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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 for 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 o` 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 he 
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 (i,j) of a "memory page" representing a 
logical 1 and its absence in the same location representing a logical O. 
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. To 

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) . 

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

1. Phase changes produced by variations in refractive index or 

magnetization (Faraday effect in transmission). 

2. 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. 
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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-dimensional gratings (Fig. 1). As ís well known 
from x-ray diffraction by crystals, diffraction by a three-dimensional 
grating is subject to the Bragg condition, 

2d sin d=nX [1] 

where d is the spacing of a set of parallel grating planes (on which all 
scattering centers of the grating are distributed), O 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 -8 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 20 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 

Object 
Beam 

Reference And 
Reconstruction 
Beam 

(a) 

dp=dsec 

Object 
Beam 

Reference And 
Reconstruction 
Beam 

(b) Fl 

n= -I 

n=0 

n- I Image Beam 

n=2 

n= 3 
dp= SIN ea. Xo 

SIN 9a /.£ SIN ( 29) 

dp=dsece 
2d sIN 9 X 

n=0 

n -I Image 
Beam 

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 
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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 he 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. X'/X = cos B' (B' 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 8'. 
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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 7r/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).= 

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 Q, 

27raaT 
Q= 

µd= 

[2] 

as criterion for distinguishing between a plane and volume hologram. 

Here \a is the wavelength in air, T the hologram thickness, 14 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 Oa is the external angle of incidence for Bragg reflection, 

nÁa 
T > 

4 sin"Ba 
[3] 

the hologram acts as a true volume hologram, being capable of over 

95% 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 -±-Ba, the intensity 

ratio becomes 

* In a medium with refractive index µ = 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 r/2 is re- 
duced by the fact that, here, the change in internal angle 0, corresponding to 
given change in external angle B,, = (cos Oleos Or) 9, (1/µ), becomes 

very small. 
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T 
1 

4 

11 - (T/exp j 
2 

t(cosB-cosa)} dtl 
r 

\ 
A 1 

(7rT 
sin - (cos 8 - cos a) 

A 

7rT - (cos O - cos a) 
A 

[4] 

Here O is the Bragg angle (within the hologram medium of index µ) 
and a is the angle (within the medium) that the conjugate image 
beam makes with the hologram normal. For small 0, a -3 9 and cos 9 - cos a - 402. Since (sin x)/x = 0.707 for x = 1.39, the criterion of 
thinness, 1_1//r < 0.5, takes the form 

477'02 A 114 
<1.39,T< _ ,orQ<3. 

A 9.0 92 9 0,2 

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

a. Fresnel Hologram. (Fig. 2) 

[5] 

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 

Hologram Common Center 
Plate Of Ellipses 

t -----T-t \ 

Object 

Reference 
Beam 

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 

Object/ 

Reference 
Beam 

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.4 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 » D2X 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. 
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HOLOGRAPHIC INFORMATION STORAGE 

b1. "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 interfeence pattern for a single object point are now 
hyperboloids of revolution with the object point and reference point 

Object { 
Reference 
Beam 

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 hyper boloids, 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. 

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

The Fourier -transform hologram is a specialization of the Fraunhofer 
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 (ix, y) 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.e 
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Hologram 
Plate Object f 

Hologram 
f Plate 

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. 

2r, (xa,x 1/a,y) 

A f 

[6] 

if the object point coordinates are (xa, yo) 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- 

Ob ect 
v 

Fig. G-Image hologram. 

(u-f)(v-f )-fz 
Hologram 
Plate 
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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 or 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 

27x 
1-1-k Cos (- , d= A/Sinar 

\ d 
[7] 

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 = 0.5) 
will result in a hologram imparting on the reconstructing beam a 
phase delay 

27x 
_SO = const. (1 + k cos (-)). 

I 
Ao (x,Y) 

I 
, Ao(x,y) =- /I (x,y) [Rl \ 

If, on the other hand, the hologram is prepared by imaging the 
object transparency illuminated with a plane wave with ssavelength A 

onto the hologram plate (with a flat photosensitive coating), exposing 
the same simultaneously to a parallel reference beam with an angle of 
incidence a, and an amplitude A,., the phase delay imparted by the 
developed hologram becomes, 

_SO = eonst. (I + I 
,4,12 ± 21A r I 

I A. I cos 

27x 
= const.' 

C1 

+ k' I Ao I cos 
(__) 

+..l 
d // 

where L'=2 for l IArI2. 
C 

YIArI 2y 
« 

I+ 1,4,12 IArI 

[9] 
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Fig. 7-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 a,. 

with the incident radiation) and hence contributing to the image is 
proportional to the object intensity 1(x,y) = 1A012; 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 I 

Image 

(Real) 
Object 

Ho ogro 

Reconstruction 
And 
Reference Beorn 

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 ,\/2 in magnitude, and the sensitivity -to -wavelength 
change is maximized. 

(Virtual) 
Image 

(Real) 
Object 

Fig. 9-Volume reflection hologram. 

In plane holograms, emergence on the same side as incidence ís 
realized through optical refection 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 

(hologram eff.) rnnxm. (n + l)' t 

(n-l)8t1= 
\ J 

= n. 
(hologram eff.)Mcl. - 

n+l 

[101 

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. 
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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]. 

Effective 
Reconstruction 

`NIteom 

(Virtuol)'` 1 Imo/ 

Reconstruction 
And 
Reference Beam 

Fig. 10-Plane reflection hologram. 

2.5 Object Illumination 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 atea 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 hologram 
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. 

c. 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 illumina- 
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 case, the spurious pattern can be rendered 
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innocuous by increasing the hologram size or 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. 

IIolograms have been prepared by the interference 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 1.L.J/cm2 sufficient for recording on a 100-A Bismuth film: 
resolution of 1000 1p/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-F9 and, later, the more sensitive Agfa-Ges aert Scientia Plates, 
such as the 10E56 and 10E7019) are the classic materials for recording 
holograms. Since the emulsion thicknesses of these materials range 
from 15 / m to 6µm, 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 modulation12 (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 ale, 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. NegatiNe 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 A) (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. 
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sential component, a relatively unstable mixture of a monomer and a 
generally dye -sensitized catalyst. The initial step is the holographic 
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 µm 
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 sed 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 CaF2, 
doped with the rare earths La or Ce, and SrTiO3 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 bleached 
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 ín 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 he 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 \ ariations 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 (LiNbo3), in 

See R. Duncan, "Erase -Mode Recording Characteristics of Photo - 
chromic CaFe, SrTiO,, and CaTiO3 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 ions. Apart from 
lithium niobate (pure or doped with Fe to achieve greatly increased 
holographic sensitivity), many other materials, such as Ba2NaNb5O15, 
LiTaO3, BaTiO3i and Bi4Ti3O16, 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 ahoye 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. 

f 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 V02 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 µm3) by a momentary rise in temperature, such as may be 

produced by a pulsed -laser interference pattern.18 If the substrate is 

maintained at a temperature close to the transition temperature (63°C 
for VO2), 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 VO2 is a change 
in reflectivity, the V02 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 µrr. films 

read out at 6328 A) have been achieved with evaporated As2S3 films." 
The phase transformation, which has not been uniquely identified, is 

accompanied by a 200 A 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 crystals 
showing alignment effects, change their effective refractive index in 

response to applied electric fields. Thus a sandwich of a photocon- 
ductive layer of, for example, CdS of about 5µm and a liquid crystal 
layer of 13 µm 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.20 Radiant 
inputs of the order of 1µJ/cm2 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 KCI, 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 Fa 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/cm2 
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 KCI 
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 O and reference 
beam with angle of incidence 8,., both in the xz-plane, the interference 
pattern is a plane grating with grating constant d, 

A 

d= 
sin B,. - sin O 

If the hologram material has a photographic gamma y and a modula- 
tion transfer function M(I/d), an angle between the electric vectors 
of the object wave and reference wave of Op, 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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2nx y + 2 
Td=TAo 1-m COS -+ -m"cos' lj 

d 2y d 
[12] 

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

yMR 
m.= cos 09 

R+1 
[13] 

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 O, = 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 TA 5 1, Tito 1/(1 +m). Hence 
we find for the ratio of the amplitudes Al and A° of the first -order 
beam and the incident beam in reconstruction 

Ar m ] Il 1 - - <-,n=-` 
A° 2(1+m) 4 Io 16 

[14] 

= 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 7n/2 (with 7n 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 TAmnc if the exposure exceeds some 
threshold value and is TAmio 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 

a, sin (nT17) 

TA = T.4min + (T Amax- 7' Amin)p j 1 + 2 E cos ( .[15] 
n-1 nÁ17d 
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The holographic efficiency in this case is 

Il 

-= (TAmax - TAmin) 
Io Il 

sin (ap) 

>r 

[16] 

This is clearly maximized for TA,., - TAmin = 1, y = 1/2, so that, for 
a binary amplitude hologram, 

I1 1 =- -= 0.1013. 
lo ir2 

[17] 

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 

27rx y + 2 2rx 
TA = e, = 0 1 -m cos - -1- - m2 cos2 - 

d 2y d 

where m is again given by Eq. [13]. For y = -2, only the first two 
terms in the expansion of 49 differ from zero, and an expansion of TA 

as a Fourier series in (27rx/d) leads to a holographic efficiency 

I1 

+! = -= (myba) ]2 0.338, 
la 

[19] 

the maximum efficiency being attained for m40 = 1.84. Oa 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 24 , 

h 4 _W3\ 4 
_ -= - sine (7rp) sin2 - -= 0.4053. 

lo a2 2 a2 
[20] 

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,22 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 (n1) and absorption constant (a1) 

27r 

n=no+n1 cos - (x sin 43 -+ cos ¢) 
d 

2rr 
a=a0+alcos--[xsin z cos sq. 

d 

[21] 

Maxwell's equations lead to a simple pair of coupled differential 

equations for the field amplitudes of the reconstructing and image 

waves; 4, 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 4) = 7r/2 (object and ieference beam 

symmetrical 
Absorptive 

= 

with respect to yz-plane) : 

transmission hologram : 

2aot alt 
[22] exp - sinh" 

cos 00 (2 cos 00 

1 ait 
l,,,,,, = -= 0.037 for --=ln3 and a1 = 

27 cos 00 

[23] 

Absorptive reflection hologram: 

a12 

= [24] 
t 2 

2a0 + V4a02 V4a02 - a1' coth - a12 
2 cos 00 

1 alt 
71 max = 0.072 for [25] = - cc and al = a0 

(2 + \)2 cos 00 
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Phase transmission hologram: 

,l = sin 
irfl1t 

) A cos 00 

2n1 t 
vmns = 1 for = 1, 3, 5, ... (odd integer) 

A cos 00 

Phase reflection hologram: 

= tank' 
A cos 00 

27/It 
/7max = 1 for -> co 

A cos 00 

[26] 

[27] 

[28] 

[29] 

Here t is the thic mess of the hologram, 2a0 is the average absorption 
coefficient, A is the wavelength of the radiation within the medium, 00 

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 nl «n0, al «2irn0/A, a0« 27rn0/A. 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 efficiencies of different types of holograms. 

Table 1-Upper Limits to Holographic Efficiency 

Plane Holograms 
Amplitude Phase 
Linear Binary Linear Binary 
0.0625 0.1013 0.338 0.405 

Volume Holograms 
Absorption Modul. Refractive Index Modul. 
Transmission Reflection Transco. Reflect. 

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 \olume hologram with pure re- 
fractive -index modulation (and zero absorption) 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 71 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 

V- 
'max +'mtn 

[30] 

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

2 I, 
V= cos BP, R=-, 

1 + R IS 

[31] 

where I, and 18 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 

= 1[al s- 
Eo aV Eo ' 

[32] 
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Here, the derivative is taken in the linear range of NS 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 71, 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," 

Pe 
C=2WTlog2\I1+-. 

P [33] 

Here, W is the frequency width of the communication channel and T 
is the transmission time; thus, 2WVT is the number of independent 
samples that define the signal. P8 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 

l 
C=n1og2 1 +(-1 , 

N 
[34] 

where n 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 ín 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 clots 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,a. We then have 
the storage capacity of the plate for photographic imaging, 

A C=-. 
dm2 

[35] 

As an alternative, we could obtain a similar array of dots by recon- 
structing a point -source array of C dots spaced dm; apart with a holo- 
gram having a diffraction -limited resolution d,,,1,,. Let us assume that 
we accomplish this ith a square Fraunhofer hologram of area Ah, 
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 

,\ f 

Vrh 
[36] 

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: 

a f1 
- - [37] 

sin Bmns 4 - Cd ,,,;,, 
5 
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Substitution of Eqs. [35] and [36] leads to the conclusion, 

5 
Ah=-A. 

4 
[38] 

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. 

fi 

Reference 
Source 
Location 

Area 
A. Comin 

Object or Image 
Source Array 

Fraumofer 
Lens 

Area 
Ac 

Hologram 

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

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

A,, 5 

A 2 

[39] 

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 

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 
Aa and arbitrary phase cn. If the reference beam amplitude is Ar, the 
amplitude transmission of the hologram can be written 

This argument is based on requiring the same upper limits for the I 

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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1',, = c 

IA, +.4 exp {,ilk r+mnl}I2 
n=1 

N 
I Ar+Ao exp {j[kn r+ 12 

n-1 

_ c 111 + 
Ar2 -}. NA02 

x 
exp {i [k r + (Pn I } 

n=1 

+ exp {-j[kn r+9pn]}] + 
.40"n N n-1 

Ár2 + NA02 n=1 n'=1 

[ex {j[(kn-km) r+cpn - pm]} 

[40] 

+ exp {-j [ (kn - km) r + qpn - cpm] } I . I. [41] 

Here k is the propagation vector corresponding to source n, with the 
components (27r/,á) (x/f, y/f) and r is the position vector with com- 
ponents (x,y). The last term indicates that, in the image, there will 
be spurious intensity contributions at the image points ± (xn-x 
yn y1). These spurious intensity contributions can he 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 (xk,yk). The 
intensity at the proper dot positions is then 

Irlo 

(Ir + NIo) 2 
[42] 

whereas the expected value of the intensity at the vacant position 
(xk,yk) becomes 

372 N 102 

17 = c' E exp {jqp.} = c' [43] 
(Ir+NI)2 (ri'= i 2(Ir+NIo)2 

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

Ík. NI I? 

_ _-, 
lo, 21r 2 

[44] 
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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 clot 
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 

Conjugate 
Image 
Field 

Reconstructing 
Source 

Intermodulat ion 
Intensities 

Image 
Field 

Second- Order 
Diff ruction 
Intensities 

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 R 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 direct recording leads to an area ratio 

Ah 17 

A 2 
[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 eery 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 handling 
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 ; ide 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 irrespectiNe 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 reach a portion of the image of intensity 1. With incoherent 
light, the intensity will simply be increased by the fraction 1ett/1. 
With coherent light, on the other hand, the intensity may vary in the 

range 

t t 

(v1 ± V1Att)' - 1 (12 [46] 
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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 A,, 
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 VAhA{ \f i > _ dmin 
N Áf n [471 

IIere, 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 clot 
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.Ao f Tfe -- Vfl,>-Vtlo, Vflo>- 
N Xf, fo v4,, 

Xf Xfr, 

1 Vfl,>--, Vflo<-- 
V.4,, . V.4. 

[4S] 

Here fo 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 Hologram 

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 I7/(A3) picture elements, e.g., 
a crystal with a rectangular area ab and a thickness c can store, in 
superposition, c/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 distribution 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 n 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) nr. 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 n- 
4(S/N),2 

Here c is, again, the crystal thickness. 

[4911 

* 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= . 

4f (S/N),,i,2 
[50] 

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 Cp (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: 

I,o - Ib 
Cn = 

lb 

In terms of this contrast we find, 

c/a 
n= . 

2fCp 

[51] 

[52] 

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) p, and with refractive index modulation nl and a thick- 
ness c such as to lead to 100% holographic efficiency. If we neglect, 
for a moment, the quantum nature of the excitation giving rise to the 
index modulation and assume (S/N)p> 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: 

nl = 
A. cos 00 

2c 

Substituting from Eq. [49] for c = 4n,\(S/N)n2 we find 

µ cos 00 1 

nl = 
8nCS 

2 S\2 

N/ 

[53] 

[54] 

For a thickness c = 1 cm, A = 5 X 10-5 cm and relatively small Bragg 
angles 0 Eq. [53] yields 

nl = 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 n1 by 

n, = 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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edN 
E_ = 8.98 X 10-'3N cm -3, with e= 2.84 X 10-10 F/m. [56] 

27re 

With Eqs. [54] and [55] we thus tind for the charge -concentration 
amplitude 

7.5 X 1018 N 
n 

S 

CN ,.P 

[57] 

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 106 
Na3 cm -3, 

n 
N/, P 

[58] 

becomes \ery 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 x from the scattering plane is given by 

r 2arx d d 
P(x) =-cos - ,--<x<-, [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 

x,2= 0.0371 d2 if there is one charge in the cell 

.xc- - = 0.0186 d2 if there are two charges in the cell 

x- - = 0.0048 d2 if there are three charges in the cell, etc. 
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We can icier the eíiect 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 D2 and, 
at the same time, increases the scattering background intensity in 
proportion to 1 - D2. Here 

D2 = exp {-472(X -/d2) ). 

We thus find 

D2 = 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. etc. 

[60] 

Thus with one charge per cell of volume (d/2)3= A2 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 x 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. 

RCA Review Vol_ 33 March 1972 45 



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 ro 
with direction cosines lo', me', no' on a hologram in which the deviation 
of the dielectric constant from its mean value is given by . ((x,y,z). 
Let the hologram be a rectangular block with dimensions a,b,c centered 
on the origin. Consider the scattered amplitude A(r2) at a large 
distance r2 from the hologram center, in the direction (12, m2, n2). The 
expression for the radiation of an oscillating dipole'° indicates that this 
amplitude is given by 

where 

7r 1 ..le(r)A 
(r_) - - -Aócos B'- exp {j [k2 (r2 - r) 

A2 e Ir2 - rI 
+k' (r-ró)]}dr [61] 

_SE =B(Ao E Ai* +Ao* EA!) =BIAoIE IA .1(exp {j[(ko-k!) 

+ ¢;] } + exp {-j [ (ko - 1,!) r + (p!] )) [62] 

In the preceding equations, the is 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!. Ao is the amplitude of the reference wave, Aó that of the re- 
constructing wave, and B is a constant proportional to the exposure 
and the recording sensitivity of the hologram medium. O' is the angle 
between the direction of polarization of the incident reconstructing 
wave and its projection on a plane normal to r2. 

In cartesian coordinates we can write 

a b o 

_ - 2 

A(x2,Y2,z2) = C E A! 
1 

dx 
f 

d dz exp {jk[12(x2 - x) 
! 

a b c 

2 _ 2 

+ m202 - ?!) + n2(z2 - z) 0)* 

exp {jk[lá (x - xó) +mó (?!-?1ó) -+ no(z-zó)]) 
[exp {jk[(lo -1j)x + (mo - mi) 11 + (no - n!)z] + jsb!) 

+ exp {-jk[(10-1!)x+ (ryno-m¡)J+ (no -n!)z] - jcp!)] 

[63] 
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ira 
= CV exp {j4,2} E Ai (exp {-j4,i} sine [ - (li - lo + ló - 12) 

(7rb l (ac 
sine -(m; - mo + mó - m2) J sine ll- (n; - no + no - nl) 

A A 

7ra 

+ exp {jsb;} sine 
L- 

(-li + lo + ló - l_) 
LA 

r 
sine - (-mi + mo + mo'- m2) 

A 

c 
sinc - (-n; no + no' -n2)]). 

A 

[64] 

Here 4,2 is a phase constant depending on the position of the reference 

point and 

C= 
bAOAó cos O' 

Á2,1r21 
[65] 

If the phases (17i are random, the average intensity distribution can be 

written 

a 
1(x24/2,z2) = C2V2 E A;2 sinc2 - (l; - lo +1.' - 12) 

i A 

rnb re 

J 
sincn - (m; - mo + mo - m2)J sinc2L + - (n; -nono' - n2) 

A A 

[66] 

77a 

-f- sine?. I - (-/i + lo ló -12) . 

A 

r ac l 
since 

L- 
(-mi + mo + mó - m2) . since - (-ni + no + no' - n2) } 

A A 

with the usual notation sinc(x) = sin(x)/x. 
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Since the coefficients (ira/\), (ab/ .), (ac/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,mn;), +(10,m0,n0), (10,mó,no ), 
-(12,m2,n2) form very nearly a closed figure. For the first term this is 
fulfilled for 

(10 ,rno ,nó) = (10,m0,n0) , (12,m2,n2) = (1 j") [G7] 

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 l, m0. Since 

dlo dm0 = sin 00 cos 00 dO0 dcp0, [68] 

the distribution of the reference beam directions will (except for the 
factor cos 00, 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 (1/11)2 (for not too large values of 00), where is 
the refractive index of the hologram (e.g., µ = 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 (10,m0,n0). 

We shall assume that the object intensity is the same for all the pat- 
terns and is distributed in Lambertian fashion from (11,m1,n1) 

= (0,0,1) to (10, cos 49, 1,,,, sin 4, V1 -11,,,2), where 110, is the angular 
image field within the hologram medium and is necessarily much less 
than 1. With I A512= 1 and replacing the sum over the first term in 
Eq. [66] by an integral over 11,m1, with 

(10' ,mó ,nó ) = (10",,n0), (12,m2,n2) = (0,0,1) [69] 

we find for the desired intensity 

lm 

1= C2V2 I I since (--) sine' 
ral1 (- bm1 

-Velm2-111 

X 
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c{\/1 - l,- - n12 - 1} 

/ 
X sinc2 (T r11, t1m1. 

\ A 
[70] 

For a thickness c comparable to or smaller than the lateral dimen- 
sions of the hologram, a and b, 7rc(112 -h- mr2)/2,l is very much: smaller 
than 1 for all values of (7ra11/A), (rbmr/A) for which the first two 
factors in Eq. [70] make an appreciable contribution to the integral. 
Hence the last factor can he replaced by 1 and we obtain 

A2 

/ C2 V2- 
ab 

Fig. 15-Construction for integration over (le, mi.). 

[71] 

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 (10,mo) plane extending 
from the circle of radius 100án to that of radius lomnx, with the exclusion 
of a circle of radius _V0 about the reference beam (/; ,0) as indicated 
in Fig. 15. We assume here that there is one reference beam position 
for pattern recording for an area -.102 in the (1(m0) plane. We then 
obtain for the undesired illumination in a forward direction 

i,,n V ,z C2 V2 f . I' = d cl,l (11,ll sinc" - (ii -1)\ . 
r_5102 

'f 
A 

d7n1 
-i,,n _0,2_-7.7? 
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7rb 
sinc2 (i. (m1 -77)). [72] 

sinc2 
{7rC- 

[,,1-112-m12-1+no' --01o2-2e10 -e2-772 
A 

Here 1= to - ló , 77 = m0 - mó = 1no. With 

=1,-i;,J'=m0-77 

the argument of the last term can be written 

[73] 

[74] 

arc i;10' 12(1 - nó3) 772(1 - no) d2 . '- 
+ + e._\-77,---- [75] 

A { no 2n0: 2no 2 2 

rc kló e-'(1 - no'") ri2(1 - no') 
+ + , 

A no 2no" 2no 

7rct,` ra aC77 7rb 

since -«-, -«-. 
A A A A 

We can now integrate over .A and A', obtaining 

[76] 

A2 1 7rc :;la e2 (1 - n.'3) 
1'=C'V2- f ddsinc2 + 

ab 77- _5102 A no' 2no 3 

772(1-nog 
+ [77] 

2n0' 

Here the integration over e and ,7 is now limited by a circle of radius 
ll, about the reconstructing beam direction as well as by the circles 
of radius lomtn and lomx about the viewing direction (z-axis) . 

The argument of the sine function vanishes for 

I'n'" l "n'1 n'"-(1 -n') /o 'no'" 0 0 0 0 

1 -nos -no3)2 1 -no3 
[78] 
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.92 (1 - 7t0') In 

2 l' 4 

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

,rc I ló 1+ no'" ,¡2(1-no)2 re I/lo ' 772(1 n092 

L no' '3 
J ±- 

n0 '" \ 
II y+ 
\n ' 0 ' n0'= 

[79_ 

Integration in the transverse direction thus yields 

A lo' 2 n2 (1 - 1tó ) 2 -1/2 

c n°' + ' n°,. 

\Ve hence obtain 

1 2 A f l°. 2 

( 
I '-1n(l0)2c J a \nó 

qlllüx 
/' 1 \ (1,1 
/ (,l°)2 c Ll° no 

p10 

[80] 

1° (1-n n ) 
2 

. 

] 

-1/2 

1 

. la 1/2 

o [ 2e(1- nog 

p2(1-no ) -1/2 ,j'(1-no ) 1/2 

n° 
1 + 

l0'2 

2 no \ 
= I I .",` - whichever is smaller 

,r lóC(,l°)2 LVlonlax--l°'2-,l°J [82] 

The additive term -,l° may here be omitted as negligible. 

In the first instance, 1,,n < I°,,,ax2 - 10'2, we give ,l 2 a value 
sufficiently large to lead to a prescribed signal-to-noise ratio, S/N 
= \/I/ (21'), (in view of Eq. [46]) for values of lá down to /0.1.: 

4 A S 2 V1 - l00,10' ,(02=-- - Ilm [83] 
7r C 1 

omin 

Thus for relatively small 1,m, the number of pictures that can he stored 
in the hologram becomes 
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T C 

(N )' 
1 (1/11) -cuila 2 i 2 

lomin [84] 1t = 
,lY , -1 A \s/ lic \/ 1 - lcmin J max 

1 c N\'- 
= 0.098 -- 

C- 
I , for /o,,= 0.41, u = 1.5. 

