneous, and can be done
in situ,

(6) readout is efficient and nondestructive,

(7) the medium is erasable and reusable,

(8) the holograms can be replicated since the information is
recorded as a surface relief pattern.

Factors that currently limit more widespread use of the medium are
the complexity of the recording apparatus; problems of maintaining
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uniformity in thickness, charging, and heating; random frost noise:
and vulnerability to erasure by elevated ambient temperatures.

In this article we have reported the achievement of several new
results and techniques. A “simultaneous” technique for holographic
recording has been used to produce holograms that have high resolu-
tion and high efficiency. Two beam-interference gratings have demon-
strated resolutions exceeding 4,100 cycles/mm, and efficiencies up to
40%. Reconstructed image efficiencies up to 35% have been achieved
with little intermodulation distortion or frost noise. We have ob-
served a remarkable immunity from ambient illumination even though
the medium is panchromatic. This property makes possible the holo-
graphy of illuminated or even incandescent objects without Q-switched
lasers and gated exposures. A similar effect is the immunity from
spurious fringes due to reflections from the substrate. Finally a
charge-assisted post development technique for enhancing the efficiency
of weak holograms has been used to achieve efficiency gains of more
than 100.
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Recyclable Holographic Storage Media

Joseph Bordogna,* Scott A. Keneman, and Juan J. Amodei
RCA Laboratories, Princeton, N. J.

Abstract—Performance parameters of state-of-the-art recyclable holographic re-
cording media are compared to develop tradeoffs for their use in holo-
graphic storage and imaging applications. Included are record energy,
record time, erase time, diffraction efficiency, linearity, resolution, cycle
lifetime, natural decay time, and a figure of merit. Materials and devices
discussed include: magneto-optic, electro-optic, and photochromic
materials; metal films; ferroelectric-photoconductor, thermoplastic de-
formation, elastomer, liquid-crystal-photoconductor, and photoconduc-
tor-Pockel's effect devices.

Introduction

The advent of the laser as a reliable commercial product has made
possible the use of optical holography for information storage, pro-
cessing, display, and image conversion systems.”® This paper discusses
briefly and compares the materials* and devices that researchers hope
will store the holographic data and perform the real-time holographic
imaging in such systems. In particular, an overview is given of the
physical basis, fabrication, and operating parameters of available
recyclable holographic storage media.

* Moore School of Electrical Engineering, University of Pennsylvania,
Philadelphia.
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Recyclable media are characterized by their ability to be erased
and reused for sequentially storing different information patterns.
Referring to such media as “holographic” at least implies that they
are capable of supporting micrometer resolution. “Storage” implies
an ability of the medium to keep the information intact after the
hologram is recorded. In view of the embryonic state of develop-
ment of light-sensitive media for information applications, this paper
is not limited in scope to those media that satisfy all the above criteria;
materials and devices that satisfy some, but not all, of the require-
ments of ideal recyclable holographic storage media are also dis-
cussed. Some possess insufficient resolution; others are subject to
decay. Some make no attempt at permanence but are useful for holo-
graphic imaging. Others fatigue after numerous operating cycles. We
include materials subject to these deficiencies, because it is likely that
as technology advances and understanding of the various media in-
creases, some of these deficiencies may be removed and the realization
of higher-performance recyclable holographic storage media achieved.

The media discussed may be characterized as materials or devices
depending on their fabrication and use. The former possess a single
constituent that is directly light sensitive. The latter are composite
structures containing a light-sensitive element, but requiring more than
light alone to operate properly. The materials discussed include
magneto-optic films, electro-optic crystals, photochromic materials, and
metal films. The devices include ferroelectric—photoconductor devices,
thermoplastic-deformation devices, elastomer devices,* liquid-crystal-
photoconductor devices, and photoconductor—Pockel’s-effect devices.

The media are compared on a number of operating parameters:
record or write energy (quantity of energy per unit area required for
recording—frequently referred to as “sensitivity”) ; record time (time
required to record a hologram); erase time (time to clear storage
medium for next hologram) ; diffraction efficiency (percentage of light
energy in reconstructed image compare to incident energy of readout
light) ; linearity (measure of attainable contrast or “gray scale”) ;
resolution capability (number of resolvable lines per linear distance) ;
cycle lifetime (number of times medium can be recorded and erased
without deterioration of performance) ; and natural decay time (length
of time hologram can be stored with no sustaining power). A com-
parison summary is presented in Table 1. Unfortunately, this table
does not tell the complete story. Factors such as difficulty of fabrica-
tion, reproducibility of parameters, and projected eventual cost are
missing. Further research on these and other factors is in progress.

* The elastomer devices, although not light sensitive, are included for
generality, since they may be useful for holographic imaging.
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Magneto-Optic Recording Materials

Curie-point writing on manganese-bismuth filmss'"® can be used for
direct storage of digital information or for holographic storage of
digital or pictorial information. Writing is achieved by switching the
magnetization of a semi-transparent film (~ 300 to 700 nm thiek) in
response to the heating caused by local light absorption. Readout can
be accomplished through the magneto-optic Faraday or Kerr effect.
which gives rise to rotation of the polarization of the light transmitted
or reflected. Because the writing mechanism relies on selectively
heating the film above the Curie temperature in the regions of higher
light intensity, while leaving the regions of low intensity below the
Curie temperature, this medium requires that writing be accomplished
in times that are short compared to the thermal time constant of the
film; this time is normally of the order of 100 nanoseconds. As a
result high-power pulsed lasers or focused ew lasers are required in
order for high-resolution writing to supply the energy necessary to
reach the Curie temperature in a sufficiently short time. Erasure of
the pattern is accomplished by uniformly remagnetizing the film by
means of an external magnetic field. The film-deposition technique
and other details of the operation and recording process are discussed
at length by Mezrich and Cohen clsewhere in this issue.*

The most common magneto-optic recording material is manganesc
bismuth (MnBi). Its pertinent performance parameters are listed in
Table 1. Other important parameters include: Faraday rotation > 5
X 10% degrees/cm. Kerr rotation ~ 3°, absorption coefficient = 3.5
X 10% em—!; additional physical parameters are given by Mezrich and
Cohen.* The disadvantages of MnBi are the need to write in a very
short time, the low diffraction efficiency of MnBi Holograms, and the
fact that performance deteriorates under humidity conditions greater
than 50% ; however, this effect is not yet completely understood."

Other materials being investigated include gadolinium-iron-garnet
(GdIG)™* and europium oxide (Eu0).™ EuO has a major disad-
vantage in that it operates only at liquid helium temperatures. All
things considered, MnBi appears to be the best candidate for magneto-
optic holographic storage at the present state of the art.

Electro-Optic Recording Materials

High-efficiency volume phase holograms can be recorded in certain
transparent electro-optic crystals. Examples are lithium niobate
(LiNbOy), lithium niobate co-doped with iron (LiNbO,:Fe), lithium

* R. S. Mezrich and R. Cohen, “Material for Magneto-Optic Memories,”
RCA Review, this issue, p. 54 .
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Table 1—Performance Parameters forRecyclable Holographic Storage Media.
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tantalate (LiTaO;), strontium-barium niobate [(Sr,Ba)Nb,Og SBN,
or Bag 1551, 2sNb.,O;], and doped barium-sodium niobate (Ba;NaNb;-
0,5).*"* The recording process relies on the optical excitation and
subsequent drift or diffusion of electrons that originate from localized
centers in the crystal. This creates fields that modulate the index of
refraction of the material; the result is a phase hologram whose ef-
ficiency could theoretically be as high as 100%. Proper recording
procedure requires that the crystal optic axis be perpendicular to the
fringe gratings of the hologram. High-efficiency readout can be
accomplished only with light polarized in ihe plane containing the
optic axis.

Holographic diffraction efficiencies as high as 80% have been
achieved in LiNDb0;:Fe crystals about 0.2 cm thick. The sensitivity
of this material (which is relatively low compared to other recording
materials) varies between 1 and 500 J * cm—2 (at A = 488 nm) depend-
ing on the doping or other treatment to which the material was
subjected. Storage times of many days are possible at ordinary room
illumination levels, and erasure can be achieved either optically or by
heating the crystal to 300 °C. The holograms stored in the material
can be “fixed” utilizing a simple thermal process that causes the
patterns to be optically nonerasable.” Application of an electric field
has been shown to improve the performance of (Ba,Sr)Nb.,O,; as an
electro-optic recording material,” but the published diffraction ef-
ficiencies (29%) are considerably lower than in LiNbO; and LiTaO;.
Details on LiNbO; and doped LiNbO; are given elsewhere in this
issue.*

In addition to the materials discussed above, several other electro-
optic hosts have been tried but with only marginal success. These
include barium titanate (BaTiO;), bismuth silicon oxide (Bi;2s8i0y),
and bismuth germanate (Bi,Gez0,.)."™"

Photochromic Materials

Color centers in transparent crystals are caused by the presence of
impurities and imperfections that give rise to localized states that trap
electrons or holes within the forbidden energy gap of the material.*
Such states may show absorption at visible wavelengths where the
pure crystal is transparent. In particular, the photochromic materials

*J. J. Amodei and D. L. Staebler, “Holographic Recording in Lithium
Niobate: Model, Theory and Experiments,” RCA Review this issue, p. 71, and
W. Phillips, J. J. Amodei and D. L. Staebler, “Transition Metal Doping of
Lithium Niobate,” RCA Review, this issue, p. 94.
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have the ability to switch colors under the influence of optical irradi-
ation. This change is normally caused by the transfer of an optically
excited electron from one type of color center to another, with the
absorption properties of both centers being changed accordingly. Light
of one wavelength produces a given change in coloration, and the
crystal returns to its original state when exposed to light of another
wavelength.

The performance of inorganic photochromics can be compared to
other media by referring to Table 1. They are characterized by the
maximum absorption change induced by light, the energy required to
produce a given change, the background absorption, and the storage
time of the material. The inherent resolution of fhe materials is
practically unlimited, as illustrated by the fact that reflection holo-
grams with fringe spacing of less than 100 nm have been successfully
recorded by Amodei in SrTiO,:Fe,Mo.

The sensitivity of inorganic photochromic materials varies con-
siderably from hundreds of J+*em—2 to mJ ¢ cm—2, depending on the
quantum efficiency of the process. The maximum storage time of the
crystals, which is usually determined by the thermal activation energy
of the centers, varies from minutes to months.

Examples of inorganic photochromic materials include silver halide
photochromic glasses®>* and inorganic photochromic crystals (e.g.,
SrTiO;:Fe,Mo; BaF,:La; Sodalite:Cl; electron beam colored NaCl;
and fluorescein-boric acid glass organophosphor) .2+

Successful cyclic recording and erasure of holographic information
on thin organic photochromic films has been reported by Mikaeliane
and his associates in the Soviet Union?” and M. Lescinsky and M. Miller
in Czechoslovakia.*® Performance data for these materials (essentially
photochromic spiropyran dissolved in styrene polymer) are rather
sketchy at this time, however. In the United States, Ross® has invest-
igated the use of thioindigo dye. The efficiency of this material is
temperature dependent, but its optical densities are higher than those
of the inorganic photochromic materials.

In summary, a clearly distinct advantage of photochromic materials
is that there is no inherent resolution limit, since absorption takes
place on an atomic or molecular scale. Disadvantages include: sensi-
tivity limited to narrow spectral regions; relatively thick samples
(1-10 mm) required to obtain useful optical densities; image deteriora-
tion due to both thermal decay and optical bleaching during readout;
and the fact that two wavelengths must be used for writing and
erasing.
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Metal Films

Concentrated laser energy may be used to raise the temperature of a
material to its vaporization point. This principle has been used to
store evaporation holograms in thin metal films.** Films may initially
be deposited on substrates using conventional technology. Then, during
hologram recording, locations of constructive interference rise to
higher temperatures than do points of destructive interference.

Holographic recording by vaporization relies on the fact that the
energy absorbed by a thin film (7.5-20 nm) during a very short
laser pulse does not have time to diffuse away. Exposure to such light
pulses, therefore, causes the material to vaporize from each point of
the surface in amounts that are nearly proportional to the integrated
intensity of the light absorbed at that point. When a holographic
intensity pattern is applied to a film in this manner, it leaves a film-
thickness profile that closely resembles the spatial intensity variations
of the recording light. Such a pattern is considered an amplitude
hologram because, while the absorption is substantial, the film is not
sufficiently thick to significantly affect the phase of the light traversing
it. The hologram thus stored can be read out by reflection or trans-
mission with comparable efficiencies. In tests with 7.5-20 nm thick
bismuth (Bi) films vacuum deposited on glass substrates,®® both
transmission and reflection holograms had efficiencies of 6%, which
is very close to the theoretical maximum for amplitude holograms.

The sensitivity of this direct holographic recording material de-
pends to some extent on film thickness; for films approximately 10
nm thick, the energy required to record was experimentally® found
to be less than 50 mJ/cm?, which compares favorably with other
materials such as photochromics and magneto-optic thin films (see
Table 1).

Another feature of the thin metal films is that they may be oper-
ated in a linear region, because the energy required to reach boiling
temperature is much lower than the vaporization energy. Also, since
the recording technique is heat- rather than light-dependent, lasers of
any wavelength can be used for recording. A chief disadvantage, of
course, is the difficulty in recycling. It is possible to build a contained
cell where the material is evaporated between two surfaces in very
close proximity and is thus redistributed during the recording cycle.
Such a device could then, in principle, be erased by exposure to a
spatially uniform light pulse that would redistribute the film evenly
over the surface. Experiments by Amodei have shown that this
approach is feasible, at least for a limited pumber of cycles (5 to 10),
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and it is conceivable that with proper design, cycle lifetime could be
extended considerably.

Ferroelectric-Photoconductor Devices

The use of a ferroelectric—photoconductor sandwich device for infor-
mation storage is not a particularly new idea.® However, it is only
recently that the suggestion was made to operate such a device with
optical readout.* Early devices incorporated an optically controlled
record operation, but readout was electrical.

In many ferroelectric materials, the two stable remanent polariza-
tion (Pp) states may not be distinguished optically. Recently, two
material configurations not possessing this disadvantage have been
suggested: (1) use of ferroelectric bismuth titanate, Bi,Tiz0.5, in
which non-180° switching of Pp may be performed,” and (2) “strain-
biasing” of ceramic PLZT (lanthanum-doped lead zirconate-lead titan-
ate) ferroelectrics to allow effectively non-180° switching of Pp.3+%
With these ferroelectric materials, ferroelectric—photoconductor (FE-
PC) devices capable of optical (with applied electric field) record and
optical readout are possible.

The FE-PC device geometry is shown schematically in Fig. 1(a).
The ferroelectric (FE) slab (either single crystal, ceramic, or thin
film) is covered with a photoconductive (PC) layer, and the combi-
nation is sandwiched between transparent electrodes. External bat-
teries or pulse generators are used to apply switching fields to the
device. The operational characteristics of the FE-PC device are
determined by the specific materials used. Two typical state-of-the-art
materials are Bi,Ti;0,, and strain-biased PLZT.

Bismuth titanate, a member of crystal class m,® is prepared in
single crystal platelets by flux growth.® It possesses four stable
remanent polarization states (having both c¢-axis and g-axis compo-
nents) in a detwinned crystal. If Py, is first poled® (in the plane of
the crystal) uniformly, then switching P, between its two states leads
to the non-180° switching described earlier. As shown in Fig. 1(b),
the orientations of the optical indicatrix for the two states differ by a
rotation of 2a (roughly 50°) around the crystalline b(xg)-axis. Since
Bi,Tiz0,, is biaxial, n, # 7., % ng5. Two techniques for observing
the change in optical indicatrix orientation (or equivalently, reading
out a stored pattern in an FE-PC device) are possible : (1) tilting the
crystal about the a-axis to achieve a difference in extinction directions
for the two states™®+° (jllustrated in Fig. 1a) and (2) tilting the
crystal about the b-axis to achieve a phase difference for light polarized
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Fig. 1—FE-PC (a) Bi.Ti:Os device geometry showing WRITE and READ
processes and (b) orientation of optical indicatrix for Bi.Ti:Os for
the two states of c-axis remanent polarization Pre (with fixed Pra).
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perpendicular to b.***' The reader may easily convince himself that
light normal to the ab plane (i.e., parallel to the c-axis) will not be
adequate to distinguish the two states. Both techniques have been
used to reconstruct holograms stored in FE-PC devices.®*

PLZT (lanthanum-doped lead zirconate-lead titanate ceramic ma-
terial) platelets,® coated with a photoconductor layer and transparent
electrodes, are held in tension or compression, causing ferroelectric do-
mains to line up parallel and anti-parallel to the strain axis (in the
platelet) and resulting in zero net remanent polarization. Switching
the device with fields normal to the platelet produces a normal com-
ponent of remanent polarization. The platelet birefringence is related
to this remanent polarization, allowing readout of a stored pattern.

Both bismuth titanate and PLZT FE-PC devices are included
among the comparisons in Table 1. To date, holographic storage has
been reported only in the former. Both devices possess their own
unique advantages and disadvantages. Both have an inherent gain
mechanism, similar to that in photographic film. Incident light for
recording does not directly cause the storage; rather, photoelectrons
in the photoconductor are “created” by the light, causing an increase
in conductivity and allowing the battery to switch the ferroelectric.

The bismuth titanate device involves difficult fabrication and pro-
cessing techniques because of its single-crystal nature. Large-area
devices are difficult to achieve. Furthermore, an optical degradation
has been observed after numerous switching cycles with metal elec-
trodes directly on the Bi,Ti;0,, surfaces.** However, such degradation
has not yet been observed in FE-PC devices with photoconductive
layers.®

The PLZT device is simpler to fabricate because of its ceramic
form. However, ferroelectric ceramics are notorious for their electrical
and optical fatigue,” which would restrict their useful lifetime.

Perhaps the ultimate FE-PC for holographic applications would
utilize thin films of Bi Tiz0,,. Such films have recently been pro-
duced,®** and they might represent the optimum compromise between
the difficulties of single-crystal technologies and long-term ceramic
fatigue.

Thermoplastic Deformation Devices

The technique of thermoplastic recording was described by Glenn in
1959.44¢ Prior to its application to holography, this recording tech-
nique used an electron beam to scan a thermoplastic film (e.g., poly-
styrene, chlorinated polyphenyl, or alphamethylstyrene) and record
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video signals in the form of a pictorial image; the image was visible
on the film immediately following recording. The technique offered
very high resolution and recording bandwidth with the option of
erasure if desired.

The making of phase holograms on thermoplastic film was demon-
strated by Urbach and Meier in 1966.® As most recently described,”
a phase hologram is recorded in a transparent thermoplastic film as a
spatial variation of film thickness corresponding to the light-intensity
variation of a holographic fringe pattern. Since the thermoplastic is
usually a light-insensitive resin, it is combined with a photoconductor
in a film structure that can respond to light. Although manufacturing
a film structure with the photoconductor dispersed through the thermo-
plastic is possible, the usual structure consists of a layer of thermo-
plastic coated over a layer of photoconductor, because it yields higher
photosensitivity.*® In practice, the complete structure consists of a
glass substrate covered by a grounded transparent conductive film, on
top of which lie the photoconductor and thermoplastic films. The
sequence of a complete hologram record—erase cycle is described else-
where in this issue by Credelle and Spong,* whose extensive experi-
ments with the material staybelite have resulted in improved readout
efficiency and resolution.

