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SUMMARY

Problem

The Advanced Simulator for Pilot Training (ASPT) and the Simulator
for Air—to—Air Combat (SAAC) both established the feasibility of large,
compact, in—line infinity optical systems called Pancake Windows. These

• optical elements are desirable to the visual simulation world in that
they produce a virtual image to the pilot, are motion platform mountable,
can be manufactured in almost any reasonable size, and can be mosaicked
together so as to produce a wide—angle display system. A concept was
formulated whereby the utility of the Pancake Windows for simulation
applications could be greatly increased by virtue of significant cost and
weight reductions. This concept involved the replacing of the large,
costly spherical mirror beamsplitter element in the Pancake Window with a
holographic analog of the mirror. Durin g this program , Farran d Optical
Co. , Inc., the developers of the Pancake Window, conducted the initial
developments of an improved Pancake Window employing a holographic spherical
mirror beamsplitter. This primarily consisted of the development of
techniques for producing the large, high—quality hologram required to
function as an analog of the spherical mirror beanisplitter in the Pancake
Window configuration. Since this was the initial development of the holo-
graphic concept, a reasonable—sized 17—inch hologram was developed during
the program and assembled into a Pancake Window configuration for test
and evaluation.

Results

The contractor had experience in working with small size holograms
and thus was familiar wi th holographic theory. Because of the large size
of the holograms required to be produced on this program , the con t ractor
had to address the investigation and perfection of many novel and unique
techniques , procedures , and equipments. For example , the contractor had
to prepare his own gelatine plates for use in making holographic exposures
since plates larger than 14 inches are not commercial ly available. Because
of the long exposure times required to make 17—inch holograms , vib ration
became a serious problem , and required the use of a special two room
configuration (laser table in one room , holographic table in the other room) .
The holographic facility itself had to be constructed so as to be insulated
from vibration, thermal effects, acoustical noise, and even noise/vibration
generated by the laser water cooling supply. The contractor estab iished a
recording geometry which incorporated an expander lens, microscope objective,
spatial filter, and the holographic plate itself , which was clamped to the
master spherical mirror holder. In spite of being plagued by laser insta-
bility problems, the contractor was able to expose approximately two
hundred 4 by 5 inch plates and about twenty 17 inch plates. The best of
the 17 inch plates was cemented into a Pancake Window configuration and
subjected to analysis and measurements. The performance of the holographic
version of the Pancake Window was found to be inferior to that of a Pan-
cake Window utilizing a glass spherical mirror beamsplitter.

L ~
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Conclusions

The concept of a Pancake Window utilizing a holographic analog of a
- 

spherical mirror beansaplitter has been demonstrated. Although the perform—
• ance of the 17 inch window produced during this program was considered to

be inadequate, the contractor gained great insight into the major causes/
sources of hologram performance deterioration and feels that the holographic
Pancake Window system is feasible. The contractor has identified the
major causes/sources of hologram performance deterioration and recommends
that a continuation of the development of holographic techniques be

• pursued so that these performance deterioration factors can be eliminated.
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SECTION I

INTRODUCTION

INTRODUCTION

GENERAL/ This report describes the development effort by
Farrand Optical Co . ,  Inc . (FOCI) to produce a 17-inch aperture,
holographic volume—phase , on-axis spherical beamspli t ter
mirror ; assemble it into a Holographic PANCAKE WINDOW TM display
system, and make performance measurements. Section II describes
the facilities , laser , and other apparatuses. Section III
describes the development of the holographic film, exposure ,
assembly, and finally the visual and photometric measurements.
Section fT presents conclusions and recomendations .

PURPOSE. The PANCAKE WINDOWTM (herein also referred to as
the classical and/or holographic window) display system is an
opt ical “magnif ier” used pr imari ly  in optical simulation
for projecting or displaying an image at infinity . The
advantages of this magnifier is that it is an on-axis
optical system formed by beamsplit ter mirrors and ,consequently,
it is possible to achieve very large apertures and very

• short F—numbers without the correction and bulkiness
necessary in a refractive system. The PANCAKE WINDOWTM
system is a FOCI patent , and has been successfully manufactured .
In a further development of the classical window system , holo-
graphic techniques have been applied with the goal of greatly
reducing price and weight of the window system . To accomplish

• this , the spherical beamsplitter mirror , the heaviest and most
expensive component of the window system is manufactured
holographically . A holographic beamsplitter mirror has the
advantages of being~

1. Much less expensive to manufacture in quantities.
2. Much lighter.
3. A system more compact, simpler , and easier to manu-

facture  and ma intain , (due to the physical flatness of the
holographic spherical mirror).

PROJECT EVOLUTION

The Advanced Simulator for Pilot Training (ASPT) and the
Simulator for Air-to-Air Combat (SAAC ) both established the

• feas ib i l i ty  of large , compact , in—line infinity optical systems
called PANCAKE WINDOWS TM. These optical elements are desirable
to the visual simulation world in that they produce a virtual
image to the pilot , they are motion platform-mountable , they
can be manufactured in almost any reasonable size, and they
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may be mosaicked together (as in the ASPT and SAAC) so as
• to produce a wide-angle, in - l ine  i n f i n i t y ,  v i sua l  d i s p l a y

system. FOCI , developers of the window , have fo rmula t ed
a concept whereby these windows may be m a n u f a c t u r e d  at

• 1/4 the cost , and 1/4 the weig ht , by v i r t u e  of rep lac ing
the costly spherical beamsplitter elements w i t h  a holo-
graphic analog of the mi r ro r .

The ASPT u t i l i zes  the largest PANCAKE WINDO W S TM ever
developed. Each of the two ASPT cockpits is surrounded by
a mosaic of seven , 48 inch diameter PANCAKE WINDOWS TM . Each

- 
- window wei ghs approximately 700 pounds and must be supported

in a dodecahedral support s t ruc ture  of formed a luminum and
steel tubing . The support s t ruc ture  alone weighs 3100 pounds
and wi th  the PANCAKE WINDOWSTM ,cathode-ray tubes , and
associated electronics mounted , the s t ruc ture  must  support
almost 8000 pounds .

If a holographic versi~ n of these PANCAKE WINDO WSTM
could be produced , the support structure requirements and
most importantly , the motion platform support requirements
for motion-visual simulators could be drastically reduced .

• FOCI has been working in holography for several
years and has developed novel techniques , especially in the
production of holographic films . These films are a break-
through for producing holographic optical elements , with high

- 

4 
diffraction efficiency (transmission or reflection) , minimum

• noise (scattering) , acceptable reproducibility , and , not
limited by film format sizes and thickness as are others corn-
mercially ~availab1e. In addition to other optical holographic -

elements and systems , FOCI has , during the development
• described in this report , produced holographic spherical

beaznsplitter mirrors up to 17 inches in diameter and with
performance not too different from the performance of a
classical beaxnsplitter mirror. The reduced perforrnace was
primarily attributed to the lack of a sufficiently high
powered laser , limited coherence length , and holographic
faci l i t ies, which did not permit proper exposure and develop-
ment due to lack of environmental controls , and because of
limited apparatuses for vibration free recording geometry .

• A 17-inch holographic PANCAKE WINDOWTM system was assembled
using one of these 17-inch holographic spherical beamsplitter
mirrors produced in the FOCI facility , and the system performed
well enough to demonstrate the feasibility of producing a
holographic PANCAKE WINDOWTM system. The object of this project
was to prove that an acceptable performance (comparable to

• the performance of a classical window system) could be
achieved from a holographic window.

