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U NC LASS FIE 1

transmissiott holou-ram Lens dev-ign,- of Phist- 1, Contract IN62269-7 i-j
C-0 388, Holographic Len, for Pilot',, Iead-Up Display. The work

tis icluesdesigln ofpo ssint- quipment for large holographic
lens elements i-t-corrdL d on I h in. %z 18 in. d1yu-sensitized dichnomatted

~7gezlatin., holographic plates-. 1 S in. x IS in. % 01. 25 in. thick photo-
graphic plates %%vrv pre, utd under thi.- contrat. t.

B~ased on the 'continuous lernK design approac-.h, the specified con-
struction beam-, consist of a dliverging point sourc~e 25 in. from the
hologram recording plane and a converging point source image 35 in.L behind the hologram rt-cordin% plane. The normal to the lia3logram
recording plane bisects the 50 0includeed angle of the const ruction
beams. Aberration., in the convergin pon suc iae fo
36 in. diameter, 72 in. radius of curvature spherIcal mirror, ,vere
reduced .% ith two cylin(Inica. correction eleme~nts to d sipot sizv of
0.2 in. diameter -while ':eeping irradiance nonuiniformitv -,i less than
3 ' ross the hologram apel.tuiv.

r ringe stability over the maxiim-uri, 2 hours exposure- on dye-sensitized
dichromated gelatin &as a primtary goal in assembling the construc-
tion optic., to provide the propf'r wvavefronts to .ccor(I the hologram
optical element. Envi-ronminital isolation of the construction beam
op"JkaiL system from normal in-house building vibrations and air- borne
disturbances was achieved onl a 5 x 10 x 10 in. granite optical table
supprted by six vibration isolation. pneumatic mounts and an acousti-
cal shield 5 x 9 x 40 in, hiah. tn-ho'use designed construction hard-
ware provided sta-ble mnechanical mounting of optical components on
optical axes 19-1/4 in. above the granite surface. Evaluation of thle
Completed exposure apparatu ; showed excellent short term stability
where fringe d]rifts wvere typically less than a full fringe depth per
hall hour.

Dramatic improvements on fring.- stab~ility was achieved with the
design and implementation of an interferometer pha-,e dle1zction sys-
temn and feedback fringe control electronics. The relative axial
phase of the construction beams was monitored from low Fpati-al fre-
quency interference fringes of the axial construction wavefronts.
Integrating feedback eLectronics actively lack the relative axial phase
by piezoeLe-trically translating a plane mirror in the object beam
path. Expcerimental performance cvaluation of the fringe controlled
e .-posure apparatus showed X/22 fringe stability maintained for two
hours.

Circulation drying chamber and nitrogen burst agitation tanks wero
%Acsignud for uniform processing 01 18 in. x 18 in. holographic plates
to enhance reproducibility of high quality, uniform large aperture
hologram lenses.
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PREFACE

This final report covers the work accomplished during the

period I July 1974 through 31 October 1974 under Contract Nb2269-74-

C-0642, "Holographic Lens for Pilot's Head-Up Display (Phase 2).

This work was supported by the Naval Air Systems Cormrmand under the

sponsorship of Ivr. George Tsaparas and Mr. William B. King. The

program is under the technical direction of Mr. Ed Rickner, Mr. Ken

Priest and Mr. Harold Green of the Naval Air Development Center,

Warminste-r, Pennsylvania.

The work was accomplished by the Exploratory Studies

Department of the Hughes Research Laboratories Division of the

Hughes Aircraft Company, under the direction of Dr. Donald H. Close.

The technical work was performed by Mr. Anson Au, with the able

assistance of Mr. Cesar C. De Anda, who did much of the mechanical

design and performed many of the experiments. Other contributors

were Mr, Andrejs Graube, who provided the processing equipment

design, and Mr. John F. Belsher, of the Electro-Optics Department,

who provided the reference beam , )tical system design and specification.

Mr,, Gaylord E. Moss acted as a consultant to the program and

provided valuable assistance in the conduct of all major tasks.
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I. iiwroductio- and Summary

I . INTRODUCTION

This final technical report contains a detailed discussion of the Phase 2
L NADC program tasks, objectives, approaches and results toward

developing a Holographic Lens for Pilot's Head-Up Display.

This is tb final technical report on Contract N62269-74-C-0642,
Phase 2 of the Naval Air Development Center (NADC) program to
develop a Holographic Lent for Pilot's Head-Up Display (HUD). The
work covered by this report was performed at Hughes Research
Laboratories, Malibu, California during the period 1 July 1974 to
31 October 1974. " ,

The NADC program is to develop a MUD system -feeting the optical
system parameters and perfotemance goals as stated in the NADC
"Specification for Hologram Lens Systeim M The basic s stein param-
eters are a 250 field of vi wm (FOV), an exit pupil size of 3 in. high by
5 in. wide, and an eye relief of 25 in, As a rsult of the favorable
results of the Phase I program, 2 in vhich preliminary system design
and recording material optimization led ro a demonstration of high
quality holographic 14UD imagery in a half -, ze traasmnissior. hologram
element with an off-axis angle of 400, we recornrendud a transmission
hologram configuration with an off-axis angle of 50 for thw next phase
of technology development, although the final system may not have the
same configuraion.

Because the basic system constitutes a high q'uality, off-axis eye-piece
covering a FOV of 250 from any point within the exit pupil, a hologramn
element of 16 in. diameter is required to meet the "Specifications for
Hologram Lens System." This represents major technological steps in
constructing and processing large holographic optical elements.

Phase 2 of this program, the specific subject of this technical report,
covers the design and fabrication of the appartus capable of the largc
hologram fabrication: Table 1 outlines the Tasks, Objectives, Approact,
and Results of the Phase 2 program. A delay in the completion of
Phase 2 was caused by vendors' delays on deli-ery of large optics used
in the construction beams of the recording apparatus. However, the
successful completion of the Phase 2 tasks is a big step toward suc-
cessful development of a high quality holographic HUD system. Although
the tasks in Phase 2 were performed with the recommended transmis-
sion configuration in mind, a changeover to a reflection configuration
is feasible. The ability to fabricate a large transmission hologram
lens, although it may not be the final system configuration, is a big
technological step in the state of the art of HUD design and fabrication.

8
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I. 'ntroduction and Summary

2. SPECIFIED SYSTEM PARAMETERS AND PERFORMANCE
GOALS

The optical characteristics specified by the NADC "Specification for
Hologram Lens System" are a 250 field of view, a 25 in. eye relief,
a 3 in. high by 5 in. wide exit pupil, and high quality imagery.

The basic system characteristics as specified by the NADC "Specifica-
tion for Hologram Lens System" are summarized in Table 2 along with
the performance goals. The major parameters are a 250 circular FOV,
a 25 in. eye relief, and an operating ,vavelength of 632. 8 nm (HeNe

Laser). An acousto-optical laser scanring system provides the input
to the display system on a 4 in. x 4 in. diffusing screen. In order to x

provide a 250 FOV from this source, the system focal length must be

f4in. 9.o Z tan 12.5 ° = 9. in.

Taking the 25 in. eye relief, 3 in. high by 5 in. wide exit pupil, and the
vertical tilt of the hologram element, the size of the hologram element
is approximately 16 in. diameter. Only the thin film, low weight nature
of hologram optical elements makes it feasible to consider such a large
size HUD lens.

3
The "continuous lens" design approach, invented at Hughes Research
Laboratories by Mr, Gaylord Moss, provides high optical efficiency
across the angular FOV, and has uniform correctable aberrations.
The performance goals summaxized in Table 2, are applicable to both
transmission and reflection hologram optical elements in the HUD
system. Although either a reflection or a transmission geometry can
be designed to meet the system specification, the overali.iage--quality
and -efficiency characteristics are better for a transmission system than
for corresponding reflection system. Also, because of fabrication ease
in p 'actiee. a transnission system which meets the "Specification for
Hologram Lens System" was recommended for this pha-se of technological
development.

10



TABLE 2

25 Field of View System ,

Given Parameters

Field of View 250 circular

Eye Relief Z5 in.

Exit Pupil Size 3 in. high x 5 in. wide

Operating Wavelength 632.8 nm (monochromatic)

Calculated Parameters

Hologram Size 16 in. x 16 in.

System Focal Length 9.0 in.

Performance Goals

Optical Efficiency 80% min

Resolution 1.0 mrad

Accuracy 1.0 mrad, central 12
2.0 mrad, t 25 °

Binocular Disparity

Vertical Less than 1.0 mrad

Horizontal divergent Less than 1.0 mred

Horizontal convergent Less thau 2. 5 mrad

T1373
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I. Introduction and Summary

3. RECOMMENDED SYSTEM GEOMETRY

The parametric analysis performed during the Phase 1 program led to
-the recommendation of a transmission hologram configuration with an
off-axis angle of 500 for the Phase 2 construction of a recording
-apparatus with fringe control system, and design of processing
equipment.