It is important to note that, unlike most other hologram recording
media, thermoplastic material responds only to a band of spatial fre-
quencies.®®* Thus, there is an inherent tradeoff between efficiency and
resolution that depends on the angle between reference and object
beams in system design. Also, thermoplastic devices have a relatively
poor cycle lifetime, although significant improvement in this parameter
has been reported recently.®

In 1968, Chang® investigated the physical parameters required of
thermoplastic film for a system in which an electron beam was used
for both recording and readout. More recently, Doyle and Glenn**
have described a real time optical processing system that records with
an electron beam and reads out with visible light. Their device, named
“lumatron”, makes use of a fixed, reusable transparent thermoplastic
surface mounted in a glass envelope. Surface modulation of the therm-
oplastic is accomplished by a high-resolution (~ 10um) electrostatic-
ally focused (at 6.5 kV) and deflected electron beam. Readout is per-
formed with a single-lens schlieren optical system external to the
vacuum but with a light path coaxial with the recording electron beam
and normal to the thermoplastic coated faceplate, as shown in Fig. 2.

*T. L. Credelle and F. W. Spong, “Thermoplastic Media for Holo-
graphic Recording,” RCA Review this issue, p. 206.
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The thermoplastic is coated onto a transparent conductor on the
faceplate which serves both as the final faceplate reference potential
and as a heater. Erasure is accomplished in less than a second by
supplying a pulse of heater current to the transparent conductor to
thermally remove all deformations stored in the thermoplastic surface.
In real-time operation, the thermoplastic is kept at a temperature
between the deformation and erase temperatures, and recording is
continuous with the scanning electron beam. In this mode of oper-
ation, the mechanical time constant of the thermoplastic determines
the rate at which the recorded pattern can be changed. According
to Doyle and Glenn,* cycling can be accomplished at 1/30 second and
gray scale is greater than 8 shades. Thus, the lumatron certainly has
potential for use in real time incoherent-to-coherent holographic image
conversion systems that need such a device for their successful imple-
mentation.?

Elastomer Devices

If the thermoplastic material in thermoplastic-deformation devices dis-
cussed in the preceding section is replaced by an elastomer, another
useful device for holographic imaging (but not permanent storage)
is created. Such a device, the “ruticon”,* has been investigated by
Sheridon.*

The ruticon device has a layered structure consisting of a conduc-
tive transparent substrate, a thin photoconductor, a thin deformable
elastomer layer, and a deformable electrode. The deformable electrode
can take three forms: (1) a conductive liquid, (2) a conductive gas,
or (3) a thin optically opaque flexible metal; the separate devices
resulting from these three different deformable electrodes are identi-
fied, respectively, as « ruticon, 8 ruticon, and y ruticon. The most
interesting of these is the y ruticon. In operation, a dec electric field
(<600 V) between the thin flexible metallic electrode and the tran-
sparent electrode establishes the initial uniform charge. Holographic
information impinging on the device through the transparent sub-
strate causes changes in the electric fields across the photoconductor
and, hence, across the elastomer. These fields create mechanical forces
that cause the elastomer, and consequently the thin metal layer, to
deform and form a phase hologram.

In readout, light is reflected with high efficiency from the metal

* From the Greek “rutis” for wrinkle and “ieon” for image.
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layer to reconstruct the original object wavefront. If the metal layer
is non-transparent, readout light will not affect the conductivity mod-
ulation of the photoconductor layer. In some forms, the permanence
of ruticon storage may be enhanced by utilizing an image locking
mode. Erasure is accomplished by removing the dc field. This is a
distinct advantage over the lumatron, where heating is required for
erasure.

Liquid-Crystal-Photoconductor Devices

The ability to store optical images in liquid crystals®” has prompted
their use in both electrically- and photoconductively-controllable real-
time imaging devices. Kiemle and Wolff*® have reported recyclable
holographic storage in an electrically-controllable device consisting of
mixed (90% nematic, 109 cholesteric) liquid-crystal sandwich cells
having matrix-shaped electrodes. Holographic recording was achieved
as a result of dynamic scattering induced by application of a dc or
low-frequency ac electric field across the electrodes. While initially
the nematic ordering is intact and the nematic-cholesteric mixture is
clear, the dynamic scattering caused by the applied field emulsifies
the cholesteric material. Because this colloidal-like suspension can
influence the coherence of an incident laser-light wavefront, holographic
recording is feasible. Recent experiments™ indicate that this optical
scattering state can persist for weeks without a sustaining field or
can be erased by an ac field in 20-500 ms. A typical restoration field
strength is 5 V* um—1 (rms) at 3 kHz.

The matrix-shaped electrode structure required for the electrieally-
controllable device is complicated to construct and, worse, limits resolu-
tion capability. The implementation of the photoconductively-controlled
liquid-crystal device overcomes, in principle, both of these problems.
Such a device i3 achieved simply by replacing the electrode matrix
structure by a photoconductive layer. Of the photoconductive mater-
ials tested, zinc sulfide® (ultraviolet recording) and cadmium sulfide®
(visible light recording) have given the best results thus far. Holo-
graphic recording has not yet been reported, however, because resolu-
tion of the device is on the order of only a few line-pairs per milli-
meter. In structure, the device consists of a layer of liquid crystal
and a layer of photoconductor sandwiched between two electrode layers
of conductive material (e.g., tin oxide). The photoconductive layer is
designed to have a “nonilluminated” resistance that is higher than
that of the liquid-crystal layer but an “illuminated” resistance that is
lower. In the nonilluminated condition, an applied de voltage across
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the electrodes of the device lies almost entirely across the photoconduc-
tive layer. Thus, the low voltage across the liquid-crystal layer is not
sufficient to produce scattering effects, and the liquid crystal remains
transparent. However, when a wavefront illuminates the photocon-
ductor, its resistance is lowered, causing more voltage to appear across
the liquid crystal. This higher voltage produces sufficient current
to produce dynamic scattering and allow image storage.

The liquid-erystal-photoconductor devices permit image recording
and readout at a rate controllable by the magnitude of the applied
voltage and composition of the materials used. The sensitivity appears
to be better than that of other recyclable materials, being several
order of magnitude greater than that of photochromic films.

Photoconductor-Pockel’s Effect Devices

This device consists of a layer of photoconductive, electro-optic, single-
crystal material covered by insulating dielectric layers on one or both
faces and sandwiched between transparent eiectrodes (or one electrode
and a simple ohmic contact). Experiments using highly resistive
photoconductive ZnS and Bi;,SiOy, as the crystal materials have been
reported in the literature.®* In operation, a dc voltage applied across
the material is modulated by an incident optical wavefront in accord-
ance with the photoconductive properties of the crystal, thereby stor-
ing the information in the wavefront structure. Since the material is
simultaneously electro-optic, readout of the stored electrostatic pattern
can be accomplished by the Pockel’s effect, i.e., the pattern is recon-
verted to an optical wavefront by local phase retardations resulting
from the transmission of uniformly polarized light through the mater-
ial. The combination of both photoconductive and electro-optic func-
tions in a single material has an advantage over a device using separate
laminated photoconductive and electro-optic films because of the
fabrication problems inherent in interfacing a multilayered structure
of this kind. On the other hand, the complexities involved in fabri-
cating a uniform single material which optimally exhibits both func-
tions is actually more difficult than the interfacing problem at the
present state of the art.

The ZnS and Bi,;;Si0,, materials used in the reported devices are
films on the order of 30-um and 150-pm thickness, respectively. At
the present state of the art, they appear to offer comparable resolution
capability: 10-um and approximately 12 pm. Images have been re-
corded and read out in both devices but there have been no reported
experiments of holographic storage.
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Summary

A comparison of performance parameters for recyclable holographic
storage media is given in Table 1. In most cases we have listed the
“best” state-of-the-art material in the storage-medium column as an
example, although there may be potentially better materials being
investigated. Detailed information on these may be found in the list
of references accompanying this paper.

Although quantitative information for recyclable holographic stor-
age media is in a rapid state of flux, we have attempted to offer a
quantitative comparison in Table 1 by defining a “Figure of Merit”.
In deciding on a reasonable definition for this relative “tradeoff”
value, we have omitted record- and erase-time parameters, because
they differ by such great orders of magnitude (e.g., picoseconds versus
minutes). These particular parameters can be considered independently
in any specific design application depending on the desired recycling
speed. The remaining quantitative parameters (resolution, readout
efficiency, and write energy) listed in Table 1 thus yield the following
definition:

Resolution(lp * mm—1) x Diffraction efficiency (%)
Figure of merit = —— -

Write energy (mJ ¢ cm—2)

The superior figure-of-merit values in Table 1 for the thermoplastic
and elastomer devices are due primarily to their low write-energy
values. A look at the record-time column, however, indicates that their
record-time values are several orders of magnitude higher than many
media that have lower figure-of-merit values. Also, the thermoplastic
and elastomer devices require more than light alone to operate properly,
a fact which moderates the meaning of their high figure of merit in
certain applications. In addition, the thermoplastic device has poor
cycle lifetime at present and the elastomer device is not useful for
permanent storage.

Because of their low write-energy values, the liquid-crystal-photo-
conductor device and the photoconductor-Pockel’s effect device prob-
ably have figure-of-merit values equivalent to those of the thermo-
plastic and elastomer devices, However, since their diffraction efficiency
values are not available, we cannot compute a specific figure of merit
for them at present. Comparing these devices further we note that
the photoconductor—Pockel’s effect device has excellent sensitivity rel-
ative to the other recyclable media, while the liquid-crystal-photo-
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conductor device has poor resolution at present (although holographic
recording has been reported in the more complicated electrically-
controlled device®). On the other hand, the liquid-crystal-photocon-
ductor device is simple in structure, has low power consumption, and
requires only low control voltages.

Generally speaking, the thermoplastic, liquid-crystal-photoconduc-
tor, and photoconductor—Pockel’s effect devices can find significant
application as incoherent-to-coherent image converters.® Most of the
other materials in Table 1 find use in applications in which frequent
readout and infrequent write-in are required.

Reviewing these other materials we see that magneto-optic mater-
jals are quite useful for two-dimensional storage and have the advan-
tage of relative ease of fabrication compared to crystal devices and
the disadvantages of requiring accurate temperature control and pulsed
operation. Electro-optic materials are useful for volume storage and,
therefore, have high storage capacity which, in turn, implies that
selective erasure is difficult. Also, being single-crystal materials,
they are relatively expensive compared to film media. One of their
important advantages, however, is in nonoptically erasable applications
because holographic information can be “fixed” in the material by a
simple thermal process. In this respect, electro-optic materials are
superior to photochromic materials, which, while three-dimensional
storage materials in principle, cannot be used as such because informa-
tion stored in them cannot be fixed. Also, photochromic materials
require two wavelengths for operation but have inherently unlimited
resolution capability.

In the photoconductor devices, although the photoconductive mater-
ial is not the key material for storage, it does affect sensitivity both
in terms of amount of light required and the wavelength that can be
used; it also affects readout efficiency, since light is absorbed if reading
out with the same wavelength as writing in. In this regard, the real
beauty of the FE-PC devices is their ability to retain information on
readout when light is absorbed; in comparison, information in the
photoconductor—Pockel’s effect device decays on readout.

In summary, Table 1 presents both quantitative and qualitative
information on the state of the art of recyclable holographic recording
media. The calculated figures of merit are intended only as an indica-
tion of possible potential performance. Since the state of the art in
this area is so fluid at present, a very careful and perhaps partly
intuitive tradeoff must be made among all performance parameters
for any projected application.

244 RCA Review e Vol. 33 ¢ March 1972




RECYCLABLE MEDIA

References:

' J. A. Rajchman, “Promise of Optical Memories,” Appl. Phys., Vol. 41, p. 1376, March 1970.

2 R. A, Bartolinl. W. J. Hannan, D. Karlsons, and M. J. Lurie, “Embossed Hologram Motion
Pictures for Television Playback,” Appl. Optics, Vol. 9, p. 2283, Oct. 1970.

3 N. H. Farhat and W. R. Guard, “‘Holographic Imaging at 70 GHz,” Proc. IEEE, Vol. 58,
p. 1955, Dec. 1970.

4J. J. Amodei, “Holographic Materials,” in R. J. Pressley (editor), CRC Handtook of
Lasers with Selected Data on Optical Technology, The Chemical Rubber Co., Cleveland,
Ohio, 1971.

S L. Mayer, "Curie-Point Writing on Magnetic Fiims,” J. Appl. Physics, Vol. 29, p. 1003,
June 1958.

¢ L. Mayer, “Magnetic Writing with an Electron Beam,” J. Appl. Physics, Vol. 29, p. 1454,
Oct, 1958.

7 D. Chen, J. F. Ready and E. Bernal, “MnBi Thin Films: Physical Properties and Memory
Applications,” J. Appl. Physics, Vol. 39, p. 3916, July 1968.

8 R. S. Mezrich, “'Curie-Point Writing of Magnetic Holograms on MnBi,” Appl. Phys. Letters,
Vol. 14, p. 132, Feb. 15, 1969.
?G. Y. Fan, K. Pennington, and J. H. Greiner, “Magneto-Optic Hologtam,” J. AppL Phys.,
Vol. 40, p. 974, March 1, 1969.

19 M. J. Freiser, “‘A Survey of Magneto-Optical Effects,” |IEEE Trans. Magnetics, Vol. MAG-
4, p. 152, June 1968.

' R. S. Mezrich, Private Communication.

'2N, Goldberg, “A High-Density, Magneto-Optic Memory,” IEEE Trans. Magnetics, Vol.
MAG-3, p. 605, Dec. 1967.

13D. I. Tehernev and G. W. Lewicki, “Extremely High-Density Magnetic information Stor-
age,” IEEE Trans. Magnetics, Vol. MAG-4, p. 75, March 1968.

4 F. 8. Chen, T. T. LaMacchia, and D. B. Fraser, “Holograpbic Storage in Lithium Niobate,"
Appl. Phys. Lirs., Vol. 13, p. 223, Oct. 1, 1968.

15 J. B. Thaxter, “Electrical Control of Holographic Storage in Strontium-Barium Nicbate,”
Appl. Phys, Ltrs., Vol. 15, p. 210, Oct. 1969.

'¢ J. J. Amodei, D. L. Staebier, and A. W. Stephens, “Holographic Storage in Doped Barium
Sodium Niobate (Ba2NaNbsO1s),” Appl. Phys. Ltrs., Vol. 18, p. 507, June 1, 1971.

17 F. 8. Chen, “Optically Induced Change of Refractive Indices in LiNbO3 and LiTaO,,”
J. Appl. Phys., Voi. 40, p. 3389, July 1969.

18J. J. Amodel, W. Phillips, and D. L. Staebler, “Improved Electro-Optic Materials for
Holographic Storage Appiications,” IEEE J. Quan. Elec., Vol. QE-7, p. 321, June 1971.
19 J. J. Amodei and D. L. Staebler, “Holographic Patter Fixing in Electro-Optic Crystals,"
Appl. Phys. Ltrs., Vol. 18, p. 540, 15 June 1971.

20 G, Jackson, “The Properties of Photochromic Materials,” Optica Acta, Vol. 16, p. 1,
Jan.-Feb. 1969.

21 S. Herman, “Properties of Photochromic Memories,” Proc. Symp. Modern Oplics., p.
743, John Wiley and Sons, New York, 1967.

22 J. P. Kirk, "Hologram on Photochromic Glass,"” Appl. Optics, Vol. 5, p. 1684, Oct. 1966.

23 R. J. Araujo, “Properties and Applications of Photochromic Glasses,” Recent Advances
in Display Media, NASA Symposium Proceedings, Cambridge, Mass., p. 63, Sept. 19-20,
1

24 D. R. Bosomworth and H. J. Gerritsen, “Thick Holograms in Photochromic Materials,"
Appl. Opt,, Vol. 7, p. 95, Jan. 1968.

28 A, S. Mackin, "“Holographic Recording on Electron Beam Colored Sodium Chioride
Crystals,” Appl. Opt, Vol. 9, p. 1658, July 1970.

26 T, A. Shankoff, “Recording Holograms in Luminescent Materials,"” Appl. Optics, vol. 8,
p. 2282, Nov. 1969.

27 A. L. Mikaeliane, A. P. Axenchikov, V. |. Bobrinev, E. H. Gulantane, and V. V. Shatun,
“Holograms on Photochromic Films,” IEEE J. Quantum Elec., Vol. EQ-4, p. 757, Nov.
1968; or Soviet Physics-Doklady, Vol. 13, p. 810, 1968.

28 M. Lescinsky and M. Miller, "Holographic Record of Information onto Organic Photo-
chromic Film,” Optics Communications, Voi. 1, p. 417, April 1970.

RCA Review e Vol. 33 e March 1972 245




29 D. L. Ross, “Photochromic Indigoids, 111: A Photochromic Element Based on the cis-
trans Photoisomerization of a Thioindigo Dye,” Appl. Optics, Vol. 10, p. 571, March 1971.

30 J. J. Amodei and R. S. Mezrich, “‘Holograms in Thin Bismuth Films,” Appl. Phys. Ltrs.,
Vol. 15, p. 45, July 15, 1969.

31 R, M. Schaffert, “Photoelectric Recording Appartus,” U.S. Patent 3,148,354, issued Sep-
tember 8, 1964.

32 g E. Cummins, A New Optically Read Ferroelectric Memory,” Proc. |EEE, Vol. 55, p.
1536, Aug. 1967.

33 g, E. Cummins and L. E. Cross, “Electrical and Optical Properties of Ferroelectric
Bi4«Ti3O:12 Single Crystals,” J. Appl. Phys., Vol. 39, p. 2268, April 1968.
34 J. R. Maldonado and A. L. Meitzler, “‘Strain-Biased Ferroelectric-Photoconductor Image
Storage and Display Devices,” Proc. 1EEE, Vol. 59, p. 368, March 1971.
35 J. R. Maldonado and L. K. Anderson, “*Strain-Biased Ferroelectric-Photoconductor Im-

age Storage and Display Devices Operated in a Reflection Mode,” IEEE Trans. Elec. Dev.,
Vol. ED-18, p. 774, Sept. 1971.

36 A, D. Morrison, F. A. Lewis, and A. Miller, “The Growth of Large Single-Crystal
BiaTi3012,"” Ferroelectrics, Vol. 1, p. 75, May 1970.

37 M. M. Hopkins and A. Miller, ""Preparation of Poled, Twin-Free Crystals of Ferroelectric
Bismuth Titanate, BisTizO12,” Ferroelectrics, Vol. 1, p. 37, March 1970.

38 8. A. Keneman, G. W. Taylor, A. Miller, and W. H. Fonger, “Storage of Holograms in a
Ferroelectric-Photoconductor Device,”” App!. Phys. Letters, Vol. 17, p. 173, 15 Aug. 1970.

3¢ g, E. Cummins and T. E. Luke, “A New Method of Optically Reading Domains in Bismuth
'Sritana1199 f1or Display and Memory Applications,” 1EEE Trans. Elec. Dev., Vol. ED-18, p. 761,
ept. 1971.

40 S, A. Keneman, G. W. Taylor, and A. Miller, *Ferroelect-ic-Photoconductor Optical Stor-
age Medium Utilizing Bismuth Titanate,” Ferroeleclrics, Vol. 1, p. 227, Oct. 1970.

415 A. Keneman, A. Miller, and G. W. Taylor, “Phase Holograms in a Ferroelectric-
Photoconductor Device,” Appl. Optlcs, Vol. 9, p. 2279, Oct. 1970.

42 G. W. Taylor, S. A. Keneman, and A. Miller, “Depcling of Single-Domain Bismuth
Titanate,” Ferroelectrics, Vol. 2, p. 11, Jan. 1971.