1,,,, \ S / 

For \/lomax - 1011111'2 < <,m+ 

,lo4 A.¡ s`\ 2 \loma - lon,i, 
t \/1 - 'mnin` 

C N lomin 

[85] 

[86] 

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

10111552 - lomin' a C J(1/¡,,)= -/omia2 
n = [87] 

l, 4 A S 1- l0m,n2 max 

C 

= 0.2- for l - 0.5, u = 1.5, /in,> 0.433. 
X 

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

n- 
c/ 

4 (S/N),,,,2 

[88] 

The rounding off of the numerical coefficient to 1/4 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 storage 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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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 (1-5µ) 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 hits), 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 

PAGE COMPOSER 
AND DETECTOR 
(LATRIX) 

HO LO LE N S 

STORAGE 
=ILM J 

1110 -/ / 
BEAM 

DEFLECTORS 

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 sloes not demand polarized light, although its use sloes 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 he 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 be found by 
minimizing the total magnetic energy:' 

,-'D 1 / 2r,z \ /kT,K,\r 
F. - L` -[1- exp (- mail)] -1- I\ I I\ 

,r- n odd ns D 2ra 

In this expression MR is the saturation magnetization, D is the domain 
size, z is the film thickness, Te is the Curie temperature, K1 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. 3 shows a plot of D versus film thickness obtained by minimizing 
E with respect to D (the parameters chosen are those for DInBi) . We 
note that for thick films z D (e.g., DInBi films greater than one 
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Fig. 3-Minimum domain size 1) as a function of film thickness z. 

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

(2773z) 1%2 kT,Kl 1/4 

I)- 
4Ma I 2ra 

[2] 

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 K1 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,> 27rM,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 

Q= 
C(T, - T0)z 

Vu 
[4] 

where C is the average molar specific heat, To is the ambient or bias 
temperature, z is the film thickness, and VM 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' 

Cd2 
_ 

47r2K Vm 

[5] 

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 47r2Kz(Tc -To) 
P = -_ [6] 

d2 

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=10-1,. [7] 

Here 1, is the light intensity at the back surface of the film and I0 is 

the intensity at the illuminated surface. Using Eqs. [6] and [7] along 
with Lambert's law I, = Ioexp(-az), where a is the optical absorption 
coefficient, the required light intensity is 

47r2Kz (T, - T0) 
10= [1- exp(-(yz)]. 

d2 
[8] 

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, 10 is independent of z but is inversely pro- 
portional to a. This result demonstrates the advantage of high optical 
absorption to reduce laser power requirements. 

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

* This condition requires that Cz2/KV «r, or from Eq. [5], z2 

«d2/ (4'72). 
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Eq. [8] indicates that 1° « p13. 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 PL is independent of pB. However, in a holographic 
system PL « p11. 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 he 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 conductivity Kmtn, we employ the 
simple kinetic theory result' 

1 

K=-Csl/Vu, 
3 

[9] 

where s is the sound velocity, averaged over all phonon modes and fre- 
quencies, and 1 is the phonon mean free path. We assume that the 
minimum K corresponds to an 1 of atomic dimensions, approximately 
3 A. This low value of l 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 VA, = 20 cm3 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 - 31?, the Dulong-Petit value. Using Eq. [9], the thermal con- 
ductivity corresponding to the above values of 1, Vd , s, and C is 

Kmin - 1 x 10-3 watt/cm-°K. 

From E[1. 15], the corresponding maximum heating time allowed for a 
resolution d =1 µ is 

rmax - 0.3 x 10-6 sec. 

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

° It should he 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 (To- To) = 25° K from its Curie temperature. We 
choose a high absorption constant a = 5 X 105 cm -1, appropriate for a 
metallic medium at visible winelengths, and take z = 1/a = 2001. Us- 
ing the above values of Km;, z, a, (Tc - To), and d, the minimum 
required intensity for our hypothetical material is obtained from Eq. 
[8] 

(I°)ml _ 300 watt/cm2. 

The above figure would represent an improvement of more than 
three orders of magnitude over DInBi, 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 
he 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 1 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 

07=Igsin"(2Fz) exp(-az). [10] 

In Eq. [10], F is the specific Faraday rotation of the magnetic mater- 
ial. If IX 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 To. 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 
-1//I defines the material efficiency Zo; it is obtained for z = 2/a and 
is given by 

7,0 = 0.54 (2F/a)2. [11] 

The quantity in the parentheses in Eq. [11] is the Faraday figure of 
merit 7)F. Letting the temperature dependence of F be governed by 
that of the spontaneous magnetization of the material, 77F has the 
form 

iF = 

2F01-- - - 
T. 

a 
[12] 

where Fo is the low -temperature specific Faraday rotation and the 
exponent /3 depends on whether the magnetic material has a first or 
second order transition at To: 

13= 0, 1st order transition 

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

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

I 

1 ,"-. 

Feff = Fp= 1--(.5,,,)2 
4 

[14] 

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 a and low operating temperatures To (for Q > 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 a to zero allows 100% read-out efficiency, but re- 
quires infinite heating power (Eq. [8]). Similarly, lowering To 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 OI/lo of the read-out signal to the heating 
power. Employing Eqs. [8] and [10] with Fz < 1, we find 

o \KeTc/ \ Tc/20-1 
=A 1-- zexp(-az) [1-exp(-az)], [15] 

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

Feff2 ' 

_ (ToK)-1(1-- 
a Tc 

[16] 

In connection with Eq. [16], it should be noted that for materials with 
values of /3 in the range 1/3 to 1/2 (those which undergo second -order 
transitions), 77 is relatively insensitive to (To- To) but is inversely 
proportional to T. On the other hand, for materials such as MnBi with 
/3 = 0 (those which undergo first -order transitions), 77 

is inversely 
proportional to (To- To) so that it is advantageous to operate the 
material close to its Curie temperature. Ilowever, the tolerance con- 
dition In < to places a practical lower limit on the permissible value 
of (To- To). We also note that the figure of merit Eq. [16] stresses 
the advantage of a low K, while, compared to ?IF, 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 ha\ a 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 DInBi and 
MnAlGe, the magnetic semiconductor EuO, and the insulating ferri- 
magnets Gd3Fe5O10 (GdIG) and Y3Fe;O,9 (l IG). 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 7/F equal to or larger than metals, metals have 
far larger values of F,.rr=/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, MnAIGe). 
Of these materials, EuO and DInBi 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 A) 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 Si00. 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/cm-°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 Tc's and small K's may reduce the requited 
laser power for Curie -point writing by two orders of magnitude over 
1\InBi. 

We have also found experimentally that the Faraday figures of 
merit 71F of various granular ferromagnets are significantly enhanced 
over those of the pure metals. As can be seen from Table 2, observed 
values of '7F at 6328 A for the granular system Coi_x(Si02),z ate in- 
creased by over a factor of three over pure Co and are nearly as high 
as DInBi. Note, however, that the values of Ferf2/a are still much 
smaller than that for DInBi. Similar enhancements of 71F 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 the 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-Si0.-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..rr/a 
Material a(cm-1) F(deg/em) pa (cm -1) ?IF tdeg) (deg2/cm) 
Pure Co 8.5 X 105 3.0 X 105 8.0 X 103 0.89 1.7 X 105 
Coo.ci(S102)o..0 1.15 X 105 < 2 X 104 5.9 X 10 3.0 2.5 X 105 
Coo..a(SiOs)o.rn 1.05 X 105 < 2 X 104 5.7 X 103 3.1 2.5 X 106 
MnBi 4.7X105 6.1X105 25.0X103 4.0 19X105 

Note: The granular Co properties were determined at 300°K using a 
IIe-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 and 
m 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 the 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 µ (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 1(x) =1 + cos(27rx/d), 
where d is the spatial period. The temperature rise produced in the 
film is found to be of the form' 

,T(x,t) =,T(O,00) [1 -I- (r/t) Cos(2rx/d)], [17] 

where t is the exposure time and r is the diffusion time defined in Eq. 
[5]. The term T/t can be viewed as a transfer function between the 
heat input and the film. Since r a 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 µsec, 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 r and, therefore, high peak power. There exists no analog to 
"integration" such as is found in photographic 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 10-14 jollies to achieve an 
error rate less than 10-8. Present-day continuous -wave lasers or 
pulsed lasers capable of high repetition rate (greater than 103 IIz) 
have less than 102 watts output power capability. Optical systems 
efficiencies Zs, 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 1%. Within these 
limits we can calculate the required storage medium read-out efficiency 
Zo. 

The energy per bit reconstructed from a hologram is 

Eo = PLZoZst,./N, [18] 

where N is the number of stored bits, PL is the laser power, and tr is 
the read-out time. If we assume* PL= 10 watts, Eo 2 x 10-14 joules, 
Zr = 10-2, N =104 and tr = 10-1 seconds, we find 

Z0. -2X10-3. 

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

Z0 ,- 2 x 10-7. 

The difference in the two values of Zo 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 7,0 - 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 IR = Z,PRPL/N = 1O -5p, (watt/cm2), where pR is the bit density. 
Thus, for pn 106cm-2, the tolerance condition IR G< I. is well satisfied 
even for the "optimum" material discussed in Section 2.2. 

RCA Review Vol. 33 March 1972 69 



needed to achieve high density storage is I° _ 300 watts/cm2 (present- 
day materials such as 1InBi and Eu0 require power densities of the 
order of 10' watts/cm2). If we assume, as aboN e, that practical system 
efficiencies ZQ are of the order of 10-2, and the available laser power 
is 10 watts, then the maximum area of a storage element (either a 
hologram or bit) is 3 x 10-i cm2. In the typical bit -by -bit method 
(for example, in an optical disk) spot sizes can be less than 10-6 cm2. 
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. 
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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 urdoped LiNbO3 in holographic 
storage applications. It describes the physical model and shows the 
quantitative and qualitative agreement between the transport theory 
developed earlier anc 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 s arrant 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 
LiNbO3 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 
LiNbO3, 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 
eloped materials, some aspects which are not as well understood, will 
be left for an accompanying paper' in this issue. 

2. Physical Properties of LiNbO3 

Lithium niobate is a rhombohedral ferroelectric crystal with point 
group symmetry 3 m.' It is transparent in the visible and infrared 
range from 3800 A to 5µm. 

The crystal is uniaxial and its ordinary and extraordinary indices 
of refraction at 4500 A are no = 2.37 and ne = 2.27." The electro -optic 
tensor for lithium niobate has the following components:° 

r33 = 30.8 x 10-10 cm/V 

7'13 = 8.6 X 10-10 cm/V 

r»= 3.4X10-1pcm/V 

7'42= 2.8 x 10-10 cm/V 

The dielectric constant of LiNbO3 for directions perpendicular to 
the c axis is 78, along the c axis it is 32.' 

The dark conductivity of LiNbO3 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 10-18 (ohm -cm) -1 have been measured 
in such crystals using dielectric 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 helieved to be predominently ionic, 
and has a 1.1 -eV activation energy.' Thermal activation of the 
trapped electrons requires a larger activation energy, as evidenced by 
the success of thermal fixing techniques in this material.10 

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 LiNbO3, and the 
pyroelectric coefficient is - 10-22 µC/(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'2 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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posure and (b) charge distribution after exposure. 
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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 LiNb03. Chen postulated the presence of internal fields 
due to unneutralized polarization charges. In a later paper, Johnstone 
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 (-1013 ohm -cm), Johnston assumed that neither 
internal drift fields nor space -charge -generated fields can exist in 
LiNbO3 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 LiNbO3. 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 ín regions of lower 

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

sity. 

(c) 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. 

1(x) = 10 (1+ in cos K x) [1] 

where m = modulation ratio 

27r K=- 
l 

[2] 

A 

l = = wavelength of the intereference pattern. [31 

2 sin 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(x) 
will remain directly proportional to the intensity distribution of the 
light interference pattern, 

n(x) no (1 + m cos E x) [4] 

Here, no is a constant proportional to the peak intensity lo, the trap- 
ping time, and the absorption coefficient clue 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 
(x) = qD -+ gnlLE(x), 

dx 

where q is the electronic charge, 

D is the diffusion constant for electrons, 

µ is the mobility for electrons, and 

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

[5] 

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

Sp -=-v. 
St 

[6] 

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(x) 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 
E0=-- K, 

q 

[7] 

where 1; is the Boltzmann constant. At room temperature Eq. 17] 

can be written as Eo > 0.16/1 in units of V/cm, where 1, 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 E0, 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,(x) -E,,, cosh- x, [8] 

where E,,, = qµEnna /e and a 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 1. 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 ís 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(x) is still given by Eq. [4]), the equilibrium field would he 

given by 

10 
E(x) = [91 

qµn (1 -F m cos K x) 
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where Jo 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 heated 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" 

sin K x 
EP(x) 

Jj 
1 ± m cos K x 

[10] 

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

kTKm \ 
Er (x) = 11 sin K x. 

q\/1 - n= 

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 n, (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 maximum effect in LiNbO3 
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 

ni (x) -- -- 1.8 x 10-8 E(x) . [12] 

The relationship between the diffraction efficiency of a sinusoidal 
grating hologram 17 and the index variation, as given by Kogelnik,'s is 

rnld 
sin' , 

Á cos B/2 
[13] 

where d is the thickness of the medium. 

Thus, the index variation amplitude needed to produce a hologram 
with 100% diffraction efficiency for light of 5000 A. wavelength for 
small angles O in a 1 -cm -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 LiNbO3 is Em 1400 

V/cm. The associated charge distribution is given by 

p(x) =pmsinKx=eKEmsinKx [14] 
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so that, for the above field, and assuming e3 = 2.9 x 10-19 F/m for 
LiNbO3 and a grating spacing 1 _ 1µm, we obtain a peak charge 
density of p,r, = 2.5 x 10-4 coul/cm3. The average displaced charge 
can be calculated as 

1/2 

1 Prn 

Pav= Pm sin ñx=dx=-. 
l 7r 

J 

The total number of displaced electrons N is then 

Pm 
N =- 0.5 x 1015 electrons/cm3 

aq 

[15] 

[16] 

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 l to the mean drift or diffusion length 2. 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-µm wavelength, the energy per photon is ho) = 4. x 10-13 joules. 
Thus, the theoretical minimum absorbed energy that would be required 
to reach 100% diffraction efficiency in LiNbO3 for a unity quantum 
efficiency process is 

C.min = Fi w N= 2 X 10-3 joules/cm2. [17] 

For 1%, one would require - 10-4 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 crr'stal by 
assuming that an electron must make an average number of 1/2 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 

ti o,Nl 2t me 

E- = E 
x qx 

[18] 

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 LiNb03, 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 LiNb03 before and after y - 
irradiation is shown in Fig. 3. 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 10-5. 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 LiNhO, sample before and after exposure 
to -- 106 rads of y -irradiation. 

In the absence of applied or internally generated electric fields, the 
recording and erasure behavior of - 1 -cm -thick undoped crystals of 
LiNbO3, 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. 5-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 curs e 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 1 = 1µm. 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 c-ystal. The result is to 
limit or distort the hologram that is ultimately recorded. 

We have used the above effects to verify that in LiNbO3, 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 when diffusion dominates. 
Here, the index modulation is shifted so that it is ,r/2 out of phase 
with the interference pattern. In other words, a cosx light pattern 
produces a sinx 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.1e. 

04 
H 
Q 

0.3 - 
tr 
4 

0.2 2 _ 
Q 
IY - E -0 

E=2x103V/cm 
0 
0 10 20 30 40 50 

WRITING TIME ( sec.) 

w .06 

1.04 
Ó 

Q .02 

ó 0 

/ 
/ / / / 

/ / 
10 20 30 40 50 

WRITING TIME (sec.) 

Fig. 6-Energy transfer and diffraction efficiency for recording by diffusion 
only and by combination of drift and diffusion. 

Studies of undoped LiYbO;i 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, ..l, trans- 
ferred from one writing beam (e.g., the object beam) to the other, 
is related to the diffraction efficiency 77 by 

_51=±2[,7-772]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 77 = 1%, _5l = 20%. 
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An added feature of this coupled -As ave 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 oríentatíon of the crystal. For all of our measurements 
on LiNbO3, electrons have been the dominant carriers. 

Fig. 6 also sho\ss 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 clue 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 invok ing both drift and diffusion explains 
correctly all aspects of holographic storage in undoped LiNbO3. 

5. Thermal Fixing of Holograms 

A basic 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 de\eloped1' 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 themally 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 5 ith the readout of a normal one, is shown 
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Fig. 7-Erasure of a normal and a fixed hologram in LiNhO3. 

in Fig. 7 for an undoped LiNbO3 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 bark, 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 abose 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: 

Ea 
o=ooexp -- , 

kT 

where a is the conductivity, oo is a constant, k is the Boltzmann con- 
stant, T is the temperature, and Ea is the termal activation energy for 
ionic motion. This ionic conducti\ ity 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, c/o. Thus, 
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Fig. 8-Temperature dependence of fixing times in LiNb0,. 

by increasing the temperature, one can increase the ionic conductivity 
and shorten the time required for fixing. This temperature dependence 
for undoped LiNb03 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 principle, 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 nr 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 ne is 
sinusoidal, i.e., 

ne = No + n°sin K x, [20] 

where K = 27r/l and 1 is the grating spacing, and that n,» no. it 
can be shown that the equilibrium value of the amplitude of the relaxed 
field E is given by 

E0 
E [21] 

q qnr 
1 + 

kT K2e 

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

E0 
E _ [22] 

nr 

1 + 
2 x 1015 cm -3 

where we have assumed T = 400°K and ionic defects of unit charge. 
According to this equation, complete relaxation occurs if nr» 2 X 1016 
cm -3, a reasonable condition for the concentration of ions. 

The second condition for fixing is that the density of trapped 
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 

-E0 
E, [23] 

N° 
1+ 

1.6 X 1016cm-3 
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where No 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 no and that T = 300°K. Thus, a signi- 

ficant fraction of the field is reconstructed only if the density of occu- 

pied traps is no greater than - 101" cm -3. 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 

10" cm -3 will give a 50% diffraction efficiency in a 2 -cm crystal of 

Li NbO3. 

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 lv 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 LiNbO3 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 fact, in a 1 -cm -thick crystal 
that could support nearly 100% diffraction efficiency 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 \ery 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). It 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 30% 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 LiNbOs 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 lead -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 LiNbO3 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 1018 ohm -cm 

and the conduction process is believed to he predominantly ionic at 
temperatures below 150°C. These values correspond to relaxation 
times of about a month for the holographic fields, which is what is 

found in practice. 
The activation energy for ionic conductivity m as measured at about 

1.1 eV, 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 LiNbO3 are still not 

thoroughly understood, the performance of undoped and 7 -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 shoe n 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 LiNbO3 crystals 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 LiNbO3 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 LiNbO3' 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 dopants2 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 LiNhO3 with 

particular emphasis on iron -doped materiaLs whose sensitivity was 

found to he superior to all the others. 

'r This work was supported ín part by the Naval Air Development 
Center, Naval Air Systems Command, Department of the Navy. 
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The storage mechanism in undoped LiNbO3 crystals is described 
in detail in an accompaning paper3 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 LiNbO3 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 introduction of dopants into LiNbO3 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 
LiNb03. (2) methods of material preparation, (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 activators 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 transition 
elements capable of giving up and recapturing d electrons. In parti- 
cular, this is the case for alkaline earth titanate photochromic 
materials such as SrTiO3.5 Therefore, the transition metals were the 
first candidates for doping LiNbOs. These elements can be expected to 
enter the LiNbO3 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 hand in LiNb03 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 LiNb03, 

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 LiNb03. 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°C6 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 effect 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 
LiNb03 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 LiNbO3 

Pure LiNbO3 is transparent from about 5µm to 3500 A, where the 
fundamental electronic absorption begins (Fig. 1). The introduction of 
the transition elements Cr through Cu produces isible 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 distinct 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 LiNbO3 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 hehmfor of doped crystals with respect to axidiz- 
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Fig. 1-Absorption spectrum of an undoped LiNbO3 crystal (curve a) and 
absorption spectrum after gamma irradiation (curve b). 
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Fig. 2-Polarized absorption spectra of LiNbO3. crystals doped with Cr, Ni, 
and Co. In each case the crystals are 0.5 -cm thick and nominally 
contain 0.05 mole percent transition metal. 
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Fig. 3-Polarized absorption spectra of LiNbO, crystals doped with 6In, Fe, and Cu. In each case the crystals are 0.5 cm 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 crystals closely resembles that induced in 
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Fig. 4-The absorption spectra induced by the reduction of (a) an undoped 
LiNbO, crystal, (b) LiNbO, doped with Ni, and (c) 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 behas for is found for Co- and Cr-doped crystals. 
The conclusion is that these three impurities have extremely stable 
valence states in LiNbO3. 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+, Nit+, and Coe+. 

On the other hand, the reduction of iron -doped crystals induces 
more of the characteristic iron absorption (see dotted cure 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 1:o the formation of Fee+ 

ions 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 LiNbO3 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 'alence states 
of Mn produce visible coloration. 

In general, this group of impurities (Fe. Nn, and Cu) appears to 

change valence states in LiNbO3 more easily than Cr, Co, and Ni. In 

fact, we have recently demonstrated reversible optically induced (photo - 

chromic) charge transfer between Fe and .1In ions and between Fe 

and Cu ions in double -doped LiNbO3 crystals.' This further confirms 

the capability of Fe, Cu, and DIn ions to fulfill the photo -induced charge 
transfer requirements of holographic storage. 

5. Holographic Storage 

5.1 Recording 

As anticipated, Mn, Fe, and Cu eloping produces large increases in the 
recording sensitivity and maximum diffraction efficiency achieved in 

LiNbO3 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 c 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 LiNbO3 
crystals. Incident power density was approximately 400 mW/cm2. 

over undoped crystals and achieve diffraction efficiencies approaching 
100%. Cu- and DIn-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 Fee+ 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 record a hologram with 40% diffraction 
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efficiency (1/.110) is plotted against the fractional absorption (corrected 
for reflection losses) measured at 4880 A for a number of different 

crystals (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 Fee+ ions. About 1.25 

joules/cm2 of absorbed energy is required to produce a 40% diffrac- 

tion efficiency. This strongly supports the view that holographic 
storage in iron -doped crystals arises from the photoionization of Fee+ 

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 holograms 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 A (led) 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 mavelengths. 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.10 Measure- 
ments on Fe -doped samples show that the sensitivity to incident light 
(polarized along the c axis) decreases by roughly a factor of 50 going 
from 4880 A to 6328 A. 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 LiNbO3 decay thermally at room 

temperature with characteristic lifetimes of several weeks. They can 

also be erased b. 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/Je, where Je is the energy density (J/cm2) required to erase 
a hologram to half its original intensity, is plotted against the absorp- 
tion coefficient at 4880 A 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 11.1 plotted against fractional absorption 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 Fe=+ 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. it 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 minimized12). 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. 

IIowever, 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 eloping. 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 1/3 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 

LiNbO3 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 c 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 

INCIDENT INTENSITY 
0.064 w/cm2 

0 10 20 30 40 50 60 70 80 
TIME (SEC) 

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/cm2 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 selectiN ity (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 µm 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 µm range is so small that this effect is not 
observed. 

14 16 18 

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 
15° 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 LiNbO3 and LiTaO3 

In addition to doping during growth, LiNb03 can be successfully 
doped by diffusion. This also is the case for LiTa03, which we will 

also discuss in this section. Diffusion doping has been demonstrated 
for Fe and Cu in both LiNb03 and LiTa03, and for Ni in LiTa03. 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 crystals 
became depoled when their Curie temperature was exceeded, single - 
domain regions could be found that were suitable for testing without 
the necessity for repoling the entire crystal. The penetration depth of 
Fe in LiNbO3 at the end of this time is estimated to be 50-100 µm. 

The absorption spectra of diffused crystals were comparable to 
those doped by ordinary means. The colored regions of the crystal 
corresponded to the shape of the e aporated film. The coloration 
boundary was quite sharp for Fe in LiNbO3 but less so for Fe in 
LiTaO3, 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 LiNbO3 plate doped with iron 
by diffusion. 

The writing and erasure curves for an iron -diffused LiNbO3 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 LiNbO3 is duplicated in LiTaO3. 
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 eloped 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 
eloped LiNbO3 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 cry stal. 
Holograms stored in Fe -diffused LiNbO3 are found to decay thermally 
(in the dark) over a period of a few hours. However, Fe -diffused 
LiTaO3 is quite stable thermally, showing about 10% decay in 16 hours. 

7. Summary and Conclusions 

It has been shorn that the holographic storage performance of LiNbO3 
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 LiNbO3. Typical iron -doped crystals re- 
quire an incident energy of approximately 150 mJ/cm2 to produce a 

hologram with a 1% 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 LiNbO3 approaches 100%. 

The erasure sensitivity of doped LiNbO3 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 LiNbO3 
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 LiNbO3. 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 LiNb03 (and to some extent to LiTa03). 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 LiNb03. 
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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 ir. 

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 halve 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 increasil.g 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 highe_ 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 r and o are the wavefronts of reference and object 
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PHOTOGRAPHIC 
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OBJECT WAVE (o) 

a) RECORDING GEOMETRY 

VIRTUAL IMAGE 

READOUT WAVE (c) 

\1 
RECONSTRUCTED 
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 

I{ =(r+o) (r+o)" 
1112+ 1012+ (ro*+1.i:o) [1] 

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

M = M(lin), [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 c, the resulting image beam i 
may be written 

i = (M) (c) . [3] 

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

i = TAc. 

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

TA = to - 

[4] 

[5] 

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

i=fr-tl(r(2-1-io(=)r-tl(r)2o'.-tdri2o. [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 Jrj2 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 t2 J r 121012o, etc., which must be 
added to i and which represent distortion. 

When M represents a phase variation, the situation is very different: 

i = exp {id'} c. 

If the modulation is linear (43 = Pin) and c = r, this becomes 

i = exp {if (Jr 12+1012)) exp {if (re + r}o)} r. 

[7] 

[8] 

It does not produce a single term i = const o; there are always higher 
order terms. If Ii 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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+ higher order terms in (11012)o. [9] 

The (11012) terms represent unwanted signal or noise, which can only 

be eliminated by using small (f I o 12) values, and therefore small 

efficiencies. 