Based on the results of the parametric study performed in Phase I and
on the current state of the art of hologram lens design and fabrication,
a symmetric transmission hologram with an off-axis angle of 500

complying with the NADC "Specification for Hologram Lens System"
was chosen for this phase of technological development. A hologram
element size of 16 in. diameter is necessary to obtain the 250 FOV at
any point in a 3 in. high by 5 in. wide exit pupil, The system focal
length must be 9 in. in order to provide 250 FOV from the ,k in. square
diffusing screen source of the acousto-optical 1 ier scanner. The
fundamental requirements of uniform brightnesb -across the Z5 0 FOV,
limited length: and exit -pupil size, restricted the practical hologram
focal length approximately to 11.25 in. < flh < 14.4 in., which corre-
spond to relay lens magnifications in the range of 1.25 < m < 1.6.

Parametric study of ove-rall image quality anid efficiency between similar
transmission and reflection configurations led to the recommendation
of a transmission hologram configuration for constructing -the recording
apparatus and fringe control system. Another factor in the -choice of a
transmission configuration was the fabrication ease compared -to a
reflection geometry, due to lower requirements for large area fringe
stability and larse area material thickness uniformity. The system
characteristics corresponding to the geometry of the Phase 2 recording
apparatus are shown in Table 3. This may not be the final system con-
figuration, depending on the correctability of spectral flares visible in
the FOV, due to diffraction of sunlight. However, the experience,
equipment, and technology produced by the Phase 2 program can be
applied to whatever configuration is ultimately chosen.

12L



TABLE 3

HOLOGRAM CHARACTERISTICS

Hologram Configuration ......... Symmetric transmission
50' off-axis angle

Holog:am Focal Length .......... 14. 58 in.
A

SYSTEM CHARACTERISTICS

Relay Lens Basic Focal Length ...... 7. 79 in.

Relay Lens f# ................ 1. 11

Unfolded Length ............... 47.6 in.

13



I.. Introduction and Summary

4. APLICATION OF PHASE 2 TASKS TOWARD FINAL HUD
CONFIGURATION

The experience, equipment and technology covered by this Phase 2
technical report can be applied to whatever ultimate hologram element
configuration is chosen to meet the NADC "Specifications for Hologram
Lens System."

Although Phase 2 tasks were completed to fabricatz the recommended
transmission hologram with a 50 off axis angle, lhe experience,
equipment, and technology development covered by this technical report
are applicable to whatever geometry is chosen for the final system.
One of the Phase 2 tasks covers the design and construction of a full-
scale, fringe-stabilized exposure apparatus required for fabrication- of
the recommended transmission hologram optical element which meets
the NADC "Specifications for Hologram Lens System. ' Tl- "continuous
lens" approach, as applied to developing the NADC HUD, allows the
holographic optical element to be produced with a single exposure using 4
two point sources. The specifications of the hologram lens -element
determined the recording beam requirements of the exposure apparatus.
This Phase -2 technical report covers the construction beams and con-
struction optics design toward the fi11-scale symmetric transmission
hologram with a 500 off axis angle. Basicaily, the recording beams
consist of a diverging point source 25 in. from the hologram, providing

the 25 in. eye relief, and a source converging to a point 35 in. behind-
the hologram to obtain a focal length of 14. 58 in. The 500 off-axis
defines the included angle between recording beams. The hologram
normal bisects the off-axis angle, producing the symmetrical configura-
tion. Fringe stability was obtained through a phase-comparing inter-
ferometer behind the hologram. This interferometer consists of beam-
shaping optics to produce low spatial frequency interference patterns,
and a servo feedback system which actively modulates the relative phase I
of the construction beams. Further details of the construction beams
and fringe stabilizing system design and implementation will be dis-

cussed in this report. Remaining tasks of the Phase 2 program,
covered by this report, were the procurement of large photographic
plates suitable for recording hologram. ind full scale hologram
processing equipment and design.

Phase or fringe stability during exposure is necessary regardless of the
hologram geometry, although reflection geometries, as opposed to

transmission geometries, requirt a higher degree of fringe stability
during exposure due to the recorc -d fringe orientation with respect to
the hologram emulsion plane. A reflection hologram with a 50 off-
axis angle would be recorded in the construction beams described in
th-s techical repur ;f the hologram piane was rotated 90° so that the

14
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recording beams exposed oppobite surface of the holographic plate.
Other configurations, both transmission and reflection, can also be
constructed if the construction beam's diameter can expose a large
enough hologram to obtain a 250 FOV, ind if the construction beam's
layout does not exceed the surface arca oi the existing 5 ft x 10 ft
granite optical table. An interferometer phase detection system was
designed and constructed for the construction beams of the 50 ° off-

axis, transmission hologram. New beam shaping optic.: .'na r be
required for other geometries, although the basic configuration and
design of the interferometer system can be applied to any hologram
configuration. The feedback control electronics that were designed and
fabricated are totally independent of the construction beam geometry.
Of major concern in the fabrication of reflection hologram is the addi-
tional stability requirement on the holographic plate holder. A careful
design study of feasible methods of large holographic plate holding
techniques must be done. However, Hughes Aircraft Company has
successfully demonstrated the recording of high-efficiency, 2 in.
diameter, reflection hologram lenses in developing the Helmet-Mounted
Holographic Lens Display for the U. S. Air Force Aerospace Medical
Research Laboratory, Wright-Patterson Air Force Base. 4

Uniform processing is also a basic factor in the successful fabrication
of the holographic lens element. The nitrogen gas burst agitating tanks
and humidity-controlled drying chamber described in this report can be
applied to the processing of large aperture transmission or reflection
geometry optical elements. Although the dye-sensitized dichromated
gelatin material described in the Phase I final report can record both
transmission and reflection holographic oplical elements, further
optimization for large area material thickness uniformity and sealing
techniques would be important tasks should a reflection geome.ry be
chosen for future development.

The success of Phase 2 program tasks, which covers the design and
fabrication of special apparatus for fabricating the full-scale, 250 FOV,
symmetric transmission hologram with 500 off-axis angle, and the
expected success in fabricating the full-scale HUD hologram optical
element represent a major advancement in the state of the art of
hologram lens design and fabrication.

15



I. Introduction and Summary

5. SUMMARY

The full-scale hologram recording apparatus has bee-n assembled and
evaluated with the proper construction-beams and long-term fringe

control system for high efficiency recording of 500 off-axis symmetric
transmission lenses meeting the NADC I-UD lens requirements. Pro-
cessing equipment was designed for uniform processing of 18 in. x

18 in. x 0. 25 in. photographic plates, which have been received.

The recording apparatus has been constructed for 500 off-axio,
symmetric transmission continuous hologram lenses which meet the
NADC specifications for a 25 circular FOV from any point within a
3 in. high by 5 in. wide pupil, and a 25 in. eye relief. The construction
beams consist of a diverging point source 25 in. from -the center of the
hologram and a converging point source image 35 in. behind the center
of the hologram. The resultant hologram focal length is 1. 58 in.

The required hologram lens aperture for a 250 circular FOV is +8. 32 in.
and -7.-04 irt. in the asymmetric, (vertical) direction and *8 in. in -the
symmetric (horizuoxtal) -direction. The basic construction optics consist
of a 20X spatial filter/-50 mm focal length lens combination to meet -the
0. 30 numerical aperture (NA) requirement of the diverging object beam,
and a 3 in. diameter, 72 in.. radius of curvature, spherical mirror -to
meet the 0. 22 NA requirement of the converging reference beam. Off -
axis aberrations, coma and astigmatism of the large spherical mirror,
were reduced by two +8. 170 radius of zurvature cylindrical lenses, to
produce a blur diameter of less than 0.2 in. This blur diameter corre-
sponds to a maximum of 2. 86 mrad angular deviation of chief rays from
their ideal directions in the system. Irradiance variation across the
hologram aperture was reduced to less than 33%. The resultant con-
struction beams exceed the requirements necessary for constructing
the specified hologram lens.

The hologram recording apparatus was constructed on a 5 ft x 10 ft x
10 in. thick granite optical table with pneumatic isolation legs which
isolated the optical system from mechanical building vibrations, giving
a 10 times improvement in fringe stability. A 5 ft x 9 ft x 40 in. high
acoustical enclosure, constructed with six lb/ft3 mineral wool sand-
wiched between a solid 24 gauge steel outer skin and a 26 gauge perfora-
ted steel inner skin, provides good environmental isolation of turbulent
air and- high attenuation of > 100 Hz acoustical noise. This environmen-
tal isolation, along with design and fabrication of stable optical mounts,
resulted in a long-term, interference pattern drift rate of typically a
full fringe depth per half hour (without feedback stabilization).