43 3, A. Keneman, A. Miller, and G. W. Taylor, “The Bismuth Titanate FE-PC Optical Stor-
age Medium—rFurther Developments,” Ferroelectrics, Vol. 3, p. 131, Feb. 1972,

44 W. C. Stewart and L. S. Cosentino, **Some Optical and Electrical Switching Characteris-
tics of a Lead Zirconate Titanate Ferroelectric Ceramic,” Ferroelectrics, Vol. 1, p. 149,
July 1970.

45\W. J. Takei, N. P. Formigoni, and M. H. Francomba, *“Preparation and Properties of
Egitaxial Films of Ferroelectric BisTizO12,” Appl. Phys. Letters, Vol. 15, p. 256, 15 Oct.
1969.

46 .S, Y. Wu, W. J. Takei, M. H. Francombe, and S. E. Cummins, “Domain Structure and
Polarization Reversal in Thin Films of BisTiaO12,” Ferroelectrics, Vol. 3, Dec. 1971.

47 W. E. Glenn, “Thermoplastic Recording,” J. Appl. Phys., Vol. 30, p. 1870, Dec. 1959.

48 W. E. Glenn, “Thermoplastic Recording: A Progress Report,” J. SMPTE, Vol. 74, p. 663,
Aug. 1965.

49 J. C. Urbach and R. W. Meier, “Thermoplastic Xerographic Holography,” Appl. Optics,
Vol. 5, p. 666, April 1966.

s01. H. Lin and H. L. Beauchamp, "Write-Read-Erase in Situ Optical Memory Using
Thermoplastic Holograms,” Appi. Optics, Vol. 9, p. 2088, Sept. 1970.

s1J. Urbach and R. W. Meier, "“Properties and Limitations of Hologram Recording Mate-
rials,” Appl. Optics, Vol. 8, p. 2269, Nov. 1969.

s2 H. R. Anderson, Jr., E. A. Bartkus, and J. A. Reynolds, “Molecular Engineering in the
Development of Materials for Thermoplastic Recording,” 1BM J. Res. Develop., p. 140,
March 1971.

$3 L. S. Chang, “The Physical Parameters of a Thermoplastic Polymer Film in an Electron
Beam Read/Write System,” Photographic Science and Engineering, Vol. 12, p. 238, Sept.-
Oct. 1968.

s4 R, J. Doyle and W. E. Glenn, “Lumatron, A High Rasolution Storage and Projection
Display Device,” |EEE Conf. Record 1970 IEEE Conf. on Display Devices (70 C. 55-ED),
p. 88, Dec. 2-3, 1970.

55 R. J. Doyle and W. E. Glenn, “Lumatron: A High-Resolution Storage and Projection
Display Device,” IEEE Trans. Electron Devices, Vol. ED-18, p. 739, Sept. 1971.

s6 N. K. Sheridon, “A New Optical Recording Device,” |IEEE International Electron Devices
Meeting, Washington, D.C., October 28, 1970.

246 RCA Review e Vol. 33 ¢ March 1972




D e —————

RECYCLABLE MEDIA

57 G. H. Heilmeier and J. E. Goldmacher, “A New Electric Flield Controlled Reflective
Optical Storage Effect in Mixed Liquid Crystal Systems,” Proc. IEEE, Vol. 57, p. 34, Jan.
1969.

8 H, Kiemle and U. Wolff, “Electrically Controllable Holograms Using Nematic Liquid
Crystals,” 1970 Annual Meeting of Optical Society of America, 28 Sept.-2 Oct. 1970,

59 J. D. Margerum, J. Nimoy, and S. Y. Wong, "‘Reversible Ultraviolet Imaging with Liquid
Crystals,” Appl. Phys. Ltrs., Vol. 17, p. 51, 15 July 1970.

60 G, Assouline, M. Hareng, and E. Leiba, “Liquid Crystal and Photoconductor !mage
Converter,” Proc. IEEE, Vol. 59, p. 1355, Sept. 1971.

61 D. S, Ofiver, P. Vohl, R. E. Aldrich, M. E. Behrndt, W. R. Buchan, R. C. Eliis, J. E. Genthe,
J. R. Goff, S. L. Hou, and G. McDaniel, “Image Storage and Optical Readout in a ZnS
Device,” Appl. Phys. Lirs., Vol. 17, p. 416, 15 Nov. 1970.

62 D, S, Oliver and W. R. Buchan, “An Optical Image Storage and Processing Device Using
Electro-Optic ZnS,” IEEE Trans. Elec. Dev., Vol. ED-18, Sept. 1971.

638 L. Hou and D. S. Oliver, “Pockel’s Readout Optical Memory Using Bii12SiO20,” Appl.
Phys. Ltrs., Vol. 18, p. 325, 15 April 1971.

RCA Review e Vol. 33 ¢ March 1972 247




Erase-Mode Recording Characteristics of
Photochromic CaF,, SrTi0,, and CaTi0, Crystals*

R. C. Duncan, Jr.

RCA Laboratories, Princeton, N. J.

Abstract—Erase-mode optical recording characteristlics of photochormic crystal

wafers of CaF:lLaNa; CaF.:.Ce,Na; SrTi0s:Ni,Mo,Al; and CaTi0::Ni,Mo
have been measured. An argon laser operating at 5145 A was used for

both optical recording and optical readout. Sensitometric curves of
optical-density change versus logarithm of exposure are shown for a
number of erase-beam intensities between 0.2 mW/cm? and 2 W/cm=.
In this range, time-intensity reciprocity holds for the CaF, materials but
fails for the titanates, particularly at low intensities. The dependences
of sensitivity, gamma, and maximum transmission contrast ratio on wafer
thickness and material are discussed. Wafers of SrTi0;, CaTi0;, and
CaF, exhibiting approximately equal maximum contrast ratios have rela-
tive sensitivities approximately in the ratio 5:2:1, respectively, at an
erase intensity of 1 W/cm2. In the regime studied, the ratio of gamma
to maximum optical-density change for each material is found emplr-
ically to be independent of wafer thickness.

1. Introduction

Photochromic materials are materials that change color reversibly under
appropriate optical illumination. The effect has been observed and
studied in a variety of materials, both organic ** and inorganic.>®* In

* The research reported in this paper was jointly sponsored by the
National Aeronautics and Space Administration, Goddard Space Flight
Center, Greenbelt, Maryland under contract No. NAS 5-10335; and RCA

l.aboratories, Princeton, N. J.
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particular, a number of recent papers have discussed the photochromic
behavior of CaF, doped with certain rare earths (CaF,:RE)*" and of
SrTiO; (and CaTiO;) doped with transition metals (SrTiO;:TM and
CaTiO;:TM)."'" At the present time, these are the inorganic photo-
chromic materials that, in the form of single-crystals wafers or slabs,
offer the greatest promise for applications requiring all-optical record-
ing, readout, and erasure. The recent studies of these materials have
focused primarily on (a) identifying the active photochromic color
centers, (b) understanding the fundamental photochromic mechanisms,
and (c) maximizing the photochromically induced changes in absorption.

Far less attention has been paid, thus far, to detailed applications-
oriented characterization of these materials. It is the purpose of this
paper, therefore, to report quantitative and comparative studies of the
photochromic “erase-mode” recording characteristics of crystal-wafer
samples of several of these state-of-the-art materials.

“Erase-mode” operation refers to the use of visible light to optically
record on photochromic materials which have previously been uniformly
“switched” (or darkened) by violet or ultraviolet light. This mode of
use is of particular practical interest because only laser sources oper-
ating at visible wavelengths have sufficient power output to accomplish
the fast optical recording usually required. In the work reported here,
the argon-laser 5145 A line was used both to record and to “read” the
resulting changes in absorption. This line lies very close to the peak
of the visible readout and erase absorption band of each of the mater-
ials chosen for study. “Write-mode” sensitometric measurements now
in progress will be reported in another paper.

2. Materials

2.1 General Properties

Samples of four different photochromic host-dopant combinations were
included in this study. The host erystals, dopants, and nominal dopant
concentrations are listed in Table 1.

Of the photochromic CaF.:RE systems, CaF,:La,Na exhibits the
strongest photochromic effects®>*'* Charge compensation with Na in-
hibits the growth of a frequently observed nonphotochromic coloration
and thereby permits greater photochromic coloration and correspond-
ingly greater photochromic switching.® The La, Ce, and Na concen-
trations indicated in Table 1 lie in the ranges found to give the max-
imum photochromic absorption changes.? The CaF, crystals were grown
at RCA Laboratories by H. Temple using a gradient freeze technique
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described elsewhere.””® Photochromic color centers were generated in
the optically polished wafer samples by appropriate additive coloration.’
The optical quality of carefully prepared wafers is generally excellent.

Of the photochromic SrTiO;:TM systems, SrTiO;:Ni,Mo is one of
the most extensively studied and exhibits among the strongest photo-
chromic switching and the longest switched-state thermal lifetimes.>*"
With Mo omitted, the SrTiO;:Ni system shows both weaker switching

and a shorter lifetime. The Al impurity indicated in Table 1 does not

Table 1—Materials

Dopants and

Host Nominal Concentrations
LaF, 0.056 mol %
CaF, NaF 0.1 mol %
CeFs 0.05 mol %
CaF, NaF' 0.1 mol %
NiO 0.35 mol %
SrTiOs MoO; 0.34 mol %
Al;0; 0.18 mol %
CaTiOs NiMoO; 0.19 mol %

affect the photochromic behavior but has sometimes been included to
provide additional charge compensation. CaTiOg:TM materials typi-
cally exhibit somewhat greater photochromic color changes and some-
what longer switched-state thermal lifetimes than do the correspond-
ing SrTiOg:TM materials.” The Ni and Mo concentrations indicated
in Table 1 lie in the ranges found to produce maximum photochromic
effects.® Single crystals of SrTi0;:Ni,Mo,Al and CaTiO;3:Ni,Mo grown
by flame fusion were obtained from National Lead Co. (Titanium Divi-
sion). Wafer samples cut from these crystals were optically polished,
then subjected to mild reduction treatments™!” to reduce to a minimum
their unswitched-state visible absorption. The optical quality of the
SrTi0g:Ni,Mo,Al wafers was generally good, although some signs of
strain were frequently evident in crossed-polarizer examination. The
optical quality of the CaTiO;:Ni,Mo wafers was significantly poorer,
with extensive lamellar twinning evident in all samples in spite of the
extraordinary crystal growth and annealing procedures used."”

2.2 Photochromic Absorption Spectra

Photochromic absorption spectra of wafer samples of each material
are shown in Figs. 1 through 4. The transmission optical density (D),
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the logarithm of the ratio of the incident (/,) and transmitted (7)
light intensities, is plotted as a function of the wavelength of the light.
The various features of these spectra have been discussed in detail
elsewhere.®>®!" For present purposes, it will be sufficient to briefly
describe the photochromic behavior indicated and to mention several
practical considerations.

1.3 T T T T T T

12 *CaFz:lLa,Na .

SAMPLE 750-3
0.53mm THICK

OPTICAL DENSITY

0.3 0.4 05 0.6 o7 0.8 0.9 1.0
WAVELENGTH (um)

Fig. 1—Photochromic absorption spectra of CaF::La,Na in the unswitched
(curve 1), switched (curve 2), and optically erased (curve 3) states.

The spectra of Figs. 1 through 4 were recorded on a Cary 14 Spect-
rophotometer. Both switching and optical erasure were carried out
using suitably filtered and focused radiation from a 500-Watt Hg arc
lamp. The filters used for switching the CaF, wafers, about a one
centimeter thickness of saturated CuSO, solution and a Corning 7-59,
0-51 filter combination, produced switching radiation in the range
3800 A < A < 4600 A. For switching the titanate wafers, the CuS0,
solution and a Corning 7-54 filter produced switching radiation in the

RCA Review ¢ Vol. 33 ¢ March 1972 251




range 3300 & <~ A 2 3900A. Optical erasure of all samples was carried
out using a Corning 3-71 filter and about one centimeter of water to
limit the erasing light to the range 4800 & 2 A 2 95004A.

The spectra of the thermally stable (unswitched) states are indicated
by the solid curves (curves 1 in Figs. 1 and 2). These were recorded
after the wafers had been heated to about 150°C for about two minutes
and cooled to room temperature in the dark. In this state, these mater-
ials are all nearly (though not absolutely) nonabsorbing at visible
wavelengths between 5000 and 6000 A.

1.3 T T T T T T

L2 b CoF2:Ce,No

SAMPLE 75(-2

ol 0.53mm THICK

o9 _
osl- \.N -

0.7 }—

OPTICAL DENSITY

\
\
\
\
06| \
\
05| \
\

0.3

02—

[ R ol

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
WAVELENGTH (pum)

Fig. 2—Photochromic absorption spectra of CaF;:Ce,Na in the unswitched
(curve 1), switched (curve 2), and optically erased (curve 3) states.

The switched-state spectra, indicated by the broken curves (curves
2 in Figs. 1 and 2), were then recorded after the wafers had been
exposed to the appropriate strong violet or ultraviolet switching radi-
ation for 2 minutes, which is long enough to saturate the photochromic
changes in absorption. In the titanate materials, effective switching is
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produced by radiation in and beyond (shorter wavelengths) the sharp
absorption edge at about 4000 A. The visible switched-state absorption
of these wafers exhibited appreciable thermal decay while these spectra
were being recorded. The spectra shown here, the broken curves of
Figs. 3 and 4, have been corrected for this decay.

T T I T [ ! ]
ol | SrTi03:Ni,Mo,Al
| SAMPLE ST-2-10
! 0.18 mm THICK
o9f- | .
1
\
[}
08 \ -
1
o7
=
E
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Zos|-
w
o
3
© 0.5
-
a
[e]
o4
03—
o2}~
oI _
° 1 1 | 1 | 1 1

03 0.4 0.5 0.6 o7 0.8 09 10
WAVELENGTH(zm)

Fig. 3—Photochromic absorption spectra of SrTiO;:Ni,Mo,Al in the un-
switched (solid curve )and switched (broken curve) states.

In the case of the CaF, materials, the switching radiation is ab-
sorbed primarily by the strong unswitched-state absorption band near
4000 A. Absorption by the accompanying band near 7000 A is ineffective
in switching. Radiation at wavelengths shorter than about 3800 & can
produce up to about a 509, greater photochromic change. This addi-
tional switching is not optically reversible, however, and thermal eras-
ure is required.

Finally, optical erasure was carried out by exposing the wafers to
light lying within the visible switched-state absorption bands. The
resulting absorption spectra of the CaF, materials are shown by long-
short dashed curves (curves 3 in Figs. 1 and 2). The residual switched-
state absorption indicated by these curves typically amounts to about
10% of the initial switched-state absorption and is mot cumulative
(< 1%) with successive photochromic cycling. It can be erased therm-
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ally. For the titanates, the spectra produced by optical erasure are
indistinguishable from those of the initial thermally stable states.

Because of this erasing effect of visible light, it is clear that
switching radiation at wavelengths longer than about 4600 A for the
CaF, materials or 4300 A for the titanates is not only ineffective but
actually becomes detrimental as switching proceeds, limiting both the
rate of change and the ultimate saturated level of photochromic
absorption.'

T T T T T

s~ CaTiO3:Ni, Mo
7= 7N TR Gl -
\ LE CT-1-1
56mm THICK

OPTICAL DENSITY

ol 1 | 1 1 1 |
03 0.4 LX a6 X4 0B a9 1.0

WAVELENGTH(2m)

Fig. 4—Photochromic absorption spectra of CaTiOs:Ni,Mo in the unswitched
(solid curve) and switched (broken curve) states.
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2.3 Optical Recording Modes

The optical reversibility of these materials clearly makes them subject
to two modes of optical recording. In the write mode, appropriate
violet or ultraviolet radiation (as described above) is used to switch
material initially in its thermally stable or unswitched state. In the
erase mode, appropriate visible “erase” light is used to record on
material previously darkened by uniform exposure to switching radi-
ation. In either case, readout of the information thus recorded is
obtained by monitoring the absorption in the region of the visible
switched-state bands shown in Figs. 1 through 4. With CaF, wafers,
readout (of the opposite sign) is also possible at wavelengths lying
in the strong photochromic absorption bands near 4000 A.

The photochromic sensitivity of these materials is from two to ten
times greater for write-mode recording than for erase-mode record-
ing®*® On the other hand, the only available laser sources with suf-
ficient power output to accomplish the fast addressable optical record-
ing required for many applications are those operating at visible
(erase-mode) wavelengths.

In the work reported here, therefore, the 5145 A argon laser line
was used both for erase-mode optical recording and for optical read-
out. From Figs. 1 through 4 it is clear that 5145 A corresponds very
closely to the peaks of the visible switched-state absorption bands of
all of the materials studied. The poorest match occurs for CaF,:La,Na.
Even here, however, the photochromic absorption change at 5145 & is
still about 80% of that at 5750 A where the maximum change does
occur. This fortunate correspondence means that we have near-
maximum utilization (absorption) of the optical-recording radiation
from a high intensity, coherent, and addressable source; in addition,
readout with coherent light is possible (e.g., for optical processing
applications) at a near-optimum readout wavelength.

2.4 Optical Readout at 5145 A

It is of interest to examine quantitatively and comparatively the
ranges of optical density change available for 5145 & optical readout.
Photochromic absorption spectra similar to those of Figs. 1 through 4
were determined for sample wafers of several thicknesses of each of
the four materials studied. The wafer thicknesses, d, and the cor-
responding maximum photochromic optical density changes at 5145 A&,
AD, are given in the first two columns of Table 2. The corresponding
maximum obtainable transmission contrast ratios, R = 1022, and aver-

RCA Review e Vol. 33 ¢ March 1972 255




age bulk absorption coefficient changes, Aa = 2.3 AD/d(cm), are also
indicated.

a. Thickness Effects

The CaF, materials exhibit saturation optical density changes that
are nearly directly proportional to wafer thickness or, alternatively,
maximum changes in average bulk absorption coefficient that are
independent of wafer thickness. This is an indication that, at satu-
ration, the photochromic coloration is essentially uniformly distributed
throughout the bulk of these materials.

For the SrTiO;:Ni,Mo,Al, on the other hand, while wafer thickness
varies by a factor of six, the maximum AD varies by less than a factor
of two, and the maximum Aa varies by a factor of almost three. These
wafers absorb strongly at wavelengths shorted than 4000 & (see Fig.
3), and photochromic coloration is confined to the relatively limited
penetration depth of the switching radiation in this wavelength range.
The effective penetration depth is about 0.1 to 0.2 mm, comparable to
the thickness of the thinnest wafer listed.

Although generally more similar to SrTi0;:Ni,Mo,Al in other re-
spects, the CaTiO;:Ni,Mo behaves more like the CaF, materials in the
dependence of its maximum AD and Aa on wafer thickness. This is a
surprising result, and perhaps not a completely general one. Its explan-
ation in the present case is probably twofold. First, the CaTiO; ab-
sorption edge occurs about 200 to 300 A further toward the ultra-
violet than that of SrTiO;," so that some of the switching radiation
used (3300 < A < 3900 &) can penetrate more deeply into the bulk
material. Second, the longer (by a factor of more than 10) switched-
state lifetime of the CaTiO;:Ni,Mo permits this penetrating radiation,

even if fairly weak, to induce relatively large saturated photochromic
switching.

b. Contrast Ratio

The thickest CaF, wafers included in this study exhibited maximum
transmission contrast ratios at 5145 A of only about 2:1. Because of
the depth of photochromic coloration in these materials, larger con-
trast ratios can be obtained with thicker wafers. In general, however,
increased wafer thickness means reduced image resolution and reduced
storage capacity. In cases where coherent readout light is not necessary,
a better readout wavelength for these materials is near 4000 A (see
Figs. 1 and 2). Here the maximum values of AD are somewhat more
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than twice those at 5145 &, and the maximum values of R are approx-
imately the squares of those at 5145 &.