8
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P r i o r  to d i s c u s s in g  t h i s  p ro jec t , a b r i t - f  i i~ ;c u s s i o n  o:
a h o l ogr ap h i c  sph e r ic a l  hear~sp l i t t t ’r  m i r r o r , and ot  the FOC I
PANCAKE WINDOWTM is i n ord er

IIOLOGRAI’U IC  ~ P l I i ~R ICAL B E A M S P LI T T E R  M I R R O R  THE ORY . A
ho1og t aI~I i s  5t r e co rd ing  of two coher .5 -n t  wavet  root s  ct 1 iI5lht
w h i c h  when p roper ly  i 1 lurni  na ted  h y one ot  t lie \~aVe t rent S W i  11
reproduce , by di  I t ract. ion , the  o t h e r  wave  I r oot .  1 a
hologram is recorded w i t h  two wav e r en t s , on e of them emanat x n-i
f r o m  a p o i n t  source of i i  qh t , and the other  w a v e f r o n t , co h e re nt
w i t h  the  I i r s t  , f o c u s s in q  at the  sane poin t , a h o l ogr a p h i c
sph e r i c al  m i r r o r  w i l l  be produced .

The po in t  ment ioned  w i l l  correspond to the t w o  super-
imposed t oci ci a conic which by definition w i l l  represent
a sp here . rhe d i s t ance  tro m t h i s  po in t  to  the h o l oqr a p h ic
p l a t e  w i l l  be equal to the r a d i u s  01 %~u r va t u r e  - If the s p h e ri ca l
ho lograph i c  m i r r o r .  This  ho lograp h i c  m i r r o r  w i l l  not only
reproduce one ot the o r i gin a l  wave  I roots  w h e n  i l l u m i n a t e d  w i t h
the  other  ori g ina l  w a v e f r o n t , but  w i l l  behave as a sph e ric a l
mirr or. That  is , if i l l u m i n a t e d  w i t h  a plane wavel.ront
c o l l i m a t e d  li gh t , t h i s  l i g h t  ‘.~i 11 be ~1 Ii t r ac ted  by the hoIo~iram
and w i l l  produce a w a v e f r o n t  tha t  w i l l  t o c u s  at h a l f  the distance
ct  t he  radius of cu rva tu re  of the m ir ror  (foc us of the n i r r o l )

I i  t h i s  holograp h i c  m i r r o r  d i f f r a c t s  100 ercent  ct t h e
li gh t  when i t  is i l l u m i n a t e d, i t  can be said to be a t o t a l
r e f l e c ti n ~ h o l o g r a p h i c  sph e r i c a l  m i r ro r .  I f  on ly  part ct
the l ight  is re f lec ted  it  can be sa id , then , that a holograp hic
spherical beamsp l i t t e r  m i r ro r  has been produced . Al so , i t
can be said tha t  the d i f f r a c t i o n  e~~i ic iencv of the  h o lo gr a p h i c
m i r r o r  i s  n u m e r i c a l ly equa l to the r oll  i e ct t on  of t h i s  m i r r o r
t h a t  is , i t  a holographic  spher ical  beam’- p l i t t e r  m ir r o r
w it h 50 percent r ef lection is desired , a holoq rarn w ith ~0
percent diffraction efficiency should be produced .

I d e a l l y ,  a hologram should be illum inated with mono—
chrolrnLt ic light of the SLUTh~ wavelength a.~ was used in its
recording . Never the less, a r e f l e c t i o n  holoqr am oil the volume—
phase or t h i c k — p h a s e  t y p e  w i l l  behave also as a na r row
f i l t e r , and have good pe r fo rmance  when i l l u m i n a t e d  w i t h
w h i t e  l i g h t .  This  f i l t e r  e f f e c t  can be t a i l o red  in the
hologram by the cons t ruc t ion  geometry and by the  c h a r a c t e r i s ti c s
of the t u rn . A comp romise u s u a l l y  w i l l  be necessary between
t olerable dispersion , or chroma ti c ity e f f e c ts , and band—width
of the illuminating light. The volume part in the volume—
phase nomenclature means that the h o lo cr a p h i c  recording  is a



= T~~~~~~~ T j ~~~~~ r

Si

recording of planes of interference of the two wavef ron t s , as
opposed to the recording of lines or fringes of interference in
the thin type holograms. The hologram also will diffract
similar to a volume grating as opposed to a plane grating in the
thin hologram . The phase part in the nomenclature means
that the holographic recording is made by a modulation of the
index of refraction of the recording material (the hologram
will appear uniformly transparent) as opposed to a modulation
of the light transmitted through the recording material in
the absorption—type hologram (the hologram will appear is a
normal photographic exposure.) The volume-phase hologram
has the theoretical possibility of achieving a 100 percent
diffraction efficiency . A thin—absorption—type is theoretically
limited to about six percent diffraction efficiency .

CLASSICAL PANCAKE WINDOWTM DISi~LAY SYSTEM THEORY

Classical PANCAKE WINDOWTM ~~~tern. The FOCI patented
PANCAKE WINDOWTlVsystem , invented by Mr. 3. La Russa , is a
selective transmitter of light that is used as a very fast
and large aperture magnifier in optical systems for visual
simulators . The classical window system is formed by the
following elements (see Figure lA) :

1. Two linear polarizers , one being the first element ,
and the other being the last element of the system.

2. Two beamsplitter mirrors; one a plane mirror and the
other a spherical mirror .

3. Two lineal retarders or phase delay plates , one of
which is situated between the two beamsplitter mirrors and the
other between a beamsplitter and a linear polarizer.

Because of the curvature of the spherical beamsplitter ,
the other components are cemented together in two packages.
One package (the linear polarizer package) contains one of the
linear polarizers and the other package (the birefringent
package) contain~ng the remaining elements of the system. In
order to eliminate surface reflections , each of these two
packages has two cover plate glasses with a high efficiency
anti-reflection coating.

The window optical system performs as a selective trans-
mitter of light when each of the two linear polarizers , with
its adjacent retarder , forms the combination of two elliptical
or circular polarizers in such a way that one elliptical or
circular polarizer is crossed (in analogy with two crossed
Nicol prisms) with the other elliptical or circular polarizer.
To obtain maximum performance of the system , each of the two
so formed polarizers must be as close as possible to a circular
polarizer .

10 - 1-I
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Re fe rr  i ny to 1’ 1 gur e  , i I t he PANCAK E W I  Nl )  lW~~~ sv t em r
used t o  t o r m  an i mage 01 an oh l e ct  (CR 1’ , TV , e t c . )  at  i n f i n i t y
a poss ible  ray path through t he w ndew , a nd i t  st  a te o f
po 1ar r~~at i on  ii; as t o l l o ws .

