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approach, applied to displays. Ray tracing, with efficiency calcula-
tions, is used to determine and compare focal surfaces, image distor-
tions, aberrations and pupil errors, for several reflection and trans-
mission hologram lenses./*We conclude that a magnifying relay lens

is required in crder to meet the desired performance specifications.
The preliminary system desjgn shows how paraxial lens relationships
constrain the overall system configuration, provide a relay lens design
approach, and determine the degree of compensation of distortion at
nonaxial field points. This work leads to the recommendation of a
transmission hologram lens with a focal length of 13. % in. for empha-
sis in the next stage of technology development. In the ..lerials
work, dichromated gelatin, sensitized to red light with methylene
green dye, ic chosen for the HUD lens recording material, After
optimization of several proceuures involved in its use, we obtain first
order diffraction efficiency of over 80% from 12-pm thick films, with
less than 5% scattering, using red light exposures of 600 raJ/cm®,
With 1.3 mW/cm? exposing power, the exposure time was about 8 min.
The experimental lens is a symmetric transmission hologram, with a
40° off-axis angle and a 15.5 in. focal length. This experimental lens
was recorded on conventional silver halide plates (Kodak 120), with the
developed plate being bleached to provide a phase hologram. With a

7 mW laser (Spectra-Physics 123), the exposure time for the 8 x 9 in.
hologram was about 45 s. The experimentally measured and calculated
imaging characteristics are in excellent quantitative agreement. The
excellent image quality predicted by the calculations and measurements

is achieved in an operatirg demonstratcr, using the experimental
hologram lens.
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L. Introduction and Summary

1. INTRODUCTION

This final technical report contains a detailed discussion of the tasks,
objectives, approach, and results of the Phase 1 NADC program to
develop a Holographic Lens for Pilot's Head-Up Display.

(Mt

This is the final technical report on Contract N62269-73-C-0388, which
consistutes Phase 1 of the Naval Air Development Center (NADC) pro-
gram to develop a Holographic Lens for Pilot's Head-Up Display (HUD).
The veport covers work during the period 1 April 1973 to 1 April 1974;
this work was performed at Hughes Research Laboratories, Malibu,
California. 3

TR TR TR

Trres

a1/

The optical system parameters and performance goals were given in
the NADC "Specification for Hologram Lens Syztem.' The basic sys-
tem parameters are a 25° diam field of view (FOV), an exit pupil size
of 3 in. high by 5 in. wide, and eye relief of 25 in. In this study we
have required that all points in the FOV be visible from any point with-

in the exit pupil, so that a hologram element about 16 in. in diam is
required,

TR S TETTRY "v"/qWW'l])rm Ve

The basic system, therefore consitutes a high quality, off-axis eye
picce, covering 2 FOV of 25°. The use of hologram optics places
highest priority on obtaining high optical efficiency. and our design

i approach takes this inte account. The resulting lens element has

3 aberrations and thevefore introduces systoms errors. It is not sur-
prising that a single optical clement is unable to perferm this difficuit
task and stiil provide the dvsired performance characteristics, i.e.,
that auxiliary, correcting optical elements are required. We assumc
in this program that the correction will take place in a relay lens that
produces a magnified, aerial image of the scanner output diffuser
plate.

et

Table 1 provides a brief outline of the Tasks, Objectives, Approach,
and Results of the Phase 1 program. It will also direct the reader to
the appropriate section for a detailed discussion (or summary} of this
information. The results of the program are highly favorable, and
point to the successful development of a high quality HUD system,
based on hologram optics. We recommend a transmission hologram
configuration, with an off-axis angle of about 50°, for the next phase

of technolagy development, although the final system may not have the
same configuration.
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1. Introduction and Summary
2. SPECIFIED SYSTEM PARAMETERS AND PERFORMANCE
GOALS

The optical characteristics of the system were set by \he NADC "Speci-
fication for Helogram Lens System," which specifies 2 25" field of
view, a 25 in. eye relief, a 3 in. high by 5 in. wide exit pupil, and
high quality imagery,.

The basic optical characteristics of the HUD system were set by the
NADC "Specification for Holiogram Lens Systems' (see Reference 8).
These characteristics are summarized in Table 2, The major param-
eters specified are: a 25% diam FOV, a 25 in. eye relief, and exit
pupil size of 3 in. high by 5 in. wide, and an operating wavelength of
632.8 nm (Ke-Ne laser). The input to the display system is the 4 in.
squa re diffusing screen of an acousto-optical laser scanning system.

In order to provide a 25° FOV from this source, the system focal
length must be

¢ - 4 in.

. = 9.0 in.

®  2tanit2.5°
For the purposes of this study, we assume that the entire FOV must be
visible from any paint in the exit pupil. This is not a standard HUD
design practice, becausze the combiner plate becomes quite large. For
the 257 FOV system with a 3 in. by 5 in. exit pupil, the size of the
hologram/combiner plate, projected on a plane perpendicular to the
optical axis, is 2 x 25 x tan 12.5° + 5 in.=16.1 in. horizontal by 14.1
in. vertical. When the vertical tilt is taken into account, the actuai
hologram must be about 16 in. in diam. The thin-film {low weight)
naturce of hologram optical elements allows us to consider making a

HE") lens of this size, although it would be quite impractical with con-
ventional optics.

The desirved performance goals are also summarized in Table 2. The
optical sfficiency of 80% is high for a HUD systein, and is in the range

achievable with hologram optical elements with low zcattering lnsses.
The resolution of | mrad i8 easy to achisve for ray bundles the size of
the pupil of the eye. Accuracy is considered o be the ability to put an
image point at particular fleid angles; errors counld arise from threce
sources: (1) mechanical stability, (2) errors and stabllity in the
scanner, and (3) variation of image position with eye location in the
exit pupii. Of thesc, only (3) is of concern to the presest study, and
this variation is called "collimation exrror,' because if the light (rem
an object point iz perfectly collimated by the optical system, there will
be no variation of image position with eve lucation. The collimation
crror and binocular disparily are discussed ia detail in Section 1.
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TABLE 2

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

Accuracy

Binepcular Disparicy
Vertical
Horizontal divergent

Horizontal convergent

o .
257 circular

25 in.
3 in, high x 5 in. wide

632.8 nm {monochromatic)

16 in. % 16 in.

9.0 in.

80% min
1.0 mrad

1.0 mrad, centrg.l 12°
2.0 mrad, to 25

Less than 1.0 mrad
Liess than 1.0 mrad

Less than 2.5 mrad
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I. Introduction and Summary

3. SUMMARY OF PARAMETRIC ANALYSIS

The parametric analysis study is based on the Hughes continuous holo-
gram lens design approach applied to displays, and it uses ray tracing
with efficiency calculations to determine focal surfaces, distortion,
aberrations, and pupil errors; comparison of the imaging character-
istics for different configurations leads to the recommendation of a
transmission hologram corfiguration for the next stage of technology
development.

The parametric analysis is based on a general design approach that was
invented at Hughes Research Laboratories. We call this the "continu-
ous lens'" technique. The aim of the continuous lens approach, as
applied to displays, is to produce a lens element with a single holo-
graphic exposure, that provides high optical efficiency across the angu-
lar FOV, and has correctable aberrations that are uniform across the
FOV. A particular design approach that implements the continuous
lens technique for display elements, and is convenient for further sys-
tem design and optiimization, as well as the parametric analysis,
utilizes two point sources, one of which is located at the center of the
system exi’ jupil. This design approach and its development are
described in Section II-A.

The scope of the parametric study and the techniques used in the study
are the subjects of Section II-B. The study is primarily devoted to
reflection and transmission of continuous lens geometries that are
inherently off axis and used in configurations that provide both the
collimating and combining functions. The basic system geometry is
given by six parameters that specify a particular configuration and
determine the imaging characteristics. Recognizing the neced for
auxiliary correcting optics, usually in the form of a relay lens that
forms a magnified, intermediate, aerial image of the scanner output
plane, we specify ten basic configurations for analysis. These con-
figurations include five reflection systems, four transmission systems,
and one pseudo-inline transmission system, with the off-axis angle
chosen at the mnst significant independent variable.

The analysis techniques are based on ray tracing. The first step is to
determine the characteristics of the intermediate image, i.e., the
astigmatism, tilts and curvatures of the hologram focal surfaces. The
second step is unique to hologram optics, but is extremely important;
this is to determine the optical efficiency variation across the FOV and
across the exit pupil. For the basic continuous lens design, the cffi-
ciency remains high for chief rays across the entire angular FOV, but
tends to limit the exit pupil size, depending primarily on the thickness
of the film of recording material.

12
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The third step in the analysis is t. si* dy the ‘istortion characteristics.
Of primary concern is the anamorphic distu:zisn. This is measured by
the ratio of horizontal magnification to verticai mwagnification, required
by a relay lens to optimally compensiiti- for ¢he¢ Lologram lens distortion.

The final step in the analysis is to calculate the aberrations in the holo-
gram imaging transformation, and dererm:n: the resulting system pupil
errors. For this purpose we use ray intercept curves, which plot ray
intercepts with the image surface relative to the chief ray intercept,

as a function of ray position in the system exit pupil. The two impor-
tant pupil errors are the collimation error and binocular disparitv,

which are defined and analyzed in terms of the differential ray intercepts.

The results of applying these four analysis steps to the te.. basic con-
figurations are given in Section II-C. The tiits of che hologram fccal
surfaces are toward being paraltel with the hologram surface, but are
usually different for horizontal and vertical ray fans. The radii of
curvature of these surfaces are usually different in horizontal and
vertical sections, making a structure of two intersecting spheroids.

The optical efficiency characteristics can be estimated from a simple
formula. In order to maintain desirable efficiency characteristics, the
hologram should have minimum asymmetry and should be fakricated
with point source construction beams, with one point source ir the
center of the pupil.

The relationship between intermediate image and angular field coordi-
nates is nearly linear for reflection systems, but increases from 2.7%
at 8 = 30° to 16.7% at ¢ = 60° for transmission systems. The vertical/
horizontal difference includes both constant anamorphic and keystone
distortion, increasing with off-axis angle, mostly anamorphic in reflec-
tion systems and mostly keystone in transmission systems.

The ray intercept curves typically show a combination of coma and
spherical aberration, with coma dominating. The magnitude of the
aberrations is approximately in the ratio of 1:2 for transmissi~n and
reflection systems, and 1:4 for pseudo-inline and reflection sv ems.
These aberrations, and therefore the binocular disparity and coilima-
tion error, increase with off-axis angle and are in all cases large
enough to require correcting elements in the final system. Although
transmissior systems have from 1.5 to 2.5 times less coma than
reflection systems with the same off-axis angle, their coma variation
across the FOV is larger, making it possibly easier to correct the
reflection systems, using tilted surfaces in the relay lens.

Based on an overall consideration of the results of the parametric
analysis study, and on the curreat state of the art of hologram lens
design and fabrication, we recommend a transmission configuration for
the next phase of technology development. Furthermore, we specifiy

a2 symmetric transmission configuration, with an off-axis angle of 507,

for the preliminary sysiem design study task of this program.
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I. Introduction and Summary

4. SUMMARY OF PRELIMINARY SYSTEM DESIGN

Paraxial relay lens relationships constrain the overall system configur-
ation, provide a relay lens design approach, and determine the degree
of compensation of distortion at nonaxial field points; this leads to the
recommendation of a minimum-distortion focal length of 13.5 in. for
the trar.smission hologram that is recommended for the next stage of
technology development.

The objective of the preliminary system design task is to establish the
relationships involving the relay lens that constrain the configuration of
the overall holographic HUD system. These constraints are of two
types: the first type is the paraxial relationships of the relay lens
characteristics to the system parameters, and the other type is the
paraxial relationships between tilted cbject and image, and the extent
to which the relay tilted object/image situation corrects for the dis-
tortion inherent in the hologram image. The resuilt of the preliminary
system design is a specific configuration recommendation for the next
phase of technology development.

In order to maintain brightness across the FOV, the relay lens exit
pupil must he located at a hologram construction point source. Through
this, the hologram focal length determines the relay lens focal length
and the overall length of the optical system. The system exit pupil

size places a requirement on the relay lens exit pupii size, and there-
fore sets the relay lens £/number. These fundamental systern require-
ments restrict the practical range of hologram focal length to the range
11.25in. < f3 < 14.4 in. Equivalently, the basic relay lens magnifi-
cation is restricted to the range 1.25< m < 1,6.

Tilted object/image planes are used in the holographic HUD system to
compensate for the intrinsic difference in hologram image magnifica-
tion in the horizontal and vertical directions. In order to calculate the
degree of distortion compensation that is achieved, we provide the
paraxial imaging relationships for the tilted object/image situation,
relating the object and image tilt angles to the relay lens magnification,
and the tilted image height to the tilted object height.

The systera paraxial relationships and the axial anamorphic distortion
determine the relay lens axial magnification, focal length and f/number
in both vertical and horizontal sections. Furthermore, the image tilt
angle and the axia. vertical magnification determine the object tilt
angle. This completely specifies the relay lens optical system.