Markedly greater transmission contrast ratios are attainable with
the titanate wafers, as shown in Table 2. Because of the penetration
limitations discussed above, SrTi0;:Ni,Mo,Al wafers thicker than about
1 mm provide little increase in R. The values of B available with
CaTiO4:Ni,Mo wafers even under 0.5 mm in thickness are probably
adequate for most applications. Unfortunately, the usefulness of CaTiO,
is limited by its relatively poor optical quality.

3. Erase-Mode Sensitivity
3.1 Experimental Procedures

The photochromic wafer samples were switched to saturation as de-
scribed earlier and, within two seconds, shifted into the beam of the
argon 5145 A laser. The beam intensity transmitted through the wafer
was monitored by a linear PIN diode and displayed as a function of
time on either an image storage oscilloscope or an z-y recorder, depend-
ing on the speed at which erasure proceeded. Thus, readout and erasure
were accomplished with a single source and a single beam.

The maximum power output of the laser in the 5145 & line was
about one watf. The beam intensity at a 1/16-inch sample aperture
could be varied from less than 0.2 mW/cm? to more than 2 W/cm?, a
range of more than four decades, and was measured directly with a
recently calibrated Eppley thermopile. Wafer sample transmission as
a function of erase exposure time was recorded for a number of beam
intensities throughout this range.

Room-temperature thermal (dark) decay characteristics were de-
termined by exposing the wafers to the lowest detectable beam intensity
for only very brief periodic measurements.

3.2 Sensitivity Curves

Families of erase-mode sensitivity curves for wafer samples of each of
the four materials studied are shown in Figs. 5 through 8. The photo-
chromic change in optical density at 5145 & is plotted as a function of
time of exposure to the erasing beam. Optical density change (AD)
plotted here is given by AD = log(T,/T,), where T, and T, represent
the transmission of the wafer in its unswitched state and its (partially
or completely) switched state, respectively. The labels on the individual
curves of each family indicate the erase beam intensities (in mW/cm?)
to which they correspond.
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It is clear that for each family of curves (each material) the
slowest optical-density decay corresponds to the room-temperature
thermal-erase process. The CaF, materials exhibit the longest thermal
switched-state lifetimes, the optical density dropping by about 20%
to 30% in 1000 sec for CaF,:La,Na (Fig. 5) and about 10-15% in
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Fig. 5—Erasure of a CaF.:La,Na wafer as a function of erase exposure
time for various erase-beam intensities.

1000 sec for CaF,:Ce,Na (Fig. 6). The SrTi0;:Ni,Mo,Al (Fig. 7),
on the other hand, exhibits the shortest switched-state lifetime, the
optical density falling by a factor of two in 15 to 40 seconds for
various wafer samples examined. The corresponding decay times for
CaTiO;:Ni,Mo (Fig. 8) are of the order of 20 minutes, almost two
orders of magnitude longer. These room-temperature thermal-decay
rates are in substantial agreement with those previously reported for
these photochromic materials.**®

As the erase-beam intensity is increased, in each case, the switched-
state optical density falls away from the thermal-decay curve at pro-
gressively shorter erase-exposure times. For low beam intensities,
thermal decay continues to influence the erasure, and the slope of the
sensitivity curve varies with beam intensity. At higher beam intensi-
ties, however, the erase curves for each material approach a nearly
fixed shape with a central region of constant slope or gamma.

The existence of this linear central region of these sensitivity
curves is important for many potential applications and enables us to
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Fig. 6—Erasure of a CaF::Ce,Na wafer as a function of erase exposure
time for various erase-beam intensities.

apply the concept of a gamma to these photochromic materials. In
each of the Figs. 5 through 8, these regions of constant slope include
between 60% and 80% of the total optical density change.
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Fig. 7—Erasure_ of a SrTi0,:Ni,Mo,Al wafer as a function of erase ex-
posure time for various erase-beam intensities.
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3.3 Sensitometric Characteristics

If time/intensity reciprocity holds for the erase-mode operation of
these photochromic wafers, then the entire family of sensitivity curves
for each wafer should coalesce into a single sensitometric characteristic
when the same optical-density changes are replotted as a function of
erase-exposure energy density (i.e., the produet of erase-beam intensity
and exposure time) rather than of exposure time alone, Sensitometric
characteristics calculated in this way from the data of Figs. 5 through
8 are shown in Figs. 9 through 12, respectively.
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Fig. 8—Erasure of a CaTiO;:Ni,Mo wafer as a function of erase exposure
time for various erase-beam intensities.

3.3.1 CaF,:La,Na and CaF,:CeNa

The solid points in Figs. 9 and 10 indicate the erasures induced in the
two CaF, wafers by exposure for various fimes to erase beams of
selected fixed intensities. The abscissae are the corresponding erase-
exposure energy densities. Thus, these points constitute a straight-
forward replotting of selected sensitivity curves from Figs. 5 and 6,
respectively. The selected beam intensities span approximately three
decades.

In each case, the several separate curves have indeed coalesced
sufficiently to be well represented by single sensitometric characteris-
tics. With few exceptions, the plotted points along the central linear
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Fig. 9—Erasg-mode sensitometric characteristic of a CaF.:La,Na wafer,
showing extensive validity of time/intensity reciprocity.
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Fig. 10—Erase-mode sensitometric characteristic of a CaF.:Ce,Na wafer,
showing extensive validity of time/intensity reciprocity.
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Fig. 11—Erase-mode sensitometric characteristics of a SrTiOs:Ni,Mo,Al
wafer, showing failure of time/intensity reciprocity.
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regions of these characteristics deviate from the curves drawn by less
than =10% in exposure or = 5% in optical density. Thus, in this
intensity range, time/intensity reciprocity does hold, and these single
characteristic curves provide condensed displays of the sensitivity
data contained in the families of curves in Figs. 5 and 6.

The open-circle points in Figs. 9 and 10 indicate the erasures in-
duced in selected fixed times by erase beams of various intensities.
These points, also directly transposed from Figs. 5 and 6, sample ten
or more different intensities in each case. Their close agreement with
the previously determined sensitometric characterisfics is a further
demonstration of the validity of time/intensity reciprocity for these
wafers in this intensity range.

Because of the effects of room temperature thermal erasure, time/
intensity reciprocity cannot be expected to hold for arbitrarily low
erase-beam intensities. The primary effect is that, as thermal processes
begin to contribute, a given integrated erase-energy density appears to
induce greater erasure. The x-points in Fig. 9 were determined in the
same manner as were the solid points (which span three decades in
beam intensity), but for an erase intensity smaller by another factor
of ten, 0.3 mW/cm2, Is is clear from Fig. 5 that the time required for
appreciable erasure at this beam intensity is also that required for
thermal erasure to become significant. The accompanying reciprocity
failure is evident in the x-point curve in Fig. 9. Time/intensity reci-
procity in the erase-mode operation of these materials is discussed
further in a later section.

3.3.2 SrTi0;:Ni,Mo,Al and CaTiO,:Ni,Mo

The solid curves in Figs. 11 and 12 indicate the erasures induced in
the two titanate wafers by exposure for varying times to erase
beams of selected fixed intensities. The abscissae are the correspond-
ing erase-exposure energy densities. Thus, selected sensitivity curves
of Figs. 7 and 8 are simply replotted with a new abscissa scale. The
selected beam intensities span more than three decades (more than
four in Fig. 12).

Unlike the similarly derived curves for the CaF, materials (Figs. 9
and 10), these curves have not coalesced to single sensitometric char-
acteristics for each wafer. The closest pairs of curves differ by more
than 30% in exposure for the SrTiO; and by about 209% for the
CaTiOg. Clearly, then, for the erase-mode operation of these titanate-
based wafers, time/intensity reciprocity does not hold over any extended
region in this range of erase intensities. As a result, the sensitivity
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data contained in the families of curves in Figs. 7 and 8 cannot be
condensed into any single characteristic curves.

The broken curves of Figs. 11 and 12 give further support to this
conclusion. These curves, also derived from Figs. 7 and 8, indicate
the erasures induced in selected fized times by erase beams of various
intensities. Each of these curves samples six or more different intensi-
ties. These curves, too, are distinctly separale.

As we have seen (Figs. 5 through 8), the titanate-based photo-
chromics exhibit much more rapid thermal decay than do the CaF,-
based materials. It is not surprising, then, that they suffer a more
severe reciprocity failure as well. The subject of time/intensity reci-
procity in these materials and the relationship between reciprocity
failure and thermal decay are examined more carefully in the following
section.

3.4 Time/Intensity Reciprocity

Erase-mode time/intensity reciprocity is investigated more generally
and more directly in Figs. 13 through 16. Here, the time-of-erasure is
plotted against the erase-beam intensity for each of the fifteen sample
wafers studied (see Table 2). The data plotted for each wafer were

Table 2—Optical Readout at 5145 A

Wafer Maximum Absorption Changes
Thickness —
d{mm) aAD R Aa (em-1)

CaF.:La,Na

0.81 0.33 2.1 9.4

0.63 0.23 1.7 10

0.29 0.12 1.3 9.5

0.13 0.06 1.1 11
CaF'.:Ce,Na

0.86 0.27 1.9 7.2

0.53 0.18 1.5 7.8

0.32 0.10 1.3 7.2
SrTi0;:Ni,Mo,Al

1.02 0.86 7.2 19

0.53 0.73 54 32

0.28 0.60 4.0 49

0.18 0.45 2.8 58
CaTiO;:Ni,Mo

0.81 2.20 158 63

0.66 1.44 28 59

0.30 0.80 6.3 59

0.18 0.55 3.5 70
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taken directly from families of sensitivity curves such as those shown
in Figs. 1 through 4. In most cases, the range of erase intensities
spans nearly four decades, in some cases more than four. The time-of-
erasure used is T,,,, the time required for the readout optical density
to be reduced to half its initial (saturated) value. The “true recipro-
city” straight lines in each figure have slopes of —1.0.

3.4.1 CaF,:La,Na and CaF,:Ce,Na

Figs. 13 and 14 show these reciprocity characteristics for four CaF,:
La,Na wafers and three CaF,Ce,Na wafers, respectively. For erase-
beam intensities greater than about 10 mW/cm?2, all seven wafers
exhibit almost the perfect inverse relationship required for true reci-
procity. Reciprocity begins to fail very gradually for smaller intensi-
ties, occurring earlier (i.e., at higher intensities) for CaF,:La,Na
than for CaF,:Ce,Na, and slightly earlier for the thinner wafers than
for thick ones. The values of T, /o corresponding to the first signs of
reciprocity failure are Ty/o=~10 (£ x 3) sec for CaF,:La,Na wafers
and T, ~20 (* X 2) sec for CaF,:Ce,Na. In the intensity range
between 1 and 10 mW/cm?, i.e., for approximately the first decade of
reciprocity failure, T, s2 varies as about the inverse 0.9 power of erase
intensity.

The reported values of T;,5 (permai COrresponding to room-temper-
ature thermal decay alone are about 2.6 X 104 sec for CaF,:La,Na,
about 4 X 10* sec for CaF,:La, and about 4 X 105 sec for CaF,:Ce.®
Thus, gradual reciprocity failure first begins while the ratio T2/
Ty/2, thermar 18 still only about 10—3 or smaller. This at first seems re-
markably early for thermal effects to become significant. But the
thermal-erase curves for CaF,:La,Na (Fig. 5) and CaF,:Ce,Na (Fig. 6)
do indeed indicate appreciable thermal decay (S 5%) in times as short
as 30 sec (=~10-3 X T),5 (perma;) and 40 sec (=~ 10—% X T1/9, thermal) »
respectively, At least to this semi-quantitative extent, the observed
reciprocity failure of the CaF, materials can be attributed to thermal
decay processes.

3.4.2 SrTi0;:Ni,Mo,Al and CaTiO,:Ni,Mo

Figs. 15 and 16 show the reciprocity characteristics for four SrTiO,:
Ni,Mo,Al wafers and four CaTiO;:Ni,Mo wafers, respectively. Even
at the highest erase intensities used, about 2 W/cm2, none of these
wafers show the true time/intensity reciprocity exhibited by the CaF,
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wafers. Instead, T,,. varies as about the inverse 0.9 power of the
erase intensity in this range. As we have already seen, however, this
is not necessarily inconsistent with the CaF, results. There, the
criterion for true reciprocity appeared to be Ty,0/T1 2 tnermal <10-3 to
10—%. For SrTiO,:Ni,Mo,Al and CaTiO,:Ni.Mo the values of
Ti/o. thermat » are much smaller, about 25 * 10 sec and about 2 X 103 sec,
respectively. Thus, even for the smallest values of T,,, observed, the
criterion above is, at best, barely satisfied. In the case of the SrTiO4
wafers (Fig. 15), the shortest observed optical erasure times are Ty,
=~ 0.04 sec, which corresponds to T;,./T1 2, therma =~ 2 X 10—3, For the
CaTiOz wafers (Fig. 16), the smallest observed values of T,,, are
about 0.2 sec, or Ty,2/T1/0 thermat = 1074

At the other extreme, reciprocity fails very badly for the SrTiO4
wafers at erase intensities smaller than about 40 mW/cm2. In this
range, T2 S 1.5 sec and lies within about a “actor of ten of its limit-
ing value, the thermal half-life T,,5 \perma1 - —hese limiting values are
indicated for each wafer in Fig. 15. For thz CaTiO; wafers, on the
other hand, the inverse 0.9 power dependence o>f T,,, on erase intensity
continues to somewhat below 10 mW /cm? anc¢ values of T,,, ~ 20 = 10
sec. For smaller intensities, the curves of Fig. 16 also begin to flatten.

The observed reciprocity failure at the highest erase intensities is
not as readily attributable to thermal-decay processes as was the onset
of reciprocity failure in the CaF, case. The thermal-erase curves of
Figs. 7 and 8 indicate that, for both the SrTiOz; and CaTiO4; wafers,
the times required for appreciable thermal decay (; 5%) of the in-
itial photochromic optical-density change are about an order of magni-
tude longer than the shortest optical-erase times observed. On the
basis of these data, then, thermal decay appears to be too slow to
account for the observed reciprocity failure in the corresponding range
(highest decade) of erase intensities. And this, in turn, suggests the
existence of some other mechanism that acts to prevent time/intensity
reciprocity in this range.

However, it is just these data that are subject to the greatest
experimental uncertainties. The absolute magnitude of the initial
maximum-optical-density change for a given wafer (i.e., that observed
in times 2 1 sec) was frequently only reproducible to within about
5 to 10%. As a result, the detailed shapes of both the thermal- and
optical-erase curves (Figs. 5 through 8) in this short time and small
erasure regime also exhibited poor reproducibility.

On the basis of the present data, therefore, no firm conclusion can
be drawn regarding the existence in these materials of a mechanism
preventing reciprocity, other than thermal decay. Clarification of this
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point could be gained by extending the measurements reported here
to higher erase intensities, shorter erase times, and greater experi-
mental precision in the intensity range in question.

One possible cause of reciprocity failure at high erase-beam
intensities merits a brief comment here. While the effect of wafer
heating by absorbed erase-beam energy was not specifically explored,
such heating would tend to increase the thermal decay rate at high
intensities and, thus, to steepen rather than flatten the reciprocity
characteristics of Figs. 15 and 16.

Table 3—Erase-Mode Recording at 5145 A

Wafer | AD s Y Ews
Thickness at — ——— at 1 W/em?
d(mm) i 5145 A Y | Y/ Dorax (mJ/em?)

CaF::La,Na

0.81 0.36 0.18 0.50 = .04 290

0.53 0.25 0.12 0.48 = 02 230

0.29 0.13 0.058 0.45 = .03 270

0.13 0.076 0.034 0.45 = .03 190
CaF.:Ce,Na

0.86 0.27 0.14 0.52 = .03 270

0.53 0.18 0.095 0.53 = .04 220

0.32 0.10 0.057 0.57 x .06 226
SrTiO;:Ni,Mo,Al

1.02 0.90 0.57 0.63 * .05 120

0.53 0.79 0.46 0.58 = .04 110

0.28 0.48 0.31 0.65 x .02 (i

0.18 0.44 0.26 0.59 = .03 65
CaTiO,:Ni,Mo

0.81 2.06 1.34 0.65 * .06 530

0.56 1.43 0.97 0.68 = .08 420

0.31 0.96 0.65 0.68 = .04 270

0.18 0.52 0.33 0.63 = .02 200

4. Summary and Discussion

The photochromic erase-mode recording characteristies of all fifteen
wafer samples are summarized in Table 3. The maximum changes in
optical density at 5145 A, AD,,,., are those obtained from sensitivity
curves similar to (and including) those of Figs. 5 through 8. 1In all
but three cases, these values lie within 10% of the corresponding AD
values determined from the measured photochromic absorption spectra
(see Table 2). The largest difference, 27%, occurs for the thinnest
CaF,:La,Na wafer, the case subject to the greatest experimental
uncertainty.
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The quantity y is defined as the slope of the nearly linear central
region of a given sensitivity curve, ie., y =AD/log (exposure) in
that region. As was pointed out earlier, the sensitivity curves for
each wafer approach a relatively fixed shape with constant y as the
erase-beam intensity increases above about 1 mW/cm2. The quantity
‘y in Table 8 denotes, for each wafer, the average value for only these
erase intensities. It is clear that for each material the values of y
are approximately proportional to ADp,.. The ratio Y/AD ax » listed
in the fourth column of Table 3, appears to be a characteristic of a
given photochromic material. Even the variations in ¥/AD .. among
the four different materials are not large. In practical terms, y can be
adjusted somewhat for a particular application by varying wafer thick-
ness, and thus AD,.. Similar adjustments in AD,,, and y can be
achieved by varying the readout wavelength.

Dependence of y on AD,,, is not unexpected. At smaller values
of AD,,, a smaller fraction of the incident radiation is absorbed
and the erasure would be expected to proceed more slowly. An
equation for the transmission of a photobleachable material as a
function of bleaching exposure has been developed by Kessler* (and,
independently, by Staebler®). The model on which the equation is
based is not applicable in complete detail to the experiments reported
here. The equation can be used, however, to show a dependence of y
on AD,,. that, in a limited regime, might be approximated by y/
ADp,. = constant. The fact that this constant varies little among the
four materials examined is indicative of the fundamental similarities
in the photochromic processes.

