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This report describes work on the developnient of 2 hologram recard-
ing apparatus with a fringe control system for i6 in. diameter, 50°
off-axis, symmetric transmission holograohic lens for pilot's Head-Up
Display (HUD). The basic HUD system parameters arc a 25° field of
view, a 25 in. eye relief, and a 3 in. by 5 in, wide exit pupil. The
hologram geometry was chosen based on parametric analysis and
preliminary studies on several Hughes continuous refiection and : ‘”
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tranemission hologram lens Aesigns of Fhase 1, Contract N62269-7 3-
C-03384, Holographic Lens for Pilot's Head-Up Display., The work
also includes design of processing equipment for large bolograpbic
lens elemoents recorded on 1R in. « 18 in. dye-sensitized dichromated
gelatin, holographic plates. I8 in. x i8S in, x 0. 25 in, thick photo-
graphic plates were prevured under this contract,

Basedd on the " continuous {en:’ design approach, the specified con-
struction beams consist of a diverging point source 23 in, {rom the
hologram recording plane and & converging point source image 35 in.
behind the hologram recording plane. The normal to the hnlogram
recording plane bisects the 502 included angle of the construction
beams. Abcerrations in the converging point source image, rom a
36 in. diameter, 72 in. radius of curvature spherical mirror, were
reduced with two cylindrica. correction elements to a spot size of
0.2 in. diameter while “eeping irradiance nonuniformitv '~ less than
337, 2 ross the hologram aperture,

Fringe stability over the maximurn. 2 hours exposure on dye-sensitized
dichromated gelatin was a primary goal in assembling the construc-
tion optics to provide the proper wavefronts to :ecord the hologram
optical element., Environmental isolation of the construction beam
opricai system from normal in-house building vibrations and air-borne
disturbances was achieved on a 5 x 10 x 10 in. granite oprical table
supprted by six vibration isolation, pneumatic mounts and an acousti-
cal shield 5 x 9 x 40 in. high. In-house designed construction hard-
ware provided stable mechanical mounting of optical components on
optical axes 19-1/4 in. above the granite surface. Evaluation of the
completed exposure apparatus showed excellent short term stability
where fringe drifts were typically less than a full fringe depth per
halt hour,

Dramatic improvements on fringe stability was achieved with the
design and implementation of an interferometcre phave detection sys-
tem and feedback fringe control ¢lectronics, The relative axial
phase of the construction beams was monitored from low spatial fre-
guency interference fringes of the axial construction wavelronis.
Integrating feedback clectronics actively lock the relative axial phase
by piezoelectrically translating a plane mirror in the object beam
path. Experimental performance cvaluation of the {ringe controlled

evposure apparatus showed N/22 fringe stability maintained for two
honurs.

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

This finul report covers the work accomplished during the
period 1 July 1974 through 31 October 1974 under Contract Nv2269-74-
C.0642, "Holographic Lens for Pilot's Head-Up Display (Phase 2). ™
This work was supported by the Naval Air Systems Command under the
sponsorship of Mr. 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,
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Warminster, Pennsylvania,

i o L ol I

The work was accomplished by the Exploratory Studies

Department of the Hughes Research Laboratories Division of the

TR

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

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

Gill
pA

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 « stical 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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3 1 1. Intraductic:n and Summary
s 1. INTRODUCTION

This final technical report contains a detailed discussion of the Phase 2
NADC program tasks, objectives, approaches and results toward
developing a Holographic Lens for Pilot's Head-Up Display.
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This is th» final technical report on Contract N62269-74-C-0642,
Phase 2 of the Naval Air Development Center (MADC) program to
develop a Holographic Lens for Pilot's Head-Up Display (HUD). The
work covered by this report was performed at Hughes Research
Laberatories, Malibu, California during the period 1 July 1974 to

31 October 1974, t
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The NADC program is to develop a HUD system meelting the optical t
system parameters and performance goals as stated in the NADC
"Specification for Hulogram Lens System, “d The basic s stem param-
eters are a 257 field of view {FUV), an exit pupil size of 3 in, high by
5 in. wide, and an eye relief of 25 in, As a result of the favorable
results of the Phase 1 program, © in which preliminary system design
and recording material optimization led o a demenstraiion of high
quality holographic HUD imagery in a half-size transmissior hologram
element with an off-ax1s angle of 40°, we recommended a transmission
hologram configuration with an off -axis angle of 50° for the next phase
of technology developinent, although the final sysiem may not have the
same configuravion,

AR 20U i e

Because the basic system consiilutes a high quality, off-axis eye-piece
covering a FOV of 25° from any point within the exit pupil, a hologram
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 holegraphic optical elements,
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Phase 2 of this program, the specific subject of this technical report,
covers the design and fabrication of the appartus capable of the large
hologram fabrication, Table 1 outiines the Tasks, Objectives, Approach
and Results of the Phase 2 pregram, A delay in the completion of )
Phase 2 was caused by vendors' delays on deli-rery 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 systern. 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 {inal system configuration, is a big
technological step in the state of the art of HUD design and fabrication,
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‘ntroduction and Summary