16
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Long term fringe control was achieved with a fringe stabilizing system
which locks the relative axial phase of the construction beams for at
least the maximum required 1 to 2 hour exposure. An interferometer
system expands the axial fringe at the hologram recording plane to

V - two Tr out of phase, low spatial- frequency, radial fringes, Feedback
electronics integrates the difference phase-related output of the two
photodiode fringe detectors, and a piezoelectric mount translates a plane
mirror in- the object construction beam until-the output of the two
detectors is balanced. Nine percent ot full fringe depth perturbation,
i. e. , a stability of X/22, was achieved for 2 hours.

The processing equipment designed for uniform processing of 18 in.
square, 0. 25 in. thick, dye sensitized dichromated gelatin holographic
plates consists of a drying chamber and agitation tanks. A 40% relative
humidity chamber with circulating fan ensures uniform drying of sensi-[ tized plates. Nitrogen burst agitation tanks were designed to promote
uniform swelling and dehydration of the gelatin emulsion. After the
agitation processing the hologram can be raised directly into a nitrogen
atmosphere chamber, which is fitted over the final agitation tank, with-~out exposure to air and dust. 18 in. x 18 -in. x 0. 25 in. Kodak 649F and
120-02 photographic plates were procured and are in-house.

17



II. Construction Beam Optical Systems

I. ' ONTINUOUS LENS" CONSTPUCTION BEAM SPECIFICATIONS

Based on the "continuous lens" c.esign approach used to meet system
specifications, the construction beams required for a 500 off-axis,

Ssymmetric transmission hologram consist of a diverging point source
25 in. from the hologram and a converging point source 35 in. behind
the hologram.

The "continuous lens" design approach, described in detail in the
Phase I technical report, is basically construction beams generated 1-y
two point sources which yields high optical efficiency across the angu-.
lar FOV and has correctable uniform aberrations across the FOV. The
Phase I final report cove red parametric analysis and preliminary sys-
tern design on various hologram HUD optical olements using the "con-
tinuous lens" approa.-h. Either a transmission or reflection geometry
hologram lens can be designed to meet system specification, and a
transmission configuration was chosen for the Phase 2 development
program.

In thef "continuous lens" apprcach, the holographic optical element is
constructed with one point soarce in the center of the system exit pupil,
and the other construction point source is Located at the image of the
system exit pupil formed by the hologram. Based on the system
studies and recommended hologram characteristics of the Phase I pro-
gr-m, a symmetric transmission hologram with a 50o off-axis angle
was chosen as the coifiguration for which the Phase 2 construction
beams were designed. A diverging point source located 25 in. away
from the hologram, at the center of the 3 in. high by 5 in. wide exit
pupil, defines the 25 in. eye relief of the hologram lens I-UD system.
A converging point source is located 35 in. behind the hologram to give
a hologram focal length of 14.58 in. The basic relay lens focal length,
determined by the 9 in. system focal length requirement and the holo-

gram focal 1h gth, is 7.79 in. The maximum 5 in. exit pupil width
determines a required relay lens f # of I.11. The resultant unfolded
length of the system from the hologram to the 4 in. 2 diffusing screer.
input source is 47.6 in. A vertical view of the resulting HUD system
is shown in Fig. l(a) with the -orrespondi-ag construction beams shown
in Fig. l(b). The overall size of the hologram aperture, shown in
Fig. 2, is determined by the system requirement for 250 FOV visi-
bility from any location within the 3 in. high by 5 in. wide pupil.
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iI. Construction Beam Optical System

2. CONSTRUCTION BEAM OPTICS REQUIREMENTS

A diverging point source, 25 in. from the hologram, with 0.33 numeri-
cal aperture, is formed by a 20X spatial filter, -50 mm focal length
negative lens combination. A 36 in. diameter, 72 in. radius of curva-
ture spherical m-irror form-s a 0.23 numerical aperture point source
image 35 in. behind the hologram.

A spatially filtered, diverging beam, from a point source 25 in. away
from the hologram, and a converging beam, formed by using a 36 in.
diameter, 72 in. radius of curvature spherical mirror with two cylin-
drical correction lenses to produce a point source image 35 in. behind
the hologram, form the construction beams. These construction beams
are required to fal)ricate tbh full scale, symmetric transrnssion holo-
gram optical element described in Section II-1, which meets the NADC
s stem specifications. The "continuous lens" approach taken describes
the location of the two construction beam point source locations, but
the hologram aperture required for a 250 FOV determines the numeri-
cal aperture of the construction beams and consequently the construc-
tion optics size.

The overall aperture required t provide the 250 FOV from any point
.n the 3 in. high by 5 in. wide ,xit pupil of the systc --n ,,ust be +8.32 in.
and -7.04 in. in the asymmetric vertical direction with reference to
the optical axis and +2 in. in the symmetric horizontal direction. With
the locations and distances of the construction beam point sources from
the hologram determined by the construction beam specifications, a
convenient measure of the required beam sizes is the numerical aper-
ture (NA = SINO, where 0 is the half cone ang e of the beam in air with
reference to the optical axis).

A numerical aperture of 0.30 is required in the object beam (the
diverging beam) in order to provide a beam di. --'er large enough to
fill the hologram aperture. A 2OX spatial filter and a 50 mm focal
length, negative lens are used to provide this ob'iect beam. Consider-
ing only 0.16 NA of the available C. 50 NA of the 20X objective, to
en ure uniform intensity by using the top portion of the Gaussian in-
tensity distribution over the 0.50 NA, Fig. 3(a) shows the NA require-
ments of various sectors of the hologram aperture along with the NA
provided by the optics used to provide the object point source. The
symmetric horizontal NA are shown in brackets.

A 36 in. diameter, 72 in. radius of curvature spherical mirror
reflecting at 300 angle provides the converging point source image
35 in. behind the hologram. Figure 3(b) shows the NA requirements of
various sectors of the hologram aperture, along with the NA of the con-
struction beam provided by the 36 in. diameter spherical mirror
meeting these requirements. The 36 in. diameter, 72 in. radius of

20



curvature mirror was manufactured at John H. Ransom Laboratories,
Inc. in Los Angeles, California. The mirror was shaped out of a
1-1/4 in. thick pyrex blank to a specified surface quality of 1 fringeF per in. and a radius tolerance of ±1/4 in. The mirror surface consists
of an evaporated aluminum film with a silicon monoxide overcoat. Due
to expected delays in delivery of this large optical element, a 14.38 in.
diameter mirror with the same characteristics was procured and used
to test the apparatus prior to the delivery of the large mirror.
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II. Construction Beam Optical System

3. REFERENCE BEAM CORRECTION OPTICAL SYSTEM

Two cylindrical lenses, -8. 170 in. radius of curvature, located between
the reference point source and the 72 in. radius of curvature m'*rror,
provided optimum compensation of the tilted mirror aberrations to
produce a reference image point blur diameter of less than 0.2 in.
diameter.

The reference construction beam, as specified in Sections Il-1 and 11-2,
was to converge from a 36 in. diameter, 72 in. radius of curvature
spherical mirror to a point 35 in. behind the hologram. In order to
provide proper clearance from the holographic plate holder, to meet the
required size of the hologram aperture, and to minimize aberrations,
the reference source and image points were located on lines ±150 from
the axis of the mirror. Correction optics, consisting of two cylindrical
lenses, :18. 170 in. radius of curvature, were computer-designed to
provide -optimum compensation of the large amount of astigmatism and
coma in the reference image point due to tie E150 off axis use of the
spherical mirror. The resulting blur size of the corrected image point
was reduced to less than 0. 2 in., which meets the requirement for
construction of the HUD hologram lens. The reference beam irradiance
at the worst edge of the hologram aperture was less than 33% above the
irradiance at the center of the hologram. This correction optics design
and analysis was performed by Mr. John F. Belcher in the Optics
Department of the Electro-Optical Division of Hughes Aircraft Company
at Culver City, Los Angeles, California.

With the reference source and image point 115 ° .from the optical axis
of the 72 in. radius of curvature spherical mirror, the vertical
(asymmetric) fan of rays of a reference point source 72 in. from the
mirror focus to a horizontal line 67. 37 in. away from the mirror, and
the horizontal (symmetric) fan of rays focus to a vertical line 77. 87 in.
away from the mirror. This astigmatism, 10.5 in. separation between
the two foci, is corrected by locating a pair of cylindrical lenses
between the reference beam point source and the mirror, as shown in
Fig. 4. This pair of d:8. 170 in. radius of curvature cylindrical lenses
produces an apparent source 10. 5 in. closer in the asymmetric direc-
tion than in the symmetric direction.