The right-hand column of Table 3 shows the erase exposure E,,
required, at an erase beam intensity of 1 W/cm?, to reduce the readout
optical densities to half their initial (saturated) values. Clearly the
reciprocal of E;,, is a measure of erase-mode sensitivity. The E,;»
values tabulated are the products of the appropriate abscissae and
ordinates of the various reciprocity characteristic curves in Figs. 13
through 16. (It should be noted that these are incident exposures, not
absorbed exposures.) Values of E;,, for other beam intensities can
be readily determined in similar manner. For each material, the values
of E,,, exhibit a dependence on AD,,, , although not a consistent one.
For SrTiO,:Ni,Mo,Al the two are very nearly proportional, while for
the CaF, materials, the dependence is much weaker. Qualitatively,
this dependence is again consistent with the arguments given above
for the variation of y with AD,,, and with the equation derived by
Kessler.*

For each material, Fig. 17 shows I/E,,, plotted as a function of
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ADg,, (See Table 3). For a particular application requiring a
specific contrast ratio or AD,,,, this graph gives an indication of the
relative sensitivities of the four materials. Thus, wafers of CaF,:
La,Na and CaF,:Ce,Na of comparable AD,,, exhibit comparable sen-
sitivities. For AD_,. = 0.4, the SrTiO;:Ni,Mo,Al is about twice as
sensitive as the CaTiO;:Ni,Mo and five times as sensitive as the CaF,
materials.
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Fig. 17—Reciprocal of erase exposure Ey; (to 1/2 AD,..) as a function of
ADn.x for the several wafer samples of four materials.
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High Contrast, High Sensitivity Cathodochromic
Sodalite for Storage and Display Applications

B. W. Faughnan and I. Shidlovsky
RCA Laboratories, Princeton, N. J.

Abstract—Recent developments in high contrast, thermal erase, cathodochromic

materials are presented. The distinction between photochromism and
optically reversible and thermally reversible cathodochromism is clari-
fied. The synthesis and sensitization of hydrothermal sodalite is
discussed. Experimental results in the form of contrast ratio versus
electron beam flux are presented for a wide variety of bromide sodalite
powders. Measurements were made in both reflection and transmis-
sion modes on both loose powders and thin settled slides. Data is
presented on the sensitivity of the materials as a function of material
preparation, particle size, method of measurement, and electrcn-beam
voltage. With the most sensitive materials, a CR of 10:1 is achieved
for ¢ less than 15 uC/cm?, measured in transmission using a narrow-
band interference filter at the bromide absorption peak. Under identi-
cal conditions a CR in excess of 100:1 is obtained for a flux of several
hundred uC/cm?. However, the most sensitive materials also show
significant room temperature decay after several minutes.

The intrinsic absorption coefficient k of a settled sodalite screen is
measured by optical transmission using an index matching technique;
for CR =10:1, k = 1000 cm~ and for CR = 100:1, k = 4000 cm~"'. The
effective gain g of a cathodochromic screen is defined by the equation
CR = e8kD, where D is the electron beam penetration depth, and CR is
measured in transmission. g is found to be a monotonically decreasing
function of CR with g = 5.4, 4.1, and 2.3 for CR = 1:1, 10:1, and 100:1,
respectively. The amount by which g exceeds unity represents the
enhanced absorption introduced by multiple scattering inside and be-
tween the multi-layered particle screen.
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1. Introduction

The interest in cathodochromic materials for storage and display tubes
has increased recently'®, mainly because of the unusual cathodochromic
and photochromic properties of sodalite. The application of materials
with color centers induced by electron beam irradiation was first
studied intensively during World War II° The need was for a long-
persistance radar screen and the material chosen was KCl. KCl has
many short-comings as a cathodochromic material, however, and inter-
est in cathodochromic (also called “dark trace”) tubes in general
declined.

Since the first paper on the photochromic properties of sodalite
appeared” the material has been increasingly studied,** with most
of the recent emphasis on the cathodochromic properties of sodalite
for use in cathodochromic cathode-ray tubes.

Sodalite represents a considerable improvement over KCl in terms
of sensitivity, contrast ratio achievable, and variety of light bleaching
and thermal decay rates. Cathodochromic sodalite, as developed at a
number of laboratories, can achieve a contrast ratio CR of approxi-
mately 2 or 3 to 1 at an electron beam flux of ¢ = 1-3 xC/em? using
20 to 30 kV electrons.*>* The early material was doped with sulfur,>"
since that was found to aid its photochromic properties. Fe doping
was also employed. It was found independently by a number of
workers,™® including ourselves, that doping is not necessary for good,
optically reversible, cathodochromic properties. It is necessary how-
ever, for the photochromic effect, and can effect the light bleaching
properties of optically reversible cathodochromism.®In some cases,
doping may degrade the cathodochromic performance. For example
sulfur is known to diffuse through sodalite at elevated temperatures
forming a variety of sulfur radicals.* The “fatigue”, or loss in sensi-
tivity, always found in sulfur doped sodalite must somehow be asso-
ciated with the motion of sulfur ions during irradiation, although the
details of this process are not understood. It should be mentioned,
however that even some undoped forms of sodalite show fatigue.®

* Ref. [8] reports an order of magnitude better than this figure for
reflection contrast ratio on thick settled slides, i.e. CR =2:1 at 20 KV for
¢ = 0.15 pC/cm®. However we show in Ref. [15] that our measured initial
sensitivity corresponds to an F center production efficiency of 7., = 80 eV/F
center. This is a very reasonable number since it takes at least three
bandgaps of energy to create an electron hole pair (~25eV) and we do
not expect 100% efficiency for the trapping of electron hole pairs. 7., is
somewhat less (20-40%) than the corresponding number found for KCI
at room temperature in the fast stage of coloration (Ref. [20]). The initial
efﬁci%r;cy in Ref. [8] would have to be 8 eV/F center which does not seem
possible.
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One form of fatigue that all sodalites manifest in the optically
reversible mode of operation is the gradual build up of coloration
(F band absorption) which cannot be bleached by light. We have
recently shown® that this coloration results from a different physical
mechanism i.e,, from an ionic displacement which creates a new
vacancy, rather than merely from the trapping of an electron by an
already existing vacancy. This situation is analogous to the early-
and late-stage coloration in alkali halides." Not surprisingly, it takes
more energy to create the vacancy than just to trap an electron in an
existing vacancy. Nevertheless, by materials improvement, it has been
possible to increase the efficiency of this process to the point where
the device applications for this mode of coloration look very promising.
A significant bonus for operation in this mode (called the thermal
erase mode, since it can only be erased or bleached by heat) is that
the density of centers obtainable is increased by more than an order
of magnitude. Other advantages have already been presented® not
the least of which is the absence of any fatgue in this mode of
operation.

Some of the materials to be described here have already been
incorporated in working devices® and systems.® In this paper we will
describe some of their properties in detail. In addition significant
improvements in material quality and understanding have been made.

2. Model for Cathodochromic Coloration in Sodalite

The nature of the cathodochromic coloration in sodalite has been
studied by a variety of physical and chemical techniques. Recently, the
distinction between the various types of coloration in sodalite have
been clarified, and a model has been proposed for the nature of the
high-contrast thermally-erasable coloration in sodalite.'

To understand cathodochromic coloration in sodalite, we have to
distinguish three different modes of coloration—(1) photochromic,
(2) optically reversible cathodochromic, and (3) thermally reversible
cathodochromic. The three modes refer to different physical mechan-
isms for creating the coloration, but the actual color centers are
identical in each case, i.e., an F center or an electron trapped at a
halogen vacancy site.”*

Photochromism was the first of the three mechanism’s observed in
sodalite.'®'* It results from a light-induced transfer of charge from
an electron donor to an already existing halogen vacancy. Sodalite
has been doped with sulfur', iron?, and selenium and tellurium? to
supply the necessary donors. Optically reversible cathodochromism
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also results from the trapping of an electron in a halogen vacancy site.
But in this case, many electron hole pairs are created by the primary
electron beam. Doping with donor impurities is not necessary in this
case, i.e., sodalite can exhibit optically reversible cathodochromism
without being photochromic. Finally, we have shown that thermally
reversible cathodochromism results from the ejection of an ion from
inside a normal aluminosilicate cage to a defect cage.”® A defect cage
in sodalite is one which is missing either a Na ion, a halogen ion, or
both. The defect cages are produced during the sensitization process
that removes NaBr from the lattice.

100¢

0 TOTAL OBSERVED %
COLORATION CURVE ~__ /

OPTICAL ERASE

COMPONENT

A THERMAL ERASE
/ COMPONENT

0 1 1 /l 1 1
' I 10 100 1000
ELECTRON BEAM EXPOSURE (uxC/em’ )

T

CR-1

T

Fig. 1—Diffuse reflectance contrast ratio CR versus electron beam exposure
?{\i"or a bromide sodalite powder (electron-beam voltage V =20
).

A cathodochromic coloration curve of sodalite is illustrated in
Fig. 1. Contrast ratio (minus one) is plotted versus electron beam
exposure. The solid line is the experimentally observable coloration
curve. It consists of an optical erase component, which is sensitive
initially, but tends to saturate at a contrast ratio of about 2.5:1. The
contrast ratio then continues to increase, although at a slower rate,
as a result of the thermal erase component. The dotted curves break
up the experimental curve into its optical and thermal parts. In very
sensitive material the two component nature of the coloration is no
longer obvious, although its existence can still be verified by other
means, such as by optical bleaching or heating, which affect the two
components differently.

276 RCA Review e Vol. 33 ¢ March 1972




v — —————

CATHODOCHROMIC SODALITE

3. Material Preparation

Bromide sodalite (NagAlgSi;0,,°2NaBr) is one representative of the
sodalite group of materials. Fig. 2 shows the cage-like structure of
sodalite. A three-dimensional alumino silicate structure encloses each
Br ion and its four nearest neighbor tetrahedrally coordinated Na
ions. Sodalite has body centered cubie symmetry and the cages are
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Fig. 2—Schematic diagram of the sodalite cage structure. Large circles on
the center of the cages represent halogen ions. The smaller circles
represent Na ions. The solid lines outline two attached alumino-
silicate cages. The Al, Si, and O ions forming the cage are not
shown for clarity.

closely packed. In this respect the sodalites differ from all other
zeolite materials, which can have other types of cages in addition to
the sodalite cage. In sodalite, the bromine can be completely or par-
tially replaced by chlorine, iodine or OH, and partially by Group VI
elements. The sodalite structure is maintained in nonstoichiometric
form of the material for example, when some of the alkali and
halogen atoms are missing. Maintenance of this structure is an im-
portant fact relating to the cathodochromic and photochromic proper-
ties of the sodalites.

Alkali halide sodalite, mainly in the chloride and hydroxy forms,
have been previously prepared by hydrothermal methods.'"'"*1718 A]]
the reported preparations have been done in basic (NaOH) solutions,
and the product was always found to contain some fraction of hydroxy
groups on the halogen sites. Bye and White' have reported the growth
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of large single crystals (> 5mm) of chloride sodalite, but the stoichio-
metry was found to be NagAlgSig0.,° (1.4NaCl, ¢NaOH). In the refer-
ences cited above, the main emphasis was to produce sodalite in
crystalline form with the typical dodecahedral shape. To this end,
the alkali solution was used as a complexing media to help in trans-
porting the material along a thermal gradient. But this was also the
source for the hydroxy/contamination.

As grown, the sodalites are neither photochromic nor ecathodo-
chromic. Heat treatment is needed to sensitize the materials and that
is accompanied by weight loss. The ease of sensitization is influenced
by the crystallinity. Ballentine and Bye'” reported that after prolonged
treatment at elevated temperatures in vacuum, they were not able to
sensitize large single crystals of chloride-hydroxy sodalite. They did
find, however, that it was easy to sensitize 15-25um crystallites, which
suggests that the rate of weight loss from sodalite is influenced by the
surface area and the crystallinity. The sensitization treatment is
usually carried out in a hydrogen atmosphere. Chemical reduction is
needed to create the electron donor centers responsible for the photo-
chromic and, possibly, the optical erase cathodochromic properties. At
the same time, halogen is removed from the sodalite cages creating
vacancies which then become F centers after trapping an electron.
None of the previous work dealt with thermal erase cathodochromic
sodalite. In this case it is necessary to remove an even larger quantity
of sodium halide to create the defect cages necessary for the ionic-
displacement mechanism. In the case of optically reversible cathodo-
chromism, some success in limiting the thermal mode coloration has
been obtained by putting sodium back into the lattice after the
sensitization treatment.**

We have attempted to develop and define the best thermal erase
cathodochromic bromide sodalite. To accomplish this goal the pre-
viously used conditions of hydrothermal growth of sodalite had to be
modified.

The general reaction for sodalite bromide synthesis is as follows:

6NaOH + 6Si0, + 341,05 + 2NaBr > NagAleSig0,, * 2NaBr.

Starting materials are reagent grade chemicals: NaOH, NaBr, Si0,
and Al,0;. The charge for the hydrothermal reaction is prepared by
mixing stoichiometric amounts of the chemicals in water, plus excess
of NaOH and NaBr.

The charge is reacted in a high pressure bomb for about seven
days. Typical reaction temperature and pressure are 400°C and 15,000
psi. All the reaction parameters are interrelated in their affect on
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the final product, and the optimum condition must be found experi-
mentally.

At the end of the reaction, the reaction vessel is cooled to room
temperature. The powder forms loose aggregates in the comtainer,
which are seperated in the washing procedure. The excess of NaOH
and NaBr are washed out in water, and the sodalite, in the form of fine
white powder, is dried and ready for sensitization.

When syntheizing doped or substituted sodalite bromide, a similar
preparation procedure is applied. Ga and Ge are introduced as oxides;
Group VI elements, such as S, Se and Te, are reproduced as the oxy-
anion X0,, which is later reduced with hydrogen to X—.

In the sensitization process, NaBr is diffused out from the sodalite
structure,

A
Na,gSigAlg0,, ¢ 2NaBr — NagAlgSig0s, ¢ (2-x) NaBr.

x can be as high as 0.3, which is equivalent to a 15% deficiency in
NaBr. The removal of the NaBr is done without any phase trans-
formation, as confirmed by x-ray analysis.

Careful examination of the x-ray diffraction patterns of the soda-
lite before and during different steps of the heat temperature shows
that, during the heat treatment, the unit cell expands by 0.2%. In as-
grown material, the unit cell is 8.932 = 0.005 A. The change in the
unit cell is not linear, but occurs after a weight loss of about 1%,
which corresponds to 5% of the NaBr in sodalites. This result is in
agreement with fact that the coloration properties up to 1% weight
loss are less than expected for the corresponding number of defects.
However, an exact correspondence has not been shown and further in-
vestigation of this result is needed. One possibility is that the initial
loss is from the surface, where the density of defects formed is higher
than it is deeper inside the particles.

4. Contrast Ratio Measurements
Experimental Techniques

The measurement method is very important in the evaluation of catho-
dochromic powders. The contrast ratio versus electron-beam flux of one
material can be superior to another in one method of measurement and
inferior in another. Since the primary application is for targets for
cathodochromic dark trace tubes, one might suppose that only the
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contrast ratio of settled targets in actual tubes should be measured.
This approach would be impractical and very time consuming. Also,
it would not differentiate between intrinsic sensitivity of the powder,
particle size, film thickness, and the effect of tube processing on ma-
terials. The approach we have followed is to use a variety of techniques
that accentuate the importance of different parameters until our
knowledge of the whole system is built up. Finally, one technique can
be standardized when all the variables are under control.

Ideally, we would like to measure the instrinsic absroption versus
the total electron beam flux k versus 0, the so-called “growth curve”.
This curve would describe the coloration property of the material com-
pletely. Then, the contrast ratio would depend on this k-versus-9, curve
as well as on particle size, screen weight, etec. This measurement will
be discussed later. In this section only the contrast ratio measure-
ments are considered.

The diffuse contrast ratio, is defined as CR = R,/R for reflection,
or I,/I for transmission where R, and I, are the initial diffuse reflec-
tion and transmission, respectively, and R and I are the final diffuse
reflection and transmission, respectively, after electron-beam colora-
tion. The contrast ratio was measured with a spot-meter (14° accept-
ance angle) and sometimes with a narrow band (100 &) interference
filter at the bromide sodalite absorption peak. The beam was deposited
in the form of a square television raster, typically 1 X 1 em. The part
of the screen not colored by the electron beam was masked out so that
very high contrast ratios (> 20:1) could be measured accurately. A
schematic diagram of the experimental setups is shown in Fig. 3. Con-
trast ratio versus § measurements are made by three different methods.
In two of these methods, CR is measured continuously with the elec-
tron beam on, and in one point-by-point data is taken.

(1) Reflectance measurement on seltled slides (method I) is the
most unreliable and gives the lowest values for the contrast ratios.
It is also the most time consuming, since a complete slide must be
settled and mounted for each material. The electron beam strikes the
back or powder side of the slide which has an evaporated Al layer,
approximately 500 A thick, that serves to draw off the current. The
CR is measured from the front side through the glass or mica sub-
strate.

This method poses certain problems. CR is a very sensitive func-
tion of slide thickness t. If ¢t < D, where D is the penetration depth
of electron beam, electron-beam energy is wasted. If ¢ >> D, the front
surface of the slide never gets colored, yet this surface is most heavily
weighted in the CR measurement. Also, CR is a sensitive function of
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powder particle size which must be accounted for. Our early measure-
ments were performed using this method, but we shall not discuss
it further here.

TUNGSTEN LAMP
FOR T::’;SH!SSION TUNGSTEN LAMP FOR
L] )

cR REFLECTION MEAS,
ELECTRON
GUN 10-30KV & SPOT-METER

X-Y RECORDER

€L BEAM
DEMOUNTABLE
SYSTEM

o 1 BEAM
222" SLIDE LOG CR VS LOG¢ OUTPUT

APPARATUS FOR MEASURING SETTLED SLIDES

ELECTRON GUN
}' 20 xv SPOT -METER
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LAMP 3

POWDER

NACULS SAMPLES

DEMOUNTABLE
SYSTEM

FARAOCAY CUP

SAMPLE . .
SHRADERS” WHEEL

APPARATLS FOR MEASURING LOOSE POWDERS

Fig. 3—Schematic diagram of experimental apparatus used for measuring
contrast ratio versus electron-beam exvosure of sodalite powders.
The log amplifiers and x-y recorder shown for settled-slide meas-
urements are used in method III to obtain a plot of log CR versus
log ¢ directly.

(2) Reflction measurements on loose powders (method 1I) has
several advantages. (1) CR is measured on the same side as the elec-
tron beam. Therefore, the best value is obtained and does not depend
on the thickness of the powder. (2) As many as 30 different samples
can be mounted at one time and measured during the same run under
identical conditions. (3) Settled slides do not have to be made.

Because of (2) and (3) this method is very fast and convenient. It
is very suitable for a rapid survey of a wide variety of differently
prepared materials. The disadvantage is that the results cannot be
applied directly to a cathodrochromic cathode-ray-tube configuration.
One reason is that loose powder may behave differently from a settled
slide, and a second is that the reflection and the transmission CR are
not exactly the same.
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(3) Transmission measurcments on settled slides (method III)
combines advantages and disadvantages of the first two methods. It
is ideally suited to the final phase, where detailed measurements on
a few ‘“‘best” materials are desired in a configuration close to the
actual tube operation. The main points about this method are as
follows. (1) High CR is obtained. There is no loss of sensitivity be-
cause of viewing from the side opposite to where the electron beam
strikes. (2) The measurement is practically independent of the thick-
ness of the slide. (8) It is found experimentally that CR is essentially
independent of particle size. (4) The method is not as fast as Method
II. However, if the heat erasable In,0; coated mica substrate is used®,
it is possible to thermally erase the slide. This allows one to make
many runs on the same slide for detailed investigation.

To summarize, we found increasingly higher contrast ratios in
going from Method I — II — III, even for the same material. It is
interesting to note that in the published literature, Phillips® uses
Method I, Bolwijn et al®* use Method II (but with a deposited thick
layer), and Taylor et al® use Method III.

Detailed Experimental Results

Method II

Many different materials were evaluated using this method. For clar-
ity, only representative groups will be shown to illustrate the main
conclusions.

Fig. 4 shows the total contribution to the CR, i.e., optical mode
plus thermal mode. The upper group of points shows the CR-minus-one
versus @ curve for eight runs on six different materials that were
among the most sensitive of all materitals tested. All these runs have
the same sensitivity within the experimental error. We concluded
from this data that (1) there is no effect on cathodochromic sensitivity
whether the material is undoped, Fe doped, or Se doped and (2) the
main correlation with sensitivity is method and conditions of growth.