A ray ori g i n a t i ng  at t he focal P1 ant’ of t he sphe i ca l
b e am s pl i t ter  w i l l  go t h r o ugh  t h e  t i r s t . t i n e a t  p o l a ri .~ei
and become hor i zont a l  ly p o lar  r zed . ~ o i og t hr ou qh  t he spiii - !  i c.t  I
bearnsp l r t ter  , i ts  s t a t e  01 po lar  i .a t  ion  and i t s  i i i  oct ion is
not supposed t o change df)pr ec  r ab ly  . i ’io si; i 151 t iit’ 1 1 1st
~iuar t e r—wave  p l a te  i et c trd er  , i t w i 11 become r i tjh I — handed c i i en  I . i  r
polat i .ed. At t h e  second beamsp l I t  t o t , some of  t h e  1 I g h t  w i  i i
be r o t  lected beconi t ny l e t  t —handed c I rcu lar  polar i zod . Th i ii
ray w i 11 go th roug h t he I i r st  gu ar  t er—wav e  I l l  . it t ’  5 iqa  in and
become vertically linear po lart.~od. At the iip i wr i c a l m i r r o r
i t wi  11 be p a r t i a l l y  r e t  I ected w i t  l iout  chanii i nq i t  S St a t e
polar i ~at ion b u t  become col i i  ma ted . t r i g t ii rough t he f i
quar  te r—wave  p la te  again , i t  w i  11 becone it ’ !  t handed c i r cu 1 a
polar i zed . T h i s  ray wi  1 1 p a r t i a l l y  go t h r ou gh  t he second b eam—
s p l i tt e r  w i t h o u t  any change iii d i r ect i o n  or st at e  ot p o l a r i : ‘ a —

ion .  Going t h rough  the  seeond q~~ai te i —wave i i c i t  t I t w i 1 1 he—
come v e r tic a l l y  polar r zed , arid because t h i ’ l a st  p o lar  i zt ’r
is o r i e n t e d  vertically, t h i s  ray w i l l  have ma x i mum t r a n s m i t  tanct ’.
This ray  w i l l  fo rm par t  of t he image  at i n  t i n  i tv , eel i i  mat  t ’d
image , or wha t  we ca l l  the Wanted  ( W ) image.
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Now , go i ny back to t l i t ’  r ay  t hat  w.i sp 1 i t in t he se cowl
bearnspl i ttt ’r [or  the  I I rs t t i P it’  , we set’ t h a t  t h e  component t h at
goes t h r o ugh  t h i s  beamsp l i t t  or w i  11 i cria i n  r i i i h t — l i a n d e d  c i r c u l a r
pol a r i zed . i t  w i  11 y~ t h r o ug h the second q u a r t e r — wav e  p la t e
and become’ h o r i z o n t a l  lv i i  near po L a  r i z o (j  . Thus , because t h e
last  l i n e a r  p o l a ri z er  i s  or i en ted  v er t i c a l , t h i s  ray will he
m i n i m u m  t r a n s m i t t e d  (cu t  or crossed ) lv the system This
ray w i 11 f o r m  the Re oct ( R )  image , bleed— through i m ag e  or
di rect t ransmi tted l i g h t  t rom the  oh ioct  t h a t  i s supposed t 0
be absorbed by t l i t ’  w indow sy s t e m.  -

P r in c i pal Ghos t images in  PANCAKE W I N D O W  Sy st  em

For t h e  sake of c l a r i t y ,  F i g u r e  2 i 1 l u s t r ~ tes on ly  t h e
two t i r s t  r e f l e c t i o n s  between th e t:wo b e am s p li t ter s , and
not s u c c e s srv e  r e f l ec t i ons  or o the r  r e f l e c t i o n s  that  t a k e
p lace . These m u l t i p l e  and secondary r e f l e c t i o n s  w i l l  f o r m
“ qhost ” i maqes . Figure 3 schen~~t i cs  t h e  “ghost ” imag es  w h i c h
f o r  t h e i r  i nt e n s i ty and/or  s t a te  ot p o 1a ri .~a tio n  can become
ob jec t ionab le  to the sys tem . The t r a n s m i s s i o n  and i n t e n s i ty
r a t i o s  of these  p r i n c i p a l “ ghos t ” im aqt ’s , f o r  5 ì  good pert ormance
w i n d o w  system are shown in Figure  4 .  I t  o b s e r v a t i o n
of these ghost  images is made us i t i g  ~i h i  g b — b r  i cjht ness sma I I
source l i g h t , i t  w i l l  be p o s s i b l e  to  observe  t h a t  each of
these ment ioned  ghost images are not s i ng l e  images , hu t  r a t h e r
a “ f a m i l y ” of images .  Also , i t  w i l l  he p o s s i b l e  to obscrve
more ghost  i mages than  the  ones that have been mentioned at
t h i s  t i m e .

h OLOGRAPh IC PANCAKE WINDO W TM SYSTEM

The holographic window sys.tem is a classical
window system wi th  two pr incipal modi f i ca t ions .  F i r s t , the
cla s s i c a l  ~pher ica I beamsp l i t t e r  m i r r o r  i s  replaced by a
holographic spherical beamsplitter mirror , and second ,
because the holographic mirror is physically flat (although
it behaves as a spherical mirror) it is now possible to
assemble all the window system in a single pIlckclIi t ’
(see Figure IB).

The principal advantages of a single package are:

1. Avoids internal air—glass rctlections .
• .~~. Eliminates two expensive anti— re flection co

cover plates .
3. The components of the window sy st em cannot  become

misaligned after cen~enting together. In the  c la s s i c a l  w i n d o w
system the linear packaqe must ho. crit ica Ilv a l ign e d  w i t h
respect  to I he h i r e  t r i ngent package , and i t  j s i t ’ I at i vo l  v
easily misaligned dur i n~i c l e a n i ng  or when  mcchn i c a l l  v I i t t  r u g

hose ~sic k ages

li ~ ±~
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SE CT ION II

FACILITIES AND APPARATUS

FACILITIES AND APPARATUS PRIOR TO PROJECT

Prior to this project , FOCI had performed years of
holographic research , however , the principal facilities
and apparatuses were limited ; they consisted of the following :

1. A Coherent Laboratory Inc. argon laser , with a
single line power of 0.5 watt , and a coherence length of
three inches. (No etalon.)

2. A l0-by-2 foot honeycomb steel holographic table ,
mounted on tires (inner tubes) to insulate it from vibration
transmitted through the floor .

3. A 12-by-20 foot holographic room (the room was
formed with black curtains within a large room area) which
was located in a part of the building where the floor is
over solid rock, and which was furthest away from any machines
or areas of high noise production.

PROJECT FACILITIES AND APPARATUS

FOCI constructed a new facility , and obtained the
follow ing apparatus for this project :

1. A 20 watt , all lines, argon laser , which was expected
to deliver 5 watts iB~L~ sing le line with the etalon .

2. An etalon to increase the coherence length of the
laser to at least one meter.

3. A partitioned laser-holographic room, in the base-
ment of another building .

4. A 72 by 42 by 10 inch granite holc’~-raphic table.

LASER ROOM AND HOLOGRAPHIC ROOM

The partitioned laser and holoqrapnic rooms (herein
referred to as holographic facility) are now located in
a different building from the original facilities. The
new location is in a basement , with provisions for electri-
cal supply , water supply, and water drainage to sewer lines.
Since there were machines on the floor above and traffic
generating relatively large acoustical noise , the holoqraphic
facility was acoustically insulated with a 1-1/2 inch thick
layer of acoustical insulation over the metal partition walls ,

15
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and w it h  10-inch t h i ck  layer acous t i ca l  i n s u l a t i o n  over a n y l o n
suspended ce i l ing . Suppression of n o ise  was q u i t e  no t i ceab le ,
and the acoustical  i n s u l a t i o n  was a p p r o p r i a t e  f o x  a bs o rh i n~
the average noise .  U n f o r t u n a t e ly ,  unpred ic ti~l- l e  m o r e n t a ry  larcie
noises of ten  x u i n e d  the  ho lograph ic  exposures .