The relay lens optical system is, therefore, designed to provide an

intermediate image that is in focus and exactly compensates, on axis,
for the hologram anamorphic disiorilon. Using the tiited object/image
relationships, the degree of distortion compensation achieved across

14
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the FOV can be calculated. For a 50° off-axis angle, symmetric trans-
mission configuration, excellent distortion compensation is achieved
across the entire FOV for a hologram focal length of about 13.5 in.

: This system is recommended for the next phase of technology develop-
- ment, but not necessarily for the final system.
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1. Introduction and Summary

5. SUMMARY OF MATERIALS WORK

Dichromatec gelatin, sensitized with methylene green dye, was chosen
for the final KYD lens recording material, and after extensive optimi-
zation of the se\veral procedures invelved in its use, we obtained first
order diffraction vfficiency of over 80% .with less than 5% scattering,
using red light exposures of 60C mJ/cmZ and exposure times of about
8 min.

The objective of the materials work was to develop a red-sensitive
recording material with the properties required for fabricating prac-
tical holographic lens elements for HUD systems. Dyec-sensitized
dichromated gelatin was selected as the best material candidate, based
: on the requirements of high index modulation, low scattering noise,
practical exposure requirements and environmental s bility.

1 Dichromated gelatin has been investigated and used for several decades
] as a basis for numerous printing techniques involving physical etching
of the gelatin layer. Since the hologram recording material is based on
a bulk refractive index change precess, these old investigations are not
directly applicable.

The spectral response of dichromated gelatin is high in the blue region
of the spectrum, but negligible for red light. The response can be
extended to the red by the addition of photo-reducible dyes. Our survey
of over 120 dyes revealed that the thiazine and triphenylmethane dyes
are the best red spectral sensitizers for dye-sensitized dichromated
gelatin. The primary factors involved in the seclection of a dye are the
dye-dichromate solubility product and the efficiency of conversion of red
light to vedaced dichromate by the dye. We discovered that the amount
of usecful dye in the sensitizing solution can be increased, in the unique
case of methylene green dye, by adding the dye to the dichromate solu-
tion in the solid state. A sensitizing solution prepared in this way pro-
duces 12-pm thick gelatin layers that are very efficient, absorbing over
60" of the incident red light.
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Using the methylene green dye, we optimized the dye sensitized dichro-
mated gelatin over the sceveral processing steps, We found that the film
sensitivity is maximized when both ammonium dichromate and ammo-
nium nitrate are used in high concentrations in the sensitizing solu-~
tion. We explored several previously-reported methods for etched
dichromated gelatin film sensitivity improvement, but the sensitivity

of the dyc sensitized dichromated gelatin used for hologram recerding
was not improved. The drying time for best dye-sensitized dichromated
gelatin film sensitivity was empirically determined to be about 15 min.

16
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In the optimization of post exposure processing techniques, our goal
was to achieve high diffraction efficiency and low noise, and also te
develop a process that wou'd be amenable to fabricating large holo-
grams. With extensive experimentation, we arrived at techniques that
l‘eSéllt in first order diffra=*ion efficiencies of over 80%, with 600 mJ/
cm? exposures at 632.8 nm, while maintaining scattering ievels below
5%. The exposure times in these experiments were about 8 min. The
same results should hold for Krypton laser exposures at 647. 1 mm.
Specific procedures are given that should be directly applicable to the
18 -in. square plates required for full-size hologram fabrication.
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L. Introduction and Summary 3
o3
6. SUMMARY OF EXPERIMENTAL WORK : ;:
. o . . . E
The experimental work, on a 40" sff~axis angle, symmetric transmission %

configuration, showad that the measured and calculated imaging charac-
teristics are in excellent quantitative agreement, and that the excellent
image quality predicted by the calculations and measurements is in fact

N

PPN

o ras

'

achieved in an operating demonstrator, using the experimental hologram 3
lens. 3

3

3
The objectives of the experirnental work were, first, to quantitatively
compare the experimentally observed imaging characteristics with 3
those derived from the theoretical ray tracing techniques used in the ;
parametric analysis study of different configurations, and second, to 7
provide a simple, operating holographic HUD system to demonstrate :
the performance characteristics obtainable with the helographic lens i
approach. An experimental demaonstration and study of a2 holographic {
HUD lens was accomplished, using a symmetric transmission continu- i
ous lens configuration, similar {o the configuration that was recom- :

mended for the next phase of technology development. The experi-
mental hologram lens is approximately one-half size, with an off-axis
angle of 40~ and a focal length of 15.5 in.

a2 s ed

An optical system, including a 14~in. diameter spherical mirror, was
built up on a vibration isolated table, along with a He-Ne laser, o pro-
vide the required holegram construction beams. This apparatus was
used to expose 2 6 pm thick, silver halide emulsion, resulting in amplii-
tude holograms, which were converted to volume phase holograms,

using the high quality bromine vapor bleach process thai was developed
on this program.

Analysis of the experimental hologram lens was accomplished by com- )
paring theoretical and experimental ray trace data con the system and

image guality characteristics. The results of this comparison show
that:

a. Computed and measured focal surface character-

istics agree on focal length, astigmatism versus
field, and tilt angles.

L

Deviations between predicted and observed opti-
cal efficiency are accounted for by a systematic
loss of fringe stability during recording, which
can be avoided with an improved recording
apparatus.
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The calculated and measured distortion charac-
teristics of the experimental hologram are the i
same, within experimental errors, being 1.5%
anamorphic and 5% keystone, calculated, and :
2. 5% anamorphic and 4.95% keystone, measured.

PP SRSRER
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. Theoretical and experimental ray intercepts,

: used to calculate collimation error and binocu-
{ lar disparity, are in excellent agreement for

: two different horizontal eye locations in the

, pupil, giving about 5 mrad maximum pupil

e errors.

N T

[ -

The experimental hologram lens thus confirms dur analysis and design

techniques. This lens was incorporated in a HUD demonstrator that
shows excellent image quality.
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Parametric Analysis

I1.
A. Choice of Approach
1. BACKGROUND

The Head-Up Display system is ideally suited to the continuous lens
hologram optical element, which was invented and successfully devel-
oped at the Hughes Aircraft Company

Hughes Research Labortories proposal to NADC for a Holographic Lens
for Pilot's Head-Up Display (HUD) was based on a finite-element array
approach.” The array is designed to overcome the loss cf optical effi-
ciency and buildup of irnage errors observed as the FOV is increased
in a single hologram that is recorded with ob_‘kect and reference roint
sources having an object/image relationship.~’ 3 The array ove.:comes
these limitations of the ''single hologram' approach, and den nnstrates
much smaller efficiency loss and pupil errors for the HUD a.:._‘ol.ica.tion.l
However, the array suffers from localized image discontinuities asso-
ciated with unaligned intersections between elements of the array. By
the time the present NADC HUD program began on 1 April, 1973, it
was known that the only effective measuzes for correcting these dis-
continuities required increasing the number of array elements, with a
correspending decrease in element size. Also by this time, Mr. Gaylord
Moss of Hughes Research Laboratories had invented th% "continuous lens''
approach to the design of holographic optical elements, For a display
system, the continuous lens is, in effect, an array with a vexry large
number of infinitesimaily small elements, recorded with = single holo-
graphic exposure, In the continuous lens, the image discontinuities of
the array are smoothed into distributed image errors or aberrations,
which can be corrected with usual optical design techniques. This eval-
uation of hologram optical elements is summarized in Table 3.

Since the continuous lens approach is ideaily suited to the HUD-type
system having an exit pupil that is small compared to the system aper-
ture, the analytical effort cf the present program has been spent in
studying this approach, and remarkably good performance has been cal-
culated and observed. The optical efficiency vremains high across the
FOV, and the pupil errors remain small compared to the ""single holo-
gram' approach. Furthermore, the pupil errors are correctable by a
suitably designed relay lens.

A major confirmation of the continuous lens design approach was the
successful development of a 30° FOV helmet mounted display (HMD)
system,4 in parallel with the HUD studies, In order to allow this devel-
opment, major advances were made in hologram optical system design
and 1n the tools necessary to carry out the design process. Much has
been learned about the types of refractive elements needed in the holo-

s 3 P Y N S S, . Y -
gram recording and playback stages to effectively coirect residual
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aberrations in a display system. The ray tracing programs that allow
this type of systemn to be analyzed and designed, as well as the experi-
ence gained with the HMD system, are available for the HUD system
design., Furthermore, the HUD system allows ¢ - eatly reduced geo-

metrical asyrametry, and there is thus greatly reduced astigmatism
znd a considerably simpiified design task,

In this subsection we describe the different types of hologram optical
element, This description requires explicit consideration of optical effi-
ciency, as well zs iznage quality, because hologram optical elements,

in contrast to refractive and reflective elements, do not inherently pro-
vide high optical efficiency.

The array approach to a holographic eyepiece for an infinity display
system has been discussed in detail in references 1 and 5, and those
details will not be repeated here. Briefly, the array is a contiguous
assembly of ""single hologram'' elements arranged to cover an extended
FOV. A "gingle hologram' element is a hologram lens recorded so
that the object and reference point sources occupy the same locations as
the central object and image points in the display system. In order to
explain the continuous lens concept as the limit of an array with infini-
tesimal elements, we will begin with the single hologram, then briefly
discucs the finite-element array and finally describe the continuous lens.
The explicit example of two-dimensional, off-axis transmission holo-
gram elements will be used; however, the ideas apply equally well to

three-dimensional gf:ometries and reflection or pseudo-inline transmis-
sion configurations,

TABLE 3

Evolution of Holographic Display Elements

Type of Element Characteristics

1. Single lens Geod axial image
Small field of view
Large pupil errors

2. Array lens Large field of view
Small pupil errors
Local image errors

3. Continuous lens Large field of view
Small pupil errors
Correctable aberrations
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A, Choice of Approach

2. THE SINGLE HOLOGRAM

YT

B babwer v

The single hologram element is capable of a large pupil size, but a

rapid buildup of image errors and loss of optical efficiency combine 3
to strongly limit the achievabdle FOV,

T PR RO A
\

As an introduction to the characteristics of the "continuous lens' type 1
of hologram optical element, which has been analyzed in the present :

program, we briefly describe here the characteristics of the ''single
hologram'' element,

The single hologram optical element is a hologram lens reccerded so :
that the object and reference point sources occupy the same positions, !
relative to the hologram aperture, as the central object and image points '
in the display system. Figure 1l indicates the construction and use of a )
single holcgram elernent. The construction geometry shown in Fig. 1{a),
utilizes a point source P, located at the center of the source in the
display system, and a collimated beam {point source at infinity), incident
along the central vicwing direction of the display. During reconstruction,
indicated in Fig. 1(b), the central source point P illuminates the holo-
gram with a wave that duplicates the diverging construction beam. The
hologram, therefore, recreates the collimated construction beam, and

a viewer in the exit pupil of the systein observes a virtual image of :
point P, projected to infinity with zero aberration. As seen in Fig. l(c), ‘
another source point, P, also illuminates the hologram with a diverging

3 wave, but from a different angle. The P' wave is not identical to the

\ diverging construction wave, and the new reconstructed wave is not a

E collimated beam. There are errors across the system pupil, and the

3 viewer observes an aberrated image of P'. The angular shift of the P'

3 wave also leads to a loss of diffraction, or optical efficiency.” This

loss of image brightness and the size of the image errors both increase

rapidly as the P' point moves away from the construction point P, strong-

1y limiting the useful FOV of the system.!  Note, however, that the

single hologram element is capable of a large pupil size, limited only
by the aperture of the element.
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Fig. 1. A single hologram transmission display element. (a) Beam
conliguration during construction; (b) beam configuration
during on-axi. reconstruction; (¢) beam configuration dur-
ing nff-axis reconstruction,
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1i. Parametric Analysis ’ '
A, Choice of Approach
3. THE FINITE- ELEMENT ARRAY

The finite-element array, which provides high optical efficiency across
an extended field of view, has local discontinuities in the image, which
merge gradually into a continuous image error as the element size is
reduced,
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The finite-element array, which was proposed for the NADC HUD sys-
tem ,I is briefly described here as an introduction to the characteristics
of the ""continuous lens' type of hologram wptical element which Lhas been
analyzed in the present pregram.

RS A AN

The finite-element array approach is illustrated in Fig. 2. This
approach utilizes the fact that the exit pupil is much smaller than the
system aperture, therefore different parts of the aperture correspond
to different parts of the angular FOV, Therefore, if roultiple ''single
hologram' elernents are properly aligned in the aperture, high bright-
ness and good image quality can be maintained across an extended FQV.
Figure 2 illustrates a one-dimensional array with three single hologram

elements recorded in the aperture, using three point sources, Pj, P
and Pj, distributed in the source, and three, corresponding, colhma.ted
referénce beams. Each element covers a small enough FOV to maintain
high efficiency and iimage quality, The requirements and techniques for
alignraent of the array elements at their common boundaries have been
discussed before.”*? Also described were the local image errors aris-
ing from necessarily unaligned element intersections in a two-
dimensional array,
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Although the array shows good brightness uniformity and muci. smaller
) pupil errors than the single hologram element, the loca.lizleqj image
errors do subsiantially degrade the overall image quality. Several
techniques were suggasted for controlling these localized errors,” :
but the only practical method is to reduce the size of the single holo-
gram elements of the array and to correspondingly increase their num-
ber, This situation is illustrated in Fig. 2, where the array elements
are smaller than the system pupil. In this case, several of the local ;
image discontiauities, associated with unaligned intersections, may be
observed simultaneously by the viewer. Since these discontinuities are
smaller than for the array of I’ig., 2, the effect is to produce a less
distinet but more uniform overall image. The total amount of image
error ig approxi:naicly conserved. In the limit of infinitesimal element
size, the image becomes continuous, with a continuous error, or aber-
ration, degrading the irnage quality. This last case is one form of con-
tinuous lens elzment, and the aberration can be corrected with appro-
nrizte anxiliary elomenh.. providing a high-quality. bright image across
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an extended FOV
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II, Parametric Analysis
A, Choice of Approach
4. THE CONTINUOUS LENS

In the limit of infinitesimal element size, the array becomes a
continuous element that can be constructed with a single holographic

exposure, provides high optical efficiency =2cross the FOV, and has
uniform, correctable aberrations.