Nl

. 2. SPECIFIED SYSTEM PARAMETERS AND PERFORMANCE

GOALS

tudectisat. ¥

e

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

LT

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 25° circular FOV,
a 25 in, eye relief, and an operating wvavelength of 632.8 nm (HeNe
Laser). An acousto-optical laser scanning system provides the input

to the display system on a 4 in. x 4 in, diffusing screen, In order to
provide a 252 FOV from this source, the system focal length must be

LSRN R

pRoataind ni et AN

ITTRPRRNTS PP e e D LS 2 oees W By U et ALt b

(, = —=2 = 9.0in, i
,, 2 tan 12,5 i3
Taking the 25 in, eye relief, 3 in, high by 5 in. wide exit pupil, and the < i
vertical tilt of the hologram element, the size of the hologram element B
1 is approximately 16 in, diameter. Only the thin film, low weight nature -
3 of hologramn optical elements makes it feasible to consider such a large i
- size HUD lens, ;g
é 3 ) ! F
3 The "continuous lens' design approach, ~ invented at Hughes Research
4 Laboratories by Mr, Gaylord Moss, provides high optical efficiency
- across the angular FOV, and has uniform correctable aberrations.
2 . The performance goals summaxized in Table 2, are applicable to both
transmission and reflection holcgram optical elements in the HUD
system, Although sither a reflection or a transmission geometry can c 3
be designed to meet the system specification, the overzall image quality 0
3 and efficiency characteristics are better for a transmission system than -
3 for corresponding reflection system. Also, because of fabrication ease .
in practice, a transmission system which meets the “"Specification for o
2 Hologram Lens System'' was recommended for this phase of technological 5
] developrnent. -
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TABLE 2

25° Field of View System

Given Parameters
Field of View
Eye Relief
Exit Pupil Size
Operating Wavelength
Calculated Parameters
Hologram Size
System Focal Length
Performance Goals
Optical Efficiency
Resolution

Accuracy

Binocular Disparity
Vertical
Horizontal divergent

Horizontal convergent

25° circular
25 in.
3 in. high x 5 in. wide

632.8 nm (monochromatic)

16 in. x 16 in.

9.0 in.

80% min
1.0 mrad

1.0 mrad, centroal 12°
2.0 mrad, %0 25

Liess than 1.0 mrad
Less than 1.0 mrad

Less than 2.5 mrad

11
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I Intrnduction and Summary
3. RECOMMENDED SYSTEM GEOMETRY

| The parametric analysis performed during the Phase 1 program led to
-the recommendatwn of a transmission hologram configuration with an
off -axis angle of 50° 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 Fhase 1 and
on the current state of the art of hologram lens design and fabr1cat1on,
a symmetric transmission hologram with an off-axis angle of 50°
complying with the NADC "'Specification for Hologram Lens System"
‘was chosen for this phase of technological development, A hologram
element size of 16 1n, diameter is necessary to obtain the 25° 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 25° FOV from the 4 in. square
diffusing screen source of the acousto-optical 1 ser scanner, The
fundamental requirements of uniform brightness across the 25° FOV,
limited length, and exit pupil size, restricted the practmal hologram
focal length approximately to 11,25 in, < f}, < 14,4 in,, which corre-
spond to relay lens magnifications in the range of 1.25 < m < 1,6,

Parametric study of overail image quality arnd 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 large 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,

12
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TABLE 3

HOLOGRAM CHARACTERISTICS

T PR ST ST YT

Hologram Configuration .,....... Symmetric transmission

1 50° off -axis angle

Holog:am Focal Length, ,........ 14,58 in,
?
: SYSTEM CHARACTERISTICS

s Relay Lens Basic Focal Length. . ..., 7.79 in,

Relay Lens f# . .. ............. L 11

Unfolded Length. . .............47,6in,

ki e 1oL
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L. Introduction and Summary
4, APPLICATION 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
3 configuration is chosen to meet the NADC "Specifications for Hologram
Lens System, "

s

i ot iy

Although Phase 2 tasks were completed to fabricat: the recommended

- transmission hologram with a 50~ off axis angle, the experience,

3 equipment, anc 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, ' The '"continuous
lens" approach, as applied to developing the NADC HUD, allows the
holographic optical element to be produced with a single exposure using
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 fill-scale symmetric transmission
hologram with a 50° 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 50° 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
of the construction beams. Further details of the construction beams E
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,
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Phase or fringe stability during exposure is necessary regardless of the
hologram geometry, although reflection geometries, as opposed to
transmission geometries, requirc 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

~le o $

this technical repori if the hologram piane was rotated 90~ so that the
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recording beams exposed opposite surface of the holographic piate.
Other configurations, both transmission and reflection, can also be
constructed if the construction beam's diameter can exgose a large
enough hologram to obtain a 25° FOV, aud if the construction beam's
layout does not exceed the surface arca of the existing 5 ft x 10 ft
granite optical table, An interferometer phase detection system was
de51gned and constructed for the construction beams of the 50° off-
axis, transmission hologram, New beam shaping optics may be
required for other geometries, althousgh the basic configuration and
design of the interferometer system can be applied to aay 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 feasibie 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,

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 elermnents, Although the dye-sensitized dichromated
gelatin material described in the Phase 1 final report can record both
transmission and reflection holographic optical 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 gnd
fabrication of special apparatus for fabncatmg the full-scale, 25~ FOV,
symmetric transmission hologram with 50° off-axis angle, and the
expected success in fabricating the full-scale HUD holograrn optical
element represent a major advancement in the state of the art of
hologram lens design and fabrication,
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I. Introduction and Summary

5. SUMMARY

T T AT T

120w

The full-scale hologram rccording apparatus has been assembled and
evaluated with the proper construction beams and long-term fringe
control system for high efficiency recording of 50° off-axis symmetric
transmission lenses meeting the NADC HUD 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.