Two Room Configurat ion

I t  is t r a d i t i o n a l  in holography for  the laser to be
mounted on the holographic  table. Because of the noise
and heat associated with the power supply and water cooling ,
FOCI pioneered the technique of using two separate rooms ; one
for the laser and other for the holographic table (see
Figure 5). The laser beam goes through a small hole in the
partitioned wall. This technique allows a much better noise-
insulated and thermal-insulated room and the ability to
monitor the laser and expose holographic plates without the
need to be in the holographic room.

The laser shutter was originally located in , and
operated froni, the laser room . Later , the shutter was
located in the holographic room , but remotely operated
from the laser room. Visual monitoring of the holographic
room and visual observation of the interferometric
monitor was made from the laser room through two small
holes in the wall partition .

Two Room Logic

It was argued (about the room configuration ) that
resonant frequencies in two separate tables (laser table
and holographic table) would cause vibration problems that
would normally be cancelled in a sing le table confiquration .
Although this argument is valid , the vibration problems which
are not cancelled in a two-table geometry are of neglig ible
importance in inter~ercmetric holoqraphic registration .

On the other hand , serious vibration and therma l prob~ tms
that would exist using sing le table geometry are
eliminated by insulating the laser from the interferometric
recording geometry using two different tables (rooms). t
In other words , any vibration-movement of the laser beam
would not produce a noticeak’le change in the holographic
plate illumination. This is because the microscope entrance
aperture is overfilled; therefore , to have a change in illumir’a-
tion , the beam displacement must be quite l a rge , And , most

16
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importantly, laser beam vibration-movement will not produce
any change in the fringe pattern , because movement. costi ng frcm
outside the interferometric-holographic geometry wiil affect.
both interferometric paths in the same way and is consequently
cancelled .

On the other hand , acc,u~ tical or thermal noise (produced
in a one table geometry) in the holographic table would
be impossible to insulate frcm the interferc’metric components
(holders, holographic plate etc.) and , being able to resonate
at different frequencies , these vibrations will not be
cancelled in both initerferometric paths . Consequently ,
the fringe pattern would move and destroy or deteriora te
the holographic recording . The argument which favored the
two rooms, two table geometry was proved experimentall y,
and worked very sucessfully.

FACILITY ENVIRONMENTAL CONDITIONS

The holographic room and the laser room (each 10 feet
by 10 feet) were built for this program with metal
partitioned walls. The room s were not provided with
independent air conditoning , however , and the outside recir
temperature was maintained at 620i.~. There was no means
to independently control temperature and humidity of the
holographic laser rooms.

HOLOGRAPHIC TABLE

The holographic table is a granite plate 72 by 42 by 10 inches ,
supported by a heavy aluninun frame with six legs that were
floated on low air  pressure inner tubes. These tubes ,
ori g i n a l l y  were connected in a s ing le a i r  c i r c u:t  to m i n i m i z e
modes of vibration. However , for practical table leveling
considerations , they were iater connected in two air circuits.
This inner tube configuration which ~i ves the greatest floor
insulation , proved to work hell , but with the inconvenience of
having long damping tine. FOCI believes that ccmii’Lercially
available vibration insulators with fast darnpirg times could
also have probab ly provided proper insulation; however
faced with a choice between better insulation at lower
cost but long damping inconvenience , and worse insulation
at higher cost. but convenience of a fast dampirg. FOCI
opted for the former. -

LASER TABLE

The laser table was a steel table with two plates.
The heaviest one was under the legs , and was supported by
four low air pressure inner tubes. The lighter toF platc
was over the table legs and supported the laser. The laser
was mounted in a U-shape cast iron beam to support the
laser over its entire length. Between the laser and U-beam

18
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were a few layers of high-frequency insulated rubber , to
• prevent the table from resonating from high frequency

noise produced within the laser. The laser was 5 feet
above the floor, and the two-plate table geometry resulted
in a heavy table (a few tons) but , for safety reasons , with
an extremely low center of gravity .

APPARATUS

High Power CW Laser

After a review of several lasers incliding the two
highest power argon lasers available , a 20 watt and a 16
watt, selection of the 20 watt laser was made for :

1. Its higher power .

2. It had a tungsten plasma tube that theoretically
was not supposed to contaminate the Brewster windows as
much as carbon or beryllium oxide plasma tubes do, and
consequently had an expected longer laser life.

During installation , an accidental electrical short
rendered the unit inoperable for a week . After repair ,
during the two weeks the unit was operating, the power
and the available coherence length were checked. It was
possi~ le to obtain between 4 and 5 watts power in TEM00
5145 A single line and with a coherence length longer
than a meter.

Holographic Plate Holder

The holographic plate holder was part of the same body
of the master mirror holder which was rigidly clamped to
the granite table. The holographic plate in this holder
was supported by three clamps , at its lower half ,
asymmetrically placed to minimize resonance effects (see
Figure 6). Interferonietric tests showed the holographic
plate vibrated with large acoustical noise and resonated
like a tuning fork because of being supported only at its
lower half. This situation was corrected by wedging a piece
of cork at the top of the plate. To further avoid
any problem with acoustical noise , exposures for the large
plates (17 inch) were made during weekends or evenings
when the plant was quietest.

19
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Figure b .  Holograph i c  P l a te  Holder .

4 
Laser Water Supp1~

Another poss~hle source of acoustical noise and oi
vibration to the laser was caused by the r u nn i n g  wate r  c o o lin g
the laser .  P u l s a t i o n  in the w at e r  hose due to pressure
variations was visually noticeable , and was audible. This
effect was investigated but could not be correlated to the
good or bad quality ot the small si.:e holograms . Considera-
t ions were made to use a water tank as a damping dev i ce for
the system , but it was never installed .

Thermal Considerations

Another possible source of instability considered
was thermal ef7ects, especially whil e uti Ii~~tnq a relative ly
high power laser. lt was reasoned that the 2mm laser beam
with a power of S watts would irradiate the first beam
expander with approximately S watts x 1 cm2 r g

- - - . - 
ii x (0.1cm~~~~~ -~wat t ’cm 2 dur i ng several minutes . I f  the lens was not c l e an ,

absorption in the glass or scattering to the ila ll s ot the
lens holder could produce a noticeable increase i n tempera t ur e.

20
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Irradiation in the microscope objective , (even though
the diameter of the beam was large , 0.5cm) , would have
resulted in 5 watts x 1 cm2 -~ -

flx 10 5 cm2 ~ 
= 6.36 watts/cm’ which would

produce a rise ii~t temperAture , mainly in the metal parts.

To avoid this thermal effect , the beam expander lens ,
microscope objective , and the spatial filter were surrounded
by a box with a small exit aperture . Close to this exit
aperture was a u i 1 . l o t i n ~ type shutter , operated from
outside the holographic room , and insulated from (did not
touch) the holographic table , (see figure 7). In this way ,
the optics were constantly irradiated and it was reasoned
that thermal equilibrium was reached , thus avoiding thermal
shock if the light was interrupted by the shutter before ,
and not after , the optics during exposure of plates. The
rise in temperature in the holder and glass was also
measured during typical exposure times. The thermocouple
that was used was able to detect variations of 1/100

• degree centigrade. It was calculated that the temperature
• change would produce displacement and consequently , the

holder was shielded from the light.