TR TORRRe 4

The type of continuous lens element studied in the present program can
be described as the limit of infinitesimal element size in an array.
Figure 4 illustrates an array with the element size smaller than the size
of the system pupil., This case provides smaller local image discon-
tinuities, with multiple discontinuities evident because several elements
in the array are projecting light from any particular object point through
the system pupil. Also, the optical efficiency of this projection tends to
be less near the edges of the system pupil, because the corresponding
array elements are being used at angles other than those occurring in
their construction geometry,

In the limit of infinitesimally smali array element size, only the chief
rays of the system (the rays going through the center of the pupil) are
recorded. In this limit, the image error is continuous, and the optical
efficiency varies uniformly across the pupil. This limiting case is indi-
cated in Fig. 5 by a few of the chief rays. Taken together, the chief rays
define a beam that produces a point source located in the center of the
pupil and appears to come from a source located behind the source dis-
tribution. The limiting case can therefore Le 2chieved in practice by
recording a hologram as a single exposure with two construction beams
whose rays duplicate the chief ray geometry. One of the construction
beams, therefore, forms 2 point source in the center of the exit pupil.
The other beam can often be approximated by a point souurce, as indi-
cated by the dashed lines in Fig. 5. This example of 2 "continuous lens''
element has pupil errors (the limit of the local image discontinuities

in the array) that are nearly constant across the FOV, and can be cor-
rected by auxiliary optics in the display system. The price for obtaining
uniform brightness across the FOV is that the fall-off in diffraction effi-
ciency, associated with reconstruction rays differing in direction from
the constructior rays, limits the eifective size of the exit pupil. Obtain-
ing a desirsble exit pupil size requires a recording material film thick-
ness that is small enough to supply the required angular response; the
proper characteristics seem to be available in practice. The continuous
lens is therefore ideal for a display system with a large FOV and a
small exit pupil, while the single hologram approach is ideal for a sys-
tem with a small FOV and large exit pupil.
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A linear array in the ideal
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limit of infinitesimal ele-
ment size. A small nhum-
ber of reconstruction
beam paths show the chief
ray geometry. Often the
chief rays can »e traced
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source to locate an
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Fig. 4.

A linear array with element
size small compared to the
system pupil size, showing
on-axis reconstruction
from the three construction
point sources. One of the
construction beam paths is
shaded.
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11, Parametric Analysis
A, Choice of Approach
5. A CONTINUOUS LENS DESIGN APPROACH

A continuous hologram lens design approach that is convenient for both
parametric analysis and further system design, specifies the hologram
focal length and places one of the two construction source points at the
center of the system exit pupil.

A convenient and useful type of continuous lens to use in practice is one
made using beams generated by two point sources. Such an element is
indicated in Fig. 6, and the steps in its design are outlined in Table 4.
This element can be described in conventional terms as having a focal
length, f, related to the distances, d] and d3, of the two point sources,
P; and P,, from the hologram by the cquation

1 1 1
_— o e ] e . ‘1)
f dl dZ

This focal length is directly related to the display parameters. In fact,
if the auxiliary optics used to correct the pupil errors are placed in a
relay lens that forms an intermediate image of the actual source at the
'source location'' of Fig. 6, then the focal length, f, of eq. (1) satisfies
the relationship

f=mf . (2)
o

In eq. (2), m is the magnification of the intermediate image, relative to
the actual source, and {  is the overall system: focal length, defined by
the equation

ian 9 = 3 o (3)
o

where 0 is the hali-anguiar FFOV and s is the size of the actual source.
For the 25° FOV systemn, 9 = 12.5° and s = 4 in., giving a system focal
length = 9.0 in, Therefore, if point P, of Fig. 6 is placed at the
center of the exit pupil then distance d| is chosen, along with the relay
lens magnification, m, to provide the desired system parameters. Fur-
thermore, since the hologram forms an image of the system exit pupil,
at P}, that point should also be the location of the relay lens exit pupil.

It should be noted that the location of the construction point sources P
and F,, i.e., the construction wavefront centers of curvature, are shown
in Fig, 6 for a vertical section through the display system. If we consider
instead a horizontal section through the system, the construction wave-
{ront centers of curvature may be located at distances different from d,
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and dj; i.e., the construction waves may have substantial astigmatism.
The usie of such astigmatic construction beams is only one of several

a possible modifications that can be made in the construction waves;
however, it is the only one that was used in the present parametric
analysis. The amount of astigmatism in a particular construction beam

] is taken to be the axial separztion of the horizontal and vertical centers
3 of curvature,

The above steps totally specify the continuous lenses studied in this pro-
gram, With this basic design, ray tracing techniques’ are used to ana-
3 lyze the system and evaluate the image quality. This analysis considers

: the characteristics of the hologram and its imaging properties; it does
] not consider the effects on image quality of adding a correcting lens. In ;
5 the preliminary system design (Section III), we have considered the par- '

f axial specifications of the relay lens, and the effects on overall system
distortion of a paraxial relay lens.

The final system design is a very complex tagk, requiring consideration
and balancing of all parts of the system: hologram geometry, construc-
tion bearn characteristics, and properties of a nonparaxial, thick, com-

pensating relay lens. This final design task is presently scheduled for
the proposed Phase 3 program.
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TABLE 4

Steps in HUD Continuous Hologram Lens Design

1. Choose a hologram configuration and focal length.

2. Locate one construction beam source in the center of the sys-
tem exit pupil.

3. Locate the sccond construction beam source to give the
desired hologram focal length.

4. Provide a relay lens with the proper magnification (m = /fo),
and with its cxist pupil located at the construction beam source,
Py.

5. Adjust the censtruction beam and relay lens properties, by
adding and/or modifying optical elemcnts, until the optimum
image quality is obtained.
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11, Parametric Analysis
B. Scope of the Parametric Study
1. SYSTEM GEOMETRY

The system geometry for reflection and transmission continuous
hologram lenses is given by six basic parameters that specify a par-
ticular configuration and determine the corresponding imaging
characteristics.

e T o B T e A A T

T

In this topic we define and describe the parameters that specify the
holograrmn system geometry for the purpose of a parametric perfor-
mance analysis. For this purpose, we restrict the discussion to the
continuous lens geometries that are inherently off axis and are used in
configurations that provide both the combining and collimating func-

: tions. The reflection continuous hologram lens system is indicated in
3 Fig. 7{a), and the transmission continuous lens system is indicated in
Fig. 7(b). These drawings represent vertical sections of the systems
through the cptical axis. The systems are very similar and the same
parameters apply to both.

TR T

T

The system exit pupil, of size P, is indicated at the left side of the
drawings, displaced from the hologram aperture by the eye relief dis-
tance, D, along the optical axis. The viewer's eyes are located within
the exit pupil, and the projected image is viewed .hrough the holograms
aperture, in the general direction of the optical axis. 'The dziz to be
projected by the display appears af the ''intermediate image'' lncation,
which is separatsd from the hologram by the hologram focal length, f.
The eye relief and the focal length meet at an angle ¢, the off-axis
angle of the system. The hologram is on a flat substrate and the normal
to the hologram surface makes an angle ¥ with the bisector of the

off -axis angle ¢. This asymmetry angle is taken {0 he positive when the
hologram is tilted toward being perpendivular o the opiical axis. The
intermediate image may be tilted away Irom being norinal to the focal
length, and the tilt angle € is taken to be positive when the normal

to the image surface is tending toward being paraliel with the optical
axis.

The intermediate image structure is generally more complex than indi-
cated in Fig. 7. The detailed imaging properties of the hologram,
which are discussed in Section II-B-4, generally require two irnage
surfaces, corresponding to horizontal and vertical fans of rays. These
two surfaces may have different tilt angles, 2 and Q,,, and may also
be curved. The average curvature or radius of curvature ig taken to be
positive when the surface is convex toward the hologram.

The system specifica.t:ionsE> require a system exit pupil P = 3 in, high
bv 5 in. wide. and eve relief D = 25 in.. a circular FOV 25° in diam
and centered on the optical axis, and a system focal length £ = 9 in.

30
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With a relay lens of magnification, m, providing the intermediate
image, the hologram focal length f = mf . We require that the entire
FOV be visible from any location within the system exit pupil, and

this requirement fixes the overail size of the hologram aperture and the
extent of the "v1ewmg volume, " the latter being indicated in Fig. 7 by

lines at £12.5° to the optical axis, from the pupil to the hologram
aperture.

The procedure foliowed in performing the pagrametric analysis is to
choose $, ¥ and m, and then use ray tracing’ to establish the image
surface characteristics, the optxca; eff1c1ency, and the system errors.
This procedure is described in detail in the remainder of Section 1I-B
We should ncte here that the significance of the asymmetry angle ¥ 13
that when ¥ = 0 there is zero axial astigmatism in the intermediate image
for spherical construction wavefronts. In some of the analyses, we
assume astigmatic construction wavefronts in order to cancel axial image
astigmatism associated with ¥ # 0, or to modify the astigmatism across
the image surfaces. Otherwise, since we are mainly concerned with the
inherent hologram imaging characteristics, we neglect the possible con-
rol of imaging characteristics available through modification of the holo-
gram construction wavefronts. However, this type of image control

should be studied thoroughly as an important part of any later system de-
sign effort,
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Fig. 7. Geometry of continuous hologram lenses used as HUD collimator/
combiner elements: (a2) Reflection continuous lens; (b} trans-
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E IL. Parametric Analysis

g B, Scope of the Parametric Study

%:c 2. THE NEED FOR A RELAY LENS
%é.‘

The holographic HUD system requires auxiliary optics, usually in the
form of a magnifying relay lens, to increase the range of available con-

figurations, reduce system distortion, and provide adequately small
system errors,

TR

The system focal length of 9 in. limits the range of configurations
available for the holographic HUD system in two ways: First, if no
relay lens is used, the off-axis angle ¢ must be large in order to keep
the source diffuser out of the viewing volume, and second, for large ¢
and f = 9 in,, the distortion inherent in the holographic imaging process
becomes quite large. For exampie, Fig. 8(a) indicates a vertical sec-
tion (to scale) through a reflection system with f = 9 in. and &= 90°. The
dotted lines show the chief ray direciuions at the edges of the FOV, and
the asymmetry of these lines is an indication of the large amount of dis-
tortion inherent in this configuration. Figure 8(b) shows that for a ¢

= 459, transmission hologram system, the source intrudes into the view-
ing volume, obstructing part of the FOV. These difficulties are strongly
mitigated by the addition of a relay lens to the system, providing an
aerial, intermediate image to be projected by the holographic colli-
mator. Figure 8(c) indicates 2 transmission hclogram system utilizing
a relay lens with magnification m = 1,3, In this case the hologram

focal length is f=m f, = 11.7 in,, and the amount of distortion is

substantially reduced, as indicated by the more symmetric extreme
chief rays {(dashed lines).
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Another advantage of the relay lens that is not apparent from these geo-
metrical considerations is that it can be used i{o correct residual aberra-
tions in the HUD system. This is an extremely important point, because
the hologram configuration must be chosen to provide high optical effi-
ciency across the FOV, and configuratieas that do so introduce ergors
that are considerably larger than the system specification 2llows.

These errors are such that they can be effectively controlled by a prep-
erly designed relay lens, which therefore becomes esgential to the sys-
tem. In fact, it can be stated that any holographic HUD system that main-
tains optical efficiency across an extended FOV will require auxiliary

optics, in the form of field lenses and/or a relay lens, to provide suitable
performance,

In order to extend the range of available configurations, correct distor~

tion, and decrease systemy ¢rrers, we will generally assume that a relay
lens is included in the system.
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Fig. 8. Vertical sections of holographic HUD systems, (a) Reflec-
tion system without a relay lens; (b) transmission system
without a relay lens: (c) transmission system with a relay
lens,
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II. Parametric Analysis
B. Scope of the Parametric Study
3. SUMMARY OF SYSTEMS STUDIED

The parametric study included reflection, transmission, and pseudo-
inline transmission systems, having approximately the same focal
length, with the off-axis angle chosen as the most significant variable.