PLANES OF 
EQUAL PHASE 

a) THICK HOLOGRAM: B'>, 

b) THIN HOLOGRAM: B'<4, 

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

These considerations apply only to thin holograms because Eqs. 
[4] and [7] describe a two-dimensional recording surface. Thick 
holograms consist of phase variations dístríbuted 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 c is parallel to the reference beam r, the image beam i 

114 RCA Review Vol. 33 March 1972 



PHASE HOLOGRAMS 

will be parallel to the object beam o. Then the planes of constant 
index -of -refraction n are oriented in such a way that c is reflected into i. Since each change in n produces some reflection, and c traverses many of these index "planes," it becomes apparent that í 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 0' with the y axis (the x-axis is along the emulsion surface in the plane of the figure): 

o = 00 exp[ik (xsin0' + y cos 0') ] 

r = ro exp[ik (- xsin0' + y cos 0') ] [10] 

Here, k = 27r/A', A' is the wavelength in the medium. In this case, M of Eq. [2] represents a change in dielectric constant _Sc. Inserting Eq. [10] in Eq. [1] one obtains 

.,E = .1Eo + E1COSKx, [11] 

where K = 2k sin0' = 27r/A, A is the spacing of the fringes (Fig. 2). 
Since the modulation is always small, < E we write 

E = E + El cos Kx. [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 i: 

ck2E = v2E. [13] 

From the above discussion, we know that as long as c is the same as r, 
one needs to consider only one reconstructed order i, so that one can write 

E=c(y) +i(11), 

with the boundary conditions 

c(0) = co i(0) = 0. 

[14] 

[15] 

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

iia d 

i=-=SII1=-- 
cc* 2 co A' 

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

A' 

d = 

[16] 

[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 

22 ) 1i ac 1 c A- 

CCY 16 ( ca ñ-) 

2 

[18] 

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 

cr from Eqs. [17] and [18] and expressing the result in terms of the 

factor Q used by Hargrove' in calculating diffraction from ultrasonic 

acoustic waves, 

2- Á'd 
(1 = 

A2 

one finds that for a thick hologram, 

Q>10. [19] 

The condition can be understood intuitively by considering Fig. 2. 

Using the angles rib = tan-' (A/d) and 0', Eq. [19] is changed to 

0' > ¢. 

which evidently means that in a thick hologram e 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 100% 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 Io12 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 -efficiency, 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 (7r 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 µm only about 
4 µm 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.12 However, the details of the photochemical processes are still 

only poorly understood. In sensitizing the gelatin by dissolving 

(NII4)_Cr2O7, or some other dichromate, in it, the chromium ion is 

incorporated as Cr6+. 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 (NH4)2Cr2O7. 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 ,n = 0.01-0.02 for a fully exposed DCG 

layer.' The maximum shift in optical pathlength in a 15 µnr thick 

layer is therefore 0.3 µm, or 0.6 A. of blue light. This is about what 

is required to reach 100% 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 µm plate, or 

single high -efficiency holograms can be made in layers as thin as 1µm.' 
The latter implies a _In 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. 
1. 15 min. in Kodak fixer with hardener. 
2. 10 min. wash in running water (20-25°C). 
3. 10 min. in methyl alcohol or until plate is clear (agitate). 
4. 10 min. in clean methyl alcohol. 
5. Dry in vertical position. 

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 ín 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 50% isopropyl alcohol and 50% 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 isopropyl 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 he 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 N isually. 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 90%. 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 

Since the available phase shift in a phase -recording material may be 
many times 27r, 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 µm thick and 
transmit 2 to 5% of 441-nm light (all exposures were made at this 
wavelength with IIe-Cd laser). This means that the absorption co- 
efficient a = (2.5-3.3) X 103cm-i and that absorption is nonuniform. 
Only a layer about 4µm thick will be exposed and form the holograms. 

We pre\ iously measured the absorption cross-section of the di- 
chromate complex to be a = 1.5 x 10-18cm2 for 441-nm light.' Com- 
bining a and a leads to a density of 2 x 1021cm-3, or about 30% 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 10-24cm3, so that the maximum possible 
change in index for the thick layers is 0.008. In a 4-µm thick layer, 
this implies a change in phase of .10,,,,,, = 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 µm. From the diffraction curve, the phase shift is deduced and 
values of ,16mnx between 0.2 and 0.3 obtained (Ref. [5], Eq. [15]) . This 
is considered to be adequate agreement with the expected \ alue, 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/cm2 is 
required for a typical development (cf. Fig. 7). Thus, the procedure 
produces a magnification of about 300X in the phase shift per unit 

2.5 

>` 2.0 

U 

0 
O 20 40 60 80 

SEC 
100 120 140 160 

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/cm2 
tended to saturate and wash out the holograms (all Cr ions are being 
exposed). Below that level, the light image was evenly divided into 

REFERENCE 
BEAM 

OBJECT 
BEAM 

o) HOLOGRAM FORMATION - FIRST EXPOSURE 

--- SECOND EXPOSURE 

b) RECONSTRUCTION 

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 

r' 

READOUT 
ANGLES SET FOR 

\MAXIMUM DIFFRACTION 

Fig. 6-Arrangement for measuring the relative gelatin thickness. The 
angles a and /3 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" 

t' tan [ (a; - /3;) /2] 

t tanE(d -13';)/2] 
[20] 

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 50%o 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 he 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 1.3-1.4 

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 \clue 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. 

RCA Review Vol. 33 March 1572 125 



The reference beam to object beam ratio was 9. The resulting curve 
does not show a good sine 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. 
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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 alcohol, 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's 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. Ilololenses, or 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. 
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Fig. 9-Schematic view of a photocomposition system with holographic 
character storage and moving hololens readout. 

128 RCA Review VG!. 33 March 1972 



PHASE HOLOGRAMS 

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 imaging 
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, s here most of the incident light goes 
into illumination of the object. We hale therefore investigated a 
scheme for overcoming this problem. First, diffuse object holograms 
were formed in bleached 649F plates, which have very much higher 
sensíti\ ity 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 
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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 emanating 
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 ty pe of noise is usually indiscernible 
with incoherent illumination. Fortunately, in any optical system, the 
paths of the rays going through the system can be changed, without 1 

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 trasersed 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 system 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 1 -.ave 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 Ah, it has 

been shown' that the signal -to -speckle -noise ratio of a diffuse coherent 
imaging system is given by 

(SNR)dirrn = l 

where 1/,V72 is the ratio of average intensity to rms fluctuation of 

light intensity in the image and Amin 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. 
I 

We define the SNR, which Eq. [1] expresses as the ratio of average í 

light intensity to rms fluctuation in light intensity as 20 log (1/ 1/72) 
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 (iR/i), where iR and i 1 

are the signal and noise current derived from a camera. In accordance /- 
with this definition we will term a picture with an 1/ 

Y 
j2 ratio of 

100 as a 40 dB picture. Y 

Fig. 2 shows photographs of a transparency illuminated by diffuse 

coherent light with \/A,,/Amin 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- 

= V Ah/Amin [1] 

134 RCA Review Vol. 33 March 1972 



REDUNDANT HOLOGRAMS 

Fig. 2(a). (2)-Photographs cf a transparency illumirated by difft3e 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 correspond to 1 -mm, 2 -mm. and 4 -mm stops 
located in the back focal plane of the 50 mm 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 ate too large for most applications and some 

degree of redundancy is needed in coherent imaging systems, an 
alternate form of object illumination is required. 

ó :MUM 
4raa111ai 

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

i.' -,. _`_- _ ~ 
A 

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 
I? that can be gainfully employed in multiple -beam holograms is given by 

R=An/Amm [2] 

If the noise is uncorrelated from one subhologram to another, which is 

the usual case, SNR is given by 

(SNR)muitipie-beam = PVT? = Pl/An/Amia + 
[3] 

where p = 1/ 1/72 
Y/j2 

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

Our first attempt to record multiple -beam holograms involxed il- 
luminating the object transparency with a beam that had passed 
through a symmetrical 2-I) sinusoidal phase grating.' This type grat- 
ing has a transmission T(x,?1) given by 

CO 

T(.r.,F1) = E E (0) exp {j2nax/_\} 
- _ n_ -Go 

.1,,, (0) exp {j2mrJ/}. [5] 

where J is the nth order Bessel function of the first kind. .1 is the 
spatial period of the grating, and 4) is the peak phase shift introduced 
by the grating. By constructing a grating with 4) = 1.43 radians, we 
were able to produce nine 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 obtained 
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,of = 0.71 mm. Correspondingly, if the smallest verti- 
cal spatial frequency ill that must be resolved to prevent beats with the 
television raster structure is pi= 31.8 cycles/mm, then under similar 
recording conditions the minimum hologram length l is 1.42 mm. There- 
fore a hologram measuring, say, 6 x 11 mm2 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 1/ j2= 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 ale certain cir- 
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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 mote 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 1r 

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 because 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 Groper 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 ..e 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- 

f 
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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 cohei ent 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 heats 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 bolo - 
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Fig. 4-Photographs of a transparency illuminated by the multiple beams 
derived from a square array of 4.5-µm pinholes on 36 -pm 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 íts illumination 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 firs, requirement limi,s the redundancy device; 
we will then show theoretically how system noises and imperfections 
prevent some schemes that successfully satisfy the first requirement 
from satisfying the failsafe requirement. 

We model the redundancy device by any array of perfect point 
sources located a distance z from the object plane; each point source 
completely illuminates the object and none are vignetted anywhere in 
the system. This model is useful both experimentally and theoretically. 
In experimentation, an actual array of point -sources can be reliably 
generated with behavior approaching the theoretical behaviour through 
the use of spatial filtering with pinholes; in a theoretical analysis, an 
array of point sources can he 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 me del a physical array of pinhole sources such 
that each illuminates the entire object and then passes through the 
system unobstructed, we are left to make an optimum derision, if 
possible, on the phase, amplitude, and location of these sources. The 
first requirement on our point -source array is that when it illuminates 
the object plane, this illumination shall contain no spatial freluencies 
so low that their beat pro lucts with the object fall within tie spatial 
passband of the object. The fact that each pair of point -sources illum- 
inating the object plane forms a sinusoidal intensity gratir ; whose 
spatial frequency is proportional to the separation of the point -source 
pair suggests a lower bourd on the separation of any pair in l e 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 uncorrelate;) noise, 
we expect the SNR of the total reconstruction to increase as tle 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 separation, a 
regular array having all pcints equally intense is called for rather than 
a random array. 

Fig. 5 shows the schematic layout of a generalized multiple -object - 
beam record/playback system 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 reference 
beam. The redundancy device, 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 modification of the redundancy device to incorporate 

OBJECT PLANE 

(s,t) 

REDUNDANCY 
DEVICE PLANE ( v.á ) 

IMAGE OF 
REDUNDANCY DEVICE 

BY RECORD LENS 

RECORD 
LENS 

j- f (I.;) 

PLAYBACK 
LENS IMAGE PLANE 

OF OBJECT 

l\.._hiamorm_ 
\ 

HOLOGRAM 

RECORD.- PLAYBACK 

FINAL IMAGE OF 
REDUNDANCY DEVICE 

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 z, 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 hulk optical defects of the 
system components. Every Fourier component of the object will there - 

I 
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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 he 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 Na and N and, for convenience, will locate 
the convolutional filter Nc at the plane of the object or its image and 
the multiplicative filter NM at the plane of the redundancy device or 
its image. We will consider only the effects of the multiplicative filter 
Nm. The effect of the convolutional filter No is trivial; the object 
intensity is modulated by 1N012, 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 «t in a plane perpendicular 
to the optic axis z as illustrated in Fig. 6(a). The field at r1 in the 
plane of the redundancy device, z - 0, is thus 

where 

U (rl ; 0) = E Umn S(rl - rmn) [61 
rn,n 

rmn = mp + nq ; [71 

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

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

`jk} U(r0+z) = exp {jkz} E U, exp { 
\ 2z / I ro 

- rrnn 1"}r [8] 
m,n 
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Fig. 6-Coordinate System of (a) the redundancy device space and (b) the 
reciprocal lattice space. 

where 

2a k=- 

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 
e = \z and t = Az. 

pgXz pgXz 
These new basis vectors have the property that 

6p=az 
tg=az 

eq=0 
t p = 0 

[9] 

[10] 
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Expressing ro in terms of these basis vectors as ro = as + /3t, Eq. [8] 
can be written 

U(a,(3;z) = exp{jkz} E U, exp 
jk 

(ro- + rmn2) 
m,n 2z 

exp{-27 j (am + /3n) }. [11] 

Our interest, however is not in the field at the object plane but 
rather the intensity at that plane. The intensity I (a,i(3;z) is the squared 
magnitude of the field, i.e., 

I(a,(3;z) = U(a,/3;z) Uk (a,/3;z) 

rUm i hd 

E= L L+ Umn U,n'n' exl) - (Ymn- - rm'n'2) - [12] 
m,n nd,n' 2ti 

exp{27rj [a (m' - m) + 13(n' - n) ] 

The intensity pattern in the object plane, I(a,/3;z), can be rewritten 

where 

I (a,/3.z) = E I J1N exp{2rj (aM + PAT)} 
X,N 

= exp{(- jk/2z) (M2p2 + 2MNp q + N2q2)} 

L U,nn U*]1+m,N+nexp{- j{.'/z) 
m,n 

[13] 

[Mmp2 +(Mn + Nm) p q + Nng2] } [14] 

Eq. [13] expresses the intensity at the object plane as a Fourier 
series with the basic periodicity of the s,t 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 s,t 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 z can be chosen such that (kp2,'z) =27; 
(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 
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that satisfy this equation. If all U,,,,, are equally intense and cophasor 
and z satisfies the above relation, the only nonzero 1Má are those for 
which M = 0,J,2J,3J... These distances are the object -plane locations 
where the illumination periodicity is .1 times the periodicity, which is 
expected if the array points are not cophasor or equally intense. These 
distances are not the planes of the J"I harmonic of the array itself as 
described in Ref. 14]. Indeed multiplication of the basic s,t spatial 
periodicity is not necessary for our application. To eliminate the 
fundamental 8,1 periodicity, for example, it is only ecessary 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 oise component of the multiplicative filter 
will generally destroy the amplitude and phase relationship among the 
modified point sources and w ill 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 r esult in intensity patterns which are 
spatial harmonics of the basic s,t 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 
./rh 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 applicatio 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 s,t 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 Are. The redundancy 11! is the hologram area All 
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 focal length of the Fraun- 
hofer lens. Thus, 
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R= 
A« 

p q X (f/z) 
(z/f)2. [15] 

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

(p g X z/z) -' = (s t x z/z)/(,\z)- = A,/(az)2. [16] 

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

.4HAs 
R= 

A2f2 
[17] 

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 hav e 
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 Ne. 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 ecording 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. 

- .- --i - - - - - 31.2µm 

SCAN LINES J46.6µm SCAN LINES 
FIELD I FIELD 2 

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 12.2 x 7.8 mm 
Focal length of Fraunhofer lens 50 mm 
Recording wavelength 441.6 nm 
Hologram size 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 A8 - 7.15 x 10-4 mm2, providing 
104 -fold redundancy on the 6.4 x 11.1 mm2 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, 
q = 2.13 mm, and a = 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 Io,, I03, 105... 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-µm pinholes (p = 1.90 mm, q = 2.13 mm, a = 55.9° and z 
=223mm). 
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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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WAVELENGTH DEPENDENT DISTORTION 

object transparency in the first focal plane of a lens produces the 
Fraunhofer diffraction pattern on the other side cf the lens That 
pattern interferes with an off -axis plane -wave lEference beam to 
form the hologram. For ttis type of hologram, the only wavelength - 
dependent aberration is distortion. 

A 

OBJECT 
BEAM 

COO 

NCRMAL 
TC 
RECORDING \ 
PLANE 

a 

HOLOGRAM 
RECORDING 
PLANE 

REFERENCE 
BEAM 

Fig. 1-Fraunhofer hologram recording arrangement. 

The plane object transparency in Fig. 1 can he though: of as 
composed of many points each producing a wavefront that lees the 
lens as a plane wave. Therefore, the hologram of each object ;mint is 
a diffraction grating with uniform period. When this hologram is 
illuminated with a plane wave, each of the component gratings produces 
a plane wave that can be focused by a lens to form an imag= point. 
The po3ition of the image point is determined by the per_od and 
orientation of the component grating and by the wavelength of the 
illumination. The planarity of the reconstructed .vave is not de;endent 
on wavelength. Thus, since only the location and not the shape of the 
reconstructed point is wavelength dependent, the only aberration 
present is distortion. More general discussions of holograph:e aber- 
rations can be found in the literature." 

2. Theory of Distortion 

Light of wavelength Al from a point p on the object, after passing 
throigh the recording optics, reaches the hologram recording plane 
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as a plane wave whose direction is described by the angle /30 that it 
makes with the y -z plane, and the angle ao 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 P,; and a,;. When recon- 

L/GNT FROM 
OBJECT PO/NT P a* 

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

strutted with a plane waNe of wavelength \, described by angles Rc, 
ac, the following relationships between image and object points result: 

a 
sina'o cos/3' = - [sina, cos/3 + sina,; cos¡3rs] - si !lac. cospo [1] 

A1 

AO 

sin/3'0 =- (sin/30 - sin/3,t) + sin[3c [2] 
\1 

where /3'0, do 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., NR = 13c= O. then Eqs. [1] and [2] become 

A., 

sin'a cos/3' = - ¡slna cos/30 + sinaR] - sinac 
\, 

A. 
sin/3'0 = - sin/30. 

A, 

[3] 

[4] 

From Fig. 1, we can relate the location of an object point to the result- 
ing plane -wave direction a, f3. 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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and 

x 
ao=aoo+tan-1-, 

F 

y 
No = tan -1 - 

F 

[5] 

[6] 

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

and 

x' 
ño=aoo+ta11-1- 

F' 

1/' 

/3'o=tan-1-, 
F' 

[7] 

[8] 

where a 0o is the image system optic axis angle, x' and y' are the image 
coordinates measured from the center of the image, and F' is the 
readout lens focal length. Substituting Eqs. [5] to [8] into Eqs. [3] 
and [4] gives the following relationships between the object and image 
coordinates and the system angles: 

sin a'00 + tan -1 -- 
F' 

x\ 

cos 
Y' 

tan -1- 
F' 

y\ 

2 

_ - 
\, 

[9a] 

sin (croo+ tan -1- I cos (tan -1-) +sinaR - SIIlac 
F/ \ F 

?/ Á2 ?1 

sin[ tan -1 -] = -sin ( tan -1 -j . [9b] 
F' a1 l F 
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Obviously, x' is not a linear function of x, and y' 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, -sx'/-sx and .y'/-sy referred to the optic axis, is an 

unwieldy expression. Expressed in this manner, magnification is best 
obtained by numerical evaluation of x' and y' using Eqs. [9a] and [9b]. 
However, the paraxial magnification, dx'/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 

and 

dx' m,=-, 
dx 

dy' 
my=-, 

dy 

for any x or y. Differentiating Eqs. [9a] and [9b] gives 

and 

My = 

[loa] 

[10b] 

"2 F' cos aoo + tan -1-1 [x 1 -1- (-7] 
L 

cos ¡ tan -1F 

F L 

y 

\1 F cos 
Íaoo + tan -1 

F' J 
[i+ IFx cos [tan -_i -_F;.] 

\2F' cos ltan-1J1[1+ ( 
F F' 

1 F cos [tan -1 
1'' J L 1+ 

1 J 
J2] F' F 

[11b] 

which reduce to the paraxial magnifications for x= y = 0. m, is a 

function of x and y, but my is a function of y only. Determining m, and 
my over the field still requires numerical computation because Eqs. 

[9] must be used to find x' and y' for each value of x and y. But for 
x = y = 0, we also have x' = y' = 0, so Eqs. [11] reduce to 

[1 
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.l2 F' cos aoa m = 
Al F cos «óo 

"2 F' 
moy = - - 

al F 

for the paraxial case. 

The paraxial aspect ratio is then 

mo.,, cos aoo 

mo cos á ao 
[131 

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 aoo and á 0O, but these alter the other forms of distortion. 
Furthermore, aoo, with aR, 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 x and y, and the lens 
focal lengths, we could set F» x and y, and F'» x' 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 «O0 + aR is kept constant, while «00 

is varied. Eqs. [11] and [13] are used to determine the distortion for 
the various choices of a00. 

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 m0: = moy = 1.25. 
With F = 50 mm, Al = 442 nm, A2 = 633 nm, Eq. [12a] gives for 
m0= = 1.25. 

43.7 cos a'00 
F' _ [14] 

cos a°° 

To limit the period of the hologram to no less than 0.75 µm 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, aO° + aR, is 30°. The relative 
sizes of a°° and aR 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, ac = d00, to minimize the effect 
of tm isting of the holograms,' (this is important because they are on 
tape) . Table 1 gives the \ alues of a O0 and ac. and F' required for 
magnification mos.. = 1.25, for see eral choice of «O0, rounded to the 
nearest integer. 

Table 1-Requirements for Magnification m..= 1.25. 

Object' Image 
Recording Readout 
Angle a°, Angle a'°° = ac F' 

0° 21° 41 mm 
10° 22° 41 mm 
22° 22° 44 mm 
30° 21° 47 mm 

* Reference angle a,, = 

For ally choice of «oo, 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 «O0 is plotted in Figs. 3 and 4. In both figures, F' was chosen 
to give mos - 1.25. 
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M. 

1.35 

1.30 

1.25 

Mx vs x' 

0(y=0) 
FS0mm 

X. 4416A 
X26328 4 

F' 41 mm 

It. 0' 

F'44men 
22 

F' 47mm 
0.. 30 

MaR 1.25 

y=0 

L20 1 1 1 1 1 1 1 1 1 

-10 -8 -6 -4 -2 0 2 4 6 8 IO x'(mm) 

Fig. 3a -7n, vs x' for y' = 0 (y = 0) for several values of a... 

Mx 

I. 35 

1.30 

1.25 

1.20 
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50mm 
Xr4416Á.] 
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F'41mm 
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ce 

F' 47mm 
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Max125 
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Fig. 3b --m, vs x' for y' = ±2.5 mm (y = ±2 mm) for several values of a... 

Fig. 3c-m, vs x' for y' = ±5 mm (y = 4 mm) for several values of a... 
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The figures show that minimum local distortion is achieved with 
a°O = 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 a°° 

m°. m°y m°./m, 
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 

1.35 

1.30 

1.25 

1.20 

1.15 

My vs. y' 

F. 50 mm 
X=4416 °A 

X21.6328A 

F'= 47 mm 

st, 30° 

M°y=1.345 

F'.44mm 
22° 

M°y. 1.260 

F'=41mm 
Ck.0° 

M°y` 1.175 

1 I 1 1 1 I 

-10 -8 -6 -4 -2 0 2 4 6 8 10 y'(mm) 

Fig. 4-4, vs y' 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 opposes 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. 

ONE 
OBJECT 
FIELD 

16 mm FILM 

CHROM/NANCE 
INFORMATION 

CENTERLINE 
LUMINANCE 
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 (xK - xR)1um (xK - xR)chrom 
misregistration = 

at point K image width 
[15] 

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

vertical 
misregistration = 

at point K 

(91K - 11R) lum - (11K - yR) ehrom 

image height 
[16] 

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

The distance from the center of the luminance frame to the center 
of the chrominance frame must be correct to give proper registration 
at the center of the color picture. The proper distances in the Holotape 
system require moo= 1.38. To produce the correct spatial frequency 
for the color carrier, we also require ºnox = 1.38. Using Eqs. [9] and 
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Table 3 -Values of Various Parameters for m°r = 1.38 

a°° a'00 = ac F' m°: m°, 

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°S = 1.38 can 

be derived as shown in Table 3. 

As in the system described previously, a = 22° produces an aspect 

ratio of 1.0, giving the required value of m°. Using Eqs. [15] and 

[16], Table 4 gives the percent vertical and horizontal misregistrations 
for the four different values of a00. From Tables 3 and 4 it is apparent 
that the least misregistration occurs at a°O = 30° and that the minimum 
difference between m -°x and in occurs at a0 = 22°. 

Table 4 -Percent Vertical and Horizontal Misregistration With Values of 
a°° = 0°, 10°, 22°, and 30°. Values Are for Points Within 7 X 7 

Matrix (One Frame) (See Eq. [15] and [16]). 

a°° = 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 

1.95 2.12 2.30 2.50 2.73 3.00 3.32 

a°° = 10° 

Vertical Mis registration 
0.62 
0.28 
0.07 
0.00 

-0.07 
-0.28 

-0.62 
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Table 4 (continued) 

Horizontal M isregistration 
-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 
0.8.2 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 

= 22° 

Vertical Misregistration 
0.62 
0.28 
0.07 
0.00 
0.07 

-0.28 
-0.62 

Horizontal M isregistration 
-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 

=30° 

Vertical M isregistration 
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 -0.05 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 aO° using a lle-Cd laser 422 nm as the light source. 

They were readout with 633 um 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(1)) are photographs of images from holograms recorded with ao. 

= 30° and aoO = 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 nnx 

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 In, 

(a)-r, With «00=30° 

1.29 
(1.27) 

1.29 
(1.26) 

1.29 

1.27 
(1.25) 

1.27 
(1.25) 
1.27 

1.27 
(1.26) 
1.27 

(1.25) 
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 Nith a uniform crosshatch pattern as the 
object in both frames. Figs. 7(a) and 7(h) are photographs of images 
from these holograms recorded with aO0 = 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 m ith 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 the image (4 corners and top and bottom center). The 

calculated results are in parenthesis. 
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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 

«00=30° 
-F.45% 

(+.42%) 
-.45% 

unmeasurable 
(-.09%) 

unmeasurable 

-.74% 
(-.62%0) 

+.74% 
(-.42%) (=.09%) (=.62%) 

a°° = 22° 
-.35% -.86% -1.72% 

(-.30%) (--.82ió) (-1.43%) 
+.35% +.86% -1-1.72% 

(+.30%) (+.82%) (+1.43%) 

RCA Review Vol.33 March 1972 167 



5. Conclusions 

Distortion is the only aberration introduced by reading out a Frau n- 

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. 
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li' m:iii: ' . ¡. ..: _, 
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(b) 

Fig. 7-Uniform crosshatch image from Hologram (a) with a°° = 30° and 
(h) 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 Iolotape system, optimized parameters produce 

a local magnification in the plane of the reference and object beam 

axes that varies from m,z= 1.25 to 1.30 (Table 5(b)), or 4.0% distor- 
tion, with an aspect ratio moz/moy = 1.0. Arbitrary choice of these 
parameters could produce m,l values varying from 1.21 to 1.43, or 

18.2% distortion, or an aspect ratio up to 1.07. 

168 RCA Review Vol. 33 March 1972 



WAVELENGTH DEPENDENT DISTORTION 

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 magníture 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. 