Although some dopants have no effect on material sensitivity, others
have a deleterious effect. Specifically, the addition of sulfur, gallium,
or calcium greatly reduces the thermal mode sensitivity, as shown
by the lower curve in Fig. 4.

The effect of electron-beam voltage on reflection contrast ratio is
shown in Fig. 5. As expected, higher beam voltages produce higher
contrast ratios. This effect occurs not primarily because of the in-
creased energy carried by the electron, but rather because of the
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Fig. 4—CR minus one versus g for loose sodalite powders (V =20 KV).

increased pentration depth. This means that the energy density/em’
for a given flux is actually less at higher electron beam energies and
so the color center production rate per electron is higher. The in-
creased rate occurs because of the nonlinear or saturating nature of
the coloration curve. Actually, the increase in CR in going from
10 to 20 kV is less than might be expected, probably because in going
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Fig. 5—CR minus one versus ¢ for loose sodalite powders showing effect
of varying electron-beam voltage.

RCA Review e Vol. 33 e March 1972 283




from 10 to 20 kV the penetration depth for electrons goes from less
than the particle diameter to just over that. Thus, the colored region
is not quite as effective as it would be for larger particles, since some
light gets scattered out of the material after passing through only
one layer. It is interesting that only at 5 kV and ¢ > 3000 #C/Cm?2
is it possible to approach saturation of the coloration. The effect of
particle size is shown in Fig. 6 where contrast ratio for a given flux

BROMIDE SODALITE, SINTERED
20KV, DIFFUSE REFLECTANCE

12+ O CONTRAST RATIO AT SOOpC/cm:
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Fig. 6—Contrast ratio versus particle size at fixed electron-beam flux for
a sintered sodalite powder.

is plotted versus particle size of a loose powder. These measurements
were actually made on a sintered sodalite material, but that does not
affect the nature of the results. We see that CR increases with particle
size up to about 15um and then remains fairly flat out to 90um. For
particle diameters less than 5um, the reduction in CR is very great in
the reflection mode.

Method III

Now consider the transmission slide contrast ratio measurements. This
method yields the highest values of contrast ratio. Since the prelim-
inary survey work had already been done, only the most promising
materials were studied by this method. CR-versus- curves for one
such powder are shown in Fig. 7 for a series of electron voltages. They
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show considerably better sensitivity than any of the preceding figures.
A contrast ratio of 10:1 is reached after approximately 40 pC/cm?*
of flux at 25 kV. All the data on transmission slides were taken
using a 100-X interference filter, centered at the bromide absorption
peak. This improved the sensitivity by approximately a factor of two.

SODALITE BROMIDE D42-1B
TRANSMISSION SLIDE

PARTICLE SIZE =5u 2
CURRENT DENSITY ~6 TO 25 uA/IN
gIT_'IyEERASURED WITH 5500 &8 INTERFERENCE

| SCREEN WT 3.8 mg/cm?

T T TTT

CONTRAST RATIO

] i llllllll 2 1 Illllll i Llllllll

10 100 1000
ELECTRON BEAM ENERGY DEPOSITED IN UNITS OF ¢%‘g—v’ (xChm?)

Fig. 7—CR (transmission) versus ¢ of bromide sodalite for different
electron beam voltages.

The sodalite screen density varied between 4-6 mg/cm?, the higher
density corresponding to larger powder particle sizes. Since sensitized
sodalite has an approximate density of 2.36 gm/cm?? several layers of
material were deposited on the slides.

The contrast ratio is much less sensitive to particle size in the
transmission mode. When a particle size is specified, say between 20-30
pm for example, what is meant is that the sodalite from which the
slide is made passes through a 30u sieve, but not through a 20u sieve.
Scanning-electron-microscope pictures reveal that such a powder is
actually made up of aggregates of smaller sized particles. This sug-
gests that the intrinsic material properties of the powder are inde-
pendent of aggregate size, but the light scattering properties may not
be. A series of 40 runs was performed at 25 kV using 8 different slides
made up from three different but similarly grown materials and with
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particle sizes < 10pm, 10-20pum, and 20-30um. All CR-versus-§ curves
came out close to the 25 kV curve of Fig. 7 (within experimental
error). This insensitivity to particle size and screen weight makes
this technique ideally suited for studying the effects of more subtle
variations in growth conditions.

5. Intrinsic Absorption and Effective Gain of a Sodalite Screen

The study of the optical properties of cathodochromic sodalite and the
understanding of their device performance is hampered because one
must work with powders. In practice this usually limits measurements
to contrast ratio versus flux. But contrast ratio depends on the method
of measurement, powder size, reflection versus transmission, and other
factors. It would be desirable to have a direct measurement of the
instrinsic absorption coefficient k(ecm—1).

k versus @, the so-called growth curve, is an instrinsic property of
the material alone. From it, one can determine such important quanti-
ties as initial efficiencies for the optical and thermal erase modes,
and their respective saturation behavior. In addition to being im-
portant for predicting device performance, these experimental quanti-
ties are the ones needed for comparison with any theoretical model.
From Smakula’s equation, the density of color centers can be deter-
mined.* Finally, if both k versus § for a cathodochromic material and
CR versus § for a cathode-ray-tube screen constructed from the same
material are known, the effective gain g of the screen, defined by the
equation CR = es*P (D, as before, is the electron penetration depth), can
be computed. This concept is very useful since it relates the contrast
ratio, which is the quantity important for device applications, to the
product of three independent quantities, g, k, and D. The effective gain
of the screen g is a function of method of observation (transmission
versus reflection), particle size, packing density and thickness. The
absorption coefficient k is a property of the material and the electron-
beam energy flux and, of course, differs for optical and thermal modes
in sodalite. Finally, the penetration depth for electrons D is a
function of electron energy and material density. Actually D corre-
sponds to the usually defined range for electrons for the thermal mode
coloration, but may be longer for the optical erase mode (this point
will be discussed later). The gain ¢ also has a simple physical mean-
ing. For a specular screen, e.g., single crystal or film with no particle
scattering, CR = €*? in the transmission mode and CR = e%9*P in re-
flection when the viewing light passes through the colored material
twice (reflective backing). Therefore, for a specular screen, g, =1,
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g, = 2. The magnitude of g found for a diffuse (particle) screen can
be compared with these values. The higher g found, results from
the extra path length the light rays travel, on the average, through
the scattering medium. Total internal reflection inside a high index
particle will be especially effective in increasing the effective gain.

Intrinsic Absorption

A variety of experimental techniques must be employed to obtain a
complete k-versus-@ curve over the wide range of k (30 to 15,000 cm—1)
found in cathodochromic sodalite. These include (1) use of high enegry
electrons (300 Kev Van de Graaff) to irradiate a large volume for the
low-F-center density region, (2) irradiation at 20 KV using the
demountable system described previously to cover the high-absorption
region. The absorption coefficient was determined in two ways—first,
by calibrated EPR measurements of the number of F centers created
and, second, by direct optical transmission measurements on a Cary 14
Spectrophotometer, using an index-matching technique to remove
particle scattering. A detailed discussion of this experiment is given
elsewhere.. From these measurements, the efficiencies for creating F
centers can be obtained. They are »,, = 80 eV/F-center and ,, = 500
eV/F-center for the optical erase and thermal erase modes, respec-
tively. The latter number is typical for the most sensitive materials.
Much higher values for 5, will, of course, be found for those materials
that show little thermal mode coloration. Values of 5, > 5 X 10¢eV/F
center are possible. An example of a direct optical transmission
measurement at 20 KV is shown in Fig. 8. This curve is measured
point by point with the same electron-beam apparatus that was used
to obtain the contrast ratio measurements. That is, a sodalite slide
is irradiated to a certain flux @,;, removed from the demountable, and
index matched, and the optical density through the colored raster is
measured. The slide is returned to the demountable system and
erased, and a second flux @, is obtained. This cycle is repeated until a
complete curve is traced out. The initial shape of the curve depends
on whether the optical erase component is included, which in turn
depends on the temperature of the slide. The optical component can
be removed by heating the substrate or by employing a large current
density.

Calculation of the Effective Gain “g"

The effective gain is easily obtained from the experimental procedure
previously outlined for measuring k versus @. For each flux point
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01, 9, . . . the corresponding contrast ratio is measured before the slide
is removed from the electron beam apparatus. Then in the equation
CR =e#kD, CR, k and D are all known quantities. One source of error
is that CR decays somewhat with time after the beam is removed.
To allow for this variation, the CR decay is observed for a few minutes
before removing the slide. Any further decay in the 10-20 minutes
it takes to complete the transmission measurement is negligiable.
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Fig. 8—Intrinsic absorption coefficient k versus ¢ for bromide sodalite:
V =25 KV; thermal erase mode only.

As shown in Fig. 9, the effective gain (transmission mode) is a
smooth monotonically decreasing function of the contrast ratio. We
have verified experimentally, at least in the thermal erase mode, that
g does not depend on the electron-beam voltage, current density, or
particle size (at least in the 5-40um range). A detailed study of
the gain in the reflection mode has not been carried out, but our
earlier results show that it increases with particle size up to particle
diameters of about 10um and remains constant thereafter at a value
that is always below the transmission gain.

From the known values of ¢ and D and k versus , it is possible to
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construct a family of curves of CR versus 0 for different electron-beam
voltages. Fig. 7 shows a family of such curves obtained experimentally.
To obtain agreement with experiment in the low contrast ratio region,
we find that it is necessary to assume that the optically reversible
color centers are produced beyond the normal penetration depth for
electrons. This could result, for example, if electron-hole pairs (ex-
citon) could diffuse a few micron before recombining or producing F
center.
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Fig. 9—Effective gain g of a settled sodalite slide versus contrast ratio
(data taken at 25 KV).

6. Discussion

Another plot of interest for cathodochromic tube performance is CR
versus @ for three different F-center-production efficiencies (see Fig.
10). The calculated curves assume no saturation in the F-center-
production efficiency. Superimposed on the calculated curves are two
different experimental curves taken on the same sodalite screen. The
low-current-density curve includes the optically reversible component.
The high-current curve consists only of the thermal erase component,
because the screen heats up sufficiently to thermally bleach the optical
part of the coloration (250 milliwatt are incident on a 0.25¢m2 area
of an isolated mica slide 75um thick).

The low current curve starts out close to the theoretical curve for
n = 100 eV/F center. In fact the efficiency derived from this early part
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of the curve is » = 80 eV/F center, in remarkable agreement with the
300 KV van de Graaff measurements.!® It rapidly falls below the
theoretical » = 100eV/F curve (saturation) and meets the high-cur-
rent curve at CR = 13:1. The high-current curve (thermal erase part)
closely follows the » = 500-eV/F-center curve and doesn’t show satur-
ation until approximately CR = 10:1. Fortunately, most anticipated
applications do not require contrast ratios in excess of this value, so no
loss in sensitivity results from saturation in this case. A continuous
series of curves intermediate between the two experimental ones shown
can be obtained simply by varying the electron-beam current or,
equivalently, by heating the mica substrate to reduce the contribution
of the optical mode coloration.’®
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Fig. 10—Caluculated CR versus ¢ curves for a sodalite slide for ». = 100,
500 and 2000 eV/F center (V=25KV). Also included are
experimental data for a bromide sodalite slide at low and high
current density.

An example of the excellent y characteristic that can be obtained
by the proper combination of optical and thermal erase modes is shown
in Fig. 11. Log CR is plotted versus log ¢ and results in a straight
line with unity slope, i.e. y = 1.0 up to contrast ratios of about 25:1.
The addition of some optical erase mode coloration to the thermal mode
compensates for the bend in the curve normally found at lower contrast
ratios.

Finally, some room-temperature decay rates are shown in Fig.
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Fig. 11-—CR versus ¢ for bromide sodalite slide showing gamma-character-
istic for a heated substrate (V =25 KV).
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Fig. 12—Room-temperature decay of contrast ratio for a bromide sodalite
slide (V=25 KV).
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12. They are most conveniently plotted on a log t scale. The theory
of the optical decay will not be discussed here.

All the relevant properties of cathodochromic sodalite are sum-
marized in Table 1. The perintent data for KCl is included, since KCI
is the only other material that has been suggested and used for dark-
trace tubes. The entries for KCI are our own data which agree with
published data on KCI single crystals, where appropriate. A similar
table appears in Ref. [5]. However, Table 1 reflects the most recent
results for sodalite, as well as the results of the intrinsic absorption
measurements.

Some of the values in Table 1 are only approximate. In some cases
accurate data for KCl is not available. Sometimes it is difficult to
describe a property by one number. The following comments should
help clarify the table (letters related to Table 1) :

A. The values for sodalite are accurate measured values. While the
efficiencies for KCl cathodochromic tubes have not been measured,
a good estimate can be obtained from KCI single-crystal data,
as well as from a comparison with sodalite tubes. F-center pro-
duction efficiency for the early stage coleration in KCl is found
to be approximately 100 eV/F center,”® which is close to that of
sodalite. Values between 1500-6000 eV/F center have been re-
ported for the initial efficiency of late-stage coloration,?* and
these values seem consistent with our KCIl slide measurements.

B.,C. The sodalite figures have been checked for a number of different
materials and slides. It is of course possible to find less sensitive
sodalite. The KCl data was measured on only one evaporated
KCl slide* and may not represent the best possible results. How-
ever the numbers are consistent with the data in row A in Table 1
when the earlier saturation behavior of KCI (see row D) is taken
into account.

D. The maximum absorption coefficient for sodalite is several times
that of KCl. In fact, in sodalite there are no apperciable satur-
ation effects up to a contrast ratio of 10:1. This is definitely not
true for KCI.

E. It is difficult to give an exact figure for the lifetimes, but the
values quoted are representative. The initial rapid drop when
the electron beam is turned off is not counted in the estimate
of lifetime in Table 1. It is perhaps true that it should also not
be counted in the sensitivity data, since color centers which decay
rapidly are not available for storage.

* We thank P. Heyman and D. Hoffman for the KClI slide.
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Sodalite shows many interesting photochromic and cathodochromic
properties, The most promising material at this time for storage and
display applications is bromide sodalite when used in the thermal
erase mode, in cathodochromic cathode-ray-tubes. The advantages of
this system, as well as the device configuration, have been previously
described.®* They are high contrast ratio, rapid erase, long storage
time unaffected by high light ambient, no fatigue, and mechanical
simplicity using standard cathode-ray tube configurations.

The most serious drawback is therelatively low sensitivity to color-
ation. It is not possible at present to use television scan rates and
applications are confined to areas that do not require large informa-
tion flow rates. Particularly appropriate are applications where the
cathodochromic tube is used for both storage and display, as exempli-
fied by a remote graphics technique where information is transmitted
over phone lines.® If further material improvement proves possible,
the applications will grow correspondingly.
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Liquid Crystals for Electro-Optical Application*

Joseph A. Castellano
RCA Laboratories, Princeton, N.J.

Abstract—A review of recent studies in the synthesis and physical chemistry of
mesomorphic (liquid crystal) materials is presented. The materials par-
ameters that affect both the mesomorphic and electro-optical behavior
of the compounds are discussed. Compounds that possess a resultant
dipole moment oblique to the long axis of the molecule exhibit flow
alignment or dynamic scattering, while those compounds that have a
dipole moment along the molecular axis can be used to align various
guest molecules.

1. Introduction

With the object of developing new techniques for light modulation, a
systematic investigation was begun of the relationship between
molecular structure and the electro-optic properties of liquid crystals
in early 1965.t Up to that time, it had been known' that nematic liquid
crystals could be oriented by externally applied electric and magnetic
fields and that this orientation produced a change in the optical prop-
erties of the material. These experiments, which were largely car-
ried out in the early 1930’s by L. S. Ornstein and W. Kast, were per-
formed with p-azoxyanisole at elevated temperatures (115-134°C).

t The group engaged in this investigation included G. H. Heilmeier,
J. E. Goldmacher, A. Sussman, W. Helfrich, L. A. Zanoni, E. F. Pasierb,

M. T. McCaffrey, C. S. Oh, L. A Berton, and R N Friel, in addition to
myself.

* Some of the material presented here has been published in Ferro-
electries, 3(1) (1971).
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Our research led to the discovery of several new electro-optic effects
in nematic liquid crystals and mixtures of nematic and chelesteric
liquid crystals. In addition, we developed a variety of new liquid
crystalline materials that erabled these effects to be applied to practical
display devices.

2. Liquid Crystallinity or Mesomorphism

Mesomorphism has been described® as a new state of matter inter-
mediate between a crystalline solid and a normal isotropic liquid. The
phenomenon is generally exhibited by long, rod-shaped organic mole-
cules that contain dipolar and polarizable groups. The mesophase
exists over a very specific temperature range. Below this range, the
material is a solid and at higher temperatures it becomes an isotropic
liquid. Both of these transitions are sharp and reproducible.

Friedel* carried out extensive optical studies on a number of meso-
morphic materials, discovering three main types of mesomorphic states
which he designated as the smectic, nematic, and cholesteric mesophase.

The smectic mesophase is a turbid, highly viscous state with certain
properties similar to those found for soaps. The term smectic is, in
fact, derived from the Greek word, smectos or soaplike. The smectic
structure is stratified with the molecules arranged in layers; their
long axes are parallel to each other in the layers and approximately
normal to the plane of the layers. The molecules can move in two
directions in the plane and they can rotate about one axis. Within
the layers, which are approximately 20 & thick, the molecules can
either be arranged in neat rows or randomly distributed. In addition,
the planes can slide without hindrance over similar neighboring layers.

The term nematic was derived from the Greek word meaning
thread, because it describes the thread-like nature of the material as
seen under the microscope. This liquid is characterized by a turbid,
mobile appearance. The long axes of the molecules in this structure
maintain a parallel or nearly parallel arrangement to each other. They
are mobile in three directions and can rotate about one axis. This can
be compared to a long cylinder of round pencils; the pencils can roll
and slide back and forth but remain parallel to one another in the
direction of their long axes.

The cholestric mesophase is found primarily in derivatives of
cholesterol, especially the esters. The structure consists of parallel,
monomolecular layers in which the direction of the long axes of mole-
cules in a chosen layer is slightly displaced from the direction of the
axes of molecules in an adjacent layer. This displacement of direction
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continues from one layer to another resulting in a helical structure.
This helical molecular ordering gives rise to a circular dichroism for
light propagating parallel to the helical axis® Thus, one particular
wavelength of light of one sense of circular polarization is transmitted
without attenuation, while light of the opposite sense is totally re-
flected. Changes in the color of light reflected from the material as a
function of temperature are attributed to changes in the pitch of the
helix. This property makes these materials useful as temperature
indicators in many unique applications.*

This review will deal primarily with the nematic and cholesteric
mesophase, since several interesting electro-optic effects have been
discovered with these materials. These include: (1) dynamic scatter-
ing, (2) electronic color switching, (3) reflective optical storage, and
(4) field-induced phase changes.

3. Nematic Materials

A detailed discussion of the various textures that nematic materials
adopt in thin layers is presented elsewhere' and, therefore, an ex-
tensive treatment of this subject will not be considered here. For the
purposes of this discussion, however, it is appropriate to briefly
describe the so-called homeotropic and homogenous textures that are
observed in thin layers between glass surfaces. The homeotropic tec-
ture is optically extinct between cross polarizers, while the homogenous
texture is not. Both of these textures possess the optical properties of
a positive uniaxial crystal. The texture observed depends upon the
nature of the compound, the conditions used to obtain the mesophase,
and the nature of the supporting surface.