Sidand

RALkS
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The recording apparatus has been constructed for 50° off-axis,
symmetric transmission continuous hologram lenses which meet the
NADC spec1f1cat10ns for a 25° circular FOV from any point within a

3 in, high by 5 in, wide pupil, u4nd a 25 in, eye relief, The construction
beams consist of a diverging point source 25 in, f{rom 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 14,58 in,
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The required hologram lens aperture for a 25° circular FOV is +8, 32 in,
and -7..04 ir, in the asymmetric, (vertical) direction and %8 in, in the
symmetric (horizountal) 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 mirrorto
meet the 0,22 NA requiremeant of the converging reference beam. Off-
axis aberrations, coma and astigmatisn of the large spherical mirror,
were reduced by two %8, 170 radius of curvature 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,
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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 systern from mechanical building vibrations, giving
a 10 times improvement in fringe stability., A § ft x 9 ft x 40 in, high
acoustical enclosure, constructed with six lb/ft” 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,
resulied in a long-term, interference pattern drift rate of typically a
full fringe depth per half hour (without feedback stabilization).
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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 reccording plane to

two m 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 or full fringe depth perturbation,

i, e., a stability of M/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 tc 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,
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1. Construction Beam Optical Systems

1. * _ONTINUOUS LENMS" CONSTRUCTION BEAM SPECIFICATIONS

Based on the "continuous lens! cesign approach used to meet system
specifications, the construction beams required for a 50° off-axis,
symmetric tracamission hologram consist of a diverging point source
25 in. from tite hologram and a converging point source 35 in, behind
the hologram.

The Ycontinuous lens” design approaeh, described in detail in the
Fhase | technical report, is basically construction beams generated by
two point sources which yields high optical efficiency across the angu.
lar FOV and has correctable uniform aberrations across the FOV, The
Phase 1 final report covered parametric analysis and preliminary sys-
tem design on various hologram HUD optical #lements using the Ycoa-
tinuous lens" apprueach. Either a transmission or reflection geometry
hologram lens can he designed tu meet system specification;, and a
transmission configuration was chusen for the Phase 2 development
program,

In the "continuous lens' appraach, the holographic optical element is
constructed with one point scarce in the cenler 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 recoramended hologram characteristics of the Phase ! pro-
grrm, a symmetric transmission hologram with a 30° off-axis angle
was chogen as the configuration for which the Phase 2 construction
beams weze designed. A diverging point source located 23 in, away
from the hologram, at the center of the 3 in. high by 5 in, wide cxit
pupil, defines the 25 in, eye relief of the hologram lens HUD 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 {ocal length,
determined by the 9 in. system focal length requirement and the holo-
gram focal I gth, is 7.79 in. The maximum 5 in., exit pupil width
determines a required relay lens f# of 1,11. The resultant unfolded
length of the system from the hologram to the 4 in.“ diffusing screern
input source is 47.6 in. A vertical view of the resulting HUD system
is shown in Fig. 1(a} with the :orrespondiuag construction beams shown
in Fig. 1(bj. The overall size of the hologram aperture, shown in
Fig. 2, is determined by the system requirement for 252 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 cumbination. A 36 in, diameter, 72 in. radius of curva-
ture spherical mirror forms 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 {abricate ths full scale, symmetric transmission holo-
gram optical element described in Section II-1, which meets the NADC
system specifications. The "continuous lens' approach taken describes
the location of the two construction beam point source locations, hut
the hologram aperture required for a 252 FOV determines the numeri-
cal aperture of the construction beams and conscquently the construc-
tion optics size.

The overall aperture required ty provide the 25° FOV from any point

in the 3 in, high by 5 in. wide /xit pupil of the systcm nsust be +8.32 in.
and -7.04 in, in the asymmetric vertical direction with reference to

the optical axis and 1€ 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 = SING, where 0 is the half cone ang e of the beam in air with
reference to the optical axis),
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A numerical aperture of 0.30 is required in the object beam (the
diverging beam) in order to provide a beam dia »~ler large enough to
{fill the hologram aperture. A 20X spatial filter and 2 50 mm f{ccal
length, negative lens are used to provide this object beam. Consider-
ing only 0.16 NA of the available €.50 NA of the 20X objective, to
ensure 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
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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 fringe
per in. and a radius tolerance of +1/4 in, The mirror surface consists
of an evaporated aluminrum 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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11, 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 mirror,
provided optimum compensation of the tilted mirror aberrations to
produce a reference image point biur diameter of less than 0,2 in,
diameter,
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The reference construction beam, as specified in Sections I1-1 and 1I-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 +15° from
the axis of the mirror., Correction optics, consisting of two cylindrical
lenses, *8,170 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 the 15 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
counstruction 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,
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With the reference source and image point £15% from the optical axis
of the 72 in. radius of curvature spherical mirror, the vertical
(asyn.metric) 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

SR T
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Ek 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
3 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 #8,170 in, radius of curvature cylindrical lenses
produces an apparent source 10,5 in, cioser in the asymmetric direc-
i tion than in the symmetric directicn.