Abstract-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.'.2 
The primary mutilation for this study of recording techniques re- 

sulted from a requirement to produce a type of hologram that could 

QQ 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' is 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 transparence 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" holograms (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 «ave - 
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 reasons, 
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 c early 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 ís 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 

PI%o.Yo,Zol 

HOLOGRAM 

Zo - -- PLANE 
Zr ro 

REFERENCE 

POINT Ar 
L -- 

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

the point (xr, Jr, Zr) which is, therefore, the origin of a spherical wave. 
(For the case of a plane reference wave the implication is that 
Zr -* -co.) The location of the object transparency is defined by a 
plane surface generally not including the point (xr, Jr, Zr)* 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 (x0, y0, z0) 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,10 

jk° exp (-jkor°} 
uo(x,v,z) = - uo(x°, y°, z°) (1 + cos 0) dS0. [1] 

47r r° 
so 

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 (xo, yo, zo) to (x,y,z) ; 1/ro expresses the reduction in am- 

plitude of uo caused by spreading of the spherical wave; ko = 27/A0 is 

the magnitude of the wave vector; O is the angle between the normal 

to the surface at (xo, yo, zo) and the line joining (xo, yo, zo) with 
(x,y,z) ; Ao is the wavelength of the monochromatic light illuminating 
the transparency; and the integration is carried out over the surface 
of the object transparency. If dxo(x,y,z) and dyo(x,y,z) are defined as 

incremental line elements within the plane of the object transparency, 
then dS0 = dxodyo. 

As mentioned pre\ iously, we can classify holograms according to 

the magnitude of the distance between object and hologram recording 
plane, or more specifically, the distance ro between the object point 
P(xo, yo, zo) and the hologram point P(x,y,z) : 

ro = [ (x - x0)2 + (?/ - yo)2 + (z - z0)2]1/2, [2] 

Since we are interested here in thin holograms, we can set z = 0 

in Eq. [2] and consider the CFA only in the plane defined by z = 0 in 

Fig. 1. With the resulting exact expression for ro, 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 ro. 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 ro, namely, zo 

and do. To investigate the implications of these two different, yet 
equivalent, expansions we rewrite Eq. [2] with z = 0, in the follow- 

ing forms: 

(x - x0)2 + (y - yo)2 
1'0 = zo 1 [3a] - 

202 

or, noting that x02 -}- yo2 zo2 = (1o2 in Fig. 1, 

¡ x2 + 1f2 (xxo + yyo) I/2 

ro = c10 2 1 . [3b] - -}- 

IL 
do2 

Expansion of Eq. [3a] in a Maclaurin series about zo 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. 
[3b] about do 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 ro by retaining the first few 
terms of an expansion of Eq. [3a] in a Maclaurin series about z0.º, 

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 zo2 > [(x - x0)2 + (ii - Y)21. Then, Eq. 13a] 
may be expanded in a Maclaurian series about the point z = 0: 

x° + y2 + x2 + gio2 - 2xxo - 21.1110 ro= 1+ 

r 
2z02 

1 1 (x-xo)2+(J- yo) 212 

8 o2 + .} 

With respect to this Maclaurin series expansion for r0, the question 
arises as to which terms are significant: in other words, what are the 
practical conditions for which the higher order terms can he neglected? 
To answer this question, we recall that to form the expansion in the 
first place we had to assume that [ (x - xo)2 -}- (y - y)2]/zo2 < 1 for 
convergence. This assumption restricts rays from object points to make 
small (paraxial) angles with the z axist and allows us further to 
eliminate the term [1/8)/z04] [(x - .r)22 + (y' - Y0) 212 as well as suc- 
ceeding terms to arrive at a reasonable approximation to r0, namely 

¡ x2 + ?l0'-- 2xx - 2J7J x2 + y2 
r0 z0 11 + + f . 

\ 2z02 2zo2 
[4] 

This particular approximation is known as the Fresnel approximation 

* The approximation of r in the form of Eq. [3b] is considered below when discussing the lensless Fourier transform hologram. 
t In 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)/2zó «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 
kozo « 27r 

2z02 

in Eq. [1], i.e., there must be little phase change in uo(x,y,z) across 
the recording plane with respect to all points in the object plane. At 

optical wavelengths (say, to = 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 

x2 + y2 10-+0.56.10-' 
zo » 

2A0 0.884.10-6 
- 177 m. 

Although this value of z0 may at first appear unreasonable for practical 
application, it is quite a simple matter to simulate even larger values 
of z0 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 zr (a spherically -shaped reference beam) and 
for infinite zr (a collimated reference beam) are different. 

For a spherically -shaped reference beam emanating from the refer- 
ence point (xr, yr, zr) 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 (x,y,z) is (1)r = kr r,. - kr dr so 

that, with z = 0 as before, 

with 

ur(x,y,0) = Ar 
exp {jkr (rr - dr)) 

rr 

rr= [(x -xr)2+ (y -yr)2+zr2]1/2, 

[5] 

[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, zr -> -oo, thus causing r, 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 ur, 

and the factor 1/7, 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 kr in terms of the angle Pr it makes 
with its projection in the y -z plane and the angle a,. this projection 
makes with the z axis. Thus, since 

and 

then 

2a kr=- (as sin /3r-I-ay cos Rr sin a,-}-a, cos /3rcos ar) 
ao 

r,. - dr = azx + ayy, 

27r 
kr (rr- dr) =-(x sin /3r+y cos /3r sin a,) 

ao 

[7a] 

[7b] 

where a, ay, as are unit vectors of the cartesian coordinate system and 
. = A0. If we further consider the reference beam to lie in the y -z 

plane (a typical situation), then Pr = 0, and 

27r 
kr (r,-dr) = -y sin ar. 

V 

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

J 
27r 

ur(x,y,0) = A, exp { j- y sin ar}. 
Ao 

We define 

uo(x,y,0) = uo(x,y) = I uo(x,?l) I exp {jcko(x,9/)) 

ur(x,yr0) = u, (x,y) = 1 u,(x,y) I exp {jOr(x,y) ), 

[8.] 

[9] 

[10] 
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where 1 uo(x,y) 1 and 
I ur(x,y) 1 are real and C19o(x,y) and cf)r(x,y) 

describe the spatial phase variation (relatiNe 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 

uh(x,y) = uo(x,y) + ur(x,y), [11] 

which produces an irradiance II at the hologram plane described by 

H (x,y) = uhuh» = l uh(x,y) I2 = I uo(x,y) + u,. (x,y) 12 [12] 

with units of power per unit area (for example, W/cm2). If a photo - 
resist coated film is exposed to this irradiance, its exposure (i.e., energy 
per unit area) is given by 

E (x,y) = H (x,?/) 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 c 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 kR(n - 1).ád, where k2 = 27/an (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(x,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 .(x,y) 
imposed by the hologram on a readout beam can be described using 
Eq. [13] as 

0(x ,y) =kR(n-1). d=k1(n-1)cE(x,y) 
= kR(n - 1)cTH(x,y). 

The transmittance function of the hologram becomes 

[15] 

t(x,y) = exp [j4(x,y)] = exp [jkR(n - 1)cTH(x,?1) ] 

= exp [jkRKH (x,y], [16] 

where K is defined as (n - 1)cT and is a constant of the hologram. 
From Eqs. [12], [9], and [101, Eq. [16] becomes 

t(x,y) = exp {jkRK I uo(x,y) i- ur(x,y) I2) 

= exp {jkRK 
I 

uo 12} exp {j KI u.I2} exp {j2kRK 
I uo I 

[cos (epo-cbr)]}. [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 uo(x,y) is given by the superposition of several points of the plane 
object transparency, e.g., 

uo(x,y) =E uoi(x,?1) =E I noi(x,?l) I 
exp {j¢o{(x,?I)}, 

1 

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

(constant) E 2kRK 
I Uri I uot I 

[cos (Y ot - 
This implies that the point -object anal. sis 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 

Ai - exp (jkRKI u012} exp {jkKI 14I2} 

which is a constant for a single point object or, generally, if uo is 
sufficiently small. We write furthermore that 
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a= 21RK 
l uo l l ur l 

p -4)o- r [18] 

Example: In a situation where a hologram is recorded on vinyl tape, 
typical parameters are n = 1.5, _Sd = 0.1µm, AR = 0.4416 µm, 

I 
urI = 101uol, H I10uo12. Thus, a typical value for a in 

Eq. [18 ]is 

2r 
a= 2kRK 

I uo I I ur I = 2 (--)(n -OCT 
l uo l l ur l 

An 

47r cE 47r ,..5d 

_ - (n-1) -Ind lad= - (n-1) -Iuol I urI 
AR H AR H 

47r (1.5-1) (10-7)(101/L012) 
= = 0.14 . 

(4.416 10-7) (101uo1 )2 

Using Eq. [18] in Eq. [17J, 

t(x,y) = At[cos (acos p) + j sin (acos p) ] , [19] 

and using the Bessel function expansions for cos (acos p) and sin 
(acos p), 

t(x,v) = At [Jo(a) + 2 E( -1)n, 
m=1 

+ j2 E (-1) rn J2r,,+1 (a) cos (2m + 1) p , [20] 
,,,=o 

where the Ji(a) are Bessel functions of the first kind. Each Ji(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,J) 
I m=o = f1rJ0(a) + jAtJ1(a) 

[exp {j(00 - Or)) + exp {-j(00 - ¢r) }] [21] 

When the hologram is illuminated for readout, the wave produced 
by the term containing the phase factor -1-j(¢0 - ¢r) is defined as the 
"primary" image wave while the wave produced by the term containing 
the phase factor -j(¢o-Or) is called the conjugate image. We dis- 
tinguish these terms as tp(x,y) and tc(x,y), respecti\ely. Thus, 

where 

t(x,J) I n,-o = AtJo(a) + tp(x,?1) + tc(x,J), [22] 

tp(x,J) =exp j j =+ICRKIurI-+l (IRKIUOI 
2 

//,II 

J1(2kRK¡not Inri) exp {j(¢o-¢r)} 

tc(x,?l) = exp j (kiRuo2 + IClih 
I 
Ur 2+ -/ 2 

J1(2k Rh I uo I 
I u,.I ) exp {- j(¢o - Or) } 

[23] 

[24] 

Illuminating the phase hologram with a readout beam u1(x,y) thus 
produces primary and conjugate images up(x,y) and uc(x,y), given by 

up(x,v) = uR(x,?I) tp(x,J) 

=urz(x,?) exp j 
li¡thluol_+kRhlu,.I-+-)1. 2 

Ji (2IcRK 
I uo I I ur I ) exp {i(5110 - Sbr) } [25] 

uc (x,J) = uR (x,?1) tp(x,J) 

=utt(x,?1) expj j (ki:KIUOI2+kRKIUrI2+/l 
2 

J1(2kRKIuoI I urI ) exp {-j(¢o-¢r)}. [26] 

In general, the readout beam, 

u,c(x,?1) = uR(x,y) Iexp {j ¢R(x,y)), [27] 
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can be arbitrary (i.e., plane or spherical), in which case Eqs. [25] and 
[26] become 

up(x,?7) = ' uR (xm) exp I ti'rrh I /too - + kRli 11T 2 + .11)} {j \ 2 

Ji(2kEK lurI exp{j(0o- -FOR)} [28] 

r 

(IRKlUol2+kuKlUrl2+1)} u(x,J) =IuR(x,?1)I exp j 
2 

J1(2kRK 
I uo I 

I ur I 
exp {-j(00- - Oe) }. [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 Eqs. 128] and [291 are functions of beam wave- 
length and orientation, differences between Or and 0 \sill produce 
images that are aberrated (i.e., magnified or demagnified nonuniform- 
ly). Thus, the situation for fidelity is impro\ ed if the wavelengths 
and orientations of the reference and readout beams ai e identical; 
for example, when O,. = OR, Eq. [28] becomes 

Since* 

up(x,?I) = Iu,.I exp ij ((/1KIuol"+l`n } I`u"+ 
/ 2 

Jr(2kRKIuoI Uri) exp {j00}. 

1 

Ji(a) =-a- 1\ + /1 

2 12.2 12.223 
1 

-a, for small a, 
2 

Eq. [30] becomes 

[301 

[31] 

,. Recall from the example associated with Eq. [18] that in practice a 
can easily he made to satisfy the criterion for the validity of Eq. [31]. 

I 
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rr 

Up Ith I ur I I ur I 
exp j (/KIuoI2 + `I:hIurI2+IuoI exp {i) 

. constant I uo I exp (jcfro) [32] 

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 (fro in Eq. [32]. In the 
case of a single -point transparency, for example, ifro(x,y) is simply 
the phase of the object \gave CFA in the hologram plane at (x,y,0) 
relative to that of its CFA at the origin of the hologram plane. Thus, 
from the geometry of Fig. 1, 

uo(x,J) = Iuo(x,J)Iexp {jfro(x,J)} 

exp {jko (ro - do) } 
= Ao 

ro 
[33] 

where Ao is the amplitude of the object wave as it leaves the object 
point and (using ro from Eq. [4]) 

27r 27r x2 -}- y2 xxo ?1?I 
stso(x,?1) = koro - l;o(t+o = - (ro - do) -- ) 

ño Ao 2z0 zo zo / 

Recalling the discussion associated with Eq. [4], cfro 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 -order 
terms in x and y cannot be neglected. If these second -order terms can 
be neglected, (fro reduces to the phase expression for a Fraunhofer 
hologram : 

95o(x,?I) 
277 xxo J?10 

0 z0 z0 
[35] 

[34] 
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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 

u0(x,?l,z) 
jk ff exp {- j koro} - uo(xo, ?10) 

27r ro 
[?xodJ0 . [36] 

In addition, with zo large (i.e., z02 » (x - x0)2 -I- (y - y0)2), Eq. [4] 
reduces to 

ro zo+ 
02.+ yo2 

2z0 

xxo ?1?fo 

z0 zo 
[37] 

In the denominator of Eq. [36], ro can safely be approximated by zo 

and taken outside the integration; however, the full expression for ro 

given by Eq. [37] must be used for r0 in the exponential term in Eq. 
[36], since the integrand is sensitive to small deviations in its phase 
Thus, Eq. [36] can be written 

'k 
{_kozo} 

u0(x,?J) 
exp uo(xo, Jo) exp 

2Trz0 
-00 

( ó2+?I2 iko 
j - 9ko exp - (xxo + Milo) dxodJo 
l 2zo } zo 

[38] 

Eq. [38] is, of course, truly valid (i.e., truly the Fraunhofer dif- 
fraction pattern of the object) only in the limiting case zo--> - oo. 

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 z0) on 
the hack 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(x'2 + y'2)/2F) where F is the lens focal 
length and integrating with respect to dx'dy' over the object, u(x,y) 
becomes instead of the expression given by Eq. [38], 

m 
27r f 

uo(x,y) cc l uo(xo, Jo) eXp - j- (xox + Joy) dxodva [30] // 
Letting f. = x,'A0F, fv _ y/AoF, Eq. [39] becomes 

u(x,y) = uo(fs, iv) cc ru(x, yo) exp 

(-j2'(xof c + Jofv) } dxod?/o, [40] 

which says that uo(x,y), the CFA in the hologram recording plane, is 
the Fourier transform of the object CFA, uo(xo, yo). 

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 
lologram 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, 
ui(xi, y{)) is related to the CFA in the hologram plane (say, uh(xh, y,,) ) 
as 

ff y) « uh (x,'' yh) exp j - j - (x,.x; + ?/hJi) dxhd?/h . 

Á,,F _CO 

Suppose now that the hologram is translated in the xh direction a 
distance ?h; then the magnitude of u{(x;,y{) becomes 

I u{(x{y;) I 
« 

Letting i; = x,,± h, 

Iu;(xry{)I« 

ff u,, (xh + It, y,,) exp 

r 2r 
1-.i-I(xh )xi +??h?I;Id(xh)d?Ih 

AoF 

00 

ffuh(1> yh) 
_00 

exp 
2r - j - (ex; + ??hy{) de (lyh 
\oF 

or, since is a dummy variable of integration, 

2r 
I «fJ uh (xh, y,, ) exp -j- (xhx; + yh??{) dxh . llyh 

AoF -CO 

which indicates no change in the image clue 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- 

r 
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SPHERICAL WAVEFRONT 
FROM ONE OBJECT POINT 

AN OBJECT 
POINT \ 

OBJECT /- 
TRANSPARENCY XA 
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Xo 

POINT 1 
REFERENCE 

OF LIGHT I 
OBJECT PLANE f1 SPHERICAL WAVEFRONT - 

I APPROXIMATED 
I FROM POINT SOURCE 

BY Xo-Yo PLANE I 

\ HOLOGRAM 
RECORDING 

PLANE 

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 

ID1 Ibl 

Fig. 3-Lines of maximum intensity for (a) Fraunhofer (b) lensless 
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 CA, in Eq. 
[34] for a Fresnel hologram of a point object, the phase factors of the 
reference and readout beams are given, respectively, as 

95,(x,Y) 

sbta(x,?l) 

27 2= + 2J2 xxr 1J1J,. 

Ao \ 2z,. zr Zr 

217 x2 + J2 xxR JJR 

AR ( 2ZR ZR ZR 

[41] 

[42] 

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 Op of the primary image 
and the phase factor ¢, of the conjugate image are given, respectively, 
by 

=95o -4>r+ [43] 

45c = - (o - 95r - (1)1?) . [44] 

To avoid the confusion of aberrations generated by waNelength 
shift on readout12 we assume at this point that AR = Ar = A0. With this 
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convenience, substituting Eqs. [34], [41] and [42] into Eqs. [43] 
and [44] yields 

where 

p c 

gie 

zp = 

xp = 

Jp = 

ze = 

se = 

Je = 

27r s2 1/2 

\o ( 2zp 

27r x2 + ?/2 

Ao ( 2ze 

xx 

zp 

[45] 
zp 

xxe 
/7Jc/ [46] 

ze ze 

zrzR - zozR + zoz,. 

xozrzR - xrzozR + xRzozr 

zrzR - zozR + zozr 

JozrzR -11,2,21; + JRzozr 

zrzR - zozR + zozr 

zoz,.zR 

zozr - z,.zR + zRzo 

xRzozr - xozrzR + xrzRzo 

zozr - z,zR + zKzo 

JRzozr - JozrzR + JrzRzo 

zozr - z,ZR + zRzo 

[47] 

[48] 

[49] 

[50] 

[51] 

[52] 

Note that Eqs. [45] and [46] have the same form as, for example.. 
Eq. [34] ; thus, we interpret xp, yp, z1, as the coordinates of the primary 
image of the original point object. Similarly, xe, ye, zc describe the 
conjugate image. [Also, just as in going from Eq. [34] to [35], Eq. 
[45] and [46] become ¢p and 4e for a Fraunhofer hologram (with 
object, reference, and readout beams making small angles with the 
z axis) when the terms (x2 + y2) /2zp and (x2 + y2/2ze are deleted.] 

For the Fresnel hologram constructed with a plane reference beam 
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and reconstructed with a plane readout beam, Zr = zR - -co. Usually, 
these sources also lie in the y -z plane of Fig. 1 so that xr = xR = O. In 

this case the preceding equations reduce to 

Zp=zo 

Cp = xo 

Yr ?1R 

J p=yo - zo- zo - 
z,. zir 

Defining 

Z, = - zo 

X, = xo 

?I r ?lie 

?lc=?lo- zo- -zo- . 

^' r z 2 

Yr ?I R 

a,. = tan -1 - and aR = 
Zr zR 

the equations of the image coordinates can be written 

zp = zo 

xp = xo 

?n = ?Jo - zo tilnar zo tanaR 

zo= - zo 

x, = xo 

?J, = yo - zo tana,. - zo tanaR. 

For identically oriented reference and readout beams, aR = ar, and 
the image coordinate equations reduce further to 

zo= -zo 

xn=xo 
?1c = ?la - 2z0 tanaR. 

Thus, we see that there exist both real (zp = zo) and virtual (z,. = -zo) 
images on readout and that, in addition, the y-coordinate of the virtual 
image is displaced by the term - 2z0 tanar. 

It is interesting to note that if aR = - ar, the image coordinate 
equations yield 

zn = zo 

xp=xo 
?Ip = Jo - 2zo tanaR 

z,= -zo 

x, = xo 

?1c = ?I 

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 salid, and for a collimated reference beam 
oriented at any angle ar with respect to the z axis and lying in the y -z 
plane, Eq. [8] yields a reference beam CFA phase angle 

27r 
sbr = koySinar = -?ISina,.. 

Ao 

[53] 

Similarly, the phase angle of the readout beam CFA (for a beam lying 
in the y -z plane) for AR = Ar = Ao becomes 

27r 
= kaysinaR =- ySillaR. [54] 

AD 

Thus, substituting Eqs. [34], [53] and [54] into Eqs. [43] and! [44] 
yields 

27r r x2 + y2 xxo JYo 

zo zo / 
Op - IIL 1 + - sinar - - sinaR 

Ao 2zo zo zo ?/o ?/o 

4)e . 2A 

L 

x2 +?/n xxo 1/yo 

C 

zo zo 

R 
Ao 2zo zo zo 

1 -{--Slna --Sula 
?/o yo 

For identical reference and readout beams, a1 = err, we identify image 
coordinate from these equations, as 

zc = -zo 

xc = xo 

?/c= yo -2z0 sinaR 
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We see that both real (zD = zo) and virtual (z, = -zo) images are 
produced on readout and that, in addition, the y-coordinate of the 
virtual image is displaced by the term, -2zo sin«R. 

For aR = -ar, 

zD = zo 

xD = xo 

yD = yo - 2zo sinaR 

zo= -zo 
xo = xo 

'Ye = 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 IaRI (and thus Ian ) are such that sin«r tanar. 

5.2 Fraunhofer Hologram 

For the Fraunhofer hologram, in addition to Zr = zR -co (as for 
the Fresnel hologram recorded with plane reference and readout 
beams), zo -i - CO. Thus, following similar reasoning as in the several 
paragraphs leading to the descriptions of a plane reference beam given 
by Eqs. [7] and [8], cfro in Eq. [33] becomes 

with 

o = ko ' (ro - do) [55] 

2-r 

ko = - (ax sin/o + ay cos(3o sinao + a, cos/3o cosa,,) 

Ao 

[561 

ro - do = as x+ ay y, [57] 

where No is the angle ko makes with its projection in the y -z plane of 
Fig. 1, and ao is the angle between this projection and the z axis. Sub- 
stituting Eqs. [56] and [57] in Eq. [55] gives 
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2a 
= - (x sin/3o + y cos po sinao). 

i`p 
[58] 

(Note that this expression for 150 could also have been obtained by 
letting zo - - oo 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 

27r 
dip - Cx sinf3 + y cos/3o sin«, -y sin«, + ysinaR 

o 
[59] 

2a 
C,5. - -X sinPo -y cos/3a sin«, + y sin«, + ysinaR . [60] 

,o 

If it so happens that the point object lies in the y -z plane then (30 = 0 
and Eqs. [59] and [60] become 

27r 

45pr,-,-y sinao - sing, + sinaR 
\o 

277. -y (- sin«, + sin«, + sinaR 
ao 

[61] 

[62] 

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 - co; i.e., for xo = 0 and zo i - 00. If we define ap and a0, 
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 

sinap = sin«, - sing, + sinaR [63] 
sin«, _ -sinao + sin«, + sinaR [64] 

from Eqs. [61] and [62]. For identical reference and readout beams, 
«,.= aR, these become 

sinap = sinao 
sin«, = -sinao + 2sina,. 

[65] 
[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° - °c 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, a, = 18°. Substituting these 
values into Eqs. [65] and [66], we find that on playback 

with ag = ar, the primary and conjugate images lie, re- 

spectively, in the fourth quadrant at ao = -12° and in the 

first quadrant at a° 56°. 

If an = -a,, Eqs. [63] and [64] become 

since, = sina° - 2sinar 

since, = -sina° 

[67] 

[68] 

Example: For the same hologram recording geometry as in the prev- 
ious example, but with an = -a,., the primary and conjugate 
images lie, respectively, in the fourth quadrant at ap = -56° 
and in the first quadrant at aP = 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 ís 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 r° 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 r° 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 ro 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 ro in a Maclaurin series about do rather than zo. Such an 
expansion is convergent for d02 > x2 + y2 - 2xxo - 2yy0. 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 d0 rather than z0. Thus, the dimensions (x0,10) of the object 
transparency and those of the hologram (x,y) must be small relative to 
d0, but the object may be located at any angle relative to the z axis 
(see Fig. 1). 

Expanding Eq. [3b] about d0 and retaining terms only through the 
second order yields 

x2 + J2 xx0 JJ0 1 
do+ ro - --- 

2d0 do do 8d a 

I (x2 + rJ2)2 - 4(x2 + Y-) (xxo + ?IJo) + 4 (xx0 + JJ0)2 
J 

[69] 

or 

x2 + y2 xx0 JJ0 
do+ [70] ro - 

2d0 do d0 

Similarly, expansions of rr and rR about the distances dr and dR, re- 
spectively, of the reference and readout point sources from the origin 
yield 

x2 + ?/2 xxr JJr 
)r - d,. + - -- [71] 

2dr dr dr 

x2 + ?/2 xxR J11R r dr, ---. [72] 
2r/ d,. dR 

Using these relationships, the phase factors 00, rpr, and OR become 
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2- 27 /x2 + J2 xxo JJo 
4)o=-(ro-do) 

ao Ao A 2do (lo do 

27r 27 /x"- + 1/- xxr J?Ir 

=-(r,.-dr) - 
as Áo \ 2dr dr dr 

2r ¡x2 -f- y2 xxr J?IR 

R = - (rR - dR) 
1 n AR \ 2dR dR da 

[73] 

[74] 

[75] 

As shown ín Fíg. 2, dr do for all object points; also, 1R = Ao and dR 

= dr usually. Using these equalities and substituting Eqs. [73], [74], 
and [75] into Eqs. [43] and [44] yields 

p=950- +R 
27r x" + 1¡' xxo JJo 

Ao 2do do do 

46c= -(55o -Or -OR) 

[76] 

2- /x- + y2 x(2xr - xa) q/(2Jr - Jo)\ 
I 

1 [771 
\o \ 2d0 do do 

Comparing these with ¢o in Eq. [73], we see that the primary and 

conjugate image coordinates are 

dp = do dc= do 

xp = xo xc = 2xr - xo 

?lp = Yo ?1c = 211r - ?1o 

[78] 

To interpret this result, we note first that the angular direction of do 

is determined from the signs of the object coordinates xo, yo, zo. 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 (Zr = zo, 
zo negative) or converges to a point to the right of the hologram 
plane (z, = -z.). 