MICROSCOPE
08JECT/ VE

EXP,4A/OER 
~~~~ I r— SPA TIAL.L EMS FIL TER

SHU~~~ER

Figure 7. Thermal Box
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Laser Operation

After considerable time was spent r e c t i f y i n g  f a c i l i t y
and apparatus problems (which were not the princi pal problems
as was determined later) the holographic results were still
practically the same, poor. What was most confusing was that
stability of the laser was good at times , and by chance ,
coincided with the holographic plate exposure improvement.
It was then concluded that the cause of the problem had been
found .

4 With continued interferometric monitoring of the
holographic exposures, the laser mode jump was finally
detected visually ; the problem became known and allowed
a correlation without any doubt between the bad results
and instability of the laser. It was also a logical
explanation for the black bands observed in the large size
holograms.

The laser started operating with an all lines power
of over 20 watts , and with the etalon it was possible to
obtain about 5 watts single frequency . Nevertheless , to obtain
a “visua l stable fringe ” and single frequency it was usually not
possible to obtain over 3 watts . It is believed by FOCI
experimenters that in the high power cw lasers, the loca-
tion of the etalon is not correct. It is true that the
etalon will require a minimum aperture to operate at maximum
efficiency , when placed close to the plane mirror i n  a
piano—spherical iaser cavity configuration . Nevertheless , in
the argon laser, when FOCI tried to isolate the 5145 green

• line frequency , it was found that due to the much h igh e r  g a i n
of the 4860 single frequency blue line , it would also resonate ,
unless the etalon was appreciably o~ f-axis. To FOCI , this
meant the increased efficiency wh ich could be achieved

• • having an intra cavity etalon would be worthless. T h i s
effect was discussed with the manufacturer , and they agreed
to install an extra cavity etalon . (It was unfortunate
that time considerations and laser behavior c o n s i d e r a t i o n s
forced FOCI to change to the 16-watt laser , which also presented
the same problem with the etalon.)

FOCI obtained from the second manufacturer a new model
16-watt laser on a two week trial basis. This unit had a power

• output similar to the 20-watt laser and operated most of
the time with good stability . The etalon , it is thought ,
is also located in the wrong place (intra cavity) and again ,
although it was possible to obtain over 5 watts s i ng l e  I r e -
quency , to obtain it on a continuous stable basis it was

22
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necessary to m i s al i g n  the etalon to about 3-watts  power.
W i t h  t h i s  laser FOCI was able to obtain several 17 inch
holographic spherical beamsplitter mirrors without the
black bands or any defects that can be correlated to vibra-
tions or l iser instability during the several minutes of
exposure time . The only problem that was experienced with
this laser was a change in the water supply for cooling.
The water pressure was marginal and often dropped momentar ily ,
but long enough to cause the laser to shut off automaticall y.

At the same time that FOCI was using this second argon
laser on a trial basis , a surplus two year old argon laser
with a rated power of 10 watts (when the unit was new ) “all
lines ” was purchased from the second manufacturer. This laser ,
after installation , began operating wi thou t  any problem , and
it was possible to obtain approximately 2 watts 

~~~~~~~~~~~~ 
sing le

frequency operation. The stability of this laser was good for
periods of a few days , and then bad for another few days. This
correlated , at the beginning , with a high voltage fluctuation
in FOCI electrica l supply, but later it seemed to be more closely
correlated to the gas change in the plasma tube. These gas
changes resulted from the requirement to recharge the plasma

‘ 
tube periodically as pressure leaked o f f  from usea~je. It i~as
observed that after recharge , laser stability was poor for
approximately 12 - 15 hours operation (full charge) then stable
operation occurred for a period of approximately 50 - 60 hours .
An unstable cond ition was no ticeable once aga in at low charge .