In general, however, molecules that contain groups that permit the
long axis to be strongly attracted to the glass surfaces will exhibit the
birefringent, homogenous texture, while those molecules that are
weakly attracted to the surface are most likely to form the homeotropic
texture. Molecules that possess the former characteristic generally
have a strong dipole moment along the long axis. In this case, the
dielectric constant parallel to the molecular axis is greater than the
dielectric constant in the perpendicular direction, and the molecule is
said to possess positive diclectric anisotropy (PDA). Conversely, mole-
cules that have their dipole moment operating across the molecular axis
generally exhibit the homeotropic texture and are said to possess
negative dielectric anisotropy (NDA).5" In this paper, an attempt will
be made to explore, albeit qualitatively, the interrelationships among
dielectric anisotropy, molecular structure, and electro-optic behavior.
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3.1 Dynamic Scattering

In any discussion of electro-optic effects in liquid crystals, one must
include a description of the basic fabrication techniques used in the
construction of display devices. The basic cell consists of a parallel
plate capacitor with liquid crystalline material acting as the dielectric.
The plates are merely two pieces of glass, each having a thin conductive
coating, such as tin or indium oxide. In fabrication, a drop of the
liquid erystalline compound is placed on one of the plates and a sand-
wich is formed by placing another plate over it. The thickness of active
area, which is generally in the range 6-25 microns, may be controlled by
the use of appropriate polymeric spacers.

Application of a dc or low-frequency ac signal across the plates
changes the material into a milky white liquid. This appearance is
is due to the creation of scattering centers within the liquid and not
to a chemical reaction. When the voltage is removed, the panel returns
to its transparent state. The mechanism of this process, although not
completely understood, is presently believed to involve the disruption
of an orientation pattern by ions in transit. Refractive-index gradients
resulting from this disruption would give rise to 1-5 micron-sized
scattering centers.

The initial studies on the electrical behavior of nematic compounds
were conducted with p-azoxyanisole (I) and other azoxy compounds
at elevated temperatures.”*" These compounds have strong negative

OO |
]

dielectric anisotropy due to the dipolar nitrogen-oxygen group in the
center of the molecule. Williams® discovered that thin layers of these
materials former regular patterns or domains at low voltages. At
higher voltages, these stationary patterns gave way to a turbulent
condition. Similar observations have subsequently been reported in
other papers.”™ Most of the definitive synthetic work on this class
of materials was performed some years ago.* Attempts to prepare
azoxy compounds that exhibit nematic properties at ambient tempera-
tures have been reported only very recently. Steinstrdsser et al* re-
ported the preparation of a series of p-alkyl-p’-alkoxy- and p-alkyl-p’-
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acyloxyazoxybenzenes which had melting points below 40°. One mem-
ber of this series, II, exhibited nematic behavior in the range 16-76°.
Nuclear magnetic resonance spectroscopy revealed that these materials
were not single compounds but instead consisted of mixtures of two
azoxy isomers. The protons of the methoxy group in each isomer
showed two different signals.

~N=N -N=|
O O

o
) 0 (®)
3.37 ppu 3.30 ppm

The preparation of a series of p-alkoxy-p’-acyloxyazoxybenzenes
(IIT) was also reported recently.”” The azoxy compounds of this series
were generally lower melting than the corresponding azo compounds
from which they were derived due to the fact that the former are
mixtures of isomers.

RO—@— N=N —©_ 0-C-R’
! 1
0 0
m

The higher nematic thermal stability of the azoxy materials com-
pared to the azo compounds and to analogous Schiff base compounds
(vide infra) was attributed to broadening of the molecule as a result
of the presence of a lateral oxygen atom.

Although nematic mesomorphism has been observed in a variety of
molecular structures, the large majority of compounds that exhibit
the phase are aromatic Schiff base derivatives. These compounds are
generally prepared by condensation of ring-substituted aldehydes with
similarly substituted amines. The discovery that certain of these
compounds exhibit the electro-optic effect known as dynamic scatter-
ing' prompted studies directed toward the synthesis of materials with
low melting points. Initial studies' involved the preparation of ben-
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zylideneaniline substituted with a variety of groups in the para posi-
tions of both rings. However, only nine of the 21 new compounds
exhibited nematic behavior. On the basis of a comparison with three-
ring anils, it was concluded that a critical balance of lateral and
terminal intermolecular attractive forces must be attained in order for
mesomorphism to occur in these two-ring anils. A favorable balance
is created by the presence of alkyl, alkoxy, and acyloxy groups in the
para positions of the rings, and a number of compounds containing
these groups were prepared. The first Schiff base materials to exhibit
nematic behavior at ambient temperatures' were mixtures of com-
pounds of this type (IV). For example, an equimalor mixture of
compounds V, VI, and VII was found to have a nematic range of 22-
105°C and to exhibit very efficient dynamic scattering. Additional low-
melting binary and ternary mixtures from this series were subse-
quently reported.”

RO —@- cn-u~©_ OR’

’
(R,R -CnH2n+1 or an2n+IC°)

Iv

o0 _©- cHe=N —@—O-C-CH3

(81-110°C)

v

CH=N 0-C-CH
c I‘H90—©- —©— 3

(82-113°C)

VI

0

1

(50-113°C)

VII

RCA Review e Vol. 33 ¢ March 1972 301




The first example of a single Schiff base compound to exhibit
nematic behavior at ambient temperatures was VIII, prepared by
Kelker and Scheurle.®® The electro-optic properties of the new com-
pound, MBBA (p-methoxybenzylidene-p’-butylaniline), were studied
shortly thereafter and it was found* that the material exhibited
dynamic scattering. This compound has since become a model in a
number of theoretical studies of the dynamic scattering effect.?

MBBA
(nematic range 22-48°)

vinl

A number of other Schiff base derivatives with NDA have been
reported in recent years including the p-alkoxybenzylidene-p’-aminocin-
namates,® heterocyclic benzylidene-4-amino-4’-methoxybiphenyls,* and
4-alkoxybenzylidene-2’-alkoxy-5’-aminopyridines.® The electro-optic
properties of these materials, however, have not been reported.

In addition to azoxy and Schiff base compounds, a third group of
materials, namely the p-alkylcarbonato-p’-alkoxyphenyl benzoates (IX),
have been prepared and their electro-optic properties measured. Of

°
RO —-@— o-f‘: -©— O-I(l:-OR ’

,
(R,R -CnH 2n+1 )

X

the 48 compounds that were synthesized in this series, 41 exhibited
nematic mesomorphism. The compound that had R=C;H,; and R’
= Cy4H;; had a nematic range of 36-54°. In addition, nine mixtures
of compounds from the series had crystal - nematic transition tem-
peratures below 30°C. These carbonato esters exhibited spontaneous
homeotropic alignment between transparent electrodes. This is pre-
sumably due to a strong attraction between the terminal carbonyl
group (—C =0) and the metal oxide surface. The fact that rather
high de fields (150 kV/em) are required to produce light scattering
effects appears to confirm this.
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A fourth series of nematic compounds which possess NDA are the
nonplanar, trans-stilbenes such as X. These low melting materials,
which were prepared by Young et al,* appear 10 have higher chemical
stability than the Schiff base materials. They are also reported to
exhibit the dynamic scattering effect.

Ccs

|
c—@—cu CHC, H

2
= Sh cHy

(nematic range 22-35°C)
X

Dynamic scattering has also been found to occur in mixtures of
two different structural types of nematic materials with NDA. For
example, Toriyama, et al® have found that a binary mixture of butyl-
p- (p-ethoxyphenoxycarbonyl) phenyl carbonate and anisylidene-p-ami-
nophenyl acetate, which is nematic between 40 and 84°C, shows dy-
namic scattering at moderate field strengths (1.3-2.6 kV/em). The
scattering characteristics of the mixture appear to be different from
those of each component.

It is clear from these results that nematic materials with a variety
of structures may exhibit the dynamic scattering effect. A quantitative
relationship between molecular structure and the electro-optical prop-
erties (i.e., scattering efficiency, threshold, speed, etc.) of these mater-
ials remains to be developed.

3.2 Electronic Color Switching

It was found®*® that cooperative alignment of certain nematic com-
pounds with positive dielectric anisotropy could be used to orient
pleochroic dye molecules. The optical absorption spectrum of a pleo-
chroic dye molecule is a function of its molecular orientation with
respect to the polarization of the incident light. Materials that exhibit
pleochroism are usually long, cylindrically shaped molecules containing
chromophoric groups which form part of an extended aromatic system.
Thus, if the pleochroic molecule is oriented with its long axis parallel
to the electric vector of the incident polarized light, absorption of light
by the molecule (low energy transition) occurs and the characteristic
color of the dye is observed.

Conversely, orientation of the molecule with its long axis perpen-
dicular to the electric vector results in little or no absorption by the
visible transition, and the incident light is transmitted unchanged.
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The effect of electric fields on mixtures of these dyes with nematic
hosts is illustrated in Fig. 1. The cell is constructed in the form of a
parallel plate capacitor with transparent electrodes. The nematic
material containing a pleochroic dye serves as the dielectric. Align-
ment of the molecules with their long axes parallel to the electric
vector of the polarized light occurs by stroking the Nesa-coated surface
prior to cell fabrication. This alignment procedure therefore results
in a cell that has a color characteristic of the dissolved dye (Fig. 1a).

POLARIZER
_NEMATIC DOM AINS
7 thosT) t
|
hy ~—~— __PLEOCHROIC DYE Assi]
(GUEST)
L &
3 iy
~TRANSPARENT
CONDUCTOR

(o) GUEST-HOST SYSTEM — NO FIELD

(b) GUEST - HOST SYSTEM WITH FIELD

Fig. 1-—Schematic representation of electro-optic cells exhibiting electronic
color switching.

The very strong permanent dipole moment operating along the long
molecular axis enables the molecules to align in the direction of an
applied electric field and in turn to orient the dissolved dye molecules
with their long axes perpendicular to the electric vector of the incident
polarized light. This produces a large decrease in the optical density
and hence in the disappearance of color (Fig. 1b).

Initial studies of this phenomenon were conducted with p-butoxy-
benzoic acid and p-methoxycinnamic acid, but the high operating
temperatures required by these nematic compounds prompted a search
for other materials with lower melting points. The class of Schiff
base compounds of structure XI was found quite suitable and a number
of derivatives and mixtures were prepared.®® The lowest melting com-
pound (R = C;H;5CO) in this series had a nematic range of 52-94°C,
while one ternary mixture was nematic between 26 and 88°C. The
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(Raan2n+l i Cn“2n+ 1 €0)

xI

cyano group (C=N) provides the molecule with a strong dipole
moment along the molecular axis.

Several classes of organic dyes have been found to exhibit pleo-
chroism including methyl red, indophenol blue, and isolar green M,
among others. In principle, any color can be obtained by suitable
choice of dye. All of the dyes are long, rod-like molecule that possess
highly polarizable terminal groups and aromatie rings. These features
resemble those of mesomrophic compounds and thus make the mole-
cules compatible with nematic hosts.

Another series of compounds that have been used to orient pleo-
chroic dye molecules are the p-alkoxybenzylidene-p’-aminoalkylphenones
(XII) 2

0
RO —@- CH=N C,
R’

(R=CH,; R'=C4H9 gave nematic range 87-105°)
b 4]

Between Nesa-coated slides, these molecules are oriented with
their long axes perpendicular to the electrode surfaces. This orienta-
tion presumably occurs as a result of the attraction between the
carbonyl group and the metal oxide coating. Application of electric
fields (0.1-0.5 kV/em) to mixtures of pleochroic dyes and XII pro-
duced a reorientation of the molecules as they realigned with their
dipole moments in the direction of the applied field. Thus, it was
possible to produce an electronic color switching effect that was the
opposite of that described above.

4. Cholesteric Materials

Compounds that exhibit the cholestric mesophase are of two types.
The first and most common type is the cholesteryl ester with the steroid
structure XIII. The R group in this structure is generally a long
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alkyl chain (C,H,,,,) containing from 1 to as many as 18 carbon
atoms. These molecules are all optically active (vide infra) since they
are derived from the natural product, cholesterol.

The second class of compounds that exhibit the “cholesteric”
mesophase are not derivatives of cholesterol. These nonsteroidal
cholesteric compounds have structures that are nearly identical to those
of nematic compounds, but with one important exception, that is
they possess an asymmetrically substituted carbon atom, which is a
carbon atom bonded to four different atoms or groups. If a molecule
has such an asymmetric center, it will be optically active, since the
molecule will be nonidentical with its mirror image. Molecules that
have two mirror image forms are said to possess chirality or handed-
ness, because they rotate the plane of polarized light in a left or right
direction. However, the chemical and physical properties of each form
are identical. A nonsteroidal cholesteric compound that has been
known for some time* is represented by structure XIV.

NC —@— CH=N -@— CH=CHCO,CH,,CHC

CH3
xXiv

* asymmetric carbon atom

There are two types of electro-optic effects that occur with choles-
teric materials. The materials that possess negative dielectric aniso-
tropy exhibit the optical storage mode, while materials with positive
dielectric anisotropy undergo field-induced cholesteric-nematic phase
changes.

4.1 Optical Storage Mode

The addition of optically active molecules to nematic compounds pro-
duces the cholesteric mesophase, because the asymmetric center of
the chiral molecule forces the molecules to adopt the helical conforma-
tion characteristic of the cholesteric mesophase. Mixtures of nematic
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materials with cholesteryl esters that also possess negative dielectric
anisotropy have been found" to exhibit an optical storage effect when
they are used as the dielectric in the cell configuration described above.
The initially transparent panel becomes milky white, similar in appear-
ance to the dynamic scattering mode, when subjected to a dc or low-
frequency ac signal (generally 25-30 volts for a 6 micron thick active
layer). In contrast to dynamic scattering, however, this highly scat-
tering appearance remains after the electrical excitation is removed.
The transparent state can be abruptly (milliseconds) restored by ap-
plication of an ac signal in the kilohertz range. The mechanism of this
process appears to involve the formation of scattering centers in which
the helical axes of the cholesteric molecules have a distribution of
angles with respect to the electrode surfaces. The high-frequency
erasure field produces molecular alignment of the molecules so that the
transparent, planar state is restored.

Recent work in this area™ has led to the development of materials
that exhibit this effect at ambient temperatures. These materials con-
sist of mixtures of Schiff bases taken from the series represented by
IV and long chain cholesteryl esters such as cholestervl oleate. In
addition, non-steroidal cholesteric compounds such as XV were used in
conjunction with the nematic Schiff bases to produce these materials.

o}

|
czusizu-cuzc-o —©— N=CH —©— ocH,

CH3
(cholesteric range 41-78°¢C)

xXv

" asymmetric carbon atom

4.2 Field-Induced Phase Changes

The last group of materials that will be considered here are mixtures
of nematic and nonsteroidal cholesteric compounds that possess posi-
tive dielectric anisotropy. When subjected to electric fields of 200
kV/em, mixtures of XIV and compounds from among series XI were
found®® to undergo a transition from the cholesteric to the nematic
mesophase. This transition was observed as a change from the bright-
yellow iridescence characteristic of the focal-conic texture' of the
cholesteric mesophase to the transparent, homeotropic texture of the
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nematic mesophase. The mechanism of this effect appears to involve
field-induced unwinding of the helical structure®** followed by orienta-
tion of the resulting nematic molecules with their long axes in the
direction of the applied field. Recent research on materials that exhibit
this phenomenon has been directed toward new nonsteroidal Schiff base
compounds such as series XVI. These compounds exhibit field-induced
phase changes at lower voltages and at lower temperatures than those
previously reported.

C,H CH(CHZ) 0 —@- _©_

XVi

*
asymmetric carbon atom

5. Applications

Although the application of the various electro-optic effects to practical
display devices is still some years away, several experimental devices
that demonstrate the versatility of the new concepts have been con-
structed. These include electronically controlled windows and optical
filters, simple numeric indicators, an all-electronic clock, and a portable,
desk-top calculating machine.

The electronically controlled window is the simplest device and can
be used in the dynamic scattering mode, the color-switching mode, or
with the field-induced texture change. A ‘“‘stained-glass” type window
could be constructed by using a mosaic pattern of cells that exhibit the
color-switching mode. Application of an electric field to each segment
would then produce an unusual color display.

Frosted glass door panels that could be “opened” at the flick of a
switch are possible with field-induced texture changes. The possibility
also exists for the use of those effects in conjunction with a photo-
conductor or other photosensor to provide electronic curtains that
would control the amount of light admitted to a room.

Electronically tuned optical filters have been fabricated using the
color-switching mode of operation. The filters could be used in con-
junction with other filters to provide appropriate color changes and are
expected to be useful in portable photographic equipment.

Numeric indicators have been fabricated with materials that exhibit
the dynamic-scattering mode or the color-switching effect. The com-
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plete range of numbers (0 through 9) is possible by photoetching the
usual seven-segment pattern onto one of the tin oxide coated surfaces.
An all-electronic clock that has no moving mechanical parts was con-
structed using these seven-segment numeric indicators. Four of these
cells arranged in succession are used to present the time in hours and
minutes. The time reference is the 60-Hz line frequency which is
divided by a 60 to 1 counter to produce pulses at 1 Hz. Since the
liquid-crystal cell has low power and flat construction characteristics,
it may be possible to extend this concept to timing devices with novel
configurations.

With eight of the seven-segment numeric indicators arranged in
succession, it was also possible to build a solid-state, portable, desk-top
caleulating machine using the logic and push-button systems that are
commercially available. The low power characteristics of liquid cerystal
displays promise to yield the first practical hand-held portable cal-
culator,

References:

! G. W. Gray, “Molecular Structure and the Properties of Liquid Crystals,” Academic
Press, 1962, and references therein.

2 G. Friedel, Ann. Physique, Vol. 18, p. 273 (1922).

3 F. J. Kahn, “Cholesteric Liquid Crystals for Optical Apptications,” Appl. Phys. Letters,
Vol. 18, p. 231 (1971) and references therein.

4 J. L. Fergason, "Liquid Crystals,” Sci. Amer., Vol. 211, No. 2, p. 76 (1964).

5 W. Helfrich, "Conduction-Induced Alignment of Nematic Liquid Crystals: Basic Model
and Stability Considerations,” J. Chem. Phys., Vol. 51, p. 4092 (1969).

¢ K. Toriyama, T. Aoyagi, and S. Nomura, “Mixed Liquid Crystals with New Electro-Optic
Effect,” Japan J. Appl. Phys., Vol. 9, p. 584 (1970).

7G. H. Heilmeier and W. Helfrich, “Orientational Oscillations in Nematic Liquid
Crystals,” Appl. Phys. Letters, Vol. 16, p. 155 (1970).

8G. H. Heilmeier, L. A. Barton, and L. A. Zanoni, *‘Dynamic Scattering in Nematic
Liquid Crystals,” Appl. Phys. Letters, Vol. 13, p. 46, No. 1 (1968).

? R. Williams, “Domains in Liquid Crystals,” J. Chem. Phys., Vol. 39, p. 384 (1963).
'9A. P. Kapustin and L. S. Larinova, “Behavior of Anisotropic Liquids in an Electric
Field,” Soviet Phys. Cryst., No. 9, p. 235 (1964).

'" G. Elliott and J. G. Gibson, “Domain Structures in Liquid Crystals Induced by Electric
Fields," Nature, Vol. 205, p. 995 (1965).

'2 R. Williams and G. H. Heilmeier, “Possible Ferroeleciric Effects in Liquid Crystals
and Related Liquids,” J. Chem. Phys., Vol. 44, p. 638 (1966).