For z, = zo and x, = -xe, Eq. [78] tells us there exist two 'virtual 
images-a primary aberration -free image at the same position (xp 

xo) as the original object and a conjugate image located at x 
= 2(-xo) -x.= -3xo, or a distance 12x01 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 i xo l = I x,i from 
the z axis. Since there is only one point reference source but many 
object points, the general relationship is x 2x,- x.= -3xo. 

For Zr = -zo and x,. = -xo, the readout beam converges to a point 
to the right of the hologram plane, i.e., a mirror image (with respect 
to the x -z; 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 X in Eq. [75] with respect to x,. 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 distinction 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 C -N 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 
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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 s arious 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 1/4-20 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 he 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,2 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, \ = 441.6 nm, output 

power = 100 mW, and coherence length = 25 cm for isotope Cd or 6 

cm for natural Cd. For uniform irradiance across the hologram record- 

ing plane, these lasers are operated in the TEM00 mode. In this mode, 
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Fig. 4-Typical Fresnel hologram recording arrangement. 
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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,15 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/d1 = f2/f1, where d2 is the desired output beam diameter, dl the 

input beam diameter, 12 the focal length of the output lens, and fl 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/e' points 
of the gaussian-shaped beam at the output of the beam expander in 
accordance with the formula D = 4Af 1/^Klr. 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' 

sine,. + sine° 

x 

«here f = maximum spatial frequency resolution capability of re- 
cording material 

fO = carrier spatial frequency of the hologram 

2fi = information spatial frequency bandwidth of the object 
transparency 

A = recording laser wavelength 

Or = maximum angle between reference beam and normal to 
recording plane 

B° = 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° 34 As an example, 
f - 1500 line pairs/mm for Shipley AZ -1350.` For a typical motion - 
picture -frame object transparency, 2fi = 600 line pairs/mm or f; = 300 
line pairs/mm. Since f° 3fi, fo 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 Loth the object- and refer ence-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" bisector 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 to 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 cw 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 undistorted 
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 Iiolotape 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, fabrication, 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 little 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'-7 and an interest in deformable 

films for holography since 1966 L9 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 35% 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 µm 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 µm for 
these experiments. Finally a layer of thermoplastic is overcoated onto 
the photoconductor-the thickness is determined by the spatial fre- 
quency response desired.10 
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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 ís 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 

h Ihr' 

+++++++++ +++ 

f f 

I) CHARGE 

2) EXPOSE 

3) RECHARGE 

41 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 he 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/cm2 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 106 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),j 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 µm coating when "pulled" at approximately 13 cm/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 -µm -thick photocon- 
ductor layer with a gold electrode. The breakdown -field strength was 
1.1 x 106 V/cm. Sensitivity at 441.6 nm was 22 nC/µJ for a charge 
contrast of 110 nC/cm2. 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 
{ 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-µm coating was obtained when the sample 
was pulled from a 20% solution at a rate of about 13 cm/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 µm 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 IIe-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 do 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. 4-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 

THERMOPLASTIC--\ 
PHOTOCONDUCTOR 

CONDUCTOR- 

.004 CROMAR I5-IOmm 

I z 
IM 

RF ELECTRODE-" 
AND HEAT SINK 

R5AMVLE 

r-----/ TIMED 
I z SWITCH 

50 MHz TRANSMITTER 

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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HeCd LASER 

"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).10 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 µm and dominant wavelength was 
approximately 1µm. 

Fig. 7-Example of quasi -random frost deformation (thermoplastic thick- 
ness is 0.4 pm and dominant wavelength is approximately 1 pm). 

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 µm. 

Simultaneous Recording 

We hale 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 µm 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 40%, 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 60% 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-µm 
photoconductor and 0.2 µm thermoplastic at a spatial frequency of 
1170 cycles/mm. (30° between beams at 441.6 nm). Efficiency was 
measured at 941.6 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 to 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 1%. At 1850 cycles/ 
mm, it was greater than 10%. Perhaps these efficiencies might be 
increased by optimizing thermoplastic and photoconductor thicknesses. 

H µm 

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 see eral 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 µm 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 µm. The effi- 
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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 nisec) 
were necessary to develop these holograms. 

Sequential recording at 1170 cycles/mm has been used to record 
holograms with diffraction efficiencies of up to 22% (exposure a 160 
µJ/cm2 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 
µm photoconductor and 0.45 µm 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 10% 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 um 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 µm; 
diffraction efficiency was 21% 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 1\IHz 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 µm, 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 81/2 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 17% 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 

' A hundred [enituries after emerging from the cave; minis still - 

. cfresteslike; by the fury of wonder-wonder about tiim. 
sell pis origins;'his environment. his destiny' 

So Intense have been the ideas and emotions stimulated by, 
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risked their fortunes and their lives to follow is lead. 
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cumnavigated the globe. Tensing and Hillary scaled Mt. Everest ; 
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Colonel Glenn ánd Commander Carpenter p.obed the void of 
space under the same compulsion; 

It Is wonder also which pervades the scientific experience . 

focusing its power, directing its energies, sperding its resources 
in the endless quest for final knowledge and ultimate under. 
sJanding, 

But science is more than mere wonder. It is research-the 
anatomy of Wonder. Through diligent study, if seeks to find the- 
causes, to explain the nníystery, to grasp the meaning of life. 

- To this task it brings method; courage, -a cspacity.for insight. 
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Today, scientific research is,the world's greatest adventure-' 
and its greatest act of faith. 'Adventure, because it tikes us Into ; areas that have never been explored, areas where man has never 

' ' .penetrated. Faith. because from these explorations, alt firmly 
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Fig. 11-Reconstructed image of standard 81 X 11 page of text; holo- 
gram size is 3 X 3 mm. 

holograms,15 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 distortion. 
These highly efficient holograms were made in the simultaneous mode 
with thin (approximately 0.2 µm) thermoplastic layers. 
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Fig. 12-Reconstructed image. Diffraction efficiency is 35% at 441.6 nm. 
Intermodulation distortion is barely discernible. 

Immunity from Reflection Fringes and Ambient Illumination 

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 tsell 
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" 
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(a) 

(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 µJ/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 intermodula- 
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 tine, 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.1-3 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 ít 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-Pocket'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 he 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 films"-'° 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 thick) 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 cw 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 elsewhere in this issue." 

The most common magneto -optic recording material is manganese 
bismuth (MnBi). its pertinent performance parameters are listed in 
Table 1. Other important parameters include: Faraday rotation > 5 
X 105 degrees/cm. Kerr rotation - 3°, absorption coefficient = 3.5 
X 105 cm-' ; additional physical parameters are given by Mezric'i 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)'Z' and europium oxide (EuO). EuO has a major disad- 
vantage in that it operates only at liquid helium temperatures. All 
things considered, MnBi appears to he 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 
(LiNhO3), lithium niobate co -doped with iron (LiNbO3: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 foz Recyclable Holographic Storage Media. 

Storage 
Medium 

Material 
(or principal 

material 
in device) 

Reference 

Recording and Erasure 

Recording 
Process 

Write 
Energy 

(mJ cm -2) 
Record 
Time 

Erase 
Process 

Erase 
Time 

=fagneto- 
Optic 

Materials 
MnBi 5-13 

Heating 
above Curie 
point 

10 10 ps-*50 ns 
Same as 
recording ~Ms 

Same as 
record 

Same as 
record 

--.1s 

Electro- 
Optic 

Materials 
L¡NbOa 14-19 

Optically 
induced 
charge 
separation 

103.4ó1o5 IOs-+min 

Optically or 
thermally in - 
duced charge 
redistribu- 
tion 

Same as 
recording 

Redistribu- 
Lion by 
contained 
evaporation 

Photo - 
chromic 

Materials 
',fany types 
(see text) 

20-29 

Optically 
induced 
charge 
transfer 

50 ,,, us 

Metal Films Bi 30 
Evaporation 
by heating 50 5-120 ns 

Ferro- 
electric 

Photo- 
conductor 

Devices 

Eli Ti30 38-43 
Light- 

modulated 
ferroelectric 
switching 

1 -ms Same as 

Same as 
record 

PLZT 34, 35 10 .-...srecording Same or 
less tha. 
record 

-1 
Thermo- 
plastic 

Deformation 
Devices 

Staybelite 47-55 

Electric field 
produced de- 
formation of 
heated 
material 

10- 3 

(theoretical> 1 ms Heat 

íiaastomer 
Devices 

Siloxane 
(y-ruticon) 50 

59, GO 

Electric field 
produced 
deformation 

10-, ems 
Removal 
electric fieell d r10 

Liquid 
3rystal- 
Photo- 
conductor 

Devices 

Mixed liquid 
:rystal; 
1nS, CdS 
photo- 
conductor 

Light- 
modulated 
dynamic 
scattering 

^5 10-3 <0.1 res 
Application 
of ac 
electric field 

20-50C 

~M 

Photo- 
conductor- 
Pocket's 
Effect 
Devices 

BiS¡O 2o 61-63 

Light- 
modulated 
electro -optic 
effect 

-10-4 -áµs 

Light at 
appropriate 

wavelength 
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Readout Cycle Lifetime 
Decay 
Time 
(Dark 

Storage) 

Figure 
of 

Merit Type of 
Iologram 

Readout 
Efficiency 

(%) Linearity 
Resolution 
(Ipmnt-t) 

Write- 
Erase Read 

tin phase 
10-2 (Faraday) 

10-t (Kerr) 
Fair -1000 Indefinite co 

Indefinite- 
limited by 
humidity 

100 

tick phase 80 Good -1500 Indefinite 

Rending at 
same X as 
writing 
destroys 
information 

Weeks to 
months 

:1 

0plitude 1.2-t3.7 Very good -10.000 

-1000 

Indefinite Bleaching 
occurs 

Minutes to 
months 

790 

iplitude G Good -10 cycles co 

Indefinite 

Indefinite 120 

n phase 
10-2 Fair -800 >102 cycles 

Indefinite 3 

Unknown Good -50 Limited by 
fatigue 
(see text) 

Indefinite Indefinite Readout 
efficiency 
unkontto 

n phase 15 Good -1000 

-1000 

100 cycles co Indefinite 
7 lür, (theoretical) 

i phase 15 Good >104 cycles 
Depends on 
device 
structure 

Not a 
Permanent 
storage 
device 

1.5 105 

t phase Unknown Good -10 Unknown Unknown Unknown 
Readout 
efficiency 
unknown 

t phase Unknown Good -1000 Unknown Unknown --boors 
Readout 
efficiency 
unknown 
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tantalate (LiTaO3), strontium -barium niobate [(Sr,Ba)Nb2O, SBN, 

or Bap 75Srp n3Nb. O j, and doped barium -sodium niobate (BagNaNb,- 
015) 1-18 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 the plane containing the 
optic axis. 

Holographic diffraction efficiencies as high as 80% have been 

achieved in LiNb03: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 cry stal 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.19 Application of an electric field 

has been shown to improve the performance of (Ba,Sr)Nb20 as an 

electro -optic recording material," but the published diffraction ef- 
ficiencies (2%) are considerably lower than in LiNbO3 and LiTaO3. 

Details on LiNbO3 and doped LiNbO3 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 (BaTiO3), bismuth silicon oxide (Bi,.,SiO,), 
and bismuth germanate (BirGe3O,_).17.18 

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..1. 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 the materials is 
practically unlimited, as illustrated by the fact that- reflection holo- 
grams with fringe spacing of less than 100 um have been successfully 
recorded by Amodei in SrTiO3:Fe,Mo. 

The sensitivity of inorganic photochromic materials varies con- 
siderably from hundreds of .1 cm-- 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 glasses2123 and inorganic photochromic crystals (e.g., 
SrTiO3 :Fe,Mo ; BaF0:La; Sodalite:Cl; electron beam colored NaCI; 
and fluorescein -boric acid glass organophosphor).2i-28 

Successful cyclic recording and erasure of holographic information 
on thin organic photochromic films has been reported by Mikaeliane 
and his associates in the Soviet Union27 and M. Lescinsky and M. Miller 
in Czechoslovakia 28 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.30 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,30 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/cm2, 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 number of cycles (5 to 10), 
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and it is conceivable that with proper design, c3cle 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 (PR) states may not be distinguished optically. Recently, two 
material configurations not possessing this disadvantage have been 
suggested: (1) use of ferroelectric bismuth titanate, Bi4Ti3O10, in 
which non -180° switching of PR 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 PR 34.35 

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 Bi4Ti3O10 and strain -biased PLZT. 

Bismuth titanate, a member of crystal class m," is prepared in 
single crystal platelets by flux growth.3" It possesses four stable 
remanent polarization states (having both c -axis and a -axis compo- 
nents) in a detwinned crystal. If PR° is first poled" (in the plane of 
the crystal) uniformly, then switching P,re 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 2« (roughly 50°) around the crystalline b(x3)-axis. Since 
Bi4Ti3O1., is biaxial, n11 # n22 n33. 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 states32.38-4° (illustrated in Fig. la) and (2) tilting the 
crystal about the b -axis to achieve a phase difference for light polarized 
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perpendicular to b.39" 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 Bi4Ti301, surfaces.42 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 ale notorious for their electrical 
and optical fatigue,49 which would restrict their useful lifetime. 

Perhaps the ultimate FE -PC for holographic applications would 
utilize thin films of Bi4Ti30,_. Such films have recently been pro- 
duced,4a46 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 
1959.47.48 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.50 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.5051 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.52 

In 1968, Chang53 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 Glenn54.55 

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 (- 10µm) 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 '6 

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 a ruticon, /3 ruticon, and y ruticon. The most 
interesting of these is the y ruticon. In operation, a do 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 "icon" 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 do 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, 10% cholesteric) liquid -crystal sandwich cells 
having matrix -shaped electrodes. Holographic recording was achieved 
as a result of dynamic scattering induced by application of a de 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 ís 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 µm-1 (rms) at 3 kIlz. 

The matrix -shaped electrode structure required for the electrically - 
controllable dev ice 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 is achieved simply by replacing the electrode matrix 
structure by a photoconductive layer. Of the photoconductive mater- 
ials tested, zinc sulfide"9 (ultraviolet recording) and cadmium sulfideó0 
(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-crystal-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 electrodes (or one electrode 

and a simple ohmic contact). Experiments using highly resistive 

photoconductive ZnS and Bi12SiO20 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 prase 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 Bi1_SiO20 materials used in the reported devices are 

films on the order of 30 -pm and 150-µm thickness, respectively. At 

the present state of the art, they appear to offer comparable resolution 

capability : 10-µm and approximately 12 µm. 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: 

Figure of merit = 
Resolution(lp mm -1) x Diffraction efficiency(%) 

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- 

RCA Review Vol. 33 March 1972 243 



conductor device has poor resolution at present (although holographic 

recording has been reported in the more complicated electrically - 

controlled device58). 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 des ices can find significant 
application as incoherent -to -coherent image converters.3 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- 
ials 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 thich, 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 he made among all performance parameters 
for any projected application. 
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Erase -Mode Recording Characteristics of 
Photochromic CaF2, SrTiO3, and CaTiO3 Crystals* 

R. C. Duncan, Jr. 

RCA Laboratories, Princeton, N. J. 

Abstract-Erase-mode optical recording characteristics of photochormic crystal 
wafers of CaF5:La,Na; CaF2:Ce,Na; SrTiO3:Ni,Mo,AI; and CaTiO3: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/cm2 and 2 W/cm2. 
In this range, time -intensity reciprocity holds for the CaF2 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 SrTiO3, CaTiO3, 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 empir- 
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 '-3 and inorganic.3-5 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 
Laboratories, Princeton, N. J. 
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particular, a number of recent papers have discussed the photochromic 
behavior of CaF2 doped with certain rare earths (CaF2:RE)0.1 and of 
SrTiO3 (and CaTiO3) doped with transition metals (SrTiO3:T11I and 
CaTiOa:TM),I'" 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 crystals, dopants, and nominal dopant 
concentrations are listed in Table 1. 

Of the photochromic CaF_ : RE systems, CaF2 : La,Na exhibits the 
strongest photochromic effects.3"9'3 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 CaF2 crystals were grown 
at RCA Laboratories by H. Temple using a gradient freeze technique 
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described elsewhere.9" 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 SrTiO3 :TM systems, SrTiO3 :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 SrTiO3: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 

CaF2 

CaF, 

SrTiO3 

CaTiO3 

LaF, 0.05 mol % 
NaF 0.1 mol % 
CeF3 0.05 mol % 
NaF 0.1 mol % 
Ni0 0.35 mol % 

MoO3 0.34 mol % 
A1203 0.18 mol % 

NiMoO, 0.19 mol % 

affect the photochromic behavior but has sometimes been included to 
provide additional charge compensation. CaTiO3:TM materials typi- 
cally exhibit somewhat greater photochromic color changes and some- 
what longer switched -state thermal lifetimes than do the correspond- 
ing SrTiO3:TM materials." The Ni and Mo concentrations indicated 
in Table 1 lie in the ranges found to produce maximum photochromic 
effects.' Single crystals of SrTiO3:Ni,11Io,Al and CaTiO3: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 treatments15" to reduce to a minimum 
their unswitched-state visible absorption. The optical quality of the 
SrTiO3:Ni,Mo,AI wafers was generally good, although some signs of 
strain were frequently evident in crossed-polarizer examination. The 
optical quality of the CaTiO3 :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 ('e) and transmitted (I) 
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.5`317 For present purposes, it will be sufficient to briefly 
describe the photochromic behavior indicated and to mention several 
practical considerations. 
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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 CaF2 wafers, about a one 
centimeter thickness of saturated CuSO4 solution and a Corning 7-59, 
0-51 filter combination, produced switching radiation in the range 
3800 ñ < f< 4600 A. For switching the titanate wafers, the CuSO4 
solution and a Corning 7-54 filter produced switching radiation in the 
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range 3300 A < A < 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 A < A < 9500A. 

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. 
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Fig. 2-Photochromic absorption spectra of CaF2: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 Á. 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. 
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Fig. 3-Photochromic absorption spectra of SrTiO3:Ni,Mo,AI in the un - 
switched (solid curve )and switched (broken curve) states. 

In the case of the CaF2 materials, the switching radiation is ab- 
sorbed primarily by the strong unswitched-state absorption hand near 
4000 Á. Absorption by the accompanying band near 7000 A is ineffective 
in switching. Radiation at wavelengths shorter than about 3800 A can 
produce up to about a 50% 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 CaF0 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 not 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 
CaF2 materials or 4300 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." 
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Fig. 4-Photochromic absorption spectra of CaTiO,:Ni,Mo in the unswitched 
(solid curve) and switched (broken curve) states. 

254 RCA Review Vol. 33 March 1972 



PHOTOCHROMIC CRYSTALS 

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 5e" 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 CaF2:La.Na. 
Even here, however, the photochromic absorption change at 5145 A 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 A 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, 
JD, are given in the first two columns of Table 2. The corresponding 
maximum obtainable transmission contrast ratios, R = 10'D, and aver - 
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age bulk absorption coefficient changes, .Ia = 2.3 _5D/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 SrTiO3:Ni,Mo,AI, on the other hand, while wafer thickness 
varies by a factor of six, the maximum .ID varies by less than a factor 
of two, and the maximum .5a varies by a factor of almost three. These 
wafers absorb strongly at wavelengths shorted than 4000 A (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 SrTiO3:Ni,Mo,Al in other re- 
spects, the CaTiO3:Ni,Mo behaves more like the CaF., materials in the 
dependence of its maximum .51) and .5a 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 CaTiO3 ab- 
sorption edge occurs about 200 to 300 Á further toward the ultra- 
violet than that of SrTiO3," so that some of the switching radiation 
used (3300 < A < 3900 A) can penetrate more deeply into the bulk 
material. Second, the longer (by a factor of more than 10) switched - 
state lifetime of the CaTiO3:Ni,DIo permits this penetrating radiation, 
even if fairly weak, to induce relatively large saturated photochromic 
switching. 

b. Contrast Ratio 

The thickest CaF., NSafers included in this study exhibited maximum 
transmission contrast ratios at 5145 Á 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 Á (see 
Figs. 1 and 2). Here the maximum values of .1D are somewhat more 

256 RCA Review Vol. 33 March 1972 



PHOTOCHROMIC CRYSTALS 

than twice those at 5145 A, and the maximum values of R are approx- 
imately the squares of those at 5145 A. 

Markedly greater transmission contrast ratios are attainable with 
the titanate wafers, as shown in Table 2. Because of the penetration 
limitations discussed above, SrTiO3:Ni,Mo,AI wafers thicker than about 
1 mm provide little increase in R. The values of R available with 
CaTiO3 :Ni,Mo wafers even under 0.5 mm in thickness are probably 
adequate for most applications. Unfortunately, the usefulness of CaTiO3 
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 x -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 A line was 
about one watt. The beam intensity at a 1/16 -inch sample aperture 
could be varied from less than 0.2 mW/cm2 to more than 2 W/cm2, 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 A is plotted as a function of 
time of exposure to the erasing beam. Optical density change (SD) 
plotted here is given by _SD = log(T/T3), where Ti, and Tg 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/cm2) 
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 CaF2 materials exhibit the longest thermal 

switched -state lifetimes, the optical density dropping by about 20% 

to 30% in 1000 sec for CaF2:La,Na (Fig. 5) and about 10-15% in 
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Fig. 5-Erasure of a CaF2:La,Na wafer as a function of erase exposure 
time for various erase -beam intensities. 

1000 sec for CaF2:Ce,Na (Fig. 6). The SrTiO3:Ni,Mo,AI (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 
CaTiO3: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'13 
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 SrTiO3:Ni,Mo,AI 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 product 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. 

ERASE MODE SENSITIVITY 
CoTIOSNI, Mo CT -I-1,0.56 mm THICK 

ERASE AND READOUT AT 5 e5145Á 

o 1 1 1 1 11111 I 1 1 will UI l I 1 1111111 11111 
0.01 0.1 1.0 10 10 103 

EXPOSURE TIME (SEC) 

Fig. 8-Erasure of a CaTiO3:Ni,Mo wafer as a function of erase exposure 
time for various erase -beam intensities. 

3.3.1 CaF_ : La,Na and CaF0 : Ce,Na 

The solid points in Figs. 9 and 10 indicate the erasures induced in the 
two CaF2 wafers by exposure for various limes 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-Erase-mode sensitometric characteristic of a CaF2:La,Na wafer, showing extensive validity of time/intensity reciprocity. 
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Fig. 10-Erase-mode sensitometric characteristic of a CaF2:Ce,Na wafer, showing extensive validity of time/intensity reciprocity. 
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Fig. 11-Erase-mode sensitometric characteristics of a SrTiO3:Ni,Mo,AI 
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Fig. 12-Erase-mode sensitometric characteristics of a CaTiO3:Ni, Mo 
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 characteristics 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 SrTiO3:Ni,Mo,AI and CaTiO3: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 CaF2 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 SrTiO3 and by about 20% for the 
CaTiO3. 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 he 

condensed into any single characteristic curves. 

The broken curves of Figs. 11 and 12 give further support to this 

conclusion. These cures, also derived from Figs. 7 and 8, indicate 

the erasures induced in selected fixed times by erase beams of various 

intensities. Each of these curves samples six or more different intensi- 

ties. These curves, too, are distinctly separate. 

As we have seen (Figs. 5 through 8), the titanate-based photo- 

chromics exhibit much more rapid thermal decay than do the CaF2- 

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 
Thickness 

Maximum Absorption Changes 

d(mm) -D I I? (cm -i) 

Can : La,Na 
0.81 0.33 2.1 9.4 

0.53 0.23 1.7 10 

0.29 0.12 1.3 9.5 

0.13 0.06 1.1 11 

Can : 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 

SrTiO:,:Ni,Mo,AI 
1.02 0.86 7.2 19 

0.53 0.73 5.4 32 

0.28 0.60 4.0 49 

0.18 0.45 2.8 58 

CaTiO,: Ni,Mo 
0.81 2.20 158 63 

0.56 1.44 28 59 

0.30 0.80 6.3 59 

0.18 0.55 :3.5 70 
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Fig. 13-Erase time T,/, (to 1/2 .1D,000) versus erase -beam intensity for 
four wafers of CaF2:La,Na. 
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Fig. 14-Erase time T,/, (to 1/2 AD...) versus erase -beam intensity for 
three wafers of CaF2:Ce,Na. 
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Fig. 15-Erase time T2/2 (to 1/2 -5Dm2) versus erase -beam intensity for 
four wafers of SrTiO3:Ni,Mo,AI. 
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Fig. 16-Erase time Tut (to 1/2 -5D,,,2x) versus erase -beam intensity for 
four wafers of CaTiO3:Ni,Mo. 
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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 T112, 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 CaF2:La,Na and CaF2:Ce,Na 

Figs. 13 and 14 show these reciprocity characteristics for four CaF2: 
La,Na wafers and three CaF2Ce,Na wafers, respectively. For erase - 
beam intensities greater than about 10 mW/cm2, 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 CaF2:La,Na 
than for CaF2:Ce,Na, and slightly earlier for the thinner wafers than 
for thick ones. The values of T112 corresponding to the first signs of 
reciprocity failure are T112 10 (± X 3) sec for CaF2:La,Na wafers 
and T112 20 (± x 2) sec for CaF.2:Ce,Na. In the intensity range 
between 1 and 10 mW/cm2, i.e., for approximately the first decade of 
reciprocity failure, T110 varies as about the inverse 0.9 power of erase 
intensity. 

The reported values of T112, thermal corresponding to room -temper- 
ature thermal decay alone are about 2.6 x 10' sec for CaF2:La,Na, 
about 4 x 10' sec for CaF2:La, and about 4 x 105 sec for CaF2:Ce" 
Thus, gradual reciprocity failure first begins while the ratio T112/ 
T1r, ll,e1mal is 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 CaF2:La,Na (Fig. 5) and CaF2:Ce,Na (Fig. 6) 
do indeed indicate appreciable thermal decay (> 5%) in times as short 
as 30 sec 10-3 X T1/2, thermal) and 40 sec 10-4 x T112, thermal), 
respectively. At least to this semi -quantitative extent, the observed 
reciprocity failure of the CaF2 materials can be attributed to thermal 
decay processes. 