Yabd Lty /e

e oA

Aoty

In order to provide an overview of the systems studied, we provide here
a summary of the range of parameters covered. The systems that have
been considered are of three basic configurations, indicated in Fig. 9.
Figure 9(a) is a reflection continuous lens system, Fig. 9(b) is a trans-
mission continucus lens system,_ and Fig. 9(c) is a pseudo-inline trans-
mission continuous lens system."’ The total possible range of con-
figurations had to be limited in order to make the parametric study of
manageable size. The major goal was taken to be a study of the imag-
ing properties of holograms having a range of off-axis angles in systems
with a dual-function holographic element (i. e., providing both the colli-
mating and combining functions). Therefore, most of the systems
studied used either a reflection continuous lens or a transmission con-
tinuous lens, as shown in Figs. 9(a) and 9(b). The pseudo-inline trans-
mission (PILT) continuous lens configuration of Fig. 9(c) is of relatively
little interest, but was also included in the study for completeness. The
focal length of the hologram was held approximately constant at about

f = 14 in; corresponding to a relay lens magnification mx 1.5, which was
shown in the preliminary system design to be approximately optimum
(see Section III).

A secondary variable was the asymmetry angle ¥. The main effect of
this variable is to introduce axial astigmatism when ¥ # 0.

Table 5 lists the major systems that were analyzed in the parametric
study. Five asymmetric reflection configurations, with ¢= 20° to 60°;
one symmetric reflection configuration, with § = 40° four symmetric
transmission configurations, with 4= 30° to 60°; and one pseudo-inline
configuration were included. All of the systems studied have the speci-
fied eye relief of 25 in., a 25° circular FOV and a 3 in. high by 5 in,
wide system exit pupil. All holograms were assumed to be constructed
at A = 632.8 nm and operated at the same wavelength. With reference
to Table 5, systems 1 to 5 and 7 to 10 were studied with astigmatic con-
struction wavefronts, chosen to minimize astigmatism across the inter-
mediate image surface; systems 6 to i1 were studied with spherical con-
struction wavefronts.
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Three possible holographic HUD
configurations with different mag-

nifications, shown as vertical sec- ’
tions. (a) Reflection hologram
colhmator/combmpr' (b) transmis-

sion hologram collimator/combiner;

(c) pseudo-inline transmission colli-

mator, with a separate combiner.




TABLE 5

Systems Analyzed in Parametric Study

System Type (d:g) (ii. ) m

1 R 20 4.1 1.5 5
2 R 50 i4.2 1.58 5
3 R 40 14.2 1.57 5
4 R 50 13.1 1.45 4
5 R 60 i3.2 i.46 3
6 R 40 14.1 1.57 0
7 T 30 14. 4 1.59 0
8 T 40 14.4 1.59 0
9 T 50 i4.4 1.59 0
10 T 60 14.4

11 PILT — 14.2

¢ Fig. 9.

Three possible holographic HUD

i configurations with different mag-
nifications, shown as vertical sec-

¢ tions, (a) Reflection hologram

: collimator/combiner; (b) transmis-
sion hologram collimator/combiner;
¥ (c) pseudo-inline transmission colli-
k mator, with a separate combiner.
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Q 11, Parametric Analysis é

s E
B, Scope of the Parametric Study :

; 4. ASTIGMATISM AND FIELD T(LTS AND CURVATURES

The characteristics of the intermediate image, i,e., astigmatism, tilts
and curvatures, are determined by tracing bundles of parallel rays
through the system, and are dependent on the hologram construction
wavefront curvatures as well as the geometrical configuration of the
system, —

v s Ll e 008 Kow Tl buiS

vt bR i

2 The first step in the analysis of a particular configuration is to deter-

’ mine the location, orientation, and curvature of the intermediate image
surfaces. These surfaces are defined as the collection of points such
that rays from these points produce a set of parallel rays at the center
region of the pupil (i, e., an image at infinity). In general these points
are different for rays in a vertical section of the system than for rays
in a horizontal section of the systern, and the separation of these two
image surfaces is the astigmatism. The two image surfaces are indi- :
cated in Fig. 10, which shows vertical and "horizontal" sections
through a transmission type system. The "horizontal' section is taken
perpendicular to the vertical section, but along the folded optical axis.

M Bt Fam s ad i AY See  dabe #

A rectangular coordinate system is set up near the image surfaces, !
with its z-axis along the optical axis, as shown in Fig. 10. The y-z :
plane is taken to be in the vertical section, and the x-z plane is there-
fore in the horizontal section. The hologram image is in general two ;
separate, three-dimensional surfaces, characterized by their inter- -
sections with the x-z and y-z planes of this coordinate system. These U
intersection curves are characterized by their average curvature in !
both planes and the angles that their vertex tangents in the y-z plane
make with the y-axis (by symmetry, there is no tilt in the x-z plane
intersections, i.e., the horizontal section).

—
Lo
pet
o~

The image surfaces are determined by locating several representative
points in the x-z and y-z intersections, as indicated in Fig. 10. This
is accomplished by tracing sets of five parallel rays backward through
the system. from the exit pupil through the hologr~m, and into the
image space, as follows: For a particular direction in the angular :
FOV, a bundle of five parallel rays is launched through the pupil. The
intersection of these five rays with the pupil plane is the same for all
directions in the FOV, and these five intersection points are indicated
in Fig. 11. The x,- y,, coordinates are normal to the optical axis,
with the origin locited Bt the intersection of the optical axis and the
pupil plane. The central ray (number 5 in Fig. 11) is the chief ray.
Rays 1 and 2 are in a horizontal section; rays 3 and 4 are in a verti-
cal section, spaced from the center by about 1/50 of the pupil size.
The horizontal (vertical) focal point is the point along the chief ray
where rays 1 and 2 (3 and 4) are closest together. The separation
between the two focal points is the astigmatism.

P T

36 |

u
Mj
P NP L Ny 192> TR it



Lo £3004

ek

LAt T o

AT T A e

[ N e ]

This process is repeated for several different directions in the angu-
lar field of view. Typical field directions in the vertical and hori-
zontal sections are indicated in F'ig. 10, and the corresponding hori-
zontal focal points are indicated by circled points, while the vertical
focal points are indicated by noncircled points. Taken together, these
setg of focal points establish the image surfaces. The tilt angles
and @, are determined by drawing vertex tangents in the y-z intersec-
tion, as indicated in Fig, 10, }‘he four average curvatures are deter-
mined fromthe formula R = w“/2A, where R is the radius of cur-
vature, w is the distance along the tangent, and A is the perpendicu-
lar distance of a point from the tangent,
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Fig. 10.

Vertical and horizontal
sections of a transmis-
sion holograin HUD
element, showing the
FPrICAL AXTS paths of chief rays

12.50 kY used to determine the

4 focal surface

x characteristics,
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Fig. 11.
The exit pupil area,
showing the intersec- $ .
tion points of the five LI P > Xp

rays used to determine
the focus points for
any point in the angn-
lar field of view.
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1L, Parametric Analysis

B. Scope of the Parametric Study

OPTICAL EFFICIENCY ACROSS THE FIELD AND ACROSS
THE PUPIL

The second major system characteristic to be considered is the
optical (diffraction) efficiency cf the hologram, which, for the basic
continuous lens design, remains high for chief rays across the angu-
lar field of view, but tends to limit the exit pupil size, depending
primarily on recording material film thickness,

The second step in the analysis of a particular configuration is to
determine the optical efficiency of the hologram, which is assumed

to be a thick, rhase recording.” The characteristic of interest is the
reduction of diffraction efficiency, relative to the maximum effi-
ciency, as a function of position in the angular field and/or position
in the system exit pupil. The cause of this efficiency drop is the devi-
ation of ray directions from the directions used to construct the holo-
gram, leading to a failure to satisfy the Biagg condition for maximum
diffraction efficiency.

The effect of the limited angular bandwidth of diffraction efficiency is
that, for a given recording material film thickness, it is not possible
to simultaneously achieve an arbitrarily large angular field of view and
an arbitrarily large exit pupil. The continuous lens design approach,
discussed in Section II-A, provides a uniform optical efficiency across
the FOV at the center of the pupil; i.e., it is designed for a high chief
ray efficiency. However, rays through the outer parts of the exit pupil
will show a decrease in efficiency that is dependent on the geometrical
configuration and on the thickness of the recording material, Further-
more, if modified construction wavefronts (e.g., astigmatic) are used,
the chief ray efficiency may not remain high across the entire FOV,
and the peak efficiency may not occur in the center of the exit pupil.

For both reflection and transmission configurations, the angular devia-
tion of rays from the construction geometry that is allowed before the
diffraction efficiency drops to zero is approximately AQ = n\ /t sin ¢ /2,
where n is the average refractive index of the recording material \ is
the operating wavelength, t is the thickness of the film of recording
materizl and ¢ is the off-axis angle. 10 This expression provides
estimates of the effi_iency characteristics, but for quantitative infor-
mation the theory of K«.’)gelnik6 must be applied in the ray tracing
procedure,

The characteristic behavior of the optical efficiency is summarized in
Table 6.
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TABLE 6

Holographic HUD Optical Efficiency Characteristics

1. There is a tradeoff between angular FOV and system exit
, pupil. .

; 2. The basic continuous lens approach provides maximum |
chief ray efficiency, with limited exit pupil size. i

3. The efficiency characteristics are determined primarily

by the recording material thickness and the system
geometry. i
|
4. Anguiar half-bandwidths are given approximately by ‘
the formula ;
;
Ag = —IA :
t sin% ’
TI377 )
2
i
|
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3
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y
{
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IL. Parametric Analysis
B, Scope of the Parametric Study
6. DISTORTION DERIVED FROM A NOMINAL FOCAL SURFACE

i
A measure of distortion is chosen which is equal to the horizontal-to..

vertical magnification ratio of the ideal relay lens, which optimally
compensates for the hologram lens distortion.

The third step in the analysis of a particular configuration is to char-
acterize the amount of distortion in the intermediate image, For the
parametric study, this requires a quantitative measure< of distortion
that can be easily interpreted and compared for different configura-
tions., We first choose a nominal focal surface, based on the image-
formation ray trace data, that best represents the intermediate image
fields of the hologram lens, We then trace chief rays backward through
the system, from a set of circular images at infinity, having different
angular radii, and determine the points of intersection of these chief
rays with the nominal intermediate image. For a given circular image,
this set of intersection points will form an oval shape that is symmetric
in the horizontal direction. An example of this shape is shown in

Fig. 12. The measure of distortion is taken to be the ratio of the verti-
cal dimensions of this oval shape, to the horizontal dimension of the
oval, as a function of the radius of the circular image at infinity.

If there is no distortion, this ratio will be unity. If the vertical dimen-
sions are the same in the positive and negative directions, but is not
equal to the horizontal dimension, then there is anamorphic distortion,
with the circle producing an - tical intermediate image. If the posi-
tive vertical dimension is larger, for example, than the horizontal
dimension, but the negative vertical dimension is smaller, then there
is a keystone-type distortion, and the circle produces an egg-shaped

intermediate image. There can be combinations of these types of
distortion.

The importance of this form of intermediate image calculation is that
if a relay lens is provided that produces this particular intermediate
image from a circular input image, then that input image will be pr. -
jected by the system as a circular image at infinity. In other wozrds,
the characteristic ratio determined in the above manner is the ratio

of vertical to horizontal magnification of the ideal relay lens for that
system. Therefore, although this measure of distortion is incomplete,

it is easily interpreted and is of major importance in terms of system
performance.
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Fig. 12. An example of the distorted input to the holographic colli-

mator required to provide circular images at infinity.
Shown is the definition of the vertical to horizontal magni-
fication ratio, which is a measure of the distortion.
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IL, Parametric Analysis \
B. Scope of the Parametric Study
7. RAY INTERCEPT CURVES

Ray intercept curves, which plot ray intercepts with the image surface,
relative to the chief ray intercept, as a function of ray position in the

exit pupil, provide directly the type and size of aberrations for a par-
ticular configuration,

TR T

In order to compare the imaging characteristics of different configura-
tions, we require an analysis technique that gives comp’ate quantitative
information about the image quality, but which can easily be interpreted
in qualitative terms. In particular, for the systems of interest, we

expect relatively large geometrical aberrations, with diffraction effects

playing no significant role, and therefore, the analysis technique should
be suitable for such systems.