Tilting the negative cylindrical lens 70 in the aiymmetric direction, as
shown in Fig. 4, substantially reduces lower order coma, balancing
the geometrical aberrations enough to reduce the blur diameter to less
than 0.2 in. diameter. The resulting reference beam nonuniformity at
the worst point was less than 33% above center illumination of the
hologram.
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4 The positive and negative cylindrical lenses were custom nade at
- Harold Johnson Optical Laboratories in Los Angeles, California. Both

cylindrical lenses were shaped out of fine annealed glass (Type 517-642) A
with a cylindrical surface quality of I fringe per in. The 8. 170 in, 4
radii of curvature of the positive and negative cylindrical lenses were
held to a tolerance of h0. 05 in. The cylindrical surfaces are coated for
a reflectance of less than 0. 5% at a wavelength of 647, 1 nrn.
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Fig. 4. HUD hologram construction beam optical layout with aberra-
tion correction cylindrical lenses in the reference beam.
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1. ConstIEruction Beam Optical Systemi

4. CONSTRUCTION BEAM CHAR ACTERISTICS

fConstruction beams, consisting of an unaberrated object point source
and a corrected reference point source imjage, in the recording appa-
ratus e-xceed those required for construction of the full scale, 500 off -

jaxis, symmu-etric transmission HUD lens.

The construction bearr. optical system of the full scale symmetric
trans mi-;sior hologrtam lens 'recording apparatus meets 'systemn speci.-
fications for a 3 in. high by -5 in. wide exit pupil with a 25 ini. eye relief,
250 FlO.VI syst,!rn i0 of 9 in. ,and the design requirement for high optical
efficiency acrass the IFQV at trie center of the pupil. The construction
beams consist of ain uniaber-rated object point source at the center of
the system exit pupil and a corrected reference point source imlage
35 in. behind the hologram,. Aberrations in the reference point source
image were reduced to a blur size of less than 0. 2 in. to rni-imize
angular deviation of the cr.nstruction beam ray directions from the
chief rays of the specified HlUD systena, thereby maintaining high chief
ray efficiency. The rermaning comna In the refe-rence beam point source
image can he taken into iaccount along with the residual er-ror of the
H-UD system during the relaiv lens design to reduce system errors to
meet specifications,

The spatial filter/negative lens combination provides an object beam
with unifo-rn illumrination ac ross the hologram aperture. The charac-
teristics of the co-rrected reference point source imnage from the spher-
ical rnirror are showvn in Fig. 5(a). These show computer ray trace
data for symnmetric (x) and as, -mr-..ric (y) fans of rays, plotting
intercents at the reference pin. sou.-ce image 35 in. behind the holo-
gran- versus thv interct:pts )f the reference construction beamy at the
holograrmy aperture. T-ne r.aximurn deviation, shown. on these geometri-
cal aberration curves, of I I in. from the location of an unaberrated
point source image at the -origin of the g-raph, corresponds to a 2. 86
(tan-) 0. 1/35) in-cad anguiar deviation from the chief ray of the system
interceptiAng :18 in. of the Qi~mmetric holojgram) aperture. This angular
deviation, compared to the angular hail' bandwidth deviation before 5
diffraction efficiency drops to zero, Z10 nX/tsin 6/2 = 192. 22 mrad,
will produce negligible loss of chief ra; efficiency. In this equation the
index of gelatin n 1. 54, X\= 633 rm, emulsion thickness t = 12 pim,
2.1" off axis angle c= 500. Figure 51b) shows a photograph of the actual
co-,rected reference beamn poin~t source image in the optical system.
Ne-ar theoretically predicted reference beam point source imagin" was
obtained by the 36 in. diameter, 72 ins, radius of cu-vafure apherical
mirror and comnputer designed cktrrection optics.
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The construction beam irradiance illumination across the asymmetric
hologram aperture shown in Fig. 6 was obtained starting with constant
illumination from the reference point source. The gaussian illumination
of a spatially -filtered reference point source is used in the constructed
recording apparatus to balance this illumination nc nuniformity of the
reference point source construction beam.

Reflection hologram lenses of the same geometry can also be recorded
using this construction beam system. Depending on the particular
design which specifies the construction geometry, additional wavefront
shaping optics may be needed for a different off-axis angle usage of the
large spherical mirror necessary to clear construction hardware.
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III. Environmental Isolation

1. ENVIRONMENTAL ISOLATION REQUIREMENTS

Environmental isolation of the exposing apparatus from mechanical
vibrations and airborne acoustic and thermal disturbances is required
for fringe stability during the 1 to 2 hours (maximum) exposing period
required for optimum efficiency using dye-sensitized dichromated
gelatin.

The HUD continuous hologram lens is the recording of interference
fringes between a spherical wavefront object beam and a spherical
wavefront reference beam. High contrast fringes are ensured by care-
ful path matching of the construction beam optical path lengths to the
center of the hologram and keeping the illumination ratio of the beams
near unity.

Stability of the interference pattern of the construction wal-efronts at
the light-sensitive emulsion during the time of exposure results in a
high-contrast recording of the interference pattern. Instability due to
building and mechanical vibrations, affstable optical components-and
airborne acoustic and thermal disturbances resultb :r a time average
recording of the interference pattern. Consequently, with instability
there is a loss in recorded fringe contrast, index modulation An, and
efficiency. Fl,. re 7 depicts the recorded fringes for small bundies of
rays from the construction beams. The recorded fringes lie parallel
to the bisector of the included angle of the construction beams. For the
500 off-axis, symmetrical tr ::nmission recording configuration, the
spacing between interference maximas is 7. 656 x 10 7 m = /Znsin 4'/,
which corresponds to a spatial frequency of 1306 c cles per -mm. A
shift of X/2 in relative phase of two construction beams will reverse
the locations of fringe maxima and minima.

These interference fringes exist in space ,.id are subject to motion of
the holographic emulsion and substrate as well as environmental
disturbance. However, for the transmission geometry where fringes
lie perpendicular to the emulsion, fringe blurring due to motion in a
direction perpendicular to the emulsion is not as critical as the same
motion in reflection geometry where fringes lie parallel to the emulsion.
This motion perpendicular to the emulsion is often observed in dichro-
mated gelatin holographic emulsions, due to gelatin stress changes
during exposure. Therefore, further optimization of the recording
material and the plate mount may be required for successful develop-
ment of large aperture reflection holograms.

We plan to use a commercial Krypton ion laser with 1 W output at
647. 1 nm for recording the specified fullscale hologram, The path-
length variation across the holograni aporture will require the use of
an etalon to increase the coherence length of the laser, consequently
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reducing the output power. Further power loss results from theexposing beams overfilling the hologram aperture to obtain uniformexposure across the large hologram aperture of approximately 21300 cm 2 . The resulting low available exposing laser power per cmimplies exposure times of up to 110 minutes. The large opticalelements and construction hardware used to provide the constructionbeams and the long beam path lengths required to provide the proper
construction geometry imply an unusual difficulty in attaining the highdegree of long-term stability required in the exposure apparatus.Thus, environmental isolation by using low natural frequency supports
for the optical table, stable construction hardware and acoustical
shielding is required for high efficiency hologram lens construction.

3930-I4
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Fig. 7. Spatial frequency of 1306 fringe cycles per millimeter isrecorded in 50 off-axis, transmission hologram.
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III. Environmental Isolation

2. STRUCTURE-BORNE VIBRATION ISOLATION

A 5 ft x 10 ft x 10 in. thick granite optical table supported by six, low 1
natural frequency pneumatic isolation mounts provides over 90% reduc-
tion of fringe instability arising from normal building vibrations. I
A 5 ft x 10 ft x 10 in. thick granite optical table supported by six
pneumatic i'solation legs, procured from Newport Research Corporation,
Fountain Valley, California, provides a vibration isolated surface on
which the exposure apparatus is constructed. Granite has high thermal
stability due to low conductivity coefficient (X = 0.15 Btu/in. -hr. -OF)
and high specific he t coefficient (c = 19 Btu/lb. -F). The high mass
density (-200 lb. /ft ) tends to act as an inertial block lowering the
center of gravity of the recording apparatus.

The low resonance frequency ('- 0. 02 Hz) of the six pneum-tic, nitrogen-
filled supports for the granite table, shown in Fig. 8, decouples the
hologram recording apparatus from normal building vibrations due to
in-building foot traffic, air conditioning systems, and other mechanical
vibrations. Transmissibility of structure-borne vibrations is related
to the frequency of the vibration and the resonance frequency of the
vibration- isolation support system,

100T(%) 2

(L>l

These structure-borne vibrational frequencies, fd, are typically much
higher than the resonance frequency of the vibration isolation support
system, fn' resulting in low transmission of vibrational energy to the
recording apparatus.