3.4.2 SrTiO3:Ni,Mo,AI and CaTiO3 :Ni,Mo 

Figs. 15 and 16 show the reciprocity characteristics for four SrTiO3: 
Ni,Mo,AI wafers and four CaTiO3 : 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 CaF2 
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wafers. Instead, T110 varies as about the inverse 0.9 power of the 
erase intensity in this range. As we hate already seen, however, this 
is not necessarily inconsistent with the CaF_ results. There, the 
criterion for true reciprocity appeared to be T112/T112, th1Qrmal < 10-3 to 
10-4. For SrTiO3:Ni,11Io.Al and CaTiO.1:Ni,Mo the values of 
T1" t1iirtiiil , are much smaller, about 25 ± 10 sec and about 2 x 103 sec, 
respectively. Thus, even for the smallest values of T112 observed. the 
criterion above is, at best, barely satisfied. In the case of the SrTiO3 
wafers (Fig. 15), the shortest observed optical erasure times are T110 

0.04 sec, which corresponds to T11,/T1/2, t1iei.miil 2 x 10-3. For the 
CaTiO3 wafers (Fig. 16), the smallest observed values of T112 are 
about 0.2 sec, or T112/T112, thermal 10-4. 

At the other extreme, reciprocity fails very badly for the SrTiO3 
wafers at erase intensities smaller than about 40 mW/cm2. In this 
range, T119 > 1.5 sec and lies within about a =actor of ten of its limit- 
ing value, the thermal half-life T1í2 thermal These limiting values are 
indicated for each wafer in Fig. 15. For the. CaTiO3 wafers, on the 
other hand, the inverse 0.9 power dependence Df T119 on erase intensity 
continues to somewhat below 10 mW/cm2 anc values of T112 - 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 CaF2 case. The thermal -erase curves of 
Figs. 7 and 8 indicate that, for both the SrTiO3 and CaTiO3 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 gi\en wafer (i.e., that observed 
in times < 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 
Thickness 
d(mm) 

at 
5145 A 

Y E2 
at 1 W/cm2 

(mJ/cm2) Y I Y/n..: 
CaF2: 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 ± .06 220 

SrTiO3:Ni,Mo,AI 
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 ± .02 77 
0.18 0.44 0.26 0.59 ± .03 65 

CaTiO2: 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 characteristics of all fifteen 
wafer samples are summarized in Table 3. The maximum changes in 
optical density at 5145 A, _ID., are those obtained from sensitivity 
curves similar to (and including) those of Figs. 5 through 8. In all 
but three cases, these values lie within 10% of the corresponding ,D 
values determined from the measured photochromic absorption spectra 
(see Table 2). The largest difference, 27%, occurs for the thinnest 
CaF_:LaNa 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, i.e., y = SD/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 3 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 -SD.. The ratio y/,Dm°Z , listed 
in the fourth column of Table 3, appears to be a characteristic of a 

given photochromic material. Even the variations in y/ODmoz 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 _1Dmx . Similar adjustments in ,Dmx and y can be 

achieved by varying the readout wavelength. 

Dependence of y on .1Dmx is not unexpected. At smaller values 

of ..XDmx, a smaller fraction of the incident radiation is absorbed 
and the erasure would be expected to proceed more s owly. An 

equation for the transmission of a photobleachable material as a 

function of bleaching exposure has been developed by Kessler20 (and, 
independently, by StaeblerR1) . 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 D,,,x that, in a limited regime, might be approximated by y/ 
..1Dmx = 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 E112 
required, at an erase beam intensity of 1 W/cm2, to reduce the readout 
optical densities to half their initial (saturated) values. Clearly the 
reciprocal of E112 is a measure of erase -mode sensitivity. The E112 

values tabulated are the products of the appropriate abscissae and 
ordinates of the various reciprocity characteristic curves in Figs. 13 

through 16. (It should he noted that these are incident exposures, not 
absorbed exposures.) Values of E112 for other beam intensities can 

be readily determined in similar manner. For each material, the values 
of E112 exhibit a dependence on ..5D,x , although not a consistent one. 

For SrTiO3 :1\ i,Dlo,Al the two are very nearly proportional, while for 
the CaF2 materials, the dependence is much weaker. Qualitatively, 
this dependence is again consistent with the arguments given above 
for the variation of y with _1Dmox and with the equation derived by 
Kessler.20 

For each material, Fig. 17 shows 1/E1,,2 plotted as a function of 
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..5Dmax (See Table 3). For a particular application requiring a 
specific contrast ratio or -SDmax , this graph gives an indication of the 
relative sensitivities of the four materials. Thus, wafers of CaF2: 
La,Na and CaF2:Ce,Na of comparable .IDmax exhibit comparable sen- 
sitivities. For Dmx = 0.4, the SrTiO3:Ni,Mo,AI is about twice as 
sensitive as the CaTiO3:Ni,Dlo and five times as sensitive as the CaF2 
materials. 
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Fig. 17-Reciprocal of erase exposure EIu_ (to 1/2 -W,,.) as a function of 
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 socialite 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 electron -beam 
voltage. With the most sensitive materials, a CR of 10:1 is achieved 
for cp less than 15 µC/cm2, 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 µC/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 tec.nique; 
for CR = 10:1, k = 1000 cm-' and for CR = 100:1, k = 4000 cm -I. The 
effective gain g of a cathodochromic screen is defined by the equation 
CR = egkD, 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 KCI. KCI 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 
appeared10 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 KCI 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 95= 1-3 µC/cm2 using 
20 to 30 kV electrons.2'* 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.8In 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.14 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 = 0.15 µC/cm2. However we show in Ref. [15] that our measured initial 
sensitivity corresponds to an F center production efficiency of +lon = 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 (~25 eV) and we do 
not expect 100% efficiency for the trapping of electron hole pairs. n,,,, 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 
efficiency 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.16 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 Cathodochrommic 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 socialite 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.12 

Photochromism was the first of the three mechanism's observed in 
sodalite.1012 It results from a light -induced transfer of charge from 
an electron donor to an already existing halogen \ acancy. 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 ale 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 cathodoci romism results from the ejection of an ion from 
inside a normal aluminosilicate cage to a defect cage.i5 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. 
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0.1 

TOTAL OBSERVED 
COLORATION CURVE 

/ OPTICAL ERASE 
COMPONENT 
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COMPONENT 

I 10 100 
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Fig. 1-Diffuse reflectance contrast ratio CR versus electron beam exposure 
0 for a bromide sodalite powder (electron -beam voltage V = 20 
KV). 

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 obser\ able co oration 
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 clotted 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. 
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3. Material Preparation 

Bromide sodalite (NaeAlSi,;O.,42NaBr) 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 cubic symmetry and the cages are 

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 0 ions forming the cage are not 
shown for clarity. 

closely packed. In this respect the socialites differ from all other 
zeolite materials, which can have other types of cages in addition to 
the socialite cage. In sodalite, the bromine can be completely or par- 
tially replaced by chlorine, iodine or Oil, 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."'"''T" All 
the reported preparations ha\e been clone in basic (t'aOH) solutions, 
and the product was always found to contain some fraction of hydroxy 
groups on the halogen sites. Bye and White's have reported the growth 
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of large single crystals (> 5mm) of chloride sodalite, but the stoichio- 
metry was found to lie Na6AI6Si60,4 (1.4NaC10.6NaOH). 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 cathodo- 
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 15-25µm 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 -I- 6Si02 + 3A1203 -I- 2NaBr -> Na6Al6Sie,024 2NaBr. 

Starting materials are reagent grade chemicals: NaOH, NaBr, SiO: 
and A1203. 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 container, 
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 X04, which is later reduced with hydrogen to X. 
In the sensitization process, NaBr is diffused out from the sodalite 

structure, 

_s 

NasSiaAl60_4 2NaBr Na6A16Si60:4 (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 he 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 Q, 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 -Q, curve 
as well as on particle size, screen weight, etc. 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 = Ro/R for reflection, 
or Io/1 for transmission where Ro and la are the initial diffuse reflec- 
tion and transmission, respectively, and R and I aie the final diffuse 
reflection and transmission, respectively, after electron -beam colora- 
tion. The contrast ratio was measured with a spot -meter (1/2° accept- 
ance angle) and sometimes with a narrow hand (100 A) interference 
filter at the bromide sodalite absorption peak. The beam was deposited 
in the form of a square television raster, typically 1 x 1 cm. 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 Q 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 settled 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 < I), where I) is the penetration depth 
of electron beam, electron -beam energy is wasted. If t » I), 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. 
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FOR TRANSMISSION 
CR MEAS. 

ELECTRON 
GUN 10-30KV 
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Fig. 3-Schematic diagram of experimental apparatus used for measuring 
contrast ratio versus electron -beam exposure of socialite 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) Reflation measurements on loose powders (method 3I) 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 measurements 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. (3) 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 In903 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 ale 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 (l) 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 ¢ for loose sodalite powders (V = 20 KV). 

increased pentration depth. This means that the energy density/cm' 
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 he expected, probably because in going 
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Fig. 5-CR minus one versus 0 for loose sodalite powders showing effect 
of varying electron -beam voltage. 
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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 0 > 3000 µC/Cm2 
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 
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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 socialite material, but that does not 
affect the nature of the results. We see that CR increases with particle 
size up to about 15pLm and then remains fairly flat out to 90µm. For 
particle diameters less than 5µm, 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 -0 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 µC/cm2 
of flux at 25 kV. All the data on transmission slides were taken 
using a 100-A interference filter, centered at the bromide absorption 
peak. This improved the sensitivity by approximately a factor of two. 

loo 
- - SODALITE BROMIDE 042 -113 
- TRANSMISSION SLIDE 
- PARTICLE SIZE 5µ 
- CURRENT DENSITY -6 TO 25µA/IN2 
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- SCREEN WT 3.8 mg/cm2 

1 I I 1 . I l 1 1 1 1 1 l 1 l 1 1 
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ELECTRON BEAM ENERGY DEPOSITED IN UNITS OF 25' (µC/cm2) 

Fig. 7-CR (transmission) versus 0 of bromide socialite for different 
electron beam voltages. 

The sodalite screen density varied between 4-6 mg/cm2, the higher 
density corresponding to larger powder particle sizes. Since sensitized 
sodalite has an approximate density of 2.36 gm/cm3,2 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 
µm for example, what is meant is that the sodalite from which the 
slide is made passes through a 30µ sieve, but not through a 20µ 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 < 10µm, 10-20µm, and 20-30µm. All CR -versus -0 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(cm-r). 

k versus Q, 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 Q for a cathodochromic material and 
CR versus Q 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 = epk» (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 g also has a simple physical mean- 
ing. For a specular screen, e.g., single crystal or film with no particle 
scattering, CR = ekD in the transmission mode and CR = e2O in re- 
flection when the viewing light passes through the colored material 
twice (reflective backing). Therefore, for a specular screen, gr = 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 -0 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 Key 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.'S. From these measurements, the efficiencies for creating F 
centers can be obtained. They are ,jai, = 80 eV/F-center and ,gyp, = 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 nth will, of course, be found for those materials 
that show little thermal mode coloration. Values of nth > 5 x 104 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 01, 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 0., 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 0. For each flux point 
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Q,, Ql ... the corresponding contrast ratio is measured before the slide 
is removed from the electron beam apparatus. Then in the equation 
CR = es"n, CR, k and D are all known quantities. One source of error 
is that CR decay s 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. 

10,000. 
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CURRENT DENSITY 6µA /cm' 

, , , 1 ,1 , 1 , , .I 
10 100 

ELECTRON BEAM FLUX (µC/cm2) 
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Fig. 8-Intrinsic absorption coefficient k versus 0 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 5-40µm 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 10µm and remains constant thereafter at a value 
that is always below the transmission gain. 

From the known values of g and D and k versus 0, it is possible to 
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construct a family of curves of CR versus Q 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- 
citor) could diffuse a fens micron before recombining or producing F 
center. 

1 I I I I I 7-:a....l I 1 

10 CONTRAST RATIO loo 1000 

Fig. 9-Effective gain y of a settled sodalite slide versus contrast ratio 
(data taken at 25 K V) . 

6. Discussion 

Another plot of interest for cathodochromic tube performance is CR 
versus Q 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 socialite screen. The 
low -current -density curse includes the optically reversible component. 
The high -current curve consists only of the thet ma/ erase component, 
because the screen heats up sufficiently to thermally bleach the optical 
part of the coloration (250 milliwatt are incident on a 0.25cm2 area 
of an isolated mica slide 75iLm thick). 

The low current curve starts out close to the theoretical curve for 
= 100 eV/F center. In fact the efficiency derived from this early part 
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of the curve is 71= 80 eV/F center, in remarkable agreement with the 
300 KV van de Graaff measurements.' It rapidly falls below the 
theoretical 1) = l00 eV/F curve (saturation) and meets the high -cur- 
rent curve at CR = 13 :1. The high -current curve (thermal erase part) 
closely follows the n = 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." 

ELECTRON BEAM FLUX (14.0/cm2 ) 

Fig. 10-Caluculated CR versus 0 curves for a sodalite slide for with = 100, 
500 and 2000 eV/F center (V= 25 KV). 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 Q 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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loo 
2SKV 
HEATED SUBSTRATE 

P 2.4 WATTS (0.1 WATT/cmZ ) ----V 1.0 LINE 

EXPERIMENTAL 

10 100 
ELECTRON BEAM FLUX IµC/cmZ) 

Fig. 11-CR versus ¢ for bromide sodalite slide showing gamma -character- 
istic for a heated substrate (V = 25 KV). 

loo 

o 

a 
rc 

20 TIME (sac) 200 2000 

Fig. 12-Room-temperature decay of contrast ratio for a bromide sodalite 
slide (V = 25KV). 
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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 KCI 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. [51. 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 KCI 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 KCI cathodochromic tubes have not been measured, 
a good estimate can he obtained from KCI single -crystal data, 
as well as from a comparison with sodalite tubes. F -center pro- 
duction efficiency for the early stage coloration in KCI is found 
to be approximately 100 eV/F center,º° 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,21"2 and 
these values seem consistent with our KCI 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 KCI data was measured on only one evaporated 
KCI 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 socialite is several times 
that of KCI. 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 KCI 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- 
electrics, 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 cholesteric 
liquid crystals. In addition, we developed a variety of new liquid 
crystalline materials that enabled 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. 

Friedel2 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 dielectric 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) s_7 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 crystalline 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 do 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 

CH .,O N=N O OCH3 

0 

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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N=N 

0 

II 

Ocll3 

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 methoxN group in each isomer 
showed two different signals. 

-N=N 
1 

0 

OCH3 

(A) 

3.37 ppm 

-N=N 
1 

0 

OCH3 

(B) 

3.30 ppm 

The preparation of a series of p-alkoxy-p'-acyloxyazoxybenzenes 
(III) 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 

1 

0 

O -C -R' 

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 temperatures1° 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 CH=N OR' 

(R'R'-CnH2n+1 or CnH2n+1C0) 

CH30 

CH30 

IV 

C11=N 

(81-110°C) 

V 

> CH=N 

(82-113°C) 

VI 

CH -N 

(50-113°C) 

VII 

o 

O-C-CH3 

0 

O-C-CH3 

o 

0-C- (CH2) 2C113 
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The first example of a single Schiff base compound to exhibit 
nematic behavior at ambient temperatures was VIII, prepared by 
Kelker and Scheurle.20 The electro -optic properties of the new com- 
pound, MBBA (p-methoxybenzylidene-p'-butylaniline), were studied 
shortly thereafter and it was found21 that the material exhibited 
dynamic scattering. This compound has since become a model in a 

number of theoretical studies of the dynamic scattering effect.22 

CH30 CH=N 

MBA 
(nematic range 22-48°) 

VIII 

A number of other Schiff base derivatives with NDA have been 
reported in recent years including the p-alkoxybenzylidene-p'-am inocin- 
namates,23 heterocyclic benzylidene-4-amino-4'-methoxybiphenyls,24 and 
4-alkoxybenzylidene-2'-alkoxy-5'-aminopyridines.2" 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 

0 

( RO O 0 
IC \ 

(R, R'-Cn112n+1 
) 

IX 

e 

0 -1 -OR' 

the 48 compounds that were synthesized in this series, 41 exhibited 
nematic mesomorphism. The compound that had R = C7H15 and R' 
= C,;1 -I13 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 = O) and the metal oxide surface. The fact that rather 
high do fields (150 kV/cm) 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 to have higher chemical 
stability than the Schiff base materials. They are also reported to 
exhibit the dynamic scattering effect. 

CH2CHC4H9 
1 

CH 

(nematic range 22-35°C) 

X 

3 

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/cm). 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. la). 

POLARIZER 

\-1 

NEMATIC DOMAINS 
(HOST) 

PLEOCHROIC DYE 

(GUEST) 

TRANSPARENT 
CONDUCTOR 

lo) GUEST -HOST SYSTEM - NO FIELD 

ABS 

(D) GUEST -HOST SYSTEM WITH FIELD 

a 

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 = C7H15C0) 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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RO CH=N C=N 

(R-Cn112n+1' 
Cn112n+1CO) 

X1 

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 aromatic 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).30 

RO CII=N 
0 
NR' 

(R=0113; R'=C4119 gave nematic range 87-109) 

XII 

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/cm) 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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o 

R -1 -O 

X III 

alkyl chain (CnH_n+1) 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 

XIV 

CH=CHCOZCHZCHCZHS 

I 

CH3 

' 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 

1 

1 

1 

1 
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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 de 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 cholesteryl oleate. In 
addition, non -steroidal cholesteric compounds such as XV were used in 
conjunction with the nematic Schiff bases to produce these materials. 

o 
. II 

C2H5CH-CH2C-0 
, 

CH3 

N=CH OCH3 

(cholesteric range 41-78°C) 

XV 
" 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/cm, 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 structure3+38 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. 

* 
CZtSCH(CHZ)Ilo 

I 

013 

XVI 

5. Applications 

CII=N CN 

* asymmetric carbon atom 

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 corn - 
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plete range of numbers (0 through 9) is possible be 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 60-11z line frequency which is 
divided by a 60 to 1 counter to produce pulses at 1 IIz. 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 
calculating machine using the logic and push-button systems that are 
commercially available. The low power character istics of liquid crystal 
displays promise to yield the first practical hand-held portable cal- 
culator. 
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RCA Technical Papers Fourth Quarter, 1971 

October 

"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 Sulfide," R. E. Shrader, S. Larach, 
and P. N. Yocom, Jour. Appl. Phys. (Communications) 
"Charge -Coupled Digital Circuits," W. F. Kosonocky and J. E. Carnes, IEEE Jour. 
Solid -State Circuits 
"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 I) 

"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. Tuner, Elec- 
tronics (Designer's Casebook) (October 11) 
"Film Technology in Microwave Integrated Circuits," M. Caulton, Proc. IEEE 
"A Motion -Picture Looping System Employing Computar 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 MeasLrements 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 Helerojunction 
Semiconductor Diode Lasers," J. K. Butler, Jour. Appl. Phys. 
"Thermal Quenching of Tb+a, Tm+a Pr", and Dy+3 41'i Emitting States in La2O2S,'' 
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) 
"Automatic Test Systems Dedicated or Integrated," A. M. Greenspan, IEEE Trans. 
GIM 
"Direct Evidence for Generation of Defect Centers During Forward -Bias Degradation of 
GaAsi-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, Proc. 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 
"Transcalent Silicon Power Rectifier," S. W. Kessler. Jr. and Coauthor, IEEE Trans. 
GAES 
"Exact Solution of the Korteweg-de Vries Equation for Multiple Collisions of Solitons," 
R. Hirota, Phys. Rev. Letters (November 1) 

"Cathodoluminescence of Magnetite," I. Balberg and J. I. Pankove, Phys. Rev. Letters 
(November 15) 
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December 

"Electrocoloration in Sr, TiO3: Vacancy Drift and Oxidation -Reduction of Transition 
Metals," J. Blanc and D. L. Staebler, Phys. Rev. B (November 15) 
"Photochromism in Transition -Metal -Doped SrTiO3," B. W. Faughnan, Phys. Rev. B 
(November 15) 

"Amplification-Modern Trends, Techniques, and Problems II," L. S. Nergaard, RCA 
Review 
"Codes for Error Correction in High -Speed Memory Systems Part II: 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 -r -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 A1203 
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, 
IEEE Trans. GED (Correspondence) 
"Transit -Time -Spread -Limited Time Resolution of Image Tubes in Streak Operation," 
I. 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. Avins 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 Neo 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 Ion Laser Tube (3,611,133) 
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. Greig 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. Hof stein 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 Servo 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 (3,618,049) 
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) 
R. J. Clark Color Display (3,624,634) 
L. A. Cochran Color Compensating Circuits (3,617,621) 
A. L. Coen Oval Loudspeaker Basket and Method of Manufacturing Same (3,618,185) 
E. W. Curtis Color Television Receiver Hue Control (3,624,279) 
J. A. Dean Monostable Multivibrator (3,621,297) 
R. 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 (3,624,49C) 
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 Effects of Scratches and Twisting in a Holographic Motion Picture Tape (3,619,025) 

314 RCA Review Vol. 33 March 1972 



Sl£ ZL6l 40JeW EE'IoA ma!nalj yolj 

(9ZE'L1.9'£) edelJnS d!lseld uodl¡JS 6u!pueJg lo poyleW uewxo4 H pue JagnZ 'y t' 
(9ZZ'lZ9'E) Ja!l!Idwy le!iueJa111(J e 10 eoueionp 

-uodsueJl e41 sisnlpy Ieu6IS indul au0 14314m u! Je!ld!iln!ry 601euy JeiuIIUIM 'Y 'H 

(ELS'4Z9'E) eJnionJ3S 1au6eyy !mole -1 enlg uewes!M 'l 'd 
(884'619'E) sJay!Idwy oep!A spIIM 'H 'a 

6u!o dw inoJ! 6u!ssada éú6! 
4Z 

óú)de 
eJJ 

ssoud! e eJioloyd peuueoS J(len!i!dedeo 
I 3 1. d I S i l3 II 4S 'A 'd pue Jew!eM 'H 'd 

(S6L'EZ9'E) welsÁS lea!ido-040e!3 JeIIIW 'Y Pus »Mi 'M 'J 
(61.3'£39'E) ie!Jeleyy 6u!i3npu031weS lo JeleM 

e wOJI Sao!naa Joidnpuoo!waS 6u!1elosl Joi po4leUV dI1143S 'H 'M pue JI1o19 'I 'Y 

(069'ZZ9'£) se6ewl lo 6ulonpoJdea pue 6u!uueoS snoauel 
inw!S a43 J04 Jase-i e 6u!z!I111-1 JeuueoS hcuoJ40013 4s1eM T 'f pue sue4deiS 'M 'Y 

(£06'ZZ9'£) JeB!Jdwy le!lueJell!a u!e0-46!H Jahl0elS 'Y 'S 

(9ZL'61.9'E) )lun °sn j leo!Jide13 61eJ5 'p pue uspoS 'a 'a 

(LOL'61.9'£) sao!naa weag u0J108l3 Jol u0!i3aJJ00 wsilew6!isy Jaene4sw!S '3 
(E1.6'ZZ9'£) asuodsay ,(duanbaJj 

-461H pue -Mol 6u!neH Joiell!os0 pelooi-aseyd paielnpo!ry ÁouenboJj r(eld!4S 0 'p 

(89L'ZZ9'E) waisÁS uo!3eo!1!iuepl pue 6u!legei elo!iJy euue4oS '3 'p 

(699'4Z9'£) 
sepo!a uld 6u!sa Joielnpolry AduanbaJj Jo °m/c:1 'Jr `JeliaoJlJedae4dS O 'g 

(L98'£39'E) anidnJls 
uaeJdS °gnl Jtea apoyleo e 6u!onpoJd Jo; poylayy d!ydeJ6oioyd Ja!ulneS 'Y '1 

(938'3Z9'£) 6u!leoo Joydsoyd pue aoo Joyd 
-soyd 6ulneH 4oe3 'sa¡dlUed lo spu!H oml 6u!SlJdwoO uaaJoS Joydsoyd aoRoa d 'W 

(466'EZ9'£) 
Joydsoyd aw!l-J(eoaa ivadseu!wni iJoyS 'ir `u!iJeyy S 'p pue aaóod a 'IN 

(L9£'1.Z9'E) u°eMleqeJayl 6u!IdnoO AIleiiedS inoyl!m saup uo!Ss!wsueJl 
d!JiS indino pue indul 6u!Áoldw3 JelldillnW ÁduanbaJ3 uÁla!>tRyy 3 pue Uesoa 'y 

(688'L19'E) 
waisJcS suo!led!unwwoo popo pues-uI eseyd-,(ouanbeJj-aw!l zi!mou!gea 'p 

(906'ZZ9'E) AeJJy apo!a 6u!31!w3-14611 PIAN d 
(L84'61.9'E) 

1!110J10 uo!1deJJo0 lull paieJado Alan!idalaS Jalo4suew1lY '0 '!i pue óelJoN '!I 'tl 
(lCZZ9'£) uo!ldunf 

-oJ°iaH Joldnpuod!waS-wn!ualaS 6uI(oldw3 adlnaa 4d!nouesn8 6 O pue aJooyy W a 
(99t7.17¿9'£) o!Jldalaozald 

s! yd!ym uo!6aa e 6u!ne4 JaonpsueJl :olonpuod!weS uo!ldun!oJeleH ~coi 'IN 'y 
(9ZZ'ZZ9'£) /(eJJy Jeaun e u! 91100 le1sÁJO p!nbrl 501411%N -1 'a 

(689'619'£) 
s6uiJdS Ag p°lJoddnS apoJidal3 41!M egnl ,(ea-apoyle0 uliJeW 'k! '1 

(030'£Z9'£) JalSl6ay Je11ng ln0-lsn3 ul-ls{!3 oeW 'Y 'd 

(OZl'£Z9'£) weisÁS wnJo d!lau6eyy J(JIsMo4dn 'y 
(l4E'ZZ9'£) saco oZy Ág paz!i!suaS ep!xo wn!uel!l pue ap!x0 du!Z aal 'IN 'M 