23 -~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~ ~

-

~~~~
--

~~~~~~
-

~ 
-

~~~~~~~~~~~~
-

~~
-

SECTION II I

TECHNIQUES AND MEASUR EMENT S

COATIN G OF HOLOGRAPHIC FILMS

FOCI’ s years of holograph ic  research have developed an
ammonium dichromated photosensitized film which proved to
be a breakthrough for the production of holographic optical
elements.  FOCI holographic  f i l m s  can be ta i lored to the
par t icu la r  appl icat ion, and th ickness  and sizes are not a
l imi ta t ion  as when commercially avai lable  photographic
gela t in  f i l m s  are used .

The coating f a c i l i t i e s  that  were avai lable  du r ing
this project were not quite  adequate. An o f f i c e , improvised
chemical and research laboratory , and e lect r ical  and optical
storage , for the Research Department were all in a relatively
small room.

The chemicals used in the preparation of the film were
prepared in this room. Also in this room , the glass plates
were washed , dried and placed in a small wooden booth for
coating . The coating method used was a gravity method , and the
rate of evaporation was grossly controlled by partially opening
or closing the booth glass door (see Figure 8).

The most disadvantageous aspect of the coating facilities
• was a lack of capability for controlling temperature and
• humidity . Also , there existed a dusty environment which caused

poor film quality .

Since it was not possible to obtain the desired quality
films in this environment , FOCI considered and experimented
with other coating methods , which could be more successfully
implemented in this environment .

In the same room, the plates were photosensitized and
then they were packed in a light-tight wooden box to be
transported to the building in which the laser/holographic
rooms were located.

ENVIRONMENTAL CONDITIONS

It is now known and established that in order to have
repeatability in holographic results (especially when
using gelatine-based films) temperature and humidity during
coating throughout developing must be closely controlled .
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Figure  8. Holographic Film Coating Booth

D u r i n g  t h i s  project , these controls did not ex i s t ,
and also , the change in env i ronmenta l  condi t ions  from
one bu i ld ing  to the other was qu i te  large . In the b u i l d i n g
in which the f i l m  was coated and pho tosens i t i zed, the room
was supplied wi th  the norma l air condi t ions  of the b u i l d i ng
and u sua l ly  the air  in th i s  room was warm and dry . In the
other bu i l d ing  in wh ich the laser/holographic  room was
located , and where the film was developed and dried , the
temperature was quite cold , and humidity relatively high.

This lack of environmental control (mentioned previously)
caused a loss of film quality , loss of repeatability of
results , and worst of all , confused some of the results ,
masking severe and important problems .

RECORDING GEOMETRY AND RECORDING PARAMETERS

rn toe recording geometry (Figure 9), a laser beam
from an argon laser operating at 5145 A in single frequency
TEN 00, is expanded with a negative lens to produce a bundle
of light which overfills the entrance aperture of a micro-
scope objective. The light focussed by this microscope

26
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objective was filtered at its focal plane by a spatial
filter. A classical , full reflecting spherical mirror is
situated on the holographic table at a distance R from
the focus of the microscope equal to its radius of curva-
ture. Distance R is not critical and is the determining
factor arriving at holographic equivalent radius of curvature

• 2f. The light reflecting from this spherical mirror is
consequently focussed at a point coincident with the

• focus of the microscope objective (center of curvature of
the mirror). Very close to this mirror is a photosensitized
holographic recording plate which records the  i n t e r f e r e n c e
pattern produced by the two wavefronts crossing the plate
in opposite directions . The distance 2f , from the focus
of the microscope objective (point source) to the plate,is
equal to the equivalent radius of curvature of~~ he holographic

- - 
spherical mirror . -

The expander lens is a coated single element piano-
convex lens of f = 5cm . This  lens i s mounted i n an x-y-z
t r a n s l a t i o n  stage [or f i n e  a d j u s t m e n t  ( s t e er i n g ) of the
laser beam . The microscope o b j e c t i v e  had a numer ica l a p e r t u r e
equal to 0 . 4  and was also mounted on an x -y -z  t r a n s l a t i o n
s tage . On t f l i s  s tage is also mounted a 10 ~ spa t i a l  t i l t e r
which  is located exactly at the focus of the  microscope . The
spa t i a l  t i l t e r  is  eas i ly burned at h i g h  power if  a m i sa l ign m e n t

• occurs or i f  i t  is a l igned  at f u l l  power. Never the less,
FOC I was able to use , even at 5 wat t s  power , the commerc ia l ly
a v ai l a b le  spa t ia l  f i l t e r s  m a n u f a c t u r e d  for  low power CW
lasers .

A b e r r a t i o n  of expander lens w i l l  af f e c t  i l l u m i n a t io n ,
and r e su l t  in  “ho t  spots ” on the holograph i c  p l a t e .  A b e r r a t i o n
of the microscope ob jec t ive , wh ich  is the po in t  source , w i l l
cause w a v e f r o n t  a b e r r a t i o n s ;  these a b er r a t i o n s  could be
d e s c r i b e d  is second order of m a g n i t u d e , thus a f f e c t i ng  the
h o l o g r a p h i c  p late  in a m i n i m a l way .

The sph e r i c a l  m i r r o r  is an a l u m i n u m  coated 3/ 8- inch -
t h i c k  g lass m i r r o r  w i t h  a r a d i u s  of c u r v a t u r e  ot 38 i nches .
This m i r r o r  is mounted in an a l u m i n u m  f r ame  tha t  was clamped
to the granite table (see Figure 6). In the same t rame ,
and as c lose  as possible to the mirror (to minimiz e
coher ent  leng th requ i rement s) , was clamped the holograp h i c
record ing  p l a t e .  For the smal l  holograms , 4 -by -S  in c h  t e st
plates , the geometry was identical , and a smal l  p la te  ho lder
supported the plate in the  same p l ane  as the  1 7— i n c h  p lates .
The photographic shutter t ha t  was use -I in the beginnin g
burned at this power; however , the shutter that FOC I d e s i g ned
(see Figure 10) was not only capable o1 withs tand in~ t h i s
power , but also avoided strong reflections or concentration
ot heat which could cause therma l problems .

28
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Figure 10. Shutter

HOLOGRAPHIC PLATE EXPOSURE

The 5145 A single frequency TEN00 line usually
has a power at the beam of 3 to 4 watts. Illumination
at the hologram plane will vary from 15mW/cm 2 to a minimum
of 0.5mWJcni2. Illumination goal for the 17 inch holo-
gram plates was for a uniformity of 50 percent between the
center of the plate and edge; non-uniformity would effect
diffraction efficiency . Power at the plate for this
uniformity was about 1 mW/cm2 at the center and 0.5 mW/ar~at the edge. Exposure energy was usually about 400 mJ/an
Best results were obtained with an exposure time of about
7 minutes. If exposure time was longer than 10 minutes ,
the probability of vibration or laser instability problems
was high. It was possible to reduce exposure to an
energy of 100 mJ/cm2, by maintaining energy level and reducing
exposure time , however , the developing process needed
to be slightly modified . Reduced exposure resulted in
a plate that was not hardened as much as those obtained at
higher exposure levels , therefore , they were hardened more
during their developing . Plates made at reduced exposure
levels had lower diffraction efficiency , but still within
the project specificafions .

29
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• DEVELOPING

Developing  of the p lates was i n i t i a t e d  in  the laser
room in wh i ch is located a sink covered with a wood enclosure
for dark room considerations (see Fi gure 11) . The 17—inch
plate  was wate r -washed , w hi l c  r o t a t i n g  on a t ab le , w i t h  the
water  coming f r o m  . an above shower .  Water  f r o m  the s i nk
was collected in a 5 0 —g a l l o n  tank and pumped to the  sewer
l ine . Chemical develop ing was done on a workbench outs ide
the laser room , and the p lates were d r i e d  in a booth wh ich
was kept at a low humid i ty  level us ing  “ d r y r i t e” (a h u m i d i t y
absorbent chemical which  changes in color to i n d i c a t e  i t s
s a tu r a t i on  l e v e l ) .

- -—-~~~~~~~--  - 