1

3 Tilting the negative cylindrical lens 7° in the asymmetric 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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The positive and negative cylindrical lenses were custom made at
Harold Johnson Optical Laboratories in Los Angeles, California, Both
cylindrical lenses were shaped out of fine annealed glass (Type 517-642)
with a cylindrical surface quality of 1 fringe per in, The #8,170 in,
radii of curvatare of the positive and negative cylindrical lenses were
held to a tolerance of £0, 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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. i1, Censtruction Beam Optical System

= 4, CONSTRUCTION BEAM CHARACTERISTICS

‘ - i
2Construciion beams, consisting of an unaberrated object point source
and a corrected reference point source image, in the recording appa- -
ratus exceed those required for construction of the full scale, 50° off-
L:.}xis, symmetric transmission HUD lcns, g

The construction beam optical system of the full scale symmetric o
transmissior hologram lens recording apparatus meets system speci- '
fications for a 3 in, bhigh by 5 in, wide exit pupil with a 25 in, eye relief,
28° FOV, aystam t, =f 2 in,, and the design requirement for high optical
efficiency across the ¥'OV at the center of the pupil, The construction
beams consist of an unaberrated object point source at the center of )
the system exil pupil and 2 corrected reference point source image —
35 in, behind the helegrani, Aberrations in the reference point source ‘
image were reduced 1o a blur size of less than 0.2 in, to mi..imize
angular deviation of the constraction beam ray directions from the

chief rays of the specified HUD system, thereby maintaining high chief
ray efficiency. The remuaining coma in the reference beam point source
image can he taken into account along with the residual error of the
HUD system during the relay lens design to reduce system errors to
meet specifications,

The spatizal filter/negative lens combination provides an object beam
with uniforr illurnination across the hologram aperture, The charac-
teristics of the corrected reference point source image from the spher-
ical mirror are shown in Fig. 5(a). These show computer ray trace
data for symmetric (x) and asy mpr-.*ric (y) fans of rays, plotting
intercepts at the reference point soucce image 33 in, behind the holo~
gram versus the intercepts of the reference construction beam at the
helograrm aperture. The r.aximum deviation, shown on these geometri-
cal sberration curves, of J.1 in, from the location of an unaberrated
point source image at the-origin of the graph, corresponds to a 2,86
{tan>® 0, 1/35) mrad angu:ar deviation from the chief ray of the system
intercepting %8 in, of the aymmetric hologram aperture. This angular
deviation, compared to the angular haif bandwidth deviation before
diffraction efliciency drops to zero, 40 = n\/tsin /2 = 192,22 mrad, 5
w~ill produce negligible loss of chief ray efficiency. In this equation the
index of gelatin n = [.54, X = 633 rm, emulsion thickness t = 12 pm,
and off axis angle ¢ = 599, Fipure 5{b) shows a photograph of the actual
corrected reference beam point source image in the optical system,
Near theoretically predicted reference beam point source imaging was
obtained by the 36 in, diameter, 72 in, radius of cu=vature spherscal
mirror and compater designed currection 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

TPE TR AT

1. ENVIRONMENTAL ISOLATION REQUIREMENTS

TR N

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 okject 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 wavefronts 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, ufistable optical components: .and
airborne acoustic and thermal disturbances results n a time average
recording of the interference pattern, Consequently, with instability
there is a loss in recorded fringe contrast, index modulation: An, and

! efficiency. Fif.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
50° off-axis, symmetrical tranismission recording configuration, ‘the
spacing between interference maximas is 7,656 x 10-7m = ='\/2nsin ¢'/2,
which corresponds to a spatial frequency of 1306 cycles per mm, A
shift of A/2 in relative phase of two construction beams will reverse
the locations of fringe maxima and minima,

These interference fringes exist in space :.d 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 reflecticn 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 i
length variation across the hologram aperture will require the use of
an etalon to increase the cohercence length of the laser, consequently

S A - T%-JE o =5 = s 4 S o)




reducing the output power. Further power loss results from the
exposing beams overfilling the hologram aperture to obtain uniform
¢xposure across the large hologram aperture of approximately

1300 cm2, The resulting low available exposing laser power per cm
implies exposure times of up to 110 minutes, The large optical

E N elements and construction hardware used to provide the construction
- beams and the long beam path lengths required to provide the proper
; construction geometry imply an unusual difficulty in attaining the high
degree 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

f shielding is required for high efficiency hologram lens construction.
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Fig. 7. Spatial frequency of 1306 fringe cycles per millimeter is
recorded in 50 off-axis, transmission hologram,

29

AT s et

—~

o e




e e PR e g T TR T T e e TS N SR TN AN IA T THRTERTARGY TR BRI RS 2N R S SRR R TR Y R R I N TR TR ot Ta ot T S RN

T T G e AN L ATIENTE RS - aeRmnenonn

III, Environmental Isolation

2. STRUCTURE-BORNE VIBRATION ISOLATION

Ul S R L L e e/ AT T e

A5 ftx 10 ft x 10 in, thick granite optical table supported by six, low
natural frequency pneumatic isolation mounts provides over 90% reduc-
tion of fringe instability arising from normal building vibrations,