The bending modes and corresponding resonant frequencies of the
5 ft x 10 ft granite table top was measured at Newport Research Corpo-
ration by placing an accelerometer sensor at the center of the table top
and driving the table with a l-lb. force shaker at varying frequencies.
Figure 9 shows a first order bending mode at 115 Hz and a torsional
bending mode at 14Z Hz. The low amplitude acceleration seen at the
resonance frequency of 142 Hz shows the dynamic rigidity of granite.
Small excitation at these structural resonant frequencies of the granite
can result from airborne disturbances, but this excitation is effectively
attenuated by the acoustical shield described in Section 11-3 of this
report. A high degree of structure-borne vibration isolation of the holo-
gram recording apparatus on the granite optical table is verified in the
performance evaluation (Section V) of the fringe stabilizatiori system of
the hologram recording system. Greater than 90%6 reducticn in fringe
motion due to structure-borne vibrations of 30 Hz was achieved by the
vibration isolation system.
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Ill. Environmental Isolation

3. CONSTRUCTION HARDWARE - OPTICAL MOUNTS AND
PLATE HOLDER

.In-house design and construction of large-aperture optical mounts,
vertical translator-, and an 18 in. square plate holder provide stable
mechanical mounting of the optical components on optical axes
19-1/4 in. above the granite table surface.

The 36 in. diameter spherical mirror required to form the proper con-
struction beams for thc 1"N', hologram lens sets the minimum height of
the axes of the --onstruction beams at 1-8 in. This height requirement,
along with the large construction optics, set very high stability standards
for the construc!ien hardware, optical mounts, holographic plate holder,
etc. Commercial optical mounts were used fur the smaller aperture
constructior optics. However, thre is no appropriate large optical
hardwar- available on the market. Therefore, Mr. Cesar De Anda,
Senior Research Associate with the Hologram Optics Section of Haghes
Research Laborat ries, did very careful construction ha'-dware design
work, relying on experience and iterative improvements during the
construction and evaluation of the hologram recording apparatus. The
primary design objective was for maximumi stability. The resulting
fringe stability of better than X/20 in the completed hologram recording
apparatus (discussed in Section V) shows that the design objective was
achieved.

To keep all beam heights as low as possible in the recording apparatus,
the recording laser bean, was separated into two levels. The lower
level construction hardware and optics, consisting of small aperture
plane mirrors, beam splitter, and a pzt translator, provides matching
path lengths of 140 in. for each construction beam, measured from tht?
beam splitter to the center of the hologram. The mounts for these
components are magnetically mounted to steel plates bolted directly to
the granite surface. The lower level beams from the beam splitte-r
were then raised to the 19-1/4 in. height to obtain the two point sou-rces
required to form the construction beams. Figure 10 shows an exampht-
of the in-house construction hardware design consisting of 1-3/4 in.
diameter, black-anodized aluminum posts, couplers anai optical mv-.;nts.
The vertical post, with two plane mirrors set at a 450 angle, is bolted
directly co the granite. Optical mounts on the horizontal post-, coupled
to the vertical post. support the spatial filter and beam-expanding lens.
Two other vertical posts give the entire assembly a stable, three-point
stipport. This principle of interconnecting supports was also applied to
the interferometer optical mount design shown in Fig. II. Section IV,
Fringe Control System, contains a detailed description of the inter-
ferometer design and application.

Optical mounts for the large spherical mirror and correction optics arc!
shown in Figs. 12 and 13. The flat pyrex support on the back of the
36 in. diameter spherical mirror is bolted directly onto a vertical flat
of the mouni at tire- points, thus holding the mirror vertical with its
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Fig. 10. Vertical translators with support posts provide stable
mechanical mounting of construction optic.
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optical cointer 19- 1 /-1 in. above the graniitv table. The base of the
m-ount is hel Id owii by L-joits bolted directly to the g-ranite table. The
frames containiing the corroctioni optics arc, supported by 1-3/4 in.
posts inagnieticall) niounted to a steel base bolted -to the granite table.

Design ar'd construction o4 the 18 iii. square holographic plate holder,
F ig . 11, was based oni previous experience. Slots holding the holo-

k, graphic plate ceniter 19-1,A4 in. above the granite table allow the plate
to reach a stable po(sitioni without direct stresses being applied to the
plate.

M10873

Fill. I1I. Interferon-eter mount with interconnectinpg
.Upports and 18 ija. square holographic

plaite holder.
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Fig. 12. Thirty-six in. diameter, 72 in. radius^
of curvature spherical mirror is
mnounted vertically.

[ Fig. 13. Cylindrical correction element mounts.
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III. Environmental Isolation

4. AIR-BORNE VIBRATION ISOLATION

A 5 ft x 9 ft x 40 in. high acoustic enclosure, consisting of 6 lb. /ft 3

mineral wool sandwiched between 24 gauge sheet steel and 26 gauge
perforated sheet steel provides high transmission loss for acoustical
noise, air turbulence, and ot-r air-borne disturbances.

A 5 ft x 9 ft x 40 in. high acc-istic enclosure attenuates acoustic noise
at the resonance frequencies of various bending modes of the granite
surface and construction hardware, and shields the hologram construc-
tion apparatus from thermal gradients and air turbulence. The 2 in.
thick acoustic enclosure consists of 6 lb./ft 3 density of mineral wool
sandwiched between an inner, 26-gauge, perforated steel panel and an
outer, 24-gauge, steel panel. A close-meshed, flat black cloth between
the mineral wool and inner panel prevents loose material from falling
on the construction optics and minimizes stray reflection uf the con-
struction beams. Six removable panels allow quick access to con-
struction optics and the holographic plate holder. Figure 14 is a
cross-sectional material sketch of the acoustic enclosure.

The acoustic enclosure, manufactured at Webster Product Co.,
Anaheim, California, utilizes both dense and porous materials in a

double-wall construction to provide high transmission loss and damping
of environmental air-borne disturbances. The outer 24-gauge steel
with a surface density of -40 lb. /ft 2 per in. thick, highly restricts the
passage ofsound and air turbulence. It has high transmission loss, low
acoustic absorption, and high reverberation. The 6 lb./ft3 mineral
wool, a fibrous material, absorbs transmitted sound with little rever-
beration. High acoustic frequencies, >100 Hz, are attenuated due to

friction loss of acoustically generated air motion through the pores of
the mineral wool. The perforated 26-gauge inner panel permits further
absorption of transmitted acoustical noise with minimum reverberation
in the enclosure.

High attenuation of frequencies >100 Hz was evaluated and discussed in
detail in the performance evaluation, Section V, of this repor'.

Acoustical perturbation at the resonant frequencies of the bending modes
of the granite at 115 Hz and 140 Hz were effectively damped by the
enclosure.
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iV. Fri.ge Control System

1. INTERFERENCE FRINGE STABILITY REQUIREMENTS

Maximum -efficiency recording; of the HUD holo ;rarn lens requires
relative phase stability of the two construction point source beams at
the hologram recording plane.

The construction of the HUD hologram lens requires recording
stationary Amplitude and phase information in the interference field
formed by the combination of the specified construction beams at the
hologram recording plane. The intensity, I = K[A 2 + A 2 +
ZAoAr cos (iYo - 4'r)], of the interference pattern at each point on the
hologram recording plane is a function of amplitudes Ao and Ar and- the
phase difference ,y o - V'r, of the construction waves of the object and
reference beams at that point. Thei e is maximum intensity at points
where the phase difference is an ev n ;nultiple of r and minimun Inten-
sity where the phase difference is an odd multiple of Tr. Maximum
interference fringe contrabt results if the amplitudes of the construction
beams are equal and the coherence length of the laser source is not
exceeded.

During an exposure of time T, the relative phase differen,:es are sub-
jected to variations, due to mechanical and acoustical perturbations
and thermal changes of optical elements and mounts. These perturba-
tions change the effective path length difference of the construction
waves which is related to the phase difference by 27r(S0 - S,=)/X (NJ -Yr).
Constant phase difference during an exposure T implies highi contrast
standing interference fringes in space at the hologram recording plane.
A stable holog'rdphic plate will record the instantaneous intensities of
the interference fringes, defined by eq. (3) which contains both ampli-
tude and phase information of the interfering wavefronts. The resulting
I-IUD hologram lens has maximum efficiency as a result of this high-
contrast recording of stable interference fringes.

Phase perturbations during the exposure T degrade recording fringe
contrast caused by fringe instability, resulting in a time average
intensity recording of interference fringes. If the telative phase differ-
ence changes by Tr, linearly over the exposure period T, all phase
information is lost during the exposure, resulting in a uniform intensity
recording or zero diffraction efficiency. This is shown mathematically
in Fig. 15, where eq. (6) shows that the resultant time average exposure
at every point in the hologram recording plane becomes dependent only
on the amplitudes of the- construction beams.