-

~~~~~~~~~~~
- 

- ~~— 5HOWER HEAD

~~~~~~~~ /7- INCH
-

~~ HOLO6R,qpH,~PLATE

_ _ _ _ _ _ _ _ _ _  SINK

.1 _

Figure 11. Developing Enclosure
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j REVIEW OF TECHNIQUE

The f i r s t  group of 4-by 5- inch holographic  test samples
were relatively poor quality , but worst  of all , the resul ts
were unpredictable. The Mikelson interferometer , utilized
during exposure time to control coherence length of the
laser , and vibrations , provided indications of fringe
instability . This fringe instability was not very noticeable
when the arms of the interferometer were approximately the
same length , but became noticeable when the length of the
arms became different.

Principal laser instability was not caused by a
continuous change of mode of oscillation , which would have
been clearly noted by interference fringe instability ,
but rather , was produced by a j ump from the selected mode
of oscillation to another mode of oscillation . This meant
that when observing the interference pattern in the moni-
toring Mikelson interferometer , the fringes looked stable ,
and were stable over periods of one minute ; but then the
mode changed (frequency of the emitted light changed) and
the fringes , although remaining stable , suffered a chanqe
of position . This change (very fast) in fringe position
was not visible , and the laser appeared to operate in a
stable manner. During the holographic exposure of several
minutes , the fringe stability was monitored visually and
it was not possible to observe any disturbance , although
in reality , the fringe pattern had changed , shifting
posi tion usual ly  more than once during the exposure time .

This laser instability caused the 17-inch holograms
to have extensive black bands in an u n p r e d i c t a b l e  way ,
depending on the area in the large p late to which  i t
corresponded (a clear band producing a good hologram , or
a black band producing a very bad Qio signal) hologram);
and to produce e i t he r  a good or very bad 4-by 5- i n c h  holo-
gram .

These black band e f f e c t s  were produced when the  laser
j umped mode of osc i l l a t ion  two or more t imes d u r in q  exp osure
time . This  jump in mode of o s c i l l a t i o n  means a c lian qe in
the f requency of the emi t ted  l igh t .  This  also means sm~i1l
changes in the spacing of the p lanes of d i f f r a c t  ion holo-
g r a p h i c a l l y  recorded , and f i n a l ly  t h i s  means the r e c o r d i ng
of d i f f e r e n t  holograms w i t h  f r i ng e  spacings  so close to
each other that they will produce a m o i r e - e ffe c t  (tciice
effect) which is observable as black bands.
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H a v i n g  ob ta ined  some good holograms us ing  the small
plates , and f a i r  holograms in the 17-inch plates , i t  was
t h o u g h t  : i ii t i al ly  t h a t  the problem was related only to
the large p lates , and most probably to the large  p la te
holder .  The holder cons t ruc t ion  was revised , and a c o u s t i c a l
noise and poss ib le  therma l displacement were ex tens ive ly
inves t iga t ed .  In total , about 200 4-by 5- inch plates , and
about 20 17- inch plates  were exposed. From the la rger  p la tes
10 had dark bands , f i v e  had too much sca t te r ing, and f i v e
appeared r e l a t i v e l y  good . The d i f f r a c t i o n  e f f i c i e n c y  of
these plates was between 35 and 60 percent .  The one tha t
had the least number of cosmetic defects was selected to
be used in the Holographi c PANCAKE WIN DOW TM system .

ASSEMB LY OF HOLOGRAPHIC PANCAKE W INDOWTM

The holographic PANCAKE WINDOW TM sys tem was assembled
as fo l lows  (see Fi gure 1B).  The l inear  polar izers  were
cemented , respectively, •~~ C I ) O f C ( (  ~1 is~~ ~~O’ 01. L~ 1 l t  05. The
holographic spherical  beamspl it te r  mir ror  was cementea to
one of these l inear polar izers , being ca re fu l  that  the holo-
gram was kept in a low humidity environment all the time (before
cementing). The two quarter-wave plates were cemented to
each face of the plane beamsplittcr mirror. The three
packages were cemented together , and photometric alignment
was accomplished to minimize transmission of direct light
or bleedthrough .

ANALYS I S

VISUAL ANALYSIS AND OBSERVATION OF TIlE HOLOGRAPHIC
BEAMSP L ITTE R MIR ROR

The holographic spherical beamsplitter mirror selected
to be assembled into the holographic PANCAKE WINDOWT~I
system was only visually analyzed prior to assembly . This
was because of the lack of proper environmental facilities ,
causing concern that the hologram could be destroyed before
being cemented .

Visua l resolution of an Air Force resolution chart
image reflected by the holographic spherica l beamsplitter
mirror was simi lar to that which was obtained with a master
classical mirror. Scattering was not noticeable , and no
cosmetic defects were found wh L ch were objectionable , or
exceeded specification limits of this project. No serious
lack of uniformity in the performance over the ent~rc area
of the mirror was noted , and there was no visua l difference
in performance between on-axis and off-axis performance

• for the expected useful angles . FOCI visually judged that
performance of the m i r r o r  was as expected , and q u i t e  acceptable.
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VISUAL ANALYSIS AND OBSERVATION OF HOLOGRAPHIC PANCAKE
WINDOWTM SYSTEM

Visual examination conclusion was that performance of
the holographic window was inferior to a similar classical
window . The on-axis performance was especially disturbing

• because of a ghost glare , and a low contrast in the colli-
mated image , with considerable loss of resolution . When
tilted and observed off-axis , the holographic window pre-
sented a great improvement in performance at some particu-
lar observation angles , comparable at these angles to the
performance of the classical window system. Also , per-
formance over the entire area of the holographic window
system was not uniform , having better performance in areas
at the edges than at the center; and better performance for
some off—axis angles than for on—axis , contrary to the usual
case.

Dispersion effects (chromatic effects) with white
light were not disturbing at this poor level of performance .
Visual performance did not improve noticeably when narrow
band illumination sources were used .

Holographic PANCAKE WINDOWTM Ghost Images

The holographic PANCAKE WIND OW TM ghosts , as far as
visual recognition would permit , did not appear to be different ,
(except intensity ) or a greater number than in the classical
window . Because of the zero saggita of the holographic
spherical beamsplitter , reflections between the beamsplitters
produce ghost images that are displaced , or at a different
distance , from the closest surface , to the observer of the
holographic window system.

Intensity or brightness of the ghosts seemed higher
in the holographic PANCAKE WINDOWTM system than in the
classical one.

A closer observation of these ghosts in the holographic
window system revealed that new ghosts were present , but
superimposed on the classical ghosts (see Figure 12). Later ,
this fact was verified using a holographic window system
built with three packages similar to the classical window
system. Tilting or changing the separation of these packages
allows differentiation of the new ghosts. The top of Figure
12 shows the ghosts positions for an assembled window ; the
bottom illustration shows differentiation of the ghosts when
the packages are separated. Identification of these new ghosts ,
their origin , properties , and elimination or reduction is
being analyzed under contract F33115-76-C-0055 and will be
reported thereunder. 
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PHOTOMETRIC MEASUREMENTS

DIFFRACTION EFFICIENCY VS. WAVELENGTH

A holographic spherical beamsplitter similar to the
one used in the holographic window system was photometri-
cally evaluated to obtain its diffraction efficiency vs.
wavelength (refer to Table 1).

Table 1. DIFFRACTION EFFICIENCY VS. WAVELEN GTH

Wavelength Diffraction E f f i c ie n c y

nm Percent

500 -

510 — -•

520 1.14
530 5.0
540 6.0

550 41.0
560 81.0
570 3 4 . 4
580 . 19.4
590 —

TRANSMISS ION

Transmiss ion of the ho lograph ic  window syster ~ and
brightness of the ghost images were measured p h o t ome t r i c a l l y .
(R e f e r  to Section I d iscussion of ghost images .)  Transmiss ion
varied from 0.1 percent close to an on-ax is  p o s i t i o n , to 0 . 9
percent in some areas of the window . These ghosts have so
great a variation , depending on angles and position , that a
meaning ful representative value cannot be reached . Sample
photometric measurements that were made are tabulated in
Table 2.

Table 2. SAMPLE PHOTOMETRIC MEASUREMENTS

Transmis s ion  
-

Sample Wanted Reject R2 R3
No. Filter Source Image Family Eamily Family

1 None 100 0.17 0.039 0.005 0.003
2 None 100 0.11 0.0~ 7 0.038 0.027
3 562nm 100 0.3 0.12 0.007 0.004
4 562nm 100 0.8 0.16 0.04 0.01

_ _  Li
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COMPUTER ANALYSIS

The Optical Desi gn department computed performance of
a holographic spherical  beamspli t te r  in a i r , usinci  the
holographic HOAD program (of Dr. John Lat ta  of E R I M ) .

Figures 13 through 17 show a comparison of the computed
(solid line) and measured (dots) collimation of the 17-inch
diameter and 17-1/2-inch focal length holographic window
system .

The measurements and computations were performed f o r
• a f l a t  object  placed at the ax ia l  focus  w i t h  a p u p i l  p laced

17 . 5 inches f rom the window . The computa t ions  were
performed for  a holographic  m i r r o r  in a i r , w h i l e  measurements
were made on the cemented assembly of the holograph i c  w i n d o w