A5 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 (\ = 0,15 Btu/in. -hr. -°F)
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,

T(h) = —

AN
fn'

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 1-1lb, force shaker at varying frequencies.
Figure 9 shows a first order bending mode at 115 Hz and a torsional
bending mode at 142 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 II-3 of this
report, A high degree of structure-~borne vibration isolation of the holo-
gram recording apparatus on the granite optical table 1s verified in the
performance evaluation (Section V) of the fringe stabilizatior. system of
the hologram recording system, Greater than 90% reductica in fringe
motion due to structure-borne vibrations of 30 Hz was achieved by the
vibration isolation system,
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111, Environmental Isolation

NGRS

3. CONSTRUCTION HARDWARE — OPTICAL MOUNTS AND i
PLATE HOLDER )

T T

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

St b aha=uie s

S e

The 36 in. diameter spherical mirror required to form the proper con-
struction beams for the IJUD hologram lens sets the minimum height of
the axes of the construction beams at 18 in, This height requirement, :
along with the large construction optics, set very high stabilitv standards ’
for the constructicn hardware, optical inounts, holographic plate holder,

etc. Commercial optical mounts we re used fur the smaller aperture
constructior. optics. However, threre is no apprupriate large optical

hardwar~ available on the market. Therefcre, Mr. Cesar De Anda,

Senior Research Associate with the Hologram Optics Section of Hughes

Research Laboratories, did very careful construction havdware design

work, relying on experience and iterative improvements during the

construction and evaluation of the hologram recording apparatvs, The

primary design objective was for maximum stability. The resulting

fringe stability of better than A /20 in the completed hologram recording

apparatus (discussed in Section V) shows thail the design objective was
achieved,
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To keep all beam heights as low as possible in the recording apparatus,
the recording laser beam 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 the
beam splitter to the center of the hologram. The mounts for these
components are magnetically mounted to steel plates bolted divectiy to
the granite surface, The lower level beams from the beam splitter
were then raised to the 19-1/4 in. height to obtain the two point sources
required to form the construction beams. Figure 10 shows an examp'e
of the in-house construction hardware design consisting of 1-3/4 in.
diameter, black-anodized aluminum posts, couplers and optizal muunts,
The vertical post, with two plane mirrors set at a 459 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
support. This principle of interconnecting supports was also applied to
the interferovmeter optical mount design shown in Fig, 11, Scction IV,
Fringe Control System, contains a detailed description of the inter-
ferometer design and appiication.

Optical mounts for the large gspherical mirror and correction optics are
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 mount at three points, thus holding the mirror vertical with its
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optical center 19-1/4 in. above the granite table. The base of the
mount is held down by L-joints bolted directly to the granite table, The
frames containing the correction optics are supported by 1-3/4 in.
posts magnetlically mounted to a steel base bolted to the granite table.

AR R O

! Design and construction of the 18 in. squarce holographic plate holder,
; Fig, 11, was based on previous experience. Slots holding the holo-
3 graphic plate center 19-1,'4 in. above the gramte table allow the plate

to reach a stable position without direct stresses being applied to the
plate.

M10873
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3
"
®

Fie. 11. Interferometer mount with interconnecting
supports and 15 iu. square holographic
plate holrder,
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I, Environmental Isolation

4, AIR-BORNE VIBRATION ISOLATION

A5 ft x 9 ft x 40 in, high acoustic enclosure, consisting of 6 1b, /ft3
mineral wool sandwiched between 24 gauge sheet steel and 26 gauge
perforated sheet steel provides high transmission loss for acoustical
noise, air turbulence, and oth:r air-borne disturbances,
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A 5 ft x 9 ft x 40 in, high accuistic 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./ft3 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 1oose 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 1b, /fté per in, thick, highly restricts the
passage of sound and air turbulence. It has high transmisgsion loss, low
acoustic absorption, and high reverberation, The 6 lb,/ft” 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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v, Fringe Control System

1, INTERFERENCE FRINGE STABILITY REQUIREMENTS

Maximum-efficiency recording of the HUD hologram 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[AOZ + AL+

2ZA AL cos (%o - té:r)], of the interference pattern at each f;oint on the
hologram recording plane is a furction of amplitudes A, and Ay and the
phase difference,v, - ¥, of the construction waves of the object and
reference beams at that point, There¢ 1s maximum intensity at points
where the phase difference is an evn nultiple of 7 and minimum Inten-
sity where the phase difference is an odd muitiple of 7. Maximum
interference fringe contrast resuits 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 7, the relative phase differences are sub-
jected to variations, due to mechanical and acoustical pzrturbations

and thermal changes of optical elements and mounts, These perturba-
tions change the effective path length difierence of the construction
waves which is related to the phase differcnce by 2w (S, - S,)/\ = (G =9p)-
Constant phase difference during an exposure T implies high contrast
standing interference fringes in space at the hologram receording plane,
A stable holographic plate will record the instantaneous intensities of
the interference fringes, defined by eq, (3) which contains both ampli-
tude and phase information of the interfcring wavefronts, The resulting
HUD hologram lens has maximum efficiency as a result of this high-
contrast recording of stable interference fringes,