(499'619'£) d0¡d-d!¡d e¡qelleS AIled!ld0 F>IdouosOx i 'M 

(6l4'4Z9'E) ¡leo RJowew °IgeilaS-A¡led!id0 pedueleg Jt>foouosom 3 
(l18'61.9'£) lunoyy agnl Jesei seo liem0d 'Y £ pue Jas!eH 8 't) 

(01.S'4Z9'E) waistS IoJiuoO aiowal¡ Jo1 i!ndJlO 4d1!MS 1e116ia Plo4saJ41 1JoJnp 8 '3 

(L94bZ9'£) 06p!JiJeo °del dooi ssalpu3 wos¡'a 'M 
(£Z8'L l9'£) 

eieJisqnS uowwo0 6u!Foldw3 ÁeJJy Jois!sueJloioyd pauuedS-lleS u!aisloH 'd 'S 

(699'61.9'E) snleJeddy 6u!pe01:1 pJeO Ied:ldo !u!dueW Y 'a pue u4aoH 'O 'f 
(66LbZ9'£) ,(pog d!weJao e 6u!z!lle10yy Joi poylelry JeygnJls 'U 'd pue Ja4dslaoH 'M 'W 

(ZE 1'819'£) 
siva!SueJl lo uo!leJau°o °yi sp!ony yd!ym Jolell!0s0 1114S J(duanbaJj uois6u!H 'd 'M 

(4SS'439'£) sllndJ!o lueuosay algeunl eun 
uo!ssIwsueJl 6u!z!l!lfl Jole¡¡!os0 ÁduanbeJ j 46!H eJilnfi e6Joa0 '8 'r pue Jan!1¡!H '3 'S 

(368'Ll9'£) JaMod 
paie!pey 6u!peeJdS J01 walsQS uo!ielnpoyy AduanbaJj Joptel 'H 'j pue AeIM¢H 

(ZZ9`Ll9`£) leu6!S indul paldaful us 10 IoJluoO Jepun 

1eu61S indin0 ePnl11dwy alge!JeA e 6u!p!noJd Joi S1IndJ!O Jolel¡!0s0 pooMJeH 'Y 1 



ZL6l 4oJeW ££ .ion Ma!naa `d313 91.£ 

(1.69'639'£) aoJnoS luaJJno 'Jr ',caiiea4M d o 
(L£L'6Z9'£) aoelJnS Jeueld -uoN paz!llelaysj e 6u!neH ,(pog o!Jloala!a e Ág pawJod eulq uo!ss!wsueJl uaM 'd 'o 

(E6S'SZ9`£) sP!nld lo A1JadoJd leo!ldo a41 6u!z!!!111 uo!lez!Jelod 146i1 jo laJluoo !eo!Jioal3 JolRel M 
(0L1'9Z9'E) Jolelposo apolry payouano Jo MOD paloauuo3 sauaS Aq PalJels Jolell!oso apoiry pIJgRH Jo ySl alaaiS 'o 'IN 

(09L'SZ9'£) lueo!Jqni two, wn!painl 6u!pJooaa ollau6ey\J lhisu!nolS y 
(4£L'639'£) eel o!6ey\i apin6ane¡N a6p!3 alqnoa pueqpeoJg auo!!6ed M 'li pue za!MouemalS 'M 'M 

(Z6E'LZ9'£) snleJeddy 6u!onpoJday punos o!uoydoaJalS 6JnqsJaddnd 
(L4).'939'£) 6u!lu!Jd loeluoo Joj snleJeddv walsuaqna y 'M 

(£OS'6Z9'£) wels/(S uo!lez!uaJyouAS le116!a lJadwey y 1 
(Z43'9Z9`£) Si!noJ!3 AIddnS JaMod yo!ay S 

(1.1.9'639'£) snleJeddy 6u!ssaooJd o!uoJloa13 6Jaqwn 3y 
(84£'1.E9'£) walsÁS uo!lnq!Jis!a !eu6!S uuew4ai 3 ,M 

(l1.17'1.£9'£) klowainl alg!ssaooy AI1e300 pue AIleouloa13 Amoouosoy 'M 
(1.£11.£9'£) dens eu!wn!y 'ase3 'paJ!lufl 6u!lnl!lsuooay lo po4101ry wido)i d 

(464'6Z9'E) uo!lelnpowag aJolag uo!loaJJoo lnodoJa Jol JossaooJd leu6!S isJnH 'N 'H 

(OLO'8Z9'£) 1!noJ!3 6u!suaS lanai a6elloA pue aouaJalad a6elloA oa!wa!N T 'S pue JaunaH O 
(991.'8Z9'E) Jall!Idwy Pueg-eP!M pJ01JeH 

(Z1.9'6Z9'£) aouel!oede3 palnq!Jl -s!a le!luelsqnS 6ulneH 1!noJ13 JolSlsueJl 130113-Pla!d lo uo!leJado iJagJeH Q a 
(6lS'639'£) 6u!puog 1JodsueJl Jelnoaloyy !q pau!op salod yi!M SpeaH o!lau6eyy NeueH 'f 'r 

(l1.S'9Z9'£) 6u!leJO o!ldo-oJloa13 6u!sn Joloallaa 111611 lel!61a JawweH 'IN r 
(LL1'8Z9'£) waisAS uo!lelnpow leo!1do JawweH W p 

(369'6Z9'E) Jaleadad luaun3 loeqpaad an!1!sod 111!M aoJnos luaJJn3 Ja600 g 'y 
(46S'0£9'E) JalJanuoo ueos o!ydeJ6oloH 60100 11 

(66S'LZ9'£) aoelJnS e oi ls!saa aulwelawAlle!a.N'N ue 6up(lddy lo poylaW Moa 3 0 pue Jayoewp1o0 '3 'f 
(L1.4'l£9'E) uo!1onJlsuo0 AJowaysi o!leu6e!nl leo!Jpu!!A3 0u!J6allad 'f pue JaPloO '3 'M 

(87.19'LZ9'E) Jolonpu000lo4d ayl 6upleyy lo poylaysi pue 6u!6Jey3 6u!Jna aouaosau!wn-1 payouan0 yl!M Jolonpuoo 
-oloyd 6u!neH 1uawa13 6u!pJo0813 o!ydeJ6oloydoJloal3 4oeJel 'S pue Ji' '0w!e!0 3 3 

(8£Z'939'£) adoosau!N e gl!M palelo 
-ossv AJilnoJ13 uo!loallaa Pue si!noJ!o A1ddnS JaMod PalloJiuo3 Jols!J,(yl JalsJod '0 

(l3L'6Z9'£) sJall!d leuo6oy1J0 I1a431!1/3 'P'3 pue aoApJod 'd M 
(9ZS'LZ9'£) uoaJa41 

6u!leo3 twain auol-1leH yl!M sluawa13 6u!pJo0ad o!ydeJ6oloydoJ13013 Pleuoo 'f 'd 
(390'8Z9'E) Joloeaa alqeJnleS e 6u!z!I1111 l!non3 uo!loaJJo3 A1!Jeau!i zla!0 'M 'd M 

(698'839'£) luawal3 JoloalloJlaa e 6u!pnloul Jo1ew!Il000lny Puel>fo!4S 'y 'M pue AeIo 'i! '8 
(ZS 1.'8Z9'E) aouel!oede3 alqe!JeA a6eilon 6wz!1!la 1!non3 6u!unl uo!s!nalal uosiJe3 £ 

(L48'8Z9'£) i(Jowainl weJ6oloH )10!Mlso9 'I '0 

Jaqutaoaa 



LlE ZL64 4aeW EC loA Mainay yalj 

eo!lawy ;o A101oos leo!id0 a4l pue !X ew6!S '!d elag nel 'njJ eddeH ea 
'3331 a41 ;o ieqwew e s! !ullolmeg .11N swalsAs len0uiam pus a6e!oas elep mol 

sanb!uyoal 6u!pmooam o!ydem6oloy un pa6e6ua s! ay Aµúammna . , 

amnlonmis lelaw Aq pallmeo saneM W3 Mols yl!M smolonpuoo 
-!was u! sm0!mleo 6u!l;up uaaM;aq uo!loema;u! 40 sa!pnls 
le;uaw!ladxa sapn:ou! y4y ;e ):mom s!H A6o:ouyoal ;o alnl '.' 
!lsul aseo le Allnoe; ayl uo luels!ssy 6u!yoeal ;o uoll!sod w ..--. 
044 play ay '9964 u! salmolemogei yoa jo ;;els ay1 6u!u!o1 

01 mo!1d e!uenlAsuuad ;o Al!smanlun 0111 le 6wlaau!6u3 . 
leop1oa13 u! Qyd e mol salpnls se.] 6u!;aldwoo Alluasald S! 

aH 9964 u! A6olouyoal lo alnl!lsul asea won 6ulmaau!6u3 

Ieoimloal3 u! SW ue pue 17964 ul Al!smanlu¡a enOUelllA w01; 

6ulmaau!6u3 le0!40013 u! s8 e paMaoam !u!lolmeg y liagod 

nN eddeN e13 pue '3331 041 'Ala!ooS 

leo!sAyd ueo!mawy a41 ;o magwaw e sl !apowy pa 'L964 aoUls uo!s!nla 6u!u 

-an3 ayl ;o luawlledao so!sAyd oluo11oa13 ayl ;o uewl!eya uaaq sey ay 010l1M 

'e!ydlapel!yd u! a6alloa allege -1 le malnloal e uaaq sey !apowy 1a '39$4 a01 -1!S 

swalsAs 
a6elols o!ado-omloala luels!sa1 amnsem0 'Al!n!alsu0s y6i4 1o; sanb!uyoal pue 

sle:lalew lallaq óuldo:anap le pawle wel6omd e ul lsllu0!os loalold ayl Allua 

-said s! aH ao!nap a6emols o!ydem6oloy o!ldo-omloala ue jo lesodóid 0141 04 Pal 

leyl sleualew o!womyooloyd u! sloa;la uo!lem6!w uomloala J04 lapo.0 e padolan 

-ap pue pa!pnis ay 'L961. uI 'a6elols uo!lewmolu! 1eo!;do 04 sayoeomdde maylo 

se 11aM se sw1!1 u!41 o!llelaw pue o!ado-olau6ew ul 6u!pmooam leo!ldo lo play 041 

u! auawdolanap pue yomeasal u! pa6e6u0 A:an!loe seM ay male -1 sloa;;a uo!1 

-e1o103 paonpu! uoloyd-oMa l0 6u!pueismapun pue Amanoos!p ayl 04 pa! osle >lmoM 

s!41 sle!malew asayl ;o mo!neyeg 6u!loloo leo!;do pue lewmayl ayl pau!eldxa rely 
slapow an!lel!luenb ol 6u!peal 'sle;sAmo cp!lmS alnd pue padop jo sa!1ladomd 

a6e1o4s leo!ado ayl uo yoleasal papnlou! 0U1 06elols uo!lewlo;u! leo!ldo 
10; sao!nap pue s:eua;ew lo luawdolanap pue yomeasam u! aa6e6ua uaaq sey 

01-1 '9964 aou!S sl!nom!o palem6alu! ;o luawdolanap pue yoieasam u! p06e6ua 
aweoaq male: aH sAelap a;els puooasoueu-e-;o-uo!;oem; ya!M swa;sAs lappe 11n; 

Ameu!q pue salel ma;suell uo!lewmolu! puooasisl!ge6aw 003 Pus 001- ;o algedeo 
smals!6am l;!ys ;o uo!lez!leam a4l papnlou! )1moM s!yl ;o salrsam ami swalsAs 
-qns pue sl!nom!o lalndwoo paads-y6!y ;o luawdolanap ayl uo 6upImoM '6561 
u! 'T'N 'uoleouud 'sa!mo;emoge-1 y4a o; paLalsueml aH lonpoid e aweoaq 
melel leyl aw!l as!m su -£n, yllM walsAs adoosoll!oso 6u!ldwes e pue 'suo!a 

-eo!ldde 1eo!paw mo; walsAs 6u!malawalal amnssald lanou e lo luawdolanap 0yl 
'lalmanuoo lel!6!p-01-6oleue Aoelnooe-46!y e lo luawdoianap 
ayl 104 Al!1!q!suodsam pey ay a1aH pN 'uapweo u! uo!s!n!a 
slonpomd o!uomloal3 le1m;snpul s,yaH ;o luawlmedaa luaw 
-dolanaa p0ouenpy aya pau!ol a4 'L564 ul sluawdolanap 
olpem lols!suell uo pa>lmoM ay 01014M 'uo!lemodmoa ool!4d 041 

y;!M 9964 u! maaleo s!y ue6ag !apowy ma 8961 u! uo!lnl _ 

!lsu! 1e41 woll 08160p ayd s!y pOn!aoam pue Apnls maylmn; " 131 11.i 
10; e!uenlAsuuad JO Al!sman!un eta ol paumnlam ay '5964 u1 

4961 u! e!uenlAsuuad lo Aa!smanlu¡l ata w01; 
pue 956; u! A6o:ouyoal ;o aln;!;su: asea won 6u!maau!6 
-u3 leo!mloal3 u! aal6ap 'S8 sly pan!aoal !apowb uenp 

saoHtnd 



ZL61. yOJeW ££ IoA manes yad 8lE 

sls!wayo lo 
alnl11su1 ueo!Jawy ayl pue uopuog leolwaya a41 ;o moved e se yam 
se '!X ew6!S ayl lo Ala!OoS ay) pue 'aoua!oS ;O luawaouenpy aU1 Jo; uo!le!Oossy 
ueo!Jawy ay) 'AlalooS leo!waya ueo!Jawy ay) ;o Jagwaw e s! ouellalsea Ja 

8961 ;o slonpoJd mau OOl do) 
ay) ;O auo se aurze6ew yOJeasad lelJlsnpul Aq paz!U600aJ osle sem luawdo!anep 
s!41 6961 uy aoua!OS w pJeMy weal 6u!puelslnp ;;oules p!nea ayl pue L961 u! 
pie luawana!yoy 6u!puelslno sa!Jolelogei yad ue lo lua!d!OaJ-oo sem 0ue! 
-!alsea Ja '>iJOM slyl ;o 1lnsaJ e sy leualew o!lewau aJnleJadwal-wooJ ln;asn 
lsJ!; ay) ;o luawdo!anap ay) 01 pal s!elsi(Jo p!nb!I u! lJOM s!H yoJeasaa lelsAJa 
p!nb!l-Japeal loa!oJd Alluasald s! aH slelsAJo p!nb!l pue (sJolelnsul pue) 
sJolonpuoO!was o!ue6Jo 'AJ1s!wayooloyd oIUe6Jo ;O splay ay) u! pao!Jom sey 
pus ;;e1S leO!uyoal ayl ;o Jagwalnl e se saúoleJoge-1 yod pau!o( 9y '9961 UI 

6964 aun¡` u! aaJ6aP a4d a41 u!elgO ol 
w!y Pall!wJad yo!yM pJeMy APn1S IeJolOoa yod ue pan!aoaJ 04 9964 UI p964 
aunp u! eaJ6ap a41 pan!aoaJ pue uAhlooJg ;o alnl!lsul O!uyOalAlod 041 le 
sasselp 6ulUana papualle ay paAo!dwa sem ouel!alsea Ja ley) aw!l a41 6u!Jna 

AOUa6y sloaloJd yOJeasad paouenpy 041 01 1peJ100o e Japun AJIs! 
-wayO O!Ue6Jo O!ls!Ueyoaw pue O!1a41uAs u! Al!Jewud aJaM 
sa!pnis s!-1 ls!wayO Jo!uas 01 9so1 ay aJaym "UN 'all!nuaa 
'Uo!s!n!a slolow uo!loead 'dJoa !eo!waya lo)!o!y1 ayl ;yo! 
ol Z964 I!Jdy u! oollM 1;a1 oue!!alsea Ja AydeJ6olew0Jyo 
se6 se Ilam se AJlawoloydoJloads lalo!neJlin pue paJeJ;u! 
6u!Aoldwa sleolwayO palelaJ pus suo!1!sodwoO 1ua6Jalap 
Jo; sanb!Uyoa1 leO!lAleue Mau pas!nap ay 9J914M 'AasJar MaN 
'uosJaled 'oa leO!waya oO1!M Áq paAoldwa sem ouellalsea 
*Ja 6961 ;o aunr u! .so!lewaylew pue sO!sAyd u! JOU!w e 
pue AJIs!wayO u! iorew e MaN ;o 0601100 
Ayo a41 WOJ; 90169p e pan!aoaJ ouellalsea y ydasop 

!X ew6!S pue 'nel ew6!S 'nN 
eddem e13 '!d elag nel 'uo!1eonP3 6u!JaaU!6u3 JO; Ala!ooS ueo!Jawy 'eo!Jawy 
lo Ala!ooS leo!ldo '3331 ayl u! d!yslagwaw sploy aH uolaouud `sa!JoleJOgei 
yod o1 1Uellnsuo0 e pue e!Uen!Asuuad ;o A1!sJan!u¡l '6u!Jaáu!6u3 !eO!J1Oa13 
;o IooyOS aJooW ay) le Jossa;oJd ale!Oossy S! ay Aµua 

111 
-said swalsAs uo!leonpa paseq suo!leo!unwwoo-Jalndwoo . 

pue 'sanb!uyoal oap!n papJooaJ-aid o!ydeJ6oloy '6U!6ew! 
aneM Jalaw!!I!w o!ydeJ6oloy 'sJo1e!npow o!ldo-oJloa!a 
swalsAs iepei pue uo!leo!unwwoo Jasel uo sey 
aH e!uenlAsuuad ;o A3!sJan!u¡1 ay) pue uo!1eJodJoa ya/1 
yl!M uo!1e!Oosse !euo!ssa;oJd pue AneN S¡l ay) u! Jao!;;o au!! - 
e se aO!nlas sapnlOw punoJ6lOeq s!H 0964 u! A6olouyoal 
lo a1n1!lsul sl3asnyoesseLN ayl way aaJ6ap In1S ay; pue . 
'A!an!loadsaJ '17964 Pus 9961 U! e!uenlAsuuad jo Al!slan!u(l 841 - 
wOJ; saaJ6ap a4d pue 339g all pan!aoaJ eu6opJoa ydasor 



61E ZL61 43JeW EE 10A me!ned y013 

!X ew6!S pue Ála!oog leo!sÁyd ueo9awy ay; ;o fagwaw e s! 
OH 5961 u! pleMy luawana!yoy sapolepgeg y3d ue pan!aoa; ueouna 

sJapMOd pue 
slelstio olwwyooloyd o!ue6iou! ;o uollenlena pue 'luawdolanap '6ulpuelsiapun 
ayl o1 suollnquluoo `Álluaoa; ;sow 'pue 's.ialunoo wnluenb palea;u! padwnd 
-;asel pue padwnd-pueg-ism; ay; ;o uo!lemsuowap `slepalew Ja.wl padwnd 
-Ál1eo!;do mau le;anas ;o luawdolanap papnlou! sey mom s!41 apponl; wmoleo 
padop-ylna-aie; Ape!no!iJed 's!elsÁn 6u!lelnsu! ;o saipadwd lea!ldo ayl uo 
1131e8s01 pa!Idde pue leluawepun; ylog 'no papieo sey ueouna J!n! `Z961 0314!S 
wn!uewia6 u! sla!»eo 061eyo ssew-an!loa;;a-an!le6au ;o 

.111115Z p aoueuosa; uwlolo(o pue saoe;ns iolonpuoo!was u! suo!6 
a a6eyo-aoeds ;o sa!pnis papnlou! TOM 51111 siolonp 

-uoo!was ;o salladwd anemwo!w pue o!uwloala a41 uo ' 
mom pue leluawmadxa yloq P!P Z961 04 L961 
ww; pue 'LS61 u! sapoleiogeq yat! ay; ;o ;;e;s ;picase; am 
pau!of ueouna alrsj sw1!1 o!Ilelaw palepdena ;o aanlonms 
ay; Xpnis o; sAeJ-x ;o u0400I;al lelol ay; 6u!sn yoJeas 
-01 slsayl 1no pauleo ay aw6ap SW ay; pd /llan!loads 
-a; 'A1ls;anlufl Ilauwo3 pue 0601103 uo!uf1 ww; so!sÁyd o 

ul saai6ap 18961) S'W pue (1561) 549 sP1oy ueouna uagol:l - 

!4d eddeN !4d PUe 'Id e1a9 
nel 'nN eddem e13 '3331 ;o iagwaw e s! allapai3 JW 

6u!plooal o!ydei6o!oy ;o; 
e!paw o!1se!dowiay1 uo yweasaJ u! pa6e6ua dnwg l101eas 
-ad swalsÁg 300-0;13013 041 41!M s! ay luasaid ly i(yde; 
-6oloy o!lse!dow;a41 pue sapolp uo!lounfwaley wl!; u!yl uo 
pamom ay 'wei6wd 6ulu!e;l yweasad áy; ;o Jagwaw e sy 
0L61 'laqwaldag u! sauoleiogeg y3d ;o ;;e;s leoluyoal ay; 
paulo! aH 0L61 u! A6olou11oal ;o alnl!lsul sllasnyoesselN 
ww; áai6ap 33SW 041 PUe 6961 u! Molouyo0l ;o alnl!lsul 
laxam WOJJ aw6ap 3359 041 pan!aoaa allapaila sewo4l 

!X ew45 pue Ála!oos leo!sÁyd ueopawy ayl ;o Jagwaw e s1 u0ilo3 aa 
salo!ued o!Ilelaw news ;o sawadoad ollau6ew ay; pale6l1s0nu! Áµua0a; 

sey OH Á11n!lonpuowadns ainleiadwal-y6!y ol sa!1!I!gelsu! ao!llel ;o d!ysuo!; 
-ela; ay; pue 'spunodwoo uals6unl-e;aq ;o sa1l;adwd alels lewJou ay; `siolonp 
-uowadns Jelnue;6 u1 euawouayd uo!lenlonl; 'siolonpuooaadns u! ainleiadwal 
uo!11suem ay; ;o luawaoueyua ay; '6u!lauunl anllonpuowadns uo suouoyd anEm 
-wo!w ;o ;oa;;a ayl pa!pnls 6u!ney ',11!nllonpuo3;adns ;o Pia!; aim ue an!loe tian 
uaaq sey aH taH P1nb!I u! Ál!p1nlpadns alg!ssod pue 'slelaw nlnuél6 u! sl0a;;a 
leo!1do pue podsueil 'spunodwoo o!llelatwalu! ;o Á1!nl;onpuoo 'sao!nap 
ouloalaow;a41 'sp!los u! sewseld aloy-uwloala 'sapolP lauunl Jolonpuoo!was 
u! luanmo ssaoxa 'uO!sianuoo Á6iaua mlos uo mom leollmay; pue leluawuad 
-xa papnlou! aney sa111n!loe yweasa; s!y 'so!sÁyd alels-p!los ;o cale ay; uj 

(aoleoqeq 
yweasad a;e1s pllos ay; u! dnw3 yoieasad Á11n!lonpuoo 
-ladns pue ws!lau6elnl ay; ;o pe0y Álluasaxi s! ay wayM 
sapo;eloqel y31:1 1e ;;e;s leo!uyoa; ay; jo Jagwaw e uaaq 
sey ay 'aw!1 1e41 aou!s sia6lnd w01; so!sRyd u1 aal6ap ayd 
ay; panlaoal 811 9961 ul Ál!sian!uf1 sJa61nd ww; so!sRyd 
u! aai6ap 51Ái ay; ;O pieme ay; 41!m Z96; u! palaldwoo 
sem wei6oid s!U1 sa!ioleiogeq ay; ;e sa11!n!13e yweasaJ 
6ulu!elulew al!ym aai6a0 slalsefnl e o; 6ulpeal Ápnls ;o; 
papinwd ley; wel6wd Ápn1S alenpei3 alp u! paled!0wed 
aH '1'I'W ww; so!sAyd u! aa;6ap 59 0141 6u!nlaoa; ial;e 
0961 uy sapo;eioge-1 y3d ;o ;;els ay; pau!of uayo3 M Ja6oa 

SI:1OH10`d 



ZL64 4a1ew CC '10A M81n01,1 y01:1 OdS 

'Alaloos 6upaaul6u3 olpny 
ayl pue 3331 jo Jagwaw e s! xoj ay\! Áyde16o1o1.1 1oj 'l" 
sa3lnap Áouepunpai 'ÁIlua3a lsow 'pue `swalsÁs 6u!pooua 
J0103 uo!sinalal uo xaoM '(spio3aa oaals 104 uollel103ue3 
uoyJols!p 6u!3el1 lo luawdo!anap pue uo!luanul ayl 6u!pn!o 
-u!) yaeasa.' 6u!pio3a-3s!p '6u!pao3a adel oap!n .iol peay 
6u!uue3s o!lau6ew e uo lease.; 'sluawanseaw o!lau6ew 
Áouanbaaj-y6!y papnlou! sey 1JoM s!y alayM sauoleiogeq 
y01j pau!o! ay L964 ul 'L561 u! lIW wal 6uuaaul6ue leoul 
-3813 u! aáJ6ap slalsew pue slolayoeg e pania38i xoj 0 *3 

'3331 941 pue 'e3!Jawy Jo Ála!30S le000 ayl 'Ála!3oS le3!shld 
ue3!Jawy ayl pue !y, ew6!S l0 Ála!oos ata lo Jagwaw e Si lalsamj JQ 

/!ydeJ6oloy 
pue swalgad !eo!ldo 146!! lua1011o3 pue '6u!ssaoad a6ew! 
o; uo!le3!ldde a1q!ssod J!ayl pue euawouayd !eo!ldo Jeau!l 
-uou lo eale ayl u! uaaq sey 113/easa 44193a sIH 'L9-9961 
JeaÁ o!wapeoe 0111 .104 i(;!saan!un uola3upd lo Álln3el ayl 
uo Jol3nalsul lo uo!l!sod ayl p!ay ay 'sa!JoleJogei y0u lo 
llels aU1 6ulu!o[ aolag saoden lelaw !e1eme padwnd Ailed!) 
-do Áq ly6ll l0 uo!lelnpow ay1 uo pawlopad y3Aeas0a uodn 
paseq seM uollelJass!p IeJol3op s!H AIanll3adsai 'L961 pue 
17961 u! Ál!slanlu0 uo103uud waj saaJóap Gild pue 'y'1A1 
ue pus 'Z961 u! i(11sian!un slapueig waj so!shyd u! sJouoH 
41!M 'apnel wno `aaJ6ap 'ye e panlaoei Jalsand an4lb 