A perturbation causing a relative path length change of X/2 during the
exposure period, where X is the recording laser wavelength, can cause
a relative phase change of ,r at the hologram recording plane. Widh a
632.8 nm He-Ne laser, X/, is equal to 316.4 nni. Although guod
mechanical stability and environmental isolation was achieved in the



full scale recording apparatus, thermal changes in optical elements
and mounts can cause the wavefronts of the construction beams to shift
relatively by 1 /2, consequently shifting the phase difference at every
point in the interference field at the hologram recording plane by Tr.
In this section we discuss the deEign, analysis, and construction of a
fringe control system, consisting of an in' rferometer phase detection
system and feedback electronics, along with photodetectors and a PZT
mirror translator. Relative phase or path length variation of the con-
struction beams during exposure is detected and corrected to reduce
64j(t) to an acceptable level for high efficiency HUD hologram lens
recording.

(t) K[A * 2 + AR Cos 'R
]) 

+ Equation I

I(t) - interference intensity of the reference and object construction beams

Ao  - arplitude of the object construction beam

AR - anolitude of the reference construction beam

[.o-'R
] 
, relative phase of the construction wavefronts at the hologram
recording plane

[fxo(t)-_ R(t)] z relative phase perturbation of

K x proportionalit.y constant

Exposure E l "' 0(t)dt where lenqth of exposure Equation 2

For stable interference fringe:

(t) [-. o(t) - " R(t)] 0

oY(A2 . AR + 2AoAR COS (.o-.R)I dt Equation 3

oKA2" AR2 ?AoAR cos % o- p)
]

For unstable interference fringe:

If .(t) = t/ linear phase perturbation ot over the exposure
length

F " K[A 2 . A .
2
AOAR cos ([.o-.4

] 
* t/ )dt Equation 4

o [A2 . AR 2AoAp t/ [Cos(.O-R) Sin -t/ Equation 5

# sin (,-. R) Cos _t/

K[Ao . A ] Total loss of phase information Equation 6

Fig. 15. Phase perturbation during exposure of a
hologram causes reduction of recorded
fringe contrast.
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IV. Fringe Control System

2. INTERFEROMETER PHASE DETECTION SYSTEM

The interferometer system reduces the angle between the construction
beams behind the hologram recording plane, providing low spatial fre-
quency fringes for efficient detection of relative phase between the
object and reference construction beam wavefronts.

The spacing tietween fringe maximas in the area near the center of the
hologram aperture is equal to d = X/2nsinO/Z, where the recording
wavelength X = 632.8 nm, the index of refraction of gelatin n = 1.54 and
the included angle between construction beams in gelatin 0 = 31. 860.
This spacing of 7.487 x 10 - 7 m corresponds to a spatial frequency of
1335. 71 cycles per mm. To detect sinusoidal phase dependent intensity
variations, the detecton system would have to resolve a width much
less than 7.487 x 10- mm.

The interferomet .:-" system, as shown in Fig. 16, was constructed using
plane mirrors, a beam splitter, and wavefront-shaping optics in the
diverging object beam. The configuration provides matched path lengths
from the center of the hologram recording plane to the point of inter-
ference where the beam splitter combines the object and reference
beams to form 1,, spatial frequency interference fringes for easy
detection. Two identical, 1800 out of phase, low spatial frequency
interference patterns are formed on opposite sides of the beamsplitter
as a result of a 7r/2 phase shift experienced by wavefronts reflecting off
the beam splitter. The intensity resulting from the interference of any
two interferometer waves can be expressed as

I i  K °i R.2 + 2Ao. A R i cos [(oi(t) - -Ri(t)

The mathematical derivation is shown in Fig. 16. The wave shaping
optics change the effective path length difference of each combining ra
such that

(o ( t ) - R(t)) - (o aR)

is constant at every point in the interference resulting in a single fringe
of u'-iform intensity.

The initial phase at the hologram recording plane, 0oi(t) and lri(t), are
also subject to perturbation due to relative path length difference varia-
tions of the construction beams with respeef tn time. Only perturbations
un:torm over the aperture of the construction beam shall be considered.
The detection and correction of nonuniform perturbations is not feasible
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-12 *beansplitter phase shift on reflected reference wave

*combined wave motion of object and reference wave at the detector

if intensity of the coebined wave motion at the detector

K[,, where K Is a proportionality constant

K[z A21 . 2A AR Cos U(: (t) M Rt) -G - / 21

I total intensity of the interference of all referenice and object wave on the
detector

n
1, where n is the nmber of interfering waves

Perfect overlap of al interfering waves - CO R, o, R~ ontn

for all I In the absense of phase perturbation interference intensity on
the detector is uniform, i~e..* forms one frinqe.

Linear phase perturbation on all intersecting wavefronts at the hologram recording
plane s (:o (t) - :R t)) - constant (or all I,

Therefore. I [A2 . AR . 2AOAR cos (:o(t) -:RCt) - /12)

where A0  AR ampit .of Intersecting axial wavefronts at the

center of the hologram

Aot & '(t) -axial phase of the object and rwference construction
beam at the center of the hologivi.

Note: The resultant Interference intensity due to the transmitted reference
wavefront and reflected object wavef ront on the opposite side of the
interferometer beams splitter is-

I -YA 2 .A?.2ARCo ot) ()-1)
o AR 0 AA o :()-;~)*-2

Fig I1A. ntprfermee -Atc -~d L-
relative axial fringe at the hologram
recording plane for high efficiency
detections of axial phase instability of
the construction beams.
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due to the need to detect and correct the relative phase difference of
each individual area of the hologram construction wavefronts. These
nonuniform perturbations generally are associated with airborne tur-
bulence and vibration which is eliminated by environmental shielding.
Uniform perturbations, from thermal expansion of optical elements
and mounts during long exposures, uniformly perturb the entire area
of the construction beams at the hologram recording plane, so that
every interference fhinge suffers the same variation in intensity due to
the same relative phase perturbation. We make the addition assumption
that there is no additional wavefront perturbation added in the interfero-
meter systefn. The optical elements in the interferofneter are small
and closely-spaced, compared to the construction optics used t: meet
the construction beam specifications, and mechanical mount design
provides the necessary stability required to hold the optical axis of the
interferometer system at the height of the construction beams optical
axis.

Based on the.Ie assumptions, the uniform variation of intensity of the
interferonieter fringe pattern, corresponding to a phase perLurbation of
the construction beam wavefronts passing through the 1 in. diameter
area of the hologram recording plane, defines the phase difference
between these wavefronts. Mathematically,

I = K (-+ A' + .AA) o ~()-~~)

where A and A are the amplitudes of the wavefronts, and
(4o(t) - Or(t)) srthe axial phase difference between the two construc-
tion beams at the hologram recording plane. The interferometer
essentially expands the axial fringe of the high spatial frequency inter-
fererce pattern at the hologram recording plane, forming a single
fringe which fills the interferometer aperture for efficient detection.

A slight mismatch between the interferometer wavefronts in the actual
system, due to residual aberrations in the reference point source image,
causes more than one fringe to be formed in the interference pattern,
as shown in Fig. 17. The central fringe in the interference pattern
contains enough intensity and is large enough for easy detection of
phase instability in the construction wavefronts. A change from maxi-
mum to minimum intensity in the fringe intensity corresponds to a
phase difference change of 7r or a relative path length difference change
of X/2 between the construction wavefronts at the hologram plane.
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IV. Fringe Control System

3. WAVEFRONT SHAPING OPTICS REQUIREMENT

* A 40 mm dia.meter, 200 mm focal length achromat and a 55 mm
* diameter, -200 mm focal length, meniscus lens reshape the wavefront

of the diverging object beam to match the aperture and convergence of
the reference beam.

The wave-shaping optical system in the interferometer shapes the
diverging object beam so that each ray of the object beam, within a
1 in. diameter area of the hologram aperture center, can be made to
overlap with the corresponding ray from the convergin% reference beam.
The 1:1 construction beam intensity ratio at the hologram recording
plane is preserved in the interferometer beams because of the one-to-
one mapping of intersecting wavefronts of equal intensity. This implies
low spatial frequency radial interference fringes with maximum fringe
contrasi.

The optical system of the interferometer must converge the diverging
object beam to a point source image 35 in. behind the hologram with the
same numerical aperture as that of the converging reference beam
transmitted through the same area. Two waveshaping elements were
used, as shown in Fig. 18. The positive element first converges the
diverging beam while the negative element provides the proper length
and numerical aperture. Any set of optical elements satisfying the
systems equations can be used. Based on these equations, interfer-
ometer layout constraints, and optical element size and availability,
a 40 mm diameter positive achromat lens with a focal length of 200 mm
and a 55 mm diameter negative meniscus lens with a focal length of
-200 mm were chosen. Figure 19 shows locations of these waveshaping
optics with reference to distances along the optical axis to othei
elements in the interferometer system. The slight mismatch from
perfect mapping has little effect on the spatial frequency, interference
fringe contrast, and performance of the interferometer system.