Phase perturbations during the exposure 7 degrade recording fringe
contrast caused by fringe instability, resulting in a time average
intensity recording of interference fringes, If the relative phase differ-
ence changes by w, linearly over the exposure period 7, all phase
information is Jost during the exposure, resulting in a uniform intensity
recording or zero diffraction efficiency. This is shown mathematically
in Fiy, 15, where eq. (6) shows that the resultant time average exposure
at every point 1n the hologram recording plane becomes dependent only
on the amplitudes of the construction beams,

A perturbation causing a relative path length change of A/2 during the
exposure period, where M is the recording luser wavelength, can cause
a relative phase change of 7 at the hologram recording plane., With a
632.8 nm He-Ne laser, A/2 15 equal to 316.4 nm, Although good
mechanical stability and environmental isolation was achieved in the
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full scale recording apparatus, thermal changes in optical elements
and mounts can cause the wavefronts of the construction beams to shift
relatively by '\ /2, consequently shifting the phase difference at every
point in the interference field at the hologram recording plane by .

In this section we discuss the design, 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
5y(t) to an acceptable level for high efficiency HUD hologram lens
recording,

1) = KEAZ » A2 ¢ 28 fg cos ([ = wpd) + {.g(t) = ~p(t))] Equation 1

1{t) = interference intensity of the reference and object construction beams
Ao = arplitude of the object construction beam
Ap = amolitude of the reference construction beam

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

[‘.o(t)-'-g(t)] = relative phase perturbation of [’o"R]

¥ = proportionalily constant
E«posure € = 7, t{t)dt where = length of exposure Equation 2

for stable 1interference fringe:
(1) = [',o(t) - *,R(t)] =0
k<]
€, R« Rh s 2Ry cos (L -.0)] dt Equation 3

s k(A2 « B2 o n By cos { - )]

for unstable interference fringe:

[ €% BERN 74 Linear phase perturbation ot over the exposure

length
F - ’; K[Ai + Ag + APy cos ‘[.O-Aq} vt )t Equation 4
v o al e, U [cos( o) stn U/ Equation §
¢ sin (L o) cos Ttf
o
= K[Ag + 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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1v, 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 between fringe maximas in the area near the center of the
hologram aperture is equal to d = A\/2nsin6/2, 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 6 = 31, 86°,
This spacing of 7,487 x 10-7m corresponds to a spatial frequency of
1335, 71 cycles por mm. To detect sinusoidal! phase dependent intensity

variations, the detect_,ion system would have to resolve a widtk much
less than 7,487 x 10" mm,

The interferomete: 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 low spatial frequency interference fringes for easy
detection. Two identical, 180° out of phase, low spatial frequency
interference patterns are formed on opposite sides of the beamsplitter
as a result of a w/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

L = K[AOZ_ bAL+ 28 AR.]cos {(%_(t) - ¢R.(t)) ] (%, - "’R.)] '
i i 3 1 1 ! ! ’

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

such that
(cboi(t) - ¢Ri(t)) - (aoi - aRi)

is constant at every point in the interference resulting in a single fringe
of uniform intensity,

The initial phase at the hologram recording plane, ¢,;(t) and ¢,;(t), are
also subject to perturbation due to relative path length difference varia-
tions of the construction beams with respect ta time, Only perturbations
unitorm over the aperture of the construction beam shall be considered.
The detection and correction of nonuniform perturbations is not feasible
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0 4 R, " complex amplitude of interfering object and reflected reference wave
i i after the beam splitter at the detector

(t) L3 Y {t) = initial phase of object and reference wave at the hologram
recording plane

et o UG

% 3 B " phase of the object and reference wave at the detector
i i

™

=72 » beansplitter phase shift on reflected reference wave

.yt combined wave motion of object and reference wave at the detector

(. +.)
o Ry

li = intensity of the corbined wave motion at the detector

-
. K['i'l] where K is a proportionality constant

2,2
e K[AS ¢ A5 + 28 A, cos [{z (t) - 2o (2)) - (s - 1) - /2]
op Ry gk o Ry op R

;ﬂ»mrwm. SR TR e i e o St TR

I = total intensity of the interference of all reference and abject wave on the
detector

n

4., l| where n is the nurber of interfering waves
izl

Perfect overlap of ail interfering waves + [(:o -3 ) (-o - q )] s constant
1 H 1 i

for all { in the absense of phase perturbatton : interference intensity on
the detector is uniform, 1,e., forms one fringe,

Linear phase perturbation on all intersecting wavefronts at the hologram recording
plane « {:) (t} - ig (2]} = constant for all i.
1 i

Therefore: | = K[Ag . Aé + 2hfg cos (5 () < iplt) - [2)

where A ) “R « amplitudes of intersecting axia) wavefronts at the
center of the hologram

s (L) 4 :P(L) = axial phase of the object and reference construction
o : beam at the center of the hologsm.