R M S LR

In this situation, ray intevcept curves!! provide the required data in the
form of deviations of the actual image from the small-pupil image, as a
function of position within the exit pupil. We use the ray intercept curves
in the way shown in Fig. 13. Having calculated the intermediate image
fields, we choose a nominal focal surface and trace horizontal and verti-
cal fans of parallel rays (each including the chief ray), from a particu-
lar point in the angular FOV, through the exit pupil, to be diffracted by
the hologram, and intercept the nominal focal surface. We then make
four plots of these image intercept coordinates (subscript i), relative to
the chief ray intercept, as a function of the pupil coordinates (subscript
p) shown in Fig. 13: x. versus xE, y; versus Xi versus y.

and y; versus y,. In standard optical cﬁsign terms, commonly used for
rotationally symmetric optical systems, ** for points in the angular FOV
on the vertical axis, the vertical fan of rays is a tangentizl fan and the
horizontal fan is a sagittal fan. For any other points in the angular FOV,
this terrninology is not applicable, due to the lack of rotational symmetry,

AAFLECTION
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Fig. 13. Reflection HUD element schematic, showing ray fans used to
calculate ray interc »t curves,.
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] For the purpose of comparing different configurations, we utilize these i
3 ray intercept curves for the axial point in the angular FOV, A typical
. ray intercept curve is shown in Fig. 14. The particular utility of the {
ray intercept curves is that the shape of the curve shows the type of i
aberrations that 37e pertinent for that point in the FOV and that choice b
of focal surface. In particular, if the image quality is perfect, all Lo
rays meet at a point in the focal surface, and the ray intercept curves
are straight, horizontal lines., (By definition, the ray intercept curves :
go through the origin, being relative to the chief ray,) For defocus,
the curve forms a straight line; astigmatism produces straight lines
at different angles; spherical aberration produces a curve that has odd
symmetry; and coma produces a curve that has even symmetry. in our
work, field curvature, which is essentially a defocus, is corrected as
far as possible by the choice of focal surface, and chromatic aberra-
tion is ignored because of monochromatic operation.
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For comparison terms, we assume that the design of the relay lens

: compensates for field curvature, defocus and astigmatism, these all

/ being image location, or focus terms. Remaining are spherical aberra-
tion and coma, and these can be isolated by subtracting linear terms and
then looking at the odd and even terms remaining. The ray intercept
curves are also extremely useful for calculating collimation error and
binocular disparity as will be shown in the next section.
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II. Parametr.: Analysis

B. Scope of the Parametric Study

8. PUPIL ERRORS FROM RAY INTERCEPT CURVES

The two important system pupil errors are the collimation error
and binocular disparity, and these can be defined and analyzed in
terms of differential ray intercepts with the nominal focal surface.

TRy e

R bAATRY

For a HUD system, we require information on collimation error
(CE) and binocular disparity (BD), The CE is the variation of image
location, for a point input, as the viewer's eye moves about in the
exit pupil, with reference to the image location observed at the cen-
ter of the pupil. The BD is the difference in image location apparent
to the viewer's two eyes; this generally changes with position of the

eyes in the pupil, These errors are directly related to the pupil
aberrations of the previous section.

If no aberrations are present, all parallel rays through the pupil
converge to a point on the focal surface., Since both eyes will see

the same image location at infinity, regardless of their position in the
pupil, there is no CE or BD, With aberrations, two small, parallel
ray bundles (corresponding to the two eyes) will intercept different
points on the focal surface; conversely, rays from a single point on
the focal surface will enter the two eyes in slightly different direc-
tions, producing different image locations at infinity.

We define the CE as the average image location seen by two eyes,
relative to the image location seen by an eye centered in the pupil.
The BD is defined as the difference in image location seen by the two
eyes, with the horizontal component termed convergent if the eyes

must cross to fuse the image, and divergent if the eyes turn out to
fuse the image.

There is a one-to-one correspondence between the differential focal
surface intercepts for two ray bundles from a single point at infinity,
and the differential angle between two ray bundles from a single point
on the focal surface. Therefore, we can use the ray intercept data

to calculate the CE and BD, though in general this requires fans which
do not include the chief ray.

The procedure for calculating the CE and BD, for a given point in the
zngular FOV and given horizontal positions of the eyes in the pupil,

is to trace two vertical fans of rays going through the horizontal eye
locations (for example, in Fig. 15, the right eye is on the y, axis and
the left eye is at the left edge of the pupil), and calculate the differ-
ential intercepts for each value of y,. The differential intercepts
calculated for a particular systein exampie, using the ray fans of
Fig. 15, are shown in Fig. 16, with the CE and BD errors indicated
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for one eye locatiun near the bottom of the pupil. The angular error is
then the average (CE) or difference (BD) in the intercepts for the two
eyes, divided by the local focal length, i.e., the distance from the
intercept of the chief ray with the hologram surface to its intercept
with the focal surface. We can then plot the horizontal and vertical
components of both the CE and BD versus y,, the vertical location of
the eyes in the pupil. Note that this assumes the two eyes are always
horizontally separated. This procedure can be repeated for other
points in the FOV and/or horizontal eve locations. For comparison
purposes, we choose the axial pont in the FOV, and the symmetric and
left (Fig. 15) horizontal eye positions,

Yo 2932-7
7' 3

Fig. 15.
$ v $, e Pupil area z}nd exar'nple.of ray fans

: for calculating collimation error and
i > binocular disparity.

127mm(5m)
PUPIL AREA

2592-14
8

6 -
4 -
E T VERTICAL B.D.
- fe |
3 2
VERTICAL
CE
Q

PN I TR Y N IR R B
-1.2 -08 -04 0 04 08
yp s RELATIVE UNITS

Fig. 16. Differential ray intercept curves for
the error fans of Fig. 15 in a reflec-
tion continuous lens system.
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I, Parametric Analysis
C. Results of the Study
1. FIELD TILTS AND CURVATURES

The tilts of the hologram focal surfaces are generally toward being
parallel with the hologram surface, but are usually different for
horizontal and vertical fans; the radii of curvature of these surfaces
are different in horizontal and vertical sections, forming two inter-
secting spheroids.

A range of holographic HUD configurations was analyzed according

to the methods discussed in Section II-B. The results of the first

step of that analysis, i.e., the focal characteristics of the holo-
graphic elements, are summarized in Fig. 17 and Table 7.

Figure 17 shows the vertical (y-z) section of the focal surfaces for sys-
tem number 1 of Table 7. Table 7 lists the type of configuration, the
off-axis angle & and the asymmetry angle ¥, as defined in Section II-B-1,
In the specification of system type, an asterisk indicates that the focal
surfaces were optimized for minimum astigmatism across the field, by
varying the amount of astigmatism in the hologram construction beams.
The construction beam astigmatism, i.e., the axial separation of the
horizontal and vertical centers of curvature, is alsc listed in Table 7.
The focal surface characteristics are provided in the last six columns
of Table 7. Included are the tilt angles, Qp and Q,, of the vertical
sections with respect to the optical axis, for horizontal and vertical
ray fans, respectively, and the four average radii of curvature: Ry,
and Ry,... the radii for the horizontal sections of the horizontal and
vextxca‘{ fan focal surfaces, respectively and R}, and R v».the radii

for the vertical sections of the horizontal and vertical f3% focal sur-
faces, respectively.

A general characteristic of the results shown in Table 7 is that the
focal surfaces are tilted in a direction toward being parallel with the
hologram surface. This direction is such that the hologram local
focal length variation is reduced, which reduces distortion and coma.
Without minimization of astigmatism across the field, the field tilts
for the horizontal and vertical fan focal surfaces are different.
Optimization of astigmatism for reflection geometries requires large
amounts of astigmatism in the construction beams, which nearly cancel
but provide the relatively large amount of field tilt required to bring
the focal surfaces together. The difference in tilt angles for the hori-
zontal and vertical fan focal surfaces is much less for transmission
geometries: for example, for ¢ = 40° this difference is 20° for the
reflection case and only 62 for the transmissioncase, both heing
symmetric, unoptimized systems.

Field curvature tends to be rather complex, but inuch more uniform
for the systems that have minimized astigmatism. The general tend-
ency for nonoptimized configurations is to have focal surfaces that are
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spheroidal, having a difierent average curvature in the horizontal and
vertical sections. Furthermore, the vertical section generally shows

a larger radius of curvature for the horizontal fan focal surface, while
tahe horizontal section is reversed, showing a larger radius of curvature
for the vertical fan focal surface. This means that the focal surfaces
tend to be ''crossed'' spheroids, with the larger radius of curvature oi
one being perpendicular to the larger radius of curvature of the other.

A positive radius of curvature can be easgily matched by field curvature

in the relay lens, but negative curvature (e.g., the PILT system) pre~
sents a relatively difficult design task.

07034427

VERTICAL PLANE

H FAN — v FAN
Fig. 17.
Vertical section of the focal
surfaces for System No. 1.
»z; Solid points are vertical fan
focal points, and circled
points are horizontal fan
focal points.

IKPUT OPTICAL AXIS

“¢—— HOLOGRAM

TABLE 7
Focal Characteristics of Holographic Lenses
[

System | Type (d:g) (deg) ""‘;E’:?)""‘ "'"—(%,::‘:Eie"" (dr::) (d?;) (i:':r) (:::;) (:lr:) (i::’)
1 R® 20 5 254 -238 25 |25 | so0o | 1600 | 600 600
2 R# 30 5 294 =271 32 32 500 1600 600 60C
3 R® 40 5 328 -289 38.5 | 38.5| 540 | 1070 | s00 500
4 R* 50 4 337 -249 45.5 | 45.5] 6400 1600 420 420
5 RA 60 3 335 -250 51 51 11600 | 800 420 420
6 R 40 0 0 0 35,5 | 55 800 | 800 770 | 1350
7 T 30 0 0 0 12,50 7 | 460 [1280 610 | 1600
7 T 10 0 0 o 15 15 ]3200 (3200 {3200 | 3200
8 T 40 0 0 ) 17 11 | 460 [1280 490 | 1810
8 T 40 0 2 -5 20 | 20 |3zo0 [3200 3000 | 3000
9 T 9 0 0 0 21.5] 14.5] 460 |1280 590 | 1940
3 T 59 0 10 .32 25 | 25 | 860 |2800 [4s00 | 6500

i0 T 60 0 4] ] 27 18 460 1280 660 2020
N e 45 G -7 23 30.5 | 3u.> ) tovv 2400 1070 1300
3] PILT -— - 0 0 0 0 -380 |-1100 -380 -1100

T1378
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II. Parametric Analysis
E C. Results of the Study
% 2, OPTICAL EFFICIENCY

In order to maintain desirable optical efficiency characteristics in the
holographic lens, tho hologram should have minimum asymmetry and
should be fabricated with point source construction beams, with one :
point source in the center of the exit pupil. !

In section II-B-5 we discussed the trade-off between exit pupil size and
angular FOV for a given recording material film thickness. We also
described the reduced chief ray efficiency and the decentering of peak
pupil efficiency that may occur when the pupil point source is shifted
axially and/or the construction beams are made astigmatic, and we
gave an equation that can be used to estimate the angular deviation of !
rays from the construction ray directions that reduces the efficiency to ;
zero. This procedure can be used to quickly evaluate a particular cog-
figuration, but for quantitative efficiency behavior, Kogelnik's theory :
is used in a raytrace calculation, A comparison of the estimate and :
actual raytrace results is given in Table 8, The estimate is accurate
for the reflection configurations, but is systematically larger than the

results from raytrace data for the transmission configurations by 10%
to 20%.

i b o o Lo v e T SR

Nty

Figure 18 shows typical pupil efficiency curves for systems with point ;
source construction beams (no astigmatism), having one point source
in the center of the pupil, There is little loss of efficiency across the

horizontal pupil coordinate, but the loss of efficiency across the verti-

cal pupil coordinate can be substantial for some points in the angular :
FOV (these curves are for a film thickness of 15 um). For these :
cases, the chief ray efficiency remains high across the FOV, because
the chief rays exactly follow the construction ray paths,

Figures 19 and 20 indicate the undesirable effect on efficiency caused
by using strcngly astigmatic construction beams to minimize astigma-
tism across the angular FOV, The chief ray efficiency is reduced at
the edges of the FUV, as shown in Fig. 19, and the peak pupil efficiency
can be shifted away from the center of the exit pupil, as shown in

Fig, 20. 1t is, thercfore, desirable to maintain approximately point
source construction beams, and/or reduce dispersion (and therefore
astigmatism) by utilizing a symmetric reflection configuration.
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TABLE 8
Comparison of Estimated and Calculated Angular Widths
3 8, Degrees
4
3 ¢ Estimate | Reflection | Transmission
3 Raytrace Raytrace N
g
: ; s
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II. Parametric Analysis ;

] S Results of the Study f
3. DISTORTION z

The relationship between intermediate image and fieid coordinates is
more nearly linear for reflection systems than for transmission systems;
the vertical/horizontal difference includes both anamorphic and keystone
distortion, increasing with off-axis angle, mostly anamorphic in re-
flection systems and mostly keystone in transmission gysteins.

FRPRSRVTRNIE . ERAIE SR e

R A

e R e e e

In considering the question of distortion in the holographic lens image,
there are two important aspects. The first is linearity of the rela- |
tionship between a coordinate on the intermediate image surface and
the corresponding cocrdinate in the angular FOV, and the second is the 3
difference between the horizontal and vertical directions. i

warens R

PR TRy s )

e SR R L

For the reflection systems studied, the vertical field angle varied :
linearly with the vertical intermediate image coordinates within less
than 1%, For the transmission systems, the deviation from coordinate 4
linearity is greater and is a function of the off-axis angle ¢, varying i
from 2.7T% at & = 30° to 16.7% at ¢ = 60°, These results are for systems
with astigmatism minimized across the FOV, so that a well-defined,
single intermediate image surface can be defined.