'Maws Ie3!sÁyd ue3!Jawy eyl pue !X ew6!S lo lagwaw e s! ueuy6ned Q 
suo!le3!Idde 

ao!nap .104 slemalew an 6ulz!w!ldo pue ws!uey3aw leo!s,(yd ayl 6ulpue;sJapun 
10 ieo6 ay1 43!M 'al!lepos Állel3ada '(ws!way3opoyleo) s!ellalew lo uo!1eJoloo 
weaq-uonoa!a ay¡ 6u!Ápnls uaaq sey ay sJeaÁ ea11; lsed aU1 aoj sanbluyoal 
leo!ldo pue aoueuosa u!ds-ual3ala paulgwoo 6u!sn 'vows ÁIleloadsa 'sic' 
-sti3 a!6u!s 3!woiy3oloyd snopen lo sa!pnls Ieluawepunl u! pa6e6ua a4 6964 01 
9961 woij suo!le3!Idde a3!nap 6u!pnlou! slelawlwas uo )IJOM panu!luo3 ay 'uol 
-a3upd 04 6uluwnla uodn ylnws!g !elew!was ay1 u! saneM uanllb' 10 uo!le6edad 
ay; 6u!Ápnls y0lj l0 sapoleJogeg oÁlol all le aeaÁ e wads a4 '17964 01 £961. wold sanb!uyoal a3ueuosal ulds uoal3ala Áq uo3!Ils ul sIalua3 a6ewep uo!le!peJ 
lo ,(pnls 044 pue 'slla3 Je1os 01 a6ewep uolle!pal 'wn!uew - 
-Ja6 u! sl3alla a3ueuosaa ualol3(3 ssew an1ie6au lo Fpnls = 
ayl apn!ou! asayl s3!sRyd alels-p!Ios u! s3!dol lo Ála!Jen e 
u! y3Jeasai lno palaJe3 sey ay awn leyl a3u!S ÁasJap MaN ` .- 
'uola3uud u! sapoleJogeg y0a paulo[ 04 6961 Jagwaldas u! 
sielsÁ» opeu6eweled ul suouoyd pue su!ds uo seM 5!70M 

15 s!sayl s!H '6461 aunl` ul s3!s(yd u! 'a'4d e pue L961 (aenigaj - 
u! 6uuaau!6u3 1e3u13a13 u! eal6ap 'S[nl ue papleMe seM 
9y t6961 01 5464 wail Á6o!ouy3al 40 alnl!lsu! sllasnyoes 
-seyj ayl papualle aH s3!sRyd 6u!Jaau!6u3 u! 6u3 g e yl!M 
9964 u! Á1!sian!ull 11!03W wal palenpeJ6 ueuy6nej uoui3 



1ZE ZL64 yoieW EE ion na!nad V01:1 

ssau!!! 6uoi e Jalle `4L64 'V lagolo0 uo pa!p '!yd eddeN !yd 
oue '!d ejes nel ;o lagwaw e seM oyM 'suos!1eN 1W .pa1-e1;u! =y1 u! sas!nd 
puooasoueu 6u!oipold ;o a!gedeo ag p!noys le4j alnleladwal ua:oll!u ap!nb!! 
:e 6u!lelado lase! pa!!all5oo-O e ;o luawdolanap ay; u! pue suc leo!unwwoo 
pue 64a6ue1 oa uo!;eo!Idde s,lase! ay; ;o A1!!!g!ssod ayl 6u!len!era Apnls e u! 
paled!o!ued OH Áoua!o!;;a 6u!dwnd asealou! 04 loloa!;a1 !eo!id!Ha ue paz!!!in ley; 
lase! l,qn1 e palaaado pue pau6!sap ay p1eMlal;e 
lase! Aqn1 e ;o !apow 6u!11oM Apea ue ;o luawdo!anap ayi 
u! !ejuawnllsu! sem suos!1aN .a!n! waasRs 6uffle1; al!!!ales 
as!o.i-Moi e ya!M uo!jounfuoo u! pasn ag ol lasew 1aneM-6u! 
!anell qwoo 00 gg e paco!anap ay `uo!1!ppe u! s!e!lajew 

an!joe aya se a!!jn1 pue Agi1 6u!sn slasew aneMoao!w aneM 
-6u!!aneal au!!-Japueaw pue qwoo ;o uo!len!ena pue u6!sap 
aya n paled!o!ued pue slasew Á1!neo anemolo!w a;els-p!!os 
Apea uo pa)!1oN, suos!1e,! 11/5J «e!uen!Ásuuad ;o Á1!slan 
-!un aya w011 0964 u! 33SY1 s!y pue `Á6o!ouyoal ;o apilas :o 

!3x01a wO1; 8564 u! 33S8 s!y pan!aoal suos!1e)I s!u!ea - 

.VSO ay; JO laqwaw e pue 333I aya ;o lagwaw 1o!uas e s! OH 
wajsAs oap!n paplooalald o!ydel6o!oy e ;o l5aw 

-do!anap ayl 10; aoua!oS U! p1eMV weal 6u!puelslnO ;;owes p!nea aya pan!ao01 
cnoló yoleasal s!y ZL64 u! pue yoleasal o!ydel6o!oy s!y 10; p1eMV ..iawana!yaV 
VO>d ue pan!aoal ay OL64 u! nydel6o!oy ;o pl0!a ay; u! 6uplloM sa!lolelogeq 
t'oa ;e peaH dnola e uasq sey ay 9964 aou!S L964 u! Va;;a s!_l 10; pleme 
004 al ue pan!aoas pue pu!Iq ay; 10; 0550 lasel ls1!; aya pado!anap aH aoeds o;u! 
was lajj!wsuel; lasei Isla aya pue `sau!yoew 6u!peal 30o-01aoE!a Á!1e0 0y1 
;o auo 'lase! padwnd-uns ís1!; s,VSVN 'waasAs uo!leo!unwwoo Jase!-uo!joafu! 
a1n;Eladwal-wow js1!; ayl 6u!do!anap 10; a!q!suodsal seM 
dno15 s!H swalsÁs case! uo A!u!ew 6up!1oM s1ea.1 uanas 
6u!Mo!!o; ay; wads pus lapeag dno10 0l palowold seM 
04 E964 u! uo!s!n!a saorpold o!uolloa13 asua;aa s,Va!_! 
;o uo!aoaS yoleasad pa!!ddy aya w pal1oM ay '9961. 01 9964 
uolj uo!lejs u0!s!na!aa a!qeuod-uew ;s1!; aya ' aploon , 

aplle.M a41 pue swa;sÁs uo!s!nalal !e!lisnpu! s,VOI! ;o 
4.6!sap aya 04 palnquluoo ay 01011M uo!s!n!a saonpoid 15!11 

-snpui s,VOa u! pamioM 04 9961. 01 4564 walj 9964 u! uÁ! 
-Noo.s ;o aln;!jsul o!uyoaaA!od aya wOJ; 33SVv ata pUe VS64 ! alnl!asu! !axala W011 33s3 aya pan!aoal ueuueH r welll!M 

eo!1awV ;o .(la!ooS !eo!adO a4; pUe '3331 a41 
'iN eddeN 513 '!d elas nel;o lagwaw e s! p!saAe0 1W 

walsAs adelo!oH ay; 01 sa!!dde 
fi se a6elo;s uo!;Ew1o;u! o!ydelóo!oy ;o 5015 ay; u! 6upl1oM 
t.aaq sey 04 '6961. Jagola0 aou!S agnl a6eJols uoo!!!s 
N; oj uo!leo!!dde sl! pus 6u!;uud uo!joe1;;!p pan!onu! luaw 
-u6!sse ;s1!; s!H 6964 'aun¡` u! sa!lolelogeg VOII ;o ;mg aya 
Fau!of OH 4L64 u! A1!slan!ua uolaou!1d wo1; 6uuaau!6ua 
!eo!llja!a u! S!N e pue 6961 u! e!uen!nsuuad lo Al!slan 
-.un ata woJ; so!sAyd u! eal6ap 8V ue pue 6uuaau!6ua 
!éouioa!a u! aal6ap S8 e pan!aoal !>fsaóeo p.3 sewoyl 

/ny 

Sd0H1f1V 



ZL61. yoleW ££'IOA Malnalj tl01.i ZZ£ 

'3331014 pue 'eouawy;o i(la!o 
-os leolld0 ayl 'Ála!ooS leo1s4d ueouawy ay4 }o Jagwaw e s! Ja;oyiaí(aw Q 
slels(o p!nb11 ;o sawedoJd 1eo!sAyd a44 pue unela6 palewwyo!p u! 6u!p.roaea 
o!yde46oloy pa!pnls sey pue dno40 6uiluud o!uo.110013 043 41lM uaaq sey ay uayl 
aoUls tilsnpw 6unuud ay4 ol sanbluyoal Jasel pue sD1Uo14 
-Dala 4o uoneDlldde ayl pale6nsenu! aH uo!s!n!Q swalsds 
olydeip y01j a44;o poddns u! yoleasw palldde 6ulop Rwlelo = 
-gel e yllM palelDosse seM ay 9961 04 9961. wo43 Jase1 100 
ayl ;0 6uiyo}iMs-0 pue 'arase! pue sapo!p 4olonpuooiwas 
ww; uo;sslwe 1446!! 'wolelnsu! pue wolonpuoo!was ;o sania 

r -doid IeDulDala lo Apn4s ay' papnloul aney sanlnnoe yoJeas 
a siH sauolewgeg y01:! le 11e1S leo!uyDal a44 ;o iagwalnl 

e uaeq sey ay 8961 aou!S '8961 u! 111n1 ww; sols,(yd u! 
aw6ap Q yd siy pue 1,961 u! Ál!waniun Il811100 ww; sD!s,(yd 
6U1103u16U3 40 4019443e43 s!y panlaow Ja;owaitelN you4ala 

!d elag nei pue nN eddem e13 `3331 `yso lo 4agwaw e s! aun3 aa 
walsAs 

06e404 oapin olyde46oloy e 6u;dolanap uaaq sey ay 0.181.4M 'sauolewgeg y01; 
pau!o! ay 8961 u! d.gawwap01U! pue '/14de46oloy '6uu0ll!; Ieneds uo 6uppoM 
`pue16u3 u! Nolewgeg leo!sÁyd Ieuo1leN eU4 le Mollad 
yweasad 4oiu0s e se ;ley e pue .reaÁ e wads ay 'a4eJo4 
-Dop s!y 6u!n;aow Ja11t1 Áyde46oloy o1 uo;4lppe u! sondo 
Ieoi6olo!s,(yd u; yweasw pip pue 30N le '3'3 u! 4olorulsul 
ue seM aH 'SOl .10; s1!no4o uo!sinaial pue yuawdlnba 
4sa4 pelelDosse pue swa4sAs iaMod aoedswae `sluauod 
-woo pue sleualew D!wewo uo palioM 94 'L961 04 -10ud 
Ayde46oloy ui s1oa4;a aouwayoo ;o ,(pn4s e y1IM L961 u! 6ur 
-4aau!6u3 ;0 0601100 )ueMaN ww; 33 ui !DS 6443 aa e pui? 
1.961 u! A1!sianluN sia6lna ww; so!sÁyd u! «SIn1 ue '6961- 
u; 8681100 wtplowg ww; sD!sÁyd U! sg e pamaow aun3 'W 

11,10111, 

;X ew6!S;o lagwaw ale!oosse ue 
pue '!d elag nel pue 'nN eddem 843 `333I 041 ;o iagwew e S! Uewauayl In1 

aleuel!1 
y4nwslq ou4oa!aope; 6u!sn saolnap a6ew4s-a6ew! pue amen 
-4416!I uo sa!pnls leluawuadxa pue Ieonaioey4 pawlopad aH 
swa4s,(s Mowaw leDlldo uo 01e0s01 ui pa6e6ua uaaq sey 
uewauay 'AIluaow wow sao!nap Mowaw algessaippe 
-4Ue4UOD ou4oalaotio uo p01a1uaD yoleasa4 slyi Lllen!ul 
swalsits tiowaw Jelndwoo uo yweasa.i u! pa6e6ua uaaq 
sey aH sauoleloge3 b'0ii le 11e1S IeD!uyoal 8y4 ;o Jagwalnl 
e uaaq sey uewaua){ 'aN1 'L961 aou;s saw6ap 33!n1S 
PUe 33gS 41oq panlaow a4 `L961 aun¡` uI A6olouyoal 
}o elnlllsul sl;esnyoesselnl 041 le 6ulu!e44 alenpe46 Apea 
pue uoneonpa elenpea6Japun s!y panlaoa.r uewauay 111103S 

-v 



SZ£ ZL61 yoJeW CC '10A Ma!naa yOd 

eopawy;o Ála!oos 
adoosaosllnl uoiloa13 ay; pue !X ew6!s JO Jagwaw e pue Ñapas leo!slCyd 

ueopawy aya pue siaau!6u3 o!pea ;o aan;!lsul ay; ;o manad e s! 6Jagwell Q 
ipe;swJeQ `alnyosyooH 

ayas!uyaal a4; ;e Japnloal 346!lglnd 1.961. PUe 0961 u! 'pue yo!unlN ;o AllsJanlufi 

a43 le so!sÁyd u! Jossa;oid 6u!als!n sem ay 61761 uI so!ado 
pue 'ÁloploalaowJayl `so!uoiloala leo!sÁyd ;o saseyd snopen 
`uo!s!nalal pue kloosoJo!w ualoala oa pa!Idde se so!ado 

uoiloa!a uo Á!!lewpd pa)pom sey aH "31764 u! luawys!lgelsa 1, 
.pay; aou!s uolaoupd u! sapoleJogeg yOli a4l 41!m pale!o 
-osse uaaq sey aH '9E61 u! uapwe0 u! Áuedwo0 6uun;oe;n 
-ueW vol! ayl ;o tioleJogeg yoaeasaa o!uo.poa13 a4; pau!oI 
ay 'I;awoO le luels!sse 1131easa se eJloads ice1-x ;o Áaoayl 

ay; uo 6uppom Jal;y 3E6I. u! yo!unW ;o Ál!sian!ull ay; woJ; 

so!si(yd leo!laJoayl u! aaJ6ap "Q yd ayi pue 8Z61 u! ,(;!s.Jan!ufi 

IlawoO woJ; aaJóap gy ayl pan!aoaa 64aqwed O piemP3 

!)( ew6!s pue 'A1a!oos 3!weJa0 ueopawy 
ay; '3331 a41 'iSla!oos Ieo!sÁyd ueopawy ayl JO aagwaw e s! sd!II!4d "Ja 

"swei6oloy aseyd 
awnlon ;o a6eJois ay; Jo; s!epalew panoadw! uo yoJeasa u! pa6e6ua Áµuanno s! 

sd!!I!4d "1a "8961 u! 1lí0 o!wwyoopoylea ayl ;o luawdolanap 10; piemy 004-1:1I 
ue u! paJeys pue 0L61 pue 8961 u! spJemy ;uawana!yoy sapcleaogen yOli 
pan!aoa aH leua;ew slyl JO suo!leo!;!pow ap!po! pue ap!wag aya lo luawdo 
-lanap ayl pap010u! pue 'L961 u! sa!lladold o!wayoopoyleo Si! lo uo!leJlsuowap 
ay; o; pa! al!lepos uo /10m s!H a;!lepos pue 'apponl; wn!oleo padop-ypea-aaei 
Ápelno!;ied 'slepalew o!woJyooloyd panoadw! ;o uo!1en!ena pue s!sayluÁs ay; 
uo >1.1om u! pan!onu! aweoag ay 996; u! "suo!lea!!dde 10sel 101 sleualew au!! 
-lelstio;o sa!uadad pue s!sayluÁs ay; uo yo1easal U! pa6e6ua sem, 9961 01 1796 4 

wa; pue 'g961 u! sapoleaogeg yOli JO ;;e;s leo!uyoal ay; pau!ol sd!!I!4d '1a 
'uo! wn!urildau lualeneJlal 

ayl ;o sa!liadoid !ea!ldo ayl y;!m pawaouoo sem yoJeasal s!sayl s!H slepa;ew 
Jasel le!luaiod go selpadad leo!;do pue ylmoJ6 uo 
gomosa.'palonpuoo sd!ll!4 a d " '17961 01 1961 uad u6!sap 
1o1oeal Jealonu u! swalgad uo 6uppom 'uo!s!n!a Jamod -3 
o!woly sillag asnoy6u!lsam ay; ;e aaau!6ua ue se paRoldwa 
sem ay popad s!y; ;o sJawwns ayi 6upna sap!ley !leme 
Ieistio-al6u!s ;o sa!iJadoid ay; u! 6u!z!lepads luels!sse e,, 

gomosa; alenpea6 e sem ay '1964 01 E864 wad 17961 u! bu! 
-Jaau!6ua leoploala u! ayd e pue 1961 u! so!sAyd u! aaJ6ap 
"sW ue 6u!nlaoal `,16olouyoal ;o a;n;!;sul a!6aweO ayl ' Í 
le Tom alenpeJ6 s!y P!P aH '8864 u! Ál!sJan!ua e!gwnlo0 
wa; so!si(yd u! aaJ6ap "guy ue pan!aoa sd!II!4d we!II!M 

y'S"O a41 
pue 3331 ay; '!d elag ne1 'nN eddeN e43 JO Jagwaw e s! aH 
Ryde6oloy o!lau6ew pue sa!aowaw o!ydeJ6ol0y u! Tom SU] 

101 pJeme luawana!yay sauoleJogei yolj e pue spieme 001- 

d! oml uom sey yo!izalN "swa;sÁs a6eaois o!ydeJ6o!oy 
pue 'ÁydeJ6oloy o!;au6ew `su!!; u!ya ;o sialaweJed uo!leop 
-qe; ay; 'so!uoaloala leo!paw 'so!uwloala o!ua6oAl0 ;o spla!; 
ayl u! pallom sey pue £961 u! sauoleJogeg yOli ay; pau!of 
aH 141o018 ;o aln;!;sul o!uyoálllod a41 wa; IIe `Álan!; 
-oadsal 0L6l pue L964 u! saaa6ap oyd pue "3"3"S'W a41 
pue £961 u! aa.16ap S"g ayi pan!aaai yauzazi g uagnay 

SH0H1fly 



3L61 yoJelnl CE 'PA Ma!nad VOL! 7Z¢ 

'nei ew6!S 'nN eddeH ea ;o Jagwaw e s! aH 
'3331 pue '!d elag nel 

s!eualew o!wolyooloyd uo >!JOM 
s!y Jo; pJeMy luawana!yoy sa!JoleJoge-I yaa us pan!aoaJ sey Jalgae;S 10 

'a6eJols o!ydeJ6olo14 
Jo; sleua;ew o!ldo-oJloala ;o Apnls ay; u! panlonu! Mou s! pue 'sal!uel!l padop 
luawa!á uo!l!sueJl ;o uo!leJoloo pm; o!Jloala uo paJ{JOM sey ay 'sa!JoleJogeq yaa o; 6u!wnlaJ uodn 1dea u! sJaluao Jopo pale!oosse goce a.m.( ;o ssep 
1eJaua6 e ;o uo!leo!;!luaw ay; u! pal!nsaJ pue cdea o!uoJyooloyd ;o sa!pnls 
leo!ldo panlonw yoJeasaJ !eJoloop s!H 6uuaau!6u3 leou;oa13 u! 'a'yd e 1-11!M 
OL61 u! 6u!lenpeJ6 'Al!sJan!un uolaouud paialua pue pJeMy 
Apn;s alenpeJg sauoleJogeg yaa ue pan!aoaJ ay '9961 ul 
'1dea u! Jo!neyag ó!woJyooloyd ;o uo!;e6!;sanu! luanbasqns 
s!y o; pal padop 41100 aJeJ pale!peu! 
-ewwe6 u! sassaoold uo!lonpaJ-uo!lep!xo uo sa!pnls ue5eq 
ay 'weJ6oJd ay; 40 uo!laldwoo uodn '796; ul sJase! apo!p 
uo!loafu! pue 'sa!Jowaw aluJa; pa;eu!wsl 'spoydsoyd pueq 
MOJJEU yl!M pa)IJOM pus sá!JoleJogeg yaa ;e weJ6opd 6u! 
-u!eJl y31E2s81 ayi pau!of uayl aH 'Alan!loadsaJ '£961. pie 
3961 u! Al!sJan!un ale;s e!uenlAsuuad ay; woJ; '3'3'SW ay; 
pue uo!lou!ls!a y;!M 33S'13 04; pan!aoaJ Jalgae;s p!neQ 

pus '!X ew6!S 'Ala!OoS leo!sAyd usouawy ay; ;o Jagwaw 
'susaw o!ydeJ6o!oy pus 

'o!uop;oa!a 'leo!ldo Aq ul!; uo sleu6!s uo!s!nala;-Joloo bu! 
ppooaJ y;!M pawaouoo uaaq sey ay A!waoa£l dnoJo sao!n 

-aa Aelds!a ay; u! spase! se6 ;o aoualayoo pue 'Aoua!o!;;a 
'JaMod 6u!noJdw! uo palJOM sey aH ApoleJogs-1 yopeasaa 
swalsAS ay; ;o Jagwaw e se `'¡`N `uolaou!Jd 'sa!JoleJogei 
yaa ay; pau!of 6uods 'Jp 7961 u! 'aoueuosap UOJIO!oAo Aq 
wnu!wnle ;o apelJns !upad ay; ;o uo!le6!lsanun ue seM o!do; 
uo!lelJass!p s!H 7961 u! Aa!alJag le e!wo;!!ea jo A;!sJan!un 
04; way so!sAyd u! 041 Pus 8961 U! yslfl lO Al!sJan!un 
ay; wOJ; so!sAyd u! aaJ6ap 'S'g s!y pan!aoaJ 6uods M 

ro" -.a" ' 
n 

'eddem slag !4d 
e s! 6uods 'Ja 

mg. 
Y:1" - 

'1 *9, 
w 

Ala!ooS leo!wayooJloa!3 04; pue !X ew6!S ay; ;o Jagwaw e s! Alsno!p!4S 'pa 
s!e!Jalew o!woJyoopoyleo pue so!woJyooloyd o!ue6Jo 

-u! ;o cale ay; u! uaaq sey lsapalu! AJew!Jd s!H AJoleJogeg yoJeasad s!e!JaleW 
ay; ;o dnoJ6 so!ldo-oJloa13 pue ;uaosau!wni ay; u! sa!JoleJoge-; yaa pau!of 
34 '6961 isn6ny ul spunodwoo o!1lelawJalu! ;o sa!;Jadopd 
o!lauóew uo 6up1JOM y6Jngs11!d ;o A;!sJan!un ay; le luaw 
-lJedaa AJls!waya leo!sAyd ay; u! ale!oossy yoJeasad e seM 
34 '69-8961 JeaA o!wapeoe ayl 6uuna luawlJedap AJIs!wayo 
ay; u! polonJlstn ue se panJas AlluaJJnouoo aH slelaw yuca 
a1eJ ay; ;o sap!uewpa6 pue sap!o4!s ;o eale ay; u! seM s!sayl 
a'4d s!H '8961 u! Al!sJan!un MaJgaH way pau!elgo seM AJ;s! 
-waya o!ue6Joul u! a'yd s!H '£961. u! walesnJar u! Al!SJBn 
-!un MaJgaH wOJ; AJ;s!waya o!ue6Joul u! 's'!n1 s!y pau!elgo 
OH '1961 u! AJls!wayo u! 'Sg e yl!M laepsl 'E;IEH u! A6olou 
-goal ;o aln;!;sul !aeJsl ay; woJ; palenpeJ6 Ansn01P!4S 1e61 

9 



- 









Jollp3 'auolel3 j (Klieg 1 

alaldwo3 pue 13a1/o3 anoge aw Rq spew sluawaleis a113 leyl ÁI!U93 I 

OZLOE e!6Joa0 'uollea '8421 xog -3u1 'sapIsnpul lauwo3 o/3 'Rpueg uos>loef InB 
:OZLO£ e!6i0a0 'uollea '86Z1 xog '31.11 'salilsnpu! lauoio3 0/3 uealalaS uli+eyy :06909 sl0u1111 
'o6e31113 'l.l xog >13oi '0603!113 lo Áuedw03 >lueg leuollery sloullll leluauiluoa 0/3 '03 g 
aprul :>!/o/, MaN '>00A Mary 'ezeld ese113 I '>lueg uelleyuey.l e5e43 0/3 '03 g swam :>00A MaN 
'>lioA ANON 'new uelle11uen ase113 I '>Iueg uelle11ueiN asey3 0/3 "op g ppn3 :1I10A Mary '>IJoA 
MaN '.IS auld OL "DUI 'yllwS pue IBUwaj 'a3iald '1131.141 'll!»9W :OZ031 >I10:. MaN Mary 
ezeld i011ele043o11 0£ 'uolleiod1o3 V313 :iauMo L 06580 'Rasiac MaN 'uola3ulid 'sapolenogei 
V3y 'euole13 'd 'y 'J031133 !06S8o 'dasvar MaN 'uola3ulid 'samoleiogei V3y '/ays!lgnd :io1IP3 
pus /aysllgnd lo sasseippe pue saweN 9 06590 ',lawn MeN 'uola3upd 'sauole/ogei V3y 
:siaysllgnd ayl lo sano sseulsng lelaua6 io sJeUenbpea11 a113 lo U0!1e301 'S 06580 'AesJar 
Mary 'uole3ulid 'sapoleiogei V3y :uolleopgnd lo a3lpo uMou>l lo u0lle3oi '6 ApaUenO :anssl 
Jo F3uanbaid M31A31:1 V313 :uolle3llqnd lo allll Z 1L61 'S1 Je9o130 :6u1111 lo alea 1 

(apo3 salelS P9llun '6£ 91111 
'69£6 uo9309 '3961 '£Z Jago130 l0 l0V) uo11eln3n3 pue luawa6euelry 'dl11siauMo lo wawalelS 

dIHSkl3NMO AO 1N31/431V1S 



, 

, 