Hote: The resultant interference intensity due to the transmitted reference
wavefront and reflected object wavefront on the ooposite side of the
interferometer bear splitter is:

2 g2 ] . -
D - rlA) « Ry ¢ 2 Ag cos (xo(t) - glt) + ~/2)

S -2 L8854

r gyst

elative axial frmge
recording plane for high efficiency
detections of axial phase instability of
the construction beams.

o
o
=~

Interferometer gvstom
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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 fringe 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 systemn., The optical elements in the interferometer are small
and closely-spaced, compared to the construction optics used ‘L 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 these assumptions, the uniform variation of intensity of the
interferometer fringe pattern, corresponding to a phase per.urbation of
the construction beam wavefronts passing through the 1 in, diameter

area of the hologram recording plane, defines the phase difference
betwe=2n these wavefronts, Mathematically,

s k(a2 s ol v2aa ) cos (60 - a0)

where A_and A_ are the amplitudes of the wavefronts, and

(¢°(t) - ¢r(t)) is the 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-
ferer ce pattern at the hologram recording plave, 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 7 or a relative path length difference change
of A\/2 between the construction wavefronts at the hologram plane.
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Fig. 17. Two identical, 180° out of phase, low spatial frequency inter-
ference patterns are formed,
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IV. Fringe Control System

3. WAVIEFRONT SHAPING OPTICS REQUIREMENT

A 40 mm diameter, 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 converging 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
contrast,

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 othe:
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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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® 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 derectors
are

(o]
1}

A K(Ag + Ai ¥ ZAOAr) cos (¢o(t) - (1) + ;)
and

2 2

Ig K(Ao b AL+ ZAOAr) cos (¢o(t) - ¢.(t) - g.)

where A  and A_ are the amplitudes of the construction beams at the
hologram plane, and $4(t) - ¢_(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
two fringes £w/2 out o phase provides a balanced output that is insen-
sitive to laser power level changes during the long exposure, This
difference output, Ia - Ig, equals -4K AjA; sin %éo(t) - ¢r(t)). Not
only is the sensitivity of the detection signal increased due to an increase
in the amplitude of the sinusoidal intensity variation, but & 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 cbo(t) - d>r(t) variations are detected witn
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 pa/pw,
convert the fringe intensities to proportional electrical currents. The
high-gain, current-to-voltage amplifiers present a low impedance to
the detec‘zrs, 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 maximume-to-minimum fringe intensgity
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 integrator has a rise timne 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 pm per 100 V) in the object construction beam leg can track and
correct through several fringe cycles before the integrator's 10V
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 symmetric
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,

Ioe K[Ag + A2 + 28580081 $iti- $4l1e F1]

1y k[ AgT e, s2agapcostggni- - F1] psost
Ty R.I LI 79
/ E}_'_- f — Sty kygo[ T T Jor
—— PHOTODIODES HIGK
VOLTAGE
ANBLIFIER
KNV
R, I,
L 2 DIFFERENCE INTEGRATCR E
B K‘I’ RP!A l
CHOPPER STABILIZED H
CURRENT TO VOLTAGE ;
AMPLIFIERS :
1
GAINS. (39K, 39K, 390 K, 39 M, 44 M) ¥
|
(731 :
Soit1s At JLMCT TN £ 908 & T !

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

Rp = detector response ~0.26 pa/pw .
K = amplifier gain ;

amp ; - ;
KHV = high voltage gain
so(t) = path length correction ;
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5: ' V. Periormance
‘ 1. FULL-SCALE HOLOGRAM LENS RECORDING SYSTEM E
‘ The full-scale hologram lens recording system consists of construction
3] optics assembled to provide the specified construction beams for a 50° %
off-axis, symmetric transmission hologram, granite table with pneu- N
b matic supporis, acoustical shield and a feedback {ringe control system. 3
B - - e 4
L

The recording apparatus lavout, shown in Fig, 21, was construcied for
recording 50% off-axis, symmetric transmission holographic HUD
lenses which meet the NADC sy stem specifications for & 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 {t by

40 in, high acoustic shield on a 5 ft x v ft x 10 in, :hick granite optical
table supported by six pneumatic isolation supports. The laser source
on the optical table provides the laser beam through a small aperture
in the acoustic shield where the 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 center of the hologram, 19-1/4 in, ab. re 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 50° included
angle., The normal to the hologram recording plane containing the

18 in, square holographic plate holder bisects the 50° included angle,
thereby forming a symmetric transmission hologram with a 50°
off-axis angle,

o ey

The object beam, transmitted by 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 1n, above the
granite surface, where a 20X spatial filter/-50 mim focal length lens
assembly forms an object point source 25 in. from the hologram
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 30° 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 50° 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 cbject 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,
3
H ‘ crs . . . .
5 Fringe stability evaluations were made using the interferometer phase -
3 aetection system to detect relative phase difference of the axial phase,
N A 632,8 nm HeNe laser was used to evaluate the isolation performance
i of the granite table with pneumatic support and acoustic shield. The
w periormance of the fringe control system was also evaluated; and a .
s high degree of fringe stability over long periods was achieved, with '
3 enough dynamic range to extend f{ringe control for several hours.
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V. Performance

T

3
.