AT T

The difference between horizontal and vertical directions was considered :
in Section I1-B-6, and the ratio of vertical magnification to horizontal
magnification, as a function of the vertical field angle, required from
the relay lens to give zero difference, was chosen as a measure of the
difference. This magnification ratio is plotted in Fig. 21 for several
reflection geometries, and in Fig, 22 for several transmission geo-
metries. In both figures, the amount of distortion increases with the .
off-axis angle. From Fig, 21, we see that the reflection continuous lens .
produces mostly anamorphic distortion, with some keystone, F¥or the

¢ = 40° reflection systermn, the distortion departs from simple anamorphic
by less than 3%, From «'ig. 21, we see that the transmission continu-
ous lens produces mostly keystone distortion, with some anamorphic,
For the ¢ = 50° case, there is about 10% anamorphic distortion,

In general, therefore, the relay lens must be anamorphic and the ob-
jeet and intermediate image must be tilted to compensate {for keystone
distortion. Compensation for the coordinate nonlinearity must, in

general, be accomplished in the scanner drive electronics. rather than
in the relzy lens,
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Fig. 21. The ratio of vertical to horizontal relay lens magnific%tion
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cal ficid, for several symmetric transmission continuous
lens systems. Ais ¢ = 30°%; B is & = 40°% Cis =50 Dis
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II. Parametric Analysis

G. Results of the Study

4, TYPICAL ABERRATIONS

The ray intercept curves typically show a combination of coma and
spherical aberration, with coma dominating; the aberration magnitude
is approximately in the ratio of 1:2 for transmission and reflection
systems, and 1:4 for pseudo-inline and reflection systems.

a3 b L

TR

The pupil errors are obtained by using ray intercept curves, as dis-
cussed in Section II-B-7, An example of typical pupil errors is shown
in Fig. 23 for the particular case of the axial field point in a reflection
continuous lens system with ¢ = 409, having astigmatism minimized
across the FOV., Figures 23(a) and 23(b) show the ray intercept curves
for a ray fan corresponding to the sagittal fan in a rotationally-sym-
metric opticai system. Figure 23{c) shows the ray intercept curve for
a ray fan corresponding to the tangential fan in a rotationzlly-symmetric
system. As discussed in Section II-B-7, these fan types do not, in
general, apply to the nonrotationally-symmetric holograph.= HUD sys-
tems; however, the ray intercept curves can still be interpreted in
terms of the characteristic aberrations. In general, both in-plane and

out-of-plane intercept curves are required for both horizontal and verti-
cal ray fans.
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TR

gt

T.e horizontal differential intercept for the horizontal ray fan is plotted
in Fig. 23(a) and shows only spherical aberration. The vertical differ-
ential intercept for the same fan is shown in Fig. 23(b), which gives
ouly coma, but over three times larger than the spherical aberration.
Figure 23(c) gives the vertical differential intercept for the vertical

ray fan (in this instance, a tangential-type fan), and this curve shows
both coma and spherical aberration, with the coma dominating by a
factor of about 10,

R L

ical S RIS et Ll

Other systems and/or other field points produce similar results, i.e.,
a combination of coma and spherical aberration, with coma dominant,
In genecral there are linear components, from astigmatism and/or field
curvature, but ttiese are easily correctable focus errors for the pur-
poses of this analysis. The magnitude of the aberrations (especially
coma) is genevrally about two times smaller for transmission systems
than for reflection sysi~ms, and about four times smaller for the
pseudo-inline transmission system than for reflection systems.
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Fig. 23. Typical ray intercept curves for a holographic HUD lens;
(a) horizontal intercepts of a horizontal ray fan, showing
spherical aberration; (b) vertical intercepts of a horizontal
ray fan, showing coma; (c) vertical intercepts of a vertical
ray fan, showing coma and a relatively small amount of
spherical aberration.

53

L s i e
_ - N _ £ = = cea SRRy e




e T e e T T T T —— £TE et 2 20

3 ¥
g j
1 1I. Parametric Analysis
C. Results of the Study
5 ;
g 5. BINOCULAR DISPARITY AND COLLIMATION ERROR g
%
1 Binocular disparity and collimation error increase with off-axis angle,
3 are about two times larger in reflection systems than in transmission :
1 systems, and are in all cases large enough to require correcting ele- :
4 ments in the final system. :
z
¢ The binocular disparity and collimation error were studied for severa!l :
3 systems, using the techniques discussed in Section II-B-8. Typical ~
- results are shown in Figs. 24 and 25 for the left eye horizontally lo- :
cated at the left of the 5-in. wide pupil, and the right eye horizontally Z
- located at the center of the pupil, as a function of the vertical location :
of the eyes. This is called the "Eyes to Left" case. A second case,
1 studied for this comparison, is the "Eyes Centered'" case, where the :
1 eyes have the same horizontal spacing of 2.5 in. but are symmetrically
1 located in the horizontal pupil dimension at *1,25 in. from the pupil :
9 center., In all cases the axial field point was analyzed. :
E;: 1
. TABLE 9

5 A
Maximum Binocular Disparity and Collimation Error :

Frrors W(th Errors With !
Sy sterr Eyes Centered Eyes to Left
Gmrad) (mmrad)
System System ¢ I " f 4 ) 2 3 4
Sumber Type {deg.) | HBD vBD“ | HCE VCE HBD VD HCE VCE
- et
1 R 20 6.2 [¢] [{] Se6 2.4 [N} 1.2 7.1
2 | | 30 6,7 n (4] 7.3 9.2 9.3 1.4 3.0
| )
' 3 ¢ R 40 Vo u [ /] 9.9 a4 Is, % L4 13.0
) ; 40 ™ 1] 0 15, 16,2 22,% 9.1 24.0
' i R 6 15,0 l 0 ] 250 | 21.¢ n.2 | 10.6 {32.9
i ¥
§ N 10 10,2 o 0 14.2 12,8 .91 6.4 | 16.2
; T T 10 3.0 ] 0 5.4 (| | 2.6 4.3
i K ' T 10 (i 0 n Io6 6.0 4.3 3.0 $.6
i T 0 6.7 0 o td 951 67| 4.7 | RS
T 40 1 s o 0 sy | 7.0 b f e | 7.2
. T 60 ; 6.1 n 0 7.4 5,2 bl 4. 9.1
Y Lvn.r { -- 1.1 0 0 0.7 2.7 L2} s ] oo
H
( Note 17 HBD = Hoeyzoaral Binocular Disparity
TuAE ca YIRS - eegbinal Binocalar Insparity
} Note 3: HCE - Hortrental Collimation Error
L Note 4+ VCE  Vectrcal Gollimation Error
—m - T1380
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Table 9 gives the maximum pupil errors in milliradians for a range of ]
systems, The system number and type designations are the same as
in Table 7 of Section {I-C-1, The error sizes are closely associated
with the amount of coma in the system. For the transmission systems,
the errors are two to three times less than for corresponding reflec-
tion systems. An interesting tendency is for the errors to ke slightly
reduced when a reflection system has astigmatism minimnized across
the FOV by using astigmatic construction beams, while the errors are
significantly increased by the minimization process in a transmission
system. In all but the pseudo-inline transmission system, the errors

are significantly larger than :pecified, and therefore correcting ele-
ments are required,
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I, Parametric Analysis
C. Results of the Study

6. VARIATION OF COMA

Although transmission systems have from 1.5 to 2,5 times less coma

than reflection systems with the same off-axis angle, their coma vari-
ation across the FOV is larger; therefore, it may be easier to correct
the reflection systems by using a tilted plate in the relay lens,

We have seen that the binocular disparity and collimation error ob-
served in the holographic lens imaging process derive primarily from
coma introduced by the continuous lens hologram. Therefore, if the
relay lens is able to compensate for this coma, the desired perform-
ance can be obtained, In fact, a tilted plate produces coma in a non-
parallel light cone. 12 Since the amount of coma introduced in this way
will be approximately constant over the FOV, we can estimate the
degree of correction available by examining the variation of coma at
different points in the angular FOV,

The amount of axial coma in reflection systems with minimized astig-
matism, as a function of the off-axis angle ¢, is shown in Fig. 26,

The variation across the vertical fiel%is substantial and is shown in
Fig. 27 for the particular case ¢ = 40", The variation across the hori-
zontal field is small, and will therefore not be considered. The
dashed line in Fig, 27 indicates the amount of coma that would be re-
moved by the correcting relay lens, The residual coma is about

# 0.3 mm, or about 0.8 mrad for a focal length of 360 mm. Thus, a

40° reflection system with specified performance appears possible,
pending further analysis,

20 . : 2592-9

151~ - Fig. 26.
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The amount of coma for transmission systems is indicated in Fig. 28,
for systems with and without minimization of astigmatism, In Fig. 28, i
- . the solid data point gives the average amount of coma, and the vertical % ;
: ; bars indicate the variation of the amount of coma for different points in o
¢ the vertical FOV. Note that systems with minimized astigmatism have P
3 ' more coma, and a larger variation across the vertical FOV, than un- :
, optimized systems. These results indicate that, although the trans- :
: . mission systems have from 1,5 to 2,5 times less coma than the reflec- :
: tion systems with the same off-axis angle, it may be more difficult to
] correct the transmission systems, because of the larger variation
F across the FOV,
; q T T 2992-10
: d5 7 Fig. 27. o
3 Variation of coma across the 25
3 £ - ____m vertical field for a reflection con-
3 . p . . o
3 § 2 - tmuogs lens system with ¢ = 40" and
] o Y =5 . The dashed line indicates
3 the amount of coma subtracted by
3 e ] the correcting relay lens.
E
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II. Parametric Analysis
C. Results of the Study

7. SUMMARY AND CONCLUSIONS

Based on an overall consideration of the results of the parametric
analysis study, and on the current state-of-the-art of hologram lens
design and fabricafion technology, we recommend a transmission con-
figuration for the next phase of technology development; specifically, a

symmetric transmission configuration with an off-axis angle of 50° for
the preliminary system design.

We made a detailed, parametric study of continuous lens type holo-
graphic optical elements that could be used in a HUD system. In par-
ticular, we studied transmission and reflection holograms that would
provide both the collimating function and the combining function.

The holographic HUD lenses demonstrate a rather complex focal rur-
face structure, which in general has astigmatism, tilts and field curva-
ture. Astigmatic construction beams can be used to modify the tilts
and the astigmatism across the angular FOV, but problems in main-
taining desirable optical efficiency characteristics will, in general,
require some correction of astigmatism in the relay lens and the choice
of an asymmetrical configuration to modify the field tilts. Field curv-
ature in the focal surfaces can be compensated in the relay lens by gen-
cerating an interimediate image that conforms to the focal surfaces.
Although not considered in this study, the curvature of the hologram
substrate can also be used to confrol the imiage characteristics,

The unidirectional relationship between an intermediate image coordi-
nate and the covresponding field angle is more nearly linear for the re-
flection systems than for the transmission systems. However, there
are vertical/horizontal differences whose compensation in general re-
quires an anamorphic relay lens, with tilted object/image surfaces,
These complex distortions tend to be simpler in the reflection systems,
but easier to correct in the transmission systems.

The analysis of pupil errors, using the ray intercept curve approach,
chows that the major aberration is coma (discounting focus errors).

The magnitude of the coma produces binocular disparity and collimation
errors that are several tirnes larger than the system goals, An average
amount of coma can be compensated by tilted surfaces in the relay lens,
so that the pupil errors can be greatly reduced, provided that a suitable

sct of focal surfaces can be designed such that the variation of coma
across the FOV is limited.
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Except for the variation of coma across the angular FOV, in systems
with astigmatism minimized across the angular FOV, the overall image
quality and efficiency characteristics are better for transmission sys-
tems than for corresponding reflection systems, Since the transmis-
sion systems also provide a simpler cockpit configuration and are
easier to fabricate in practice, we recommend a transmission system
for the next stage of technology development. In particular, the sym-
metric transmission continuous lens is chosen for the preliminary system
design. The final choice of configuration for the system should be made
only after further technology development and assessment of the ccm-
plex design requirements, which involves many tradeoffs and includes
human factors as well as purely technical considerations.

The general conclusion is that either a reflecticn or a transmission
geometry could be designed that would meet the system specifications,
provided that a thorough unified design procedure is followed, utilizing
ordinary, refractive optical elements both in the hologram construction
beams and in a complex, correcting relay lens,
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III. Preliminary System Design
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1. PARAXIAL RELATIONSHIPS

Fundamental system requirements for uniform brightness across the

FOV, limited length, and exit pupil size restrict the practical range of
hologram focal length to 11.25 in. < fyy < 14.4 in.; equivalently, the i
basic relay lens magnification is restricted to the range 1.25< m < 1.6.