This basic interferometer design can be applied to any hologram lens
construction geometry, both reflection and transmission configurations.
The limiting factor in applying this interferometer design to other
construction geometries and configurations would be possible obstruction
of the construction beams due to limited working area on the 5 ft x 10 ft
granite surface. Different wave-shaping optics may be required to
obtain proper mapping of the construction beams depending on the
construction beam geometry.
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Fig. 18. A 200 mm f. 1. positive achromat converges the diverging
object beam, and a -200 mm f. 1. negative meniscus provides
the proper length and numerical aperture.
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IV. Fringe Control System

4. FRINGE CONTROL FLECTRONICS SYSTEM

The interference fringes of the object and reference construction beams
at the hologram recording plane are stabilized in space by feedback
electronics 6 which actively control the phase of the object beam wave-
fronts by translating a plane mirror until the balanced output of the
interferometer fringe detectors are equal.

The interferometer fringe amplitudes measured by the detectors
are

I K (A + A- + 2AoA cos (t) " 4r(t) +A oor),o ('o~t Or~t

and

I K (A? + A? + ZA"A cos ( -

where A and A are the amplitudes of the construction beams at the
0 rhologram plane, and o(t) - 4 r(t) is the phase difference. By stabiliz-

ing phase difference, the fringes at the hologram recording plane are
stabilized in space.

The use of two detectors and an interferometer design which provides I
two fringes :- r/Z out of phase provides a balanced output that is insen-
sitive to laser power level changes during the lons exposure. This j
difference output, IA - IB, equals -4K AoAr sin ( 6o(t) - 4r(t)) . Not
only is the sensitivity of the detection signal increased due to an increase
in the amplitude of the sinusoidal intensity variation, but a change in
laser power level is not seen by the control electronics if the phase
difference is locked at a value of zero. This also locks the phase dif-
ference at a value where small 40 (t) - Or(t) variations are detected win
maximum sensitivity.

The feedback fringe control electronic system constructed for the full-
scale HUD hologram recording apparatus is shown in the block diagram
in Fig. 20. Silicon photodiodes, with a response of 0. 26 to 0. 27 ILa/ w,
convert the fringe intensities to proportional electrical currents. The
high-gain, current-to-voltage amplifiers present a low impedance to
the deteL.':±i-s, converting very low level currents to voltages approxi-
mately equal to the input current times the feedback resistor. Five
values of gain were incorporated in the amplifier to maximize the output
voltage swing corresponding to a maximum-to-minimtrm fringe intensity
change seen by the detectors. High signal-to-noise detection was
obtained by the use of chopper-stabilized amplifiers, careful shielding
of wiring, and unbiased silicon photodetectors.
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The difference int.egrator has a rise time of 1 sec. Any phase pertur-
bation causes an increase in intensity at one detector and a correspond-
ing decrease in the other, creating an error signal into the integrator.
The integrator output is amplified by a high voltage amplifier and used
to drive a PZT translator. The amplifier effectively increases the
dynamic range of the integrator, since a PZT translating a plane mirror

- (1. 15 ±m per 100 V) in the object construction beam leg can track and
correct through several fringe cycles before the integrator's :10 V
saturation is reached. This translation changes the relative phase,
driving it back to zero, and stabilizing the fringe pattern at the
holographic plate.

Precautions must be taken to allow the holographic plate to stabilize in
': order to record the stable interference fringe. Although plate motion

in the direction normal to the holographic plate surface does not blur
the recorded fringes which are also normal to the surface in symmet-ic
transmission holograms, any plate motion may cause erroneous path
length shifts in the interferometer, resulting in an erroneous phase
correction. However, with sufficient holographic plate stab'lizing time,
the holographic plate will record high contrast fringes, resulting in a
high efficiency, large aperture, HUD hologram lens.

K [Ao' .A 2 
.2AA.co(#.ft T i..

A=.. A' AAc. *~-*() f,]

(IJ PHOIK I F

PHOTOIOES HIGH

CHOPPER STABILIZEO
CURRENT TO VOLTAGE
AMPLIFIERS

GAINS (39 K, 39 K. 390 K. 3 9 M. 44 M)

Fig. 20. Feedback electronic .orrects axial phase instability
by translating a plane mirror in the object beam.

R = detector response -0.26 pLa/±w
p

K amplifier gain
amp

KHv high voltage gain

So(t) path length correction
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V. Performance

1. FULL-(.,ALE HOLOGRAM LENS RECORDING SYSTEM

The full-scale hologram lens recording system consists of construction
optics assembled to provide the specified construction beams for a 500
off-axis, symmetric transmission hologram, granite table with pneu-
matic supports, acoustical shield and a fecdbat-.k fringe control system.

The recordin apparatus layout, shown in Fig. ?1, was constructed for
recording 50 off-axis, symmetric transmission holographic HUD
lenses which meet the NADC s stem specifications for a circular 25
FOV in an exit pupil 3 in. high by 5 in. wide with a 25 in. eye relief.
The recording apparatus layout provides the proper construction wave-
fronts with plane mirrors, beamsplitters, spatial filters, a 36 in.
diameter 72 in. radius of curvature spherical mirror along with cylin-
drical correction elements while providing clearance from construction
hardware. The recording apparatus is enclosed with a 5 ft % 9 ft b%
40 in. high acoustic shield on a 5 ft x 10 ft x 10 in. ,hick granite optical
table supported b% six pneumatic isolation supports. The laser source
on the optical table provides the laser beam through a small aperture
in the acoustic shield where tnie transmitted object beam and reflected
reference beam originate at the beam splitter. The axial optical path
length of each construction beam is 140 in. from the beamsplitter to
the centcr of the hologram, 19-1/4 in. abk te the granite surface. The
resultant path length difference at the extremes of the hologram
aperture, +8. 32 in. and -7. 04 in. (rom the center, is 17 cm. The
axial object and reference beams intersect at the center of the required
hologram aperture in the hologram recording plane with a 500 included
angle. The normal to the hologram recording plane containing the
18 in. square holographic plate holder bisects the 500 included angle,
thereby forming a symmetric transmission hologram with a 500

off-axis angle.

The object beam, transmitted b the beamsplitter is directed, with a
plane mirror mounted on a piezoelectric translator, toward a beam
steering unit which raises the beam height up to 19-1/4 in. above the
granite surface, where a 20X spatial filter/-50 mm focal length lens
assembly forms an ob.;ect point source 25 in. from the lhologram
center. The reference beam, reflected by the beamsplitter, is also
raised up to a 19-1/4 in. height, where a 40X spatial filter forms a
reference point source 77.872 in. from the spherical mirror reflecting
at 300 angle. Aberrations in the reflected reference point source image,
35 in. behind the center of the hologram, are reduced to an acceptable
level by two cylindrical correction elements. The resultant 500 off-
axis, symmetric transmission hologram lens has a focal length of
14.58 in.
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The phase detecting interferometer and silicon photodetectors

interrogates the axial phase difference of the construction beams. A
control signal from the feedback electronics to the piezoelectric trans-
lator controls the phase of the object beam by translating a plane mirror.

,& The closed-loop system locks the relative axial phase of the object and
reference construction beam to provide fringe stability across the
hologram aperture.

Fringe stability evaluations were made using the interferometer phase
aetection system to detect relative phase difference of the axial phase.
A 632. 8 nm HeNe laser was used to evaluate the isolation performance
of the granite table with pneumatic support and acoustic shield. The
performance of the fringe control system was also evaluated, and a
high degree of fringe stability over long periods was achieved, with
enough dynamic range to extend fringe control for several hours.
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1Pi;. . _. .,,,,.,,,L---~' 5%° oii-axis, symmetric trans-

mission hologram tens recording system.
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V. Performance

2. ENVIRONMENTAL ISOLATION - SHORT TERM FRINGE
STABILITY

Environmental isolation aiad stable construction hardware attenuates
fringe instability due to mechanical and airborne vibrations, but long
term fringe instability can be caused by thermal changes in optical
elements and mounts.

The fringe stability of the assembled full-scale hologram recording
apparatus was evaluated using the interferometer phase detector. The
full fringe depth calibration, a change from maximum to minimum
interference ;ntensity, corresponds to a Tr phase shift in the phase
difference between construction wavefronts at the hologram recording
plane, i. e. , a X/2 relative path length shift. The calibration of a full
fringe depth is shown in Fig. 22, which shows the amplified output of
one of the photodetectors as the piezoelectric translator is used to
induce a path length change between the construction beams.