ENVIRONMENTAL ISOLATION - SHORT TERM FRINGE
STABILITY

PETICTTTRT

Environmental isolation and 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,

TR Ty A

The fringe stability of the assembled full-scale hologram recording
3 apparatus was evaluated using the interferometer phase detector. The
: full fringe depth calibration, a change from maximum to minimum
interference intensity, corresponds to a m phase shift in the phase
difference between construction wavefronts at the hologram recording
plane, i.e., a \/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.

g ST eal

'

il

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 of approximately

30 Hz is 59% of a full fringe depth., This fringe inst.ability would cause

dramatic efficiency loss in recorded efficiency even 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 (% of a full fringe

depth instability., This corresponds to a near 10 times improvement in
fringe stability,
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The acoustic enclosure was tested by induced acoustical noise from an
audio-osvcillator and speaker placed near the acoustic shield. At

20 Hz, near the first order torsional bending frequency of the granite
surface, fringe instability of 4% of a full fringe depth was observed
without the shield. For a corresponding disturbance, the acoustic
shivld completely attenuates the high {requency acousticel disturbance,
as shown in Fig, 24, Other high [requency acoustical noises at fre-
quencies greater than 100 Hz were also effectively attenuated, Fre-
quencies less than 100 Hz can only be attenuated by the addition of
more mass to the acoustic shield, which would conseauently reduce the

effectiveness of the optical table and pneumatic supports by raising the
center of pravity,
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The interferometer phase detector was a useful tool in assembling the
construction hardware, since many fringe instabilities result from
vibrating optical mounts. 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,
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Fig. 24. High frequency acoustical noisc at 126 Hz, the {irst order torsional
bending frequency of the granite surface, is attenuated by the
acoustic shicld.
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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,

3930-7
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Fig. 25. Esxperim=ntal evaluation of the full-scale hologram recording

apparatus without {ringe control 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 rclative phase of the object and
reference beams in the recording apparatus to maintain \/22 fringe ¥
stability over the 1 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 ¢onsists 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 piczoelec-
tric translator actively correcting the relative phase vaiiation between
the two construction beams.,

Figure 26 shows the noise of the photodetector amplificrs 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 “n signal
levels corresponding to a full fringe depth; typically four or more volts
swing corresponding to maximum fo minimum fringe intensity swing.
The signal-to-noisec ratio for a A /2 phasec shift is 40, These low noisc
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 linc 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 1809 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 cffective phase error signal, which is integrated and conse-
quently corrected by the pieczoclectric translator until the detectors are
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 piczoclectric translator in the b !
construction beam to correct for phase drift between the two construc-
tion beams. Thus, excellent phase stability over an approximate two
hour period was achieved by the fringe control systein. The integration
output change of 8 V during the two hcur period was 40% of its dynamic
range. This irndicates an effective stabilization period for the recording
apparatus of over 4 hours, compared to a maximum anticipated exposure
period of 2 hours, The oscilloscope photo of a small section of the fringe
stability trace shows the truc amplitudes of the high frequencies because
the preamplificrs 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 {ringe
depth corresponds to a V22 phase error. Therefore, the long term
fringe stability required for 1 to 2 hours exposure of the large aperturce
HUD hclogram lens is achieved with the fringe csatrol system. This
long tesrm stability ensures high contrast interference fringe recording
and, thercfore, high efficiency hologram lerses,

54




Ry xR

TR

T

T

T TR,

T

2k K A

3

;T

5 mv/DIV

= Sar TR T Ty TR O ezt L bR s ai e o s Bt LR i S DA SR g 2 o e £ oS LU B E A S AR TN S S

i v it RN R ) ik - e

T T R T et ¢ AT W CPORL AO Biimetioaptanai Ao v RSP RS A P 5
- - At B T s, - ) N -— % A - R - = = e aa - - B~ e v

CHANNEL
A

-1 CHANNEL
B

Fig., 26. Low amplifier noise, with no input (a) and dark current input of the photo-
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Fig. 27. Experimental cvaluation of the full-scale recording sys-

tem show that \/22 fringe stability for two hours is
maintained by the active fringe control system.

55

i

e o : o
SR P o e e o A

. g

*
A Ml

N b AT s SRS Iy s A e, AR R R

AV g = e iy o e = ot e e




PTG R T

o e

S s LU Tt T

T Y

T

RTERTIT T TR

™

by ssirel)

£
i
3
8
e

T TN T e

3 [ Ty

—
s

s sl

VL Processing Equipment Design

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
detail in Section IV, "Red-Sensitive Recording Material Development, "
of the final report® 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-itsopropanol
before it is dried in a nitrogen atmosphere., During all the processing
steps, uniform drying at proper relative humidity and temperature,
uniform agitation in 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 opiirnization of dye senistized
dichromated gelatin processing.,

A standard photograpiiic 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, solutior,
with a circulating fan to ensure uniform humidity within the drying
chamber. A diffused air flow on the emulsion surface dries the gelatin
layer at a uriform 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 tuking to promote uniform swelling and dehydration of the holo-
graphic emulsion as the platc goces through varione procese bathe, Thc
arrangement of the processing tank table minimizes exposure to dust
during travel between processing tanks., A nitrogen atrnosphere chamber
placed over the last, 100% isopropanol, agitation tank allows the holo-
graihic plate to be raised directly into a zero relative humidity
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3 atmosphere for drying without exposure to dust or the surrounding
d environment,
4 : - . . .
3 These processing equipment designs were based on experience in
J optimizing the dye-sensitized dichromated gelatin, achieved in the
2 Phase ] contract and on experience in processing obtained in other
3 hologram optics developments such as the helmet-mounted hologram
g lens display, ™ The design goals for uniform drying and agitation are
3 applicable to all types of hologram processing, reflection or trans-
4 mission holograms, where high process contrel is needed for high
4 quality hologram lenses,
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