AT ter Sine = ander e linck
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TR,

In this sectiun we develop the basic relationships that control the use of
a relay lens to produce an intermediate image of the scanner diffusing
screen. These relationships are based on the wide-field, continuous
lens design approach of Section II-A-5 and the simple lens equation, :
i.e., paraxial optics;*~ they determine the basic characteristics of the )
relay lens {focal 1ength and aperture size) and the length of the system. j

The system to be considered is illustrated in Fig. 29, which indicates
the cone of light coming from the axial object point, through the relay
lens to the intermediate image and on to the transmission hologram, and
finally collimated by the hologram and sent through the system exit
pupil, From the geometry of this cone of light, it is evident that the
aperture size of the relay lens determines the size of the system exit
pupil. Of course, this relay lens optical system could be folded with
mirrors without changing its function or bhasic configuration,

In order to maintain image brightness across the angular FOV, the
relay lens exit pupil must be located at the image of the system exit
pupil, formed by the hologram. Since one of the hologram construction
point sources is located at the center of the system exit pupil, 25 in.
from the hologram, the relay lens exit pupil (or aperture, for the thin
lens indicated in Fig. 29) must be located at the position of the other
hologram construction point source. The distance of the relay lens
from the hologram, Q, is, therefore, the distance dp of Section II-A-5,
and is related to the hologram focal length fy;, by 1/Q = l/fH -1/25
(distances expressed in inches), Therefore, once the hologram focal
length is chosen, the position of the relay lens is estaklished.

The basic magnification of the relay lens is determined by the hologram
focal length and the system focal length of 9 in, by the equation

m = fH/9 (see Section II-A-5), With the magnification and intermediate
image location relative to the relay lens known, the relay lens focal
length is given by the lens equation as fp = (Q - fH)/(m +1), Fora
maximum exit pupil dimension of 5 in, the relay lens aperture (exit
pupil diameter) is determined from Fig. 29 by similar triangles to be

fp5(m + 1)/(9ra) (4)
55 that the relay lens £/ns. 15 9m/S{m ! 1), The length of the system
from the hologram to the input source is obtained by adding the relay
iens object distance to the distance Q:
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L=Q+ (1+1/m) 2 (5)

This assumes a thin lens; with a thick lens, the distance L is increased
by the distance between the principal planes of the lens,

The three important quantities that are tied together by these paraxial
relationships are the hologram focal length (equivalent to the basic relay
lens magnification), the relay lens f/no, and the length measure L, In
Fig, 30, the f/no. and length are plotted as functions of the hologram
focal length. Restrictions on acceptable ranges of f/no. and length
determine the limits of allowable magnification (hologram focal length).
Relay lens design feasibility requires that the f/no. be larger than about
1.0, giving m > 1.25. Length is restricted by practical cockpit con-
figurations, and if L <46 in,, m < 1.6, Therefore, 1.25<m< 1.6

(or 11.25in, < f,, < 14,4 in.).
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III. Preliminary System Design

2, TILTED IMAGE PLANES

Tilted object/image planes are used in the HUD system to match the
hologram distortion and intermediate image characteristics; in order
to calculate the degree of matching achieved, we provide several
paraxial imaging relationships for the tilted object/image situation.

The distortion and intermediate image characteristics of the hologram
(see Sections II-B-4 and I1I-C-1, and Sections II-B-6 and II-C-3) re-
quire the use of tilted object and image in the relay lens optical system,
as illustrated in Fig, 31, In this section we provide the paraxial rela-
tionships that describe this situation.

The relay lens +":tical system from Fig. 31 is redrawn in Fig. 32 with
the necessary g. metry for the calculation, A thin lens is shown, but
the paraxial object/image relationships are unchanged for a thick lens.
In Fig. 32, the object height, tilted by an angle @, is y,, and the cor-
responding image height, tilted by an angle ¥, is v;. The height in the
front and back focal planes is y and y', respectively. The spacing of
the object from the front focal plane is %, and the spacing of the image
from the back focal plane is -x', The distances x and -x' are shown
in Fig. 32 for the axial object and image points. The relay lens focal
length is fg. (Note that the use of the angles Q2and ¥ is different than
for previous discussions of the hologram characteristics).

The basic paraxial lens imaging equation isl3
xx' = - f; . (6)
The tilt angles are related by
tan¥ = m_ tan Q, (7)

where m is the axial magnification. The untilted image height is
related to the untilted object height by

y' =my , (8)
where m is the magnification, given by

m = fR/x = -x'/fR . (9)

This equation, combined with the geometry of Fig. 31(b) then gives

—x':f.z./(x + v_sin Q)
R 70 “o
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=
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where x_ is the axial object spacing from the front focal plane. We can
then usem = -x'/fR to obtain

y' =my = my  cos Q, (11)
and finally get the tilted image height from
y, = V-x0% e () (12)

These relationships can now be used to calculate the degree of distor-
tion compensation in a particular relay lens/hologram configuration.

0/03441-10
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Fig. 21. Vertical section of a HUD system,
showing typical tilted object/image
geometry in the relay lens optical
system.
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Fig. 22 Vertical section of a typical reiay iens

optical system, showing the coordi-
nates used for paraxial calculations.
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I, Preliminary System Design

Ry Y SRR R

3. APPROACH TO RELAY LENS DESIGN

The paraxial relay lens is designed, using the basic paraxial relation-
ships, to match the intermediate image tilt angle and the axial vertical-
to-horizontal magnification ratio of the hologram.

In order to apply the paraxial imaging relationships of the last section
to a specific HUD system, we must provide an approach to relay lens
design that takes into account the difference between the horizontal
and vertical imaging characteristics of the holcgram, whichk were de-
scribed in Sections II-B-6 and II-C-3. As an input, we are given the
intermediate image tilt angle and distortion information in the form of
the vertical-to-horizontal magnification ratio desired in the relay lens,
R. Then, using the paraxial relationships of Section III-1, we first
set the horizontal relay lens magnification m, from the equation

m, = fH/9 . (13)

Then, the relay lens horizontal focal length is determined by the
equation

! (14)
Rh-mk+1 *

3

In the vertical plane, the axial magnification is determined by eq. (13)

and the axial vertical-to-horizontal magnification ratio R, from the
distortion data:

m_ =R m (15)

The relay lens vertical focal length fR,, must be determined from &
thick relay lens design, because a thin lens cannot have different mag-
nification/focal length combinations in the horizontal and vertical sec-
tions, and still have a single location. A detailed study of the thick
lens characteristics is beyond the scope of this study; a good approxi-
mation is that the spacing between the principal planes remains con-
stant, but the location is shifted, so that the object-to-image spacing
is the same in both directions, Then the vertical focal length is

2 + m, + l/m
£ =1 h h (16)
Rv Rh 2 + m_ + 1/m *

vo
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Finally, the object {scanner diffusing screen) tilt angle Q is determined
fror the intermediate image tilt angle ¥ by

_ tan ¥
tan £ = - . (17)
vo

The paraxial relay lens optical system is now completely specified,

and we can proceed to calculate the overall distortion characteristics

of the HUD system. This approach to relay lens design can be extended
in a straightforward way to include situations where there is astigmatism
and two different tilt angles in the intermediate image.
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III. Preliminary System Design

4. PARAXIAL CALCULATION OF DISTORTION COMPENSATION

f
+
H

The degree of compensation of distortion can be calculated for a particu-
lar configuration; for a 50 off-axis angle, symmetric, transmission

hologram, excellent distortion compensation is achieved for a hologram
focal length of about 13.5 in.

The relay lens is designed to provide an intermediate image that is in
focus, i.e., lies on the hologram fccal surface (neglecting higher order
effecte such as field curvature, which can be provided in the detailed
relay lens design). Furthermore, there is no anamorphic distortion in
the center of the FOV. The remaining paraxial question to be answered
is then to what extent the overall system distortinn is minimized, as a
function of location in the FOV. This question can be answered by cal-
culating the vertical-to-horizontal magnification ratio of the relay lens,
and then comparing this ratio with that required to compensate the dis-

tortion introduced by the hologram. This calculation must be made for
a specific system.

1n Section II-C-7, we chose a transmission hologram HUD configuration
with ap off-axis angle ¢ = 50° for the specific preliminary system de-
sign., The magnification ratio required for undistorted imagery in a
é = 509, transmission hologram with a focal length fgy = 14.4 in, was
shown as curve C in Fig. 22 (Section II-C-3), This data is reproduced
as the solid curve in Fig. 32(a).

Similar data can be obtained for the corresponding relay lens by obtain-
ing the actual intermediate image height for a particular point in the
vertical FOV, from the hologram focal surface information. With this,
the paraxial tilted object/image relationships of Section IIf-2 are used
to czlculate the corresponding tilted object height and, therefore, the
vertical magnification at this particular point. Finally, this relay lens
vertical magnification is divided by the (constant) horizontal relay lens
magnification to obtain the magnification ratio at this vertical FOV,

The resulting ratios are plotted as the circled data points in Fig. 33(a).
These curves show that the appropriate relay lens for the fiy = 4.4 in.

(mp = 1.60) system slightly undercorrects for the keystoire distortion
introduced by the hologram.

Similar calculations for a HUD system with fyy = 11.7 in, im}p = 1.30}
provide the results plotied in Fig. 33(b). In this case, the appropriite
relay lens substantially overcompensates for the holograra's keystone
distortion. It is apparent that the keystone distortion is essentirlly
exactly compensated for some hologram focal length in the range 11.7
in. < fiy <14.4in. (1.3 <my < 1.6). In fact, the minimuin distortion
case is probably very closcto my, = 1.5 {iy = 13.51n.) This particu-
lar casec is therefore suggested for the next phase of development.
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Fig. 33. Vertical-to-herizontal magnification ratios for ¢ = 500, trans-
mission HUD systems as a function of relative vertical field
angle (total field of view is 250). The solid lines show the
ratios required to achieve circular images at infinity for cir-
cular inputs. Circled data points show the ratios provided by
the particular relay lens systems. (a) Hologram focal length
is 14.4 in., (b) hologram focal length is 11.7 in.
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111, Preliminary System Design

5. RECOMMENDED SYSTEM

S b Tl

PO S AN W]

The recommendec¢ system, using a 50° oif-axis, symmetric transmis-
sion holographic HUD element, offers many advantages for the next

phase of system and technology development, regardless of what con-
figuration is chosen for the final system.

b4 b

sl o) """‘ml’ﬂ“’r‘ -

Based on the results of the parametric study and preliminary system
design work, we have recommended a symmetric, transmission holo-
gram, with an off-axis angle of 59°, for the next stage of system and
technology development. There are several advantages for this svstem,
primarily related to the fact that hologram optics technology,in gzen-
eral, and particularly the use of large aperture elements, is in an
early stage of development, The major advantages of the recommended

: system are: feasibility, relative ease of fabrication, and relatively
2 simple design,
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The recommended system offers the best configuration for the use of a
correcting relay lens. The hologram is easier to fabricate because

the vrequirements for large area fringe stability and large area materi-
al thickness uniformity are relativeiy low, compared to reflection holo-
grams., The distortion characteristics aie relatively easy to correct
and the aberrations are low enough to pose minimal design problems.

- e

i

i e L b Gy

There is one apparent systems difficulty with the recommended con-
figuration: the presence of strong dispersion in the element leads to

!‘;
considerable light spreading, producing spectral flares that are visually :
uncomfortable and distracting.

These flares are caused by light (e.g., ;
sunlight) diffracted by the hologram.

Even though the Bragg condition
is strongly violated and the diffraction is relatively very weak, the
x

flares can be a problem with strong illumination sources.

JRPSeRY

- A

It is not clear at this point, because of this problem of dispersion,
whether or not the recommended, or 2 modified, transmission config- i
uration will be usable in an aircraft environment., It is clear that even :

more advanced design and fabrication technology will be required to
achieve an alternate system. Hughes Aircraft Company is very inter-

ested in developing this technology, and is currently engaged in answer-

ing these questions, using Company funding. It is believed that the
experience of advanced development by NADC of the recommended
(transmission) system will provide extensive insight into the considera-
tions involved with any configuration, as well as the design tools and
carry-over technology that are a major requirement for successful
development of the final system. The experience, equipment, and tech-

nology provided by the next stage of development will apply to whatever
configuration is ultimately cho

....... v chosen, because of the similarity in imaging
characteristics.
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CHARACTERISTICS OF THE RECOMMENDED SYSTEM
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) Hologram configuration . . ., . .Symmetric transmission,
500 off-axis angle.

&
=

° System optical parameters :
Hologram focal length . . . . (13.5in, ;

Relay lens basic focal length, . . 6.3 in,
Relaylens{/no. . « . . . . . . 1.1
Unfolded length, . . . . . . . .40 in,

. Equipment, system design effort, and hologram

fabrication techniques are applicable to any final
configuration,
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v, Red-Sensitive Recording Materials Development
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1. CHOICE OF A HOLOGRAM RECORDING MATERIAL

SR

Dye sensitized dichromated gelatin was selected as the best hologram
recording material, and after optimization, collectively it has the
highest diffraction efficiency, largest index modulation, and best red
light sensitivity of any holographic material known.

Yl A baTa

a2 A

Tae HUD holographic lens system requires a holographic recording
material that can satisfy the criteria imposed by the optical design.
At the beginning of this program we made a survey of all holographic
materials and assessed their properties to identify potential materials
candidates. Table 10 shows the major requirements and compares

holographic materials characteristics. We also considered the :
qualities of:

° permanence

) resolution

) environmental endurance
. optical quality

° lack of noise.

Our conclusion was that the gelatin systems offer the best compromise
in characteristics, and we concentrated on the optimization of dye~sen-
sitized dichromated gelatin (DSDCG), The last two entries in Tabie 10
show the properties of DSDCG at the beginning of the present prograrm

and at the end of the program following materials optimizztion, Itis i
evident that DSDCG's properties have been considerably improved and :

that DSDCG is still the best material to use in the Hologram Lens System :
(HLS).