The performance of the pneumatic supported 5 ft x 10 ft granite optical
table can be seen in Fig. 23. Without the pneumatic support, the
fringe instability due to normal building vibration o approximately
30 Hz is 59% of a full fringe depth. This fringe ins).ability would cause
dramatic efficiency loss in recorded efficiency eveni for exposures of
less than a second. By floating the optical table with approximately
85 psi of nitrogen in the six pneumatic supports, the transmitted
building vibration is reduced, resulting in less than 6% of a full fringe
depth instability. This corresponds to a near 10 times improvement in
fringe stability.
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I fie acoustic enclosure was tested b~induced acoustical noise from an
audio.-oscillator and speaker placed near the acoustic shield. At
12U H-z, near the first order torsional bending frequency of the granite
surface, fringe instability of >1%'. of a full fringe depth was observed
'.xithout the shield. For a corresponding disturbance, the acoustic
shield comrpletely attenuates the high frequency acoustical disturbance,
as shown in Fi'g. 24. Other high frequency acoustical noises at fre-
quencies greater than 100 FH/ were also effectively attenuated. Fre-
quencies less than 100 Hz can only be attenuated b the addition of
more mass to the acoustic shield, which would conseqiuently reduce the
effertuvenes!, of the optical table and pneumatic supports by raising the
center of gravity.

Il he interferomvtcr phase detector was a useful tool in assembling the
construction hacd-are, since many fringe instabilities result from
%ib rating optical movnts. Many iterative improvements in construction
hardware stability were made by noting improved fringe stability by the
addition of supporting mounts such as those found on the tall vertical
beam steering units.

393O-~3930-6

DETECTOR

STABI31LIT Y)

AUDIO
OSCILLATOR
OUTPUT

------ ~ 20 sec/DIV

WITH ACOUSTIC SHIELD WITHOUT ACOUSTIC SHIELD

Fig. 24. High frequency acoustical noise at 120 Hz, the first order torsional
bending freque~ncy of the aranitv surface, is attenuated l', the
acoustic shield.



Figure 25 shows the fringe stability of the recording apparatus with
environmental isolation. The full fringe depth is calibrated at the end
of the trace. Notice the phase sensitivity improvement as the trace
is near the midpoint of a full fringe depth, where small relative phase
difference perturbations can cause large fringe intensity jumps due to
the sinusoidal intensity variation of a fringe with respect to linear
variation of phase difference. Although the fringe stability is relatively
good due to the stability of construction hardware design and environ-
mental isolation, long time hologram iens exposures would suffer
efficiency loss due to the fringe drift resulting from thermal effects of
the recording beam on optical elements and mounts.

3910-7/

Ih

0

FULL FRINGE DEPTH CALIBRATION
(8.8 cm,
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Fig. 25. E;perirn,3ntal evaluation of the full-scale hologram recording
apparatus without fringe c"ontrol exhibits good short term
stability.
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V. Performance Evaluation.

3. FRINGE CONTROL SYSTEM-LONG TERM FRINGE STABILITY

The fringe control system locks the relative phase of the object and
reference beams in the recording apparatus to maintain X/22 fringe
stability over the I to 2 hours (maximum) required to recurd high-
efficiency, large-aperture hologram lenses.

The long-term fringe instability due to thermal changes in optical ele-
ments and mounts is corrected by the fringe stabilizing control system.
The system consists of integrating the difference output of the phase
detectors until a balanced fringe intensity at the middle of a full fringe
depth, the most phase sensitive location, is maintained by a piezoeLec-
tric translator actively correcting the relative phase valiation between
the two construction beams.

Figure 26 shows the noise of the photodetector amplifiers with no input
and shows the amplifiers with the dark current noise of the photodetec-
tors. In both cases, the noise level is very low compared '- signal
levels corresponding to a full fringe depth; typically four or nore volts
swing corresponding to maximum to minimum fringe intensity swing.
The signal-to-noise ratio for a / phase shift is 40. These low noise
levels, achieved for current-to-voltage gains of 44 x 106 ensure
accurate detection of phase instability in the recording apparatus.

Figure 27 shows the ability of the fringe control system to lock the
relative phase of the recording beams for over two hours. The straight
horizontal lin-. is one of the detectors' output, which remains stable in
the midpoint of a full fringe depth. A trace of the other detector, which
is 1800 out of phase, would show a similar horizontal line at the mid-
point of the full fringe depth since that is the only intensity location
where the two detectors can be balanced. Any phase perturbations
cause an effective phase error signal, which is integrated and conse-
quently corrected by the piezoelectric translator until the detectors art
balanced, thereby locking the phase of the two construction beams.

The corresponding sloping trace is the integrator output, which is
amplified 10 times to translate the piezoelectric translator in the -'i
construction beam to correct for phase drift between th two construc-
tion beams. Thas, excellent phase stability over an approximate tw,
hour period was achieved by the fringe control system. The integration
output change of 8 V during the two hour period was 40% of its dynamic
range. This indicates an effective stabilization period for the recording
apparatus of over 4 hours, compared to a maximum anticipate-] exposure
period of 2 hours. The oscilloscope photo of a small section of the fringe
stability trace shows the true amplitudes of the high frequencies because
the preamplifiers of the strip chart recorder attenuates at 3 dB per
octave. The remaining high frequency jitter is less than 9% of a full
fringe depth, calibrated at the end of the trace. This 9% of a full fringe
depth corresponds to a k/22 phase error. Therefore, the Long term
fringe stability required for I to 2 hours exposure of the large aperture
HUD hologram lens is achieved with the fringe control system. This
long term stability ensures high contrast interference fringe recording
and, therefore, high efficiency hologram lerscs.
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Fig. 26. Low amplifier noise, with no input (a) and dark current input of the photo-
detectors (b), for current to voltage gains of 44 x 106.
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Fig. 27. Experimental evaluation of the full-scale recording sys-
tem show that X/22 fringe stability for twvo hours is
maintained by the active fringe control system.
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VI. Processing Equipment Design

1 1. DRYING CHAMBER AND AGITATION TANK DESIGN

A circulation dry'ng chamber and nitrogen-burst agitation tanks were
designed for unifo.-m processing of 18 in. x 18 in, holographic plates,
to enhance reproducibility of high quality, uniform large aperture HUD
hologram lenses.

The processing of dye-sensitized dichromated gelatin was developed and
optimized in Phase 1, Contract N62269-73-C-0388 and is described in A
detail in Section IV, "Red-Sensitive Recording Material Development,"
of the final report2 covering that contract. The silver must be removed
from the 18 in. x 18 in. x 0. 25 in. Kodak 649F plates before the
emulsion is dye-sensitized, dichromated and dried, to be used to
expose the large aperture hologram lens in the recording apparatus.
After exposing, the holographic plate must be agitated in 1 M triethanol-
amine and four increasing 25% steps of concentration of 2-Lsopropanol
before it is dried in a nitrogen atmosphere. During all the processing
steps, uniform drying at proper relative humidity and temperature,
uniform agitation ;n processing baths, and minimum exposure to dust
are vital to enhance reproducibility of high quality, uniform hologram
lenses. Mr. Andrejs Graube, member of the Technical Staff at Hughes
Research Laboratories, designed processing equipment based on the
previous material development and opL.i.'i:,.ation of dye senistized
dichromated gelatin processing. 7

A standard photographic tank with nitrogen agitation can be used to
remove silver halide from the photographic emulsior and to properly
harden the gelatin layer. During the sensitizing step, the holographic
plates are immersed in the dye solution. After sensitizing, the plates
must be dried at a uniform drying rate over the emulsion surface to
ensure uniform sensitization of the emulsion layer. Figure 28 shows
the drying chamber design to ensure uniform drying at 40% relative
humidity. The 40% relative humidity is obtained using CaCl solution,
with a circulating fan to ensure uniform humidity within the drying
chamber. A diffused air flow on tha emulsion surface dries the gelatin
laver at a ueiform rate to obtain optimum sensitization of the holo-
graphic emulsion.

Post-exposure processing requires nitrogen burst agitation of the
exposed holographic plate to obtain process control and reproducibility
in processing large aperture hologram lenses. The agitation tank
design, shown in Fig. 29, incorporates nitrogen burst through a fritted
glass tubing to promote uniform swelling and dehydration of the holo-
graphic emulsion as the plate ,oes thi-rtol) v-irino,_,1 precese baths. Ti..
arrangement of the processing tank table minimizes exposure to dust
during travel between processing tanks. A nitrogen atmosphere chamber
placed over the last, 100% isopropanol, agitation tank allows the holo-
grhic plate to be raised directly into a zero relative humidity
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atmosphere for drying without exposure to dust or the surrounding
environment.

These processing equipment designs were based on experience in
optimizing the dye-sensitized dichromated gelatin, achieved in the
Phase I contract and on expe':ience in processing obtained in other
hologram optics developments such as the helmet-mounted hologram
lens display. 4The design goals for uniform drying and agitation are
applicable to all types of hologram processing, reflection or trarn-
mission holograms, where high process control is needed for bigh
quality hologram lenses.
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