'3 C. Weygand and R. Gabler, Ber., Vol. 71B, p. 2399 (1938); J. Prakt. Chem., Vol. 155,
p. 332 (1940); Z. Physik. Chem., Vol. B46, p. 270 (1940).

' R. Steinstrasser and L. Pohl, Tetrahedron Letters, Vol. 1971, p. 1921. H. Kelker, B.
Scheurle, R. Hatz, and W. Bartsch, Angew Chem., Vol. 82, p. 987 (1970).

'S M. T. McCalffrey and J. A. Castellano, Abstracts of Papers presented at 162nd Nat.
ACS Meeting, Washington, D.C., 1971.

' G. H. Heilmeier, L. A. Barton, and L. A. Zanoni, “Dynamic Scattering: A New Electro-
Optizc( Eg"e;:t in Certain Classes of Nematic Liquid Crystals,” Proc. IEEE, Vol. 56, p.
1162 (1968).

17J. A. Castellano et al., “Liquid Crystals. |I—Effects of Terminal Group Sutstitution
on the Mesomorphic Behavior of Some Benzylideneanilines,” J. Org. Chem., Vol. 33,
p. 3501 (1968).

RCA Review e Vol. 33 ¢ March 1372 309




18 J. A. Castellano and J. E. Goldmacher, U. S. Patent 3,540,796 (1970). Applied for
June 9, 1966.

19 L. Pohl and R. Steinstrdsser, Il Int. Liq. Cryst. Conf., Berlin, 1970, p. 70.

20 H, Kelker and B. Scheurle, Angew. Chem., Vol. 81, p. 903 (1969).

21 D. Jones, L. Creagh, and S. Lu, “"Dynamic Scattering in Room-Temperature Nematlic
Liquid Crystals,” Appl. Phys. Letters, Vol. 16, p. 61 (1970).

22 Abstracts of Papers presented at Il Lig. Cryst. Conf., Berlin, 1970. |. Haller and
J. D. Litster, p. 26; Orsay Liquid Crystal Group, p. 98; W. Haas, J. Adams, and J. B.
Flannery, p. 109; H. Koelmans and A. M. van Boxtel, p. 113; R. Borel and F. Tobazeon,
p. 117.

23 G. W. Gray and K. J. Harrison, Mol. Cryst. and Liq. Cryst., Vol. 13, p. 37 (1971).

24 W. R. Young, |. Haller, and L. Williams, Liquid Crystals and Ordered Flulds, Plenum
Press (1970), p. 383.

25 C, S. Oh, Abstracts of 162nd Nat. ACS Meeting, Washington, D.C., 1971.

26 W, R. Young, A. Aviram, and R. J. Cox, Abstracts of Papers presented at 162nd Nat.
ACS Meeting, Washington, D.C., 1971.

27 G. H. Heilmeier and L. A. Zanoni, “Guest-Host Interactions in Nematic Liquid Crystals,
A New Electro-Optic Effect,” Appl. Phys. Letters, Vol. 13, p. 91 (1968).

28 G, H. Heilmeier, J. A. Castellano, and L. A. Zanoni, Mol, Cryst. and LIq. Cryst, Vol.
8, p. 293 (1969)

29 J A. Castellano, U. S. Patent 3,597,044 (1971); Applied for Sept. 1, 1968.

30 J. A. Castellano and M. T .McCaffrey, Liquid Crystals and Ordered Flulds, Plenum
Press (1970), p. 293.

31 G. H. Heilmeier and J. E. Goldmacher, “A New Electric Fleld Controlled Reflective
Optical Storage Effect in Mixed Liquid Crystal Systems,” Proc. IEEE, Vol. 57, p. 34 (1969).

32 ), A. Castellano et al., Reports to Air Force Materials Laboratory (MAYH), Wright-
Patterson AFB, Dayton, Ohio, Contract F33615-70-C-1590.

33 G. H. Heilmeier, L. A. Zanoni, and J. E. Goldmacher, Liquid Crystals and Ordered
Fluids, Plenum Press, 1970, p. 215.

34 E, Sackmann, S. Meiboom, and L. Snyder, '*On the Relation of Nematic to Cholesteric
Mesophases,” J. Am. Chem. Soc., Vol. 89, p. 5981 (1967).

35 F. J. Kahn, “Electric-Field-Induced Color Changes and Pitch Dilation in Cholesteric
Liquid Crystals,” Phys. Rev. Letters, Vol. 24, p. 209 (1970).

36 P, G. DeGennes, Mol. Cryst and Liq. Cryst., Vol. 7, p. 325 (1969).

37 R. Meyer, “Effects of Electric and Magnetic Fields on the Structure of Cholesteric
Liquid Crystals,” Appl. Phys. Letters, Vol. 12, p. 281 (1968).

38 W, Helfrich, “Deformation of Cholesteric Liquid Crystals with Low Threshold Voltage,”
Appl. Phys. Letters, Vol. 17, p. 531 (1970).

39 J. A. Castellano, E. F. Pasierb, C. S. Oh, and M. T. McCaffrey, Reports to NASA,
Langley Research Center, Hampton, Va., Contract NAS 1-10490.

310 RCA Review e Vol. 33 ¢ March 1872



RCA Technical Papers Fourth Quarter, 1971
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“Authors’ Reply to Comments on Electronic Image Storage Utilizing a Silicon Dioxide
Target,” R. S. Silver and E. Luedicke, IEEE Trans. GED

"Cathodoluminescence Efficiency of Tm*3 in Zinc Suifide,” R. E. Shrader, S. Larach,
and P. N. Yocom, Jour. Appl. Phys. (Communications)

“Charge-Coupled Digital Circuits,” W. F. Kosonocky and J. E. Carnes, |EEE Jour.
Solid-State Clrcuits

**Current Status of Negative Electron Affinity Devices,” B. F. Williams and J. J. Tietjen,
Proc. IEEE

“‘Decoder for Delay-Modulation Coded Data,"” J. Lewin, IEEE Trans. GCOM (Concise

Papers) (Part 1)

“Drift-Aiding Fringing Fields in Charge-Coupled Devices,” J. E. Carnes, W. F. Koso-
nocky, and E. G. Ramberg, |IEEE Jour. Solid-State Circuits

“With Feedback, Isolation Amp Gives Better-Than-Unity Gain,”” R. J. Turner, Elec-
tronics (Designer's Casebook) (October 11)

“Film Technology in Microwave Integrated Circuits,” M. Caulton, Proc. IEEE

“A Motion-Picture Looping System Employing Computer Techniques,” D. R. Brewer,
Jour, SMPTE

“Nonlinear Optical Susceptibility of a Crystalline Coumarin Dye," P. D. Southgate

and D. S. Hall, Jour. Appl. Phys.

“Recent Advances in Thin-Film Silicon Devices on Sapphire Substrates,” R. S. Ronen
and P. H. Robinson, Proc. IEEE

“Self-Healing Breakdown Measurements of Pyrolytic Aluminum Oxide Films on Silicon,”
J. E. Carnes and M. T. Duffy, Jour. Appl. Phys.

“Switchable Acoustic Surface Wave Sequence Generator,” G. D. O’Clock, Jr., C. L.
Grasse, and D. A. Gandolfo, Proc. IEEE (Letters)

“Theory of Transverse Cavity Mode Selection in Homojunction and Heferojunction
Semiconductor Diode Lasers,” J. K. Butler, Jour. Appl. Phys.

“Thermal Quenching of Tb*3, Tm+3, Pr+3, and Dy*3 4fn Emitting States in La202S,"
C. W. Struck and W. H. Fonger, Jour. Appl. Phys.

November

Comments on ‘“‘Angular Accuracy of Amplitude Monopulse Off-Boresight Radar,”
S. M. Sherman, Proc. IEEE (Letters)

;ll\'t;tomatic Test Systems Dedicated or Integrated,”” A. M. Greenspan, IEEE Trans.

“Direct Evidence for Generation of Defect Centers During Forward-Bias Degradation of
GaAs1 - xPx Electroluminescent Diodes,” H. Schade, C. J. Nuese, and J. J. Gannon,
Jour. Appl. Phys.

"Liquid Crystal Matrix Displays,” B. J. Lechner, F. J. Marlowe, E. O. Nester and
J. Tults, Proe. IEEE

“Radiation Conductance of Open-Circuit Microstrip,” H. Sobol, IEEE Trans. GMTT
(Correspondence)

"“RUDI: A Computer-Controlled Test-Data-Acquisition and Processing System,” B.
Mangolds, IEEE Trans. GIM

“Self-Scanned Image Sensors Based on Charge Transfer by the Bucket-Brigade
Method,” P. K. Weimer, M. G. Kovac, F. V. Shallcross, and W. S. Pike, IEEE Trans. GED

“Surface-State Lifetimes and Current Flow in Liquid Helium,” R. Williams and R. S.
Crandall, Phys. Rev. A

“Technical Journals Can Be Produced Faster and For Less: A Case History,” D. B.
Dobson, IEEE Trans. GAES

"Tragscalent Silicon Power Rectifier,” S. W. Kessler, Jr. and Coauthor, IEEE Trans.
GAE

“Exact Solution of the Korteweg-de Vries Equation for Multiple Collisions of Solitons,”
R. Hirota, Phys. Rev. Letters (November 1)

“Cathodoluminescence of Magnetite,” 1. Balberg and J. I. Pankove, Phys. Rev. Letters
(November 15)
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December

“Electrocoloration in Sr, Ti0s: Vacancy Drift and Oxidation-Reduction of Transition
Metals,” J. Blanc and D. L. Staebler, Phys. Rev. B (November 15)

“Photochromism in Transition-Metal-Doped SrTi03,” B. W. Faughnan, Phys. Rev. B
(November 15)

“Amplification—Modern Trends, Techniques, and Problems I1I,”” L. S. Nergaard, RCA
Review
“Codes for Error Correction in High-Speed Memory Systems Part |l: Correction of

Temporary and Catastrophic Errors,” C. V. Srinivasan, IEEE Trans. GC

“Damage and Recovery Characteristics of Lithium-Containing Solar Cells,” T. J. Faith
IEEE Trans. GNS

“Discussion of Various Views on Popcorn Noise,”” R. Oren, IEEE Trans. GED (Corre-
spondence)

“Electron Transmission Through a Metal Target from Vacuum to Air,”” R. C. Blosser
IEEE Trans. GED

*High-Power Microwave Amplifier Using an Antiparallel Avalanche-Diode Pair,” H.
Kawamoto, IEEE Trans. GMTT

“Low-Noise Punch-Through P-N-»-P, P-N-P, and P-N-Metal Microwave Diodes,” S. G.
Liu and J. J. Risko, RCA Review

“PCM Plus C/MOS Spells Reliable, Low-Dissipation Data Acquisition,” A. Young,
Electronics (December 20)

“Pyrohydrolytic A1203 for MOS Applications,” F. B. Micheletti, P. E. Norris, K. M.
Schlesier, and J. M. Shaw, Solid State Tech.

*Relaxation Phenomena Associated with Radiation-Induced Trapped Charge in A120;
MOS Devices,” F. B. Micheletti and F. Kolondra, IEEE Trans. GNS
“Resolving Power Functions and Integrals of High-Definition Television and Photo-
graphic Cameras—A New Concept in Image Evaluation,” O. H. Schade, Sr., RCA Review
“Switching Times of a Moderate-Power GaAs Field-Effect Transistor,” L. S. Napoli,
W. F. Reicher, R. E. DeBrecht, and A. B. Dreeben, RCA Review

“Techniques for High-Data-Rate Two-Dimensional Optical Pattern Recognition,” R.
Croce and G. Burton, RCA Review

*On_the Transient Scattering of Light by Pulsed Liquid Crystal Cells,” L. S. Cosentino,
1EEE Trans. GED (Correspondence)

“Transit-Time-Spread-Limited Time Resolution of Image Tubes in Streak Operation,”
|. P. Csorba, RCA Review

“Vapor Deposited Tungsten for Silicon Devices,” J. M. Shaw and J. A. Amick,
Solid State Tech.
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Patents Issued to RCA Inventors Fourth Quarter, 1971

October

R. D. Altmanshofer Color Temperature Control Circuits (3,612,754)
G. E. Anderson Color Television Kinescope Setup Apparatus (3,612,757)

R. E. Asker Tuning Arrangement for a Strip Transmission Line in a Hermetically
Sealed Package (3,613,035)

J. Aving Shielded Semiconductor Device (3,614,546)

M. A. Blumenfeld and K. J. Sonneborn Method of Making a Phosphorus Glass Passi-
vated Transistor (3,615,942)

T. A. Bridgewater Television Signal Seeking System with Horizontal Synchronizing
Pulse Detector Circuit for Controlling the Signal Seeking (3,610,817)

S. Caplan Liquid Crystal Day/Night Mirror (3,614,210)

D. R. Carley Transistor Assembly (3,611,059)

R. M. Carrell Electronic Photocomposing System that Forms Characters of Different
Point Sizes (3,614,767)

W. H. Cherry Homopolar Apparatus which Requires No Moving Parts for Producing
Direct Current (3,611,113)

T. J. Christopher Frequency Controlled Oscillator (3,611,176)

M. S. Crouthamel Thermoelement Array Connecting Apparatus (3,615,870)

E. B. Davidson Photoresist Composition and Method of Forming and Using the Same
(3,615,952)

F. R. DI Meo and N. W. Burwell Antenna (D 222,358)

E. C. Farnett and L. O. Upton, Jr. Maximum Length Pulse Sequency Generators
(3,614,400)

J. R .Fendley, Jr. Double-Ended lon Laser Tube (3,611,183)

D. L. Franklin and B. J. Fehder Power Transistors having Controlled Emitter Impurity
Concentrations (3,614,553)

L. H. Fulton Squeeze Film Bearing Servosystem (3,614,579)

R. L. Giordano and D. J. Poitras Drift-Compensated Average Value Crossover De-
tector (3,610,956)

D. L. Greenaway Method of Generating High Area-Density Periodic Arrays by Diffrac-
tion Imaging (3.615,449)

W. J. Grelg Process for Isolating Semiconductor Elements (3,616,348)

M. C. Guerrero, R. E. Justice, and R. M. Rudy Apparatus for Handling Endless Tape
(3,613,976)

W. B. Hall and F. G. Block Constant Temperature Output Heat Pipe (3,613,773)

S. E. Harrison and J. E. Goldmacher Cyanine Dye Photographic Film (3,615,562)

S. R. Hofstein Scan Generator Circuit (3,610,960)

R. I. Klein and S. Caplan Liquid Crystal Display Device (3,612,654)

D. L. Kratzer Doppler Correlation Radar System (3,614,785)

R. C. Lemmon Power Supply (3,611,012)

M. E. Miller Stereophonic Phonograph Pickup with Single Pad for Piezoelectric Element
Coupling, Support, and Damping (3,610,840)

D. W. Peterson Antenna for a Radio or Television Set (D 222,359)

J. A. Rajchman Digital Light Deflector Having Liquid and Vapor States (3,612,653)

K. Sadashige and M. Horii Servc System for Recorder-Reproducer Apparatus Utilizing
Frequency and Phase Synchronizing (3,611,096)

R. S. Silver and J. Jaklik, Jr. Semiconductor Diode Array Vidicon Target Having
Selectively Insulated Defective Diodes (3,612,954)

B. Silverstein Edge Connector with Polarizing Member (3,614,714)

L. E. Smith and A. Mayor Bilateral Pincushion Correction Circuit (3,611,004)

H. S. Sommers, Jr. Germanium-Tin Alloy Infrared Detector (3,615,856)

W. C. Stewart and L. S. Cosentino Holographic Memory with Illumination Hologram
Providing Reference and Object Beams (3,614,189)
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G. A. Swartz Bulk Semiconductor Negative Resistance Loaded Slow-Wave Device
Amplifiers and Oscillators (3,611,192)

G. W, Taylor Light Valve Matrix (3,614,200)

R. D. Thompson Video Recording with Alternate Period Inversion and Low-Frequency
Premphasis (3,610,819)

J. E. Volkmann Stereophonic Sound Enhancement System with Reverberation Chamber
(3,614,320)

C. P. Wen Balanced Mixer Utilizing Strip Transmission Line Hybrid (3,611,153)

C. F. Wheatley, Jr. Differential Amplifier (3,614,645)

C. F. Wheatley, Jr. Bias Networks for Class B Operation of an Amplifier (3,611,170)

November

A. A. Ahmed and M. B. Knight Trigger Circuits Having Uniform Triggering Voltages
(3,619,666)

J. J. Amodei Electro-Optic Parity Checker (3,619,031)

J. J. Amodei and R. S. Mezrich Hologram Memory (3,61 8,049)

G. E. Anderson Television Amplifier Circuits (3,624,280)

L. K. Baker and L. R. Shardlow Multiple Pellet Semiconductor Device (3,619,731)
J. R. Barger and P. B. Scott Broad Slope Determining Network (3,619,509)

W. H. Barkow Staircase Voltage Generators (3,619,647)

J. C. Bleazey Labyrinth for Unidirectional Microphone (3,619,517)

W. C. Blumenstein Capacitance Multiplication Network (3,624,425)

F. Borgini Clocked Set-Reset Flip-Flop (3,624,423)

D. R. Bosomworth and Z. J. Kiss Noise Cancellation in Video Signal Generating
Systems (3,624,286)

L. A. Boyer Visual Displays Utilizing Liquid Crystals (3,623,392)

F. W. Brill Photographic Method for Producing a Metallic Pattern with a Metal Resinate
(3,622,322)

R. D. Browning Endless Loop Tape Cartridge (3,618,841)

N. W. Burwell and F. R. Di Meo Collapsible Structure to Support Antenna Elements
(3,623,117)

D. E. Christensen Sequencer (3,621,487)

A. A. Clark Canonical Orthogonal Filter (3,617,919)

J. Clark Color Display (3,624,634)

A. Cochran Color Compensating Circuits (3,617,621)

L. Coen Oval Loudspeaker Basket and Method of Manufacturing Same (3,618,185)
W. Curtis Color Television Receiver Hue Control (3,624,279)

A.Dean Monostable Multivibrator (3,621,297)

H. Edmondson Error Controlled Automatic Reinterrogation of Memory (3,619,585)

W. G. Einthoven High-Voltage Transistor Structure Having Uniform Thermal Charac-
teristics (3,617,821)

W.W. Evans Automatic Frequency Control System (3,624,512)

W. W. Evans Automatic Fine Tuning Circuitry (3,619,492)

N. Feldstein Method of Making a Patterned Metal Film Article (3,619,285)
M. S. Fischer Two Terminal Current Regulator (3,624,490)

D. L. Franklin and L. M. Balents Mounting Structure for High-Power Semiconductor
Devices (3,620,692)

J. R. Frattarola Packing of Holotape (3,619,024)

H. F. Frohbach, A. Macovski, and P. J. Rice Shadowing System for Color Encoding
Camera (3,619,489)

W. J. Grieg Semiconductor Device with Multilevel Metalization and Method of Making
the Same (3,619,733)

J. M. Hammer and B. Vural Amplifiers and Oscillators Comprised of Bulk Semi-Con-
ductor Negative Resistance Loaded Slow-Wave Structure (3,621,462)

J. J. Hanak Method of Epitaxially Growing Single Crystal Films of Metal Oxides
(3,617,381)

W. J. Hannan Elimination of the Etfects of Scratches and Twisting in a Holographic
Motion Picture Tape (3,619,025)

R.
L.
A.
E.
J.
R.
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