system . The agreement  seems q u i t e  good e s p e c i a l l y  when one
takes in to  account the limited sharpness visible for the
target  r e t i c le .  U n f o r t u n a t e l y  these measurements  w ere
made for  the purpose of t e s t ing  a computer prociram f o r
holographic  e lements in genera l , and t h e r e f o r e , o ther  areas
of in teres t  were not documented . Use of a flat object caused
the l imi t ed  sharpness , and c o m p u t a t i o n s  in air versus
measurements on a cemented assembly are  not ideal , hu t  were

• s u f f i c i e n t  to prove the computer pro~iram .
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SECTIbN IV

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

GENERAL. Although overall performance of this holographic
window was inadequate in FOCI’s opinion , it was encouraging
to note that performance was good in limited areas, and at
limited off—axis angles, since these areas and angles were
not necessarily the ones in which theoretically better per-
formance could be expected. These facts reinforce FOCI ’s
conviction that although there are still unresolved problems ,
the holographic PANCAKE WINDOWTM system is feasible.

Under this contract FOCI produced a 17-inch-diameter
holographic window system. This holographic window
is basically a classical window in which the spherical
beaxnsplitter mirror has been replaced by a holographic
spherical beamsplitter mirror. This substitution is the
basis for the low-cost, lightweight PANCAKE WINDOWTM

infinity display .

• The experience gained during this project is related to
the production of the 17-inch-diameter , 17-inch focal length ,
holographic spherical beamsplitter mirror, the largest
holographic element of this type produced thus far.

In the course of this project, FOCI had to deal with some
major new problems, not all of which have been satisfactorily
resolved. These problems and their status are outlined in
the following paragraphs.

PROBLEMS STATUS

Handling High Power Argon Lasers. FOCI had problems with
the f i r st laser, which was a 20—watt argon laser , in terms
of obtaining reliable operation and a stable output. Lack
of a scanning Fabry—Perot etalon to continuously monitor
laser output stability caused a considerable loss of time
and material , and created some early difficulties in inter—
preting holographic results. The second laser, a 16-watt
argon laser obtained from a second manufacturer , behaved
in a more reliable way and its output was usually stable. 
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FOCI gained experience handling high power lasers and
reached the conclusion that the interferometric and visual
monitoring of the laser output utilized during this effort
was not sufficient. In a new facility , it would be desir-
able to continuously monitor the output of the laser for
single frequency with a scanning Fabry-Perot etalon , espe-
cially during exposure of films . The monitored output should

) 

in turn be displayed by mean s of an osci lloscope.

Facilities and Apparatus. A new approach has been tested
whereby the laser is supported on its own table in a separate
room rather than on the holographic table. This technique
provides considerable advantage in (a) easier handling of
the very long high power argon laser, (b) better control of
vibration associated with the laser , and (c) higher insula-
tion , both thermal and acoustical , of the holographic table
during time of exposure of the plates. This approach has
been tested and proven successful.

FOCI’s holographic table and holographic room have
also proven to be adequate.

Environmental Conditions.

Room facilities for coating preparation , photosensitizing
and developing of the holographic films were not adequate.
The greatest deficiency was the lack of clean-room facilities ,
along with the fact that these processing rooms were located
in different buildings. There was during this project little
or no control over environmental parameters , and these para-
meters also varied from one building to the other.

HOLOGRAM QUALITY ASSOCIATED WITH FILM CHARACTERISTICS

Lack of flatness of the film , nonuniformity in thick-
ness , and nonuniformity in hardness will cause a lack of
un iform response over the entire area of the hologram ,
especially in large size elements. These problems still
existed at the end of this project but to a lesser extent
than at the project outset. They are attributed to the lack
of proper facilities and environmental controls previously
discussed .

Flatness. Lack of flatness is related to three principal
causes:

1. Orange peel effect produced when the film is allowed
to dry too quickly and a rapid evaporation has taken place.
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2. Craters and other surface defects resulting from
dust settling over the coated film during its liquid phase.

3. Nonuniform evaporation over the total area causing
some areas of the film to dry before others.

Thickness, Lack of film uniformity is principally due to:

1. Improper leveling of the coating surfact (FOCI’s
coating technique relies on gravity).

2. Nonuniform evaporation over the total area.

Hardness, Lack of hardness uniformity and/or control of
film hardness is due principally to:

1. Lack of environmental controls especially on
relative humidity and water temperature.

2. Improper coating techniques as enumerated above,
since any irregularity in the surface , or in the drying of
the film , will produce strains which will affect the hardness
or molecular cross-linking.

IMAGE QUALITY DETERIORATION RESULTING FROM HOLOGRAPHIC GHOSTS

Holographic ghost images produce a deterioration of
resolution and contrast of the desired reflected image.
These ghosts have been classified as follows:

Lenticular Ghost. This ghost is produced by the holo-
graphic mirror as if it were also working as a lens. During
exposure a transmission type hologram is produced along
with the desired reflection type hologram . The reason for
this is not fully understood ; however , it is probably due
to internal reflections and/or multiple reflections of
construction beams. This ghost image focuses at the same
distance as the reflected image (the hologram has the same
focal length, working as a mirror or as a lens).

4 The characteristics of this ghost with regard to mono-
chromaticity and intensity are not constant and have not yet

- • been determined . Experimentation results with wet cells
to determine exact origin of these ghosts will be reported
under Contract F33C1 -76—C—0055.

Multiple-Order-of-Diffraction Ghost. If the hologram is
produced in such a way that the light is not diffracted
primarily in the first order of diffraction , but rather in
multiple secondary orders, then the holographic mirror behaves
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as a mirror of multiple power , and different images are produced
simultaneously . This problem can be eliminated with the
proper control of holographic production parameters.

IMAGE QUALITY DEGRADATION RESULTING FROM HOLOGRAPHIC PANCAKE
• WINDOWTM GHOSTS

Because the hologram is working as a spherical beam-
splitter mirror , the lenticular and multiple—order—of-diffraction

+ 
ghosts will deteriorate image quality of the holographic
window system. These are new ghosts related to the
holographic beamsplitter mirror.

Ghosts inherent in the classical window system
are also present in the holographic version , but are in
different relative locations due to the lack of spacing between
the two beamsplitters, i.e. the holographic window system
is a single flat package while the classical window system
has two flat packages and a spherical beamsplitter mirror.

SUMMARY

To summar ize , this development effort has:

• 1. Provided invaluable experience with the handling
of high power argon lasers .

2. Provided experience dealing with holographic vibra-
tion problems.

3. Demonstrated the inadequacy of FOCI ’s holographic
facilities , especially with regard to clean-room facilities
and control of environmental parameters.

4. Proved that a two- room, two-table geometry is
superior to a single room/table configuration .

5. Brought to FOCI’s attention a series of new ghost
images which seriously degraded resolution and contrast of
the holographic window system.

RECOMME NDATIONS

GENERAL. Results of this project encourage the recommendation
that a continuation of the development of holographic tech-
niques for the production of a l~~ cost, lightweight holo-
graph ic PANCAKE WINDOW TM system be pursued . The continued
effor t will  not be a purely research ef fo r t, but rather
have a definite goal in mind; i. e., the practical and efficient
production of a large aper ture li ghtweight holoaraphic
PANCAKE WINDOWTM system.
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MASTER PLAN FOR ADDITIONAL DEVELOPMENT

Under a continued development program , our goal is to 
$

achieve with good repeatability, a holographic film that is:

1. Flat

2. Uniform physically (thickness) and chemically
(hardness).

The culmination of this effort will be the manufacture
of three (21-by 24—inch) holographic on-axis spherical beam-
splitter mirrors with a focal length of 18.1 inches and a
diffraction efficiency of 45 + 5 percent which will in
turn be used to manufacture three holographic PANCAKE
WINDOWSTM.

It will also be our goal under this development program
to analyze completely , eliminate , or reduce the ho~ographicghosts and holo9raphic PANCAKE WINDOWTM ghosts that are
seriously deteriorating the image quality produced by this
system.

Most of the recommended experiments will be primarily
aimed at achieving repeatability and/or a finer technique .
The basic research and (gross) relative importance of the
holographic parameters have already been undertaken and
established by FOCI.