PR

Optical cemem:14 was dropped from conside»ation because it cannot
generate the required index modulation and because it requires exces-
sively large exposures, We also conductad some rasezrch on bleached
silver emulsions and were able to eliminate the image instability prob-
lem due to printout;*~ however, scatter lavels are still high enough to
disqualify this material from application ic the HI.S,
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TABLE 10
' Phase Holographic Materials and Properties b
‘ E
¢ 3
3
2 7
Typical Sensitivity
, Material Type Index Diffraction Exposure at 632,8 nm

. Modulation | Efficiency (%) {m3J/cm?) wavelength §
:
. 3
HLS Requirements: > 0.0127 > 80 < 200 Yes 1
I 3
1. Photopolymers 3 j
a. Ba Acrylate 0,01 45 0.6 Yes ;

1
b, Optical Cement 0.0055 98 8200 Yes o
3
¢. Dye Sensitized .- 10 10000 Yes ¢
Photoresist i
2, Dircct Optical Effect ' %
Materials ]
) 2. Lithium Niobate 0.00004 40 10° .- .
b. Arsenic Sulfur Glass --- 18 9000 .- 3
3, Gelatin Systems %
a. Bleachad Silver 0.033 75 0.11 Yes %
Halide Emulsions %
b, Dye-Alcohol --- aaw .- Yes X 2
Sensitized Geiatin 3
c. Dichromated Gelatin 0.027 > 90 30 No i
]
d. Dye Sensitized 0.020 > 589 2000 Yes 4
Dichromated Gelatin %
{beginning of program) 3
c. Dye Sensitized 0.022 > g% 500 Yes k.
Dichromated Gelatin 3
(end of program) :
&
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Iv, Red-Sensitive Recording Materials Development

2, RELIEF AND VOLUME IMAGES IN DICHROMATED GELATIN

Dichromated gelatin has been investigated for several decades, but
since the holographic image is a film volume effect, the early studies
are not directly applicable.

M et bt W sl

Dichromated gelatin (DCG) has been used for numerous photolitho-
graphii% processes and color printing methods since its discovery in
1830, The dichromate ion, when irradiated with blue or green light,
becomes susceptible to reduction in certain colloid films, such as gela-
tin, The reduction products cross-link individual colloid molecules, i
thereby changing their physical and chemical properties, The essen- i
tial mechanism of image formation in the early reproduction proces-
ses is shown in Fig, 34, The gelatin film areas, that are not illumi- ;
nated with actinic radiation, remain water~s.luble and are washed

away subsequent to exposure. 17 Exposed fiira areas are insolubilized

by the photochemical reaction and remain on the substraie material.

This type of relief image has been used to record two-dimensional

holographic images, 18 but the diffraction efficiency of these gratings

is generally restricted to less than 33,9%.19

B

DCG is also capable of recording three-dimensional phase images, 20
and this mechanism is schematically shown in Fig. 35, Prior to ex-
posure the film is crosslinked to the extent that it will not dissolve in
the unexposed areas during the development steps. Following expo-
sure, the film is first swelled with water and then dehydrated in an
alcohol, such as Z2-propanol., This treatment results in differences of
index of refraction between the exposed and unexposed portions of the
film, Such a dielectric gracing can produce diffraction efiiciencies
approaching the theoretical 100% maximvm,

Within the past century a considerable amount of empirical knowledge
has been accumulated on the formation of relief images in DCG.2
However, this technology is not directly applicable to phase image
formation, since the mechanisms of image formation are quite different
in the two- and three-dimensional holographic gratings. Confirming
this belief, in our DSDCG optimization work we found few realizable
film response improvement ideas in previous literature.
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Fig. 34. Schematic illustration of the old, :
etching process with soft ’
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Fig. 35. Schematic illustration of the process

of forming phase images in hardened
dichromated gelatin,
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Iv, Red-Sensitive Recording Materials Development

3. DYE-SENSITIZED DICHROMATED GELATIN

The spectral response of dichromated gelatin can be made panchromatic
by the addition of photoreducible dyes.

The practical sgectral sensitivity for DCG is limited to wavelength less
tkan 550.0 nm.%2 If, however, a photoreducible dye is incorporated
into a dichromated gelatin film, ths spectral sensitivity becomes pan-
chromat:;a%. Both relief imagesZ3“ 5 and holographic volume phase
gratings“® have been recorded in DSDCG., Figure 36 shows the rela-
tive absorption spectra of the dichromate ion and two spectrally sensi-
tizing dyes. The methylene green dye has two broad absorption bands
that permit effective sensitization in the 500 to 690 nm wavelength

range,
0/03441-13
L4 T L] L ¥ L] 1 T L
/’\ 1
\
\\A B / \ c
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Fig. 36. Relative absorption spectra of A - dichromate ion,
B - guinea green dye, and C - methylene grzen dye.
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poorly understood, 27 and the image formation mechanism of DSDCG
appears to be even more complex, Figure 37 shows the basic postu-
lated chemical mechanism whereby a dye absorbs an actinic photon and
is photoreduced by a reducing agent.28 The reduced dye then reduces

:
i
The photochemical mechanism by which DCG becomes crosslinked is !

¥y b St e

[

PLOVERS

the dichromate from a valence of 6 to 3, and crosslinks are formed by ‘ 4
the lower valence chromium compound between individual gelatin mole- 3
cules. This chemical system must be stable in the dark, so that )
neither the dye nor the reducing agent can be oxidized by dichromate *j
without light activation. :
¥ ;
4 The mechanism by which a strong phase image is formed in the film is . :
4 also a controversial issue. Some investigators feel that cracks are ! ;
3 formed in the gelatin, 20 while others believe that a chemical complex ’ ;
3 is formed around the crosslinks by the alcohol in the developing solu- :
tion,27 We believe that both theories are partially correct, each :

applying to some extent, depending on the condition of the film and

: development technique.
3 :
;
- 0/03441-18 ;
RED LIGHT REDUCING :
% AGENT k
E‘ —S—’ 4/\» 0XIDIZED
4 REDUCING :
; AGENT Fi 37 i
ig. . :
REgl‘;(E:ED Postulated chemical ’
mechanism for the photo- ’
reduction of chromium VI.
e’ crto
\-—-
r*3 GELATIN
CROSSLINKED
GELATIN
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v, Red-Sensitive Recording Materials Development

4, SPECTRALLY SENSITIZING DYES FOR DSDCG

Our survey of many dyes revealed that the thiazine and triphenylmethane
dyes are the best spectral sensitizers for DSDCG,
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Previous literature on DSDCG reveals that suggested sensitizing dyes

are from the xanthene, thiazine, and triphenylmethane dye families, 22-26 :
To determine whether other dye types are spectral sensitizers and to )
find which dyes form the most sensitive film layers, we examined over
120 dyes for the DSDCG system.

FREA g

o

Lis )

For a dye to act as a red light sensitizer for DCG, it must pcssess the
following properties:

TR

Water solubility

U R A A

Red light absorption
Photoreducibility i

Compatability with the dichromate ion

FLabhatR R i ki ARy

Since it is difficult to tell on an a priori basis whether a dye possesses
the above characteristics, we first qualitatively examined the dyes for
water solubility and red light absorption, Those dyes that possessed
both of these characteristics were then incorporated into the dichromate
sensitizing solution and tested for red light sensitivity.

PR

images in DSDCG. The dyes have been arranged in decreasing order
of film sensitivity, subjectively determined by the diffraction efficiency
resulting from Ronchi ruling image exposures,

E Table 11 shows all of the dyes that we found capable of forming phase

The dyes showing good sensitivity generally belong to either the thiazine
or triphenylmethane dye families, confirming the findings of previous
investigators., The xanthene dyes were not effective photosensitizers

at 632.8 nm since they typically do not exhibit red light absorption,

In the category of dyes showing marginal sensitivity, there may be some
dyes that can harden gelatin without the presence of dichromate. Such
hardening dyes have been previcusly reported, 29 but since their sensi-
tivity was found to be so low, they were not further considered for the
present application,
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TABLE 11

Sensitizing Dyes for Red Sensitive Dichromated Gelatin.
The dyes are listed in a decreasing order of film sensitivity.
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Dye Name Manufacturer
k
] A. Dyes Showing Good Sensitivity
b 1) Azure B A
i 2) Azure A ALD,
3) Methylene Green A
4) Azure C A
5) Toluidine Blue 0 E
- 6) Basic Black KMPA GD
3 7) Guinea Green MCB
”E 8) Crystal Violet MCB
: 9) Acid Fast Violet BG Concentrate A
: 10) Malachite Green MCB
4 11) Light Green SF Yellowish MCB
g 12) Brilliant Green MCB
! B. Dyes Showing Fair Sensitivity
1) Methyl Violet 2B MCB
2) Alphazurine 2G (Patent Blue V) A
3) Aniline Blue MCB
4) Acid Blue 3 MCB
5) New Methylene Blue N B
6) 3', 3"-Dichlorophenolsulfonephthalein Na salt E
C. Dyes Showing Marginal Sensitivity
1} FD&C Blue No, 2 A
2) Methylene Blue MCB
3) 3', 3"-Diethyl-9-methylthiacarbocyanine iodide E
4) New Solid Green 3B MCB
5) Nigrosine ESB Extra (Acid Black 2) GD
6) Ahcoquinone Brilliant Cyanine Green 5GX 1C1
7) D&C Black No. 1 (Naphthol Blue Black) A
8) Indigotetrasulfonic acid, K salt ALD
9) Acid Blue (Acid Blue 48) HS
13) Calcocid Ink Blue R ACC
11) Helvetia Blue Extra High Concentrate GC
12) Cryptocyanine B
A = Allied Chemical Co. GC = Geigy Chemical Corp.
ALD = Aldrich Chemical Co. GD = General Dyestuff Co.,
ACC = American Cyanamid Co, HS = Holland — Suco Colo: Co.
B = J.T. Baker Chemical Co. ICI = ICI Organics, Inc.
E = Eastrnan Organic Chemicals |MCB = Matheson Ceieman and Beil
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v, Red-Sensitive Recording Materials Development

5. CHOICE OF A SPECTRALLY SENSITIZING DYE

The selection of a spectral sensitizer for DCG is constrained by both
he dye-dichromate solubility product and the dye quanturn efficiency,

To choose the best sensitizing dye for DSDCG, we measured the rela-
tive quantum efficiencies for the dyes by assessing the amount of light
absorbed in a sensitized film and comparing this value to the resulting
index modulation in the developed plate. Table 12 shows the relative
quantum efficiencies of the most sensitive dyes tested.

A complicating factor is that many of the dyes precipitate in dichromate
solution, and this precipitation follows a solubility product relationship.
The low solubility products for the five most efficient dyes preclude their
use in DSDCG, because in the dichromzte concentrations normally
employed {~0.2 to 0.7 M), only very small dye concentrations can be

used, and the sensitized layer can absorb only a small fraction of the
actinic raaiation,

It is possible, however, to use a mixture of dyes: iirst employing the
most efficient dye to its maximum dichromate concentration; then add-
ing the next most efficient dye, and sc on until the desired film absorp-
tion is reached, The dyes listed in Table 12 belong to either the thia-
zine or triphenylmethane dye families, and the chemical structures of
dyes within a family are very similar, usually differing by only a few
functional groups. Therefore, the maximum solubility products are
not attainable if mixtures of dyes from the same family are used. For
example, in a 1 molar ammonium dichromate solution, 1.2 x 10-6
molar azure B dye can be dissolved, but if azure A is added, dye pre-

cipitation will begin before its concentration rises to 2.0 x 10-° molar
because of the presence of azure B,

We found that the most sensitive film could be obtained by taking the
¢ye whose quantum cfficiency multiplied by its solubility product is the
largest number, This dye is methylene green of the thiazine family.
Then we added the most efficient triphenylmethane dye (guinea green)
to achieve the desired light absorption in the {ilm.
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Most Sensitive Spectrally Sensitizing Dyes for Dichromated Gelatin ;

TABLE 12

*Relative quantum efficiency was measured as the amount of index
modulation preduced after development as a function of light absorbed
ir the film,

ok[dye] [(NH4), Cr,07], molezsz/liter2 at the point of dye precipitation
frem solution,

Relative é

Dye Name Quantumn Dichromate 3
Efficiency* | Solubility Product## ;

1) Azure B 100 1.2 x 1070 i
2) Azure A 99 2,0x 1076 f
3) Methylene Green 93 3.2x 10°° :
4) Azure C 83 2.1 %107 :
5) Toluidine Blue 0 74 2.7 x 1070 :
6) Basic Black KMPA 62 i
7) Guinea Green 56 > 10“‘1t a
8) Crystal Violet 54 3.3 %1070
9) Acid Fast Violet BG Conc. 48 >107
10) Malachite Green a8 1.5 x 107° 4
11) Light Green SF Yellowish 42 >107%
i2) Brilliant Green 26 1.9%107° ,
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s v, Red-Sensitive Recording Materials Development
- 6. IMPROVEMENT OF DYE SOLUBILITY IN DICHROMATE
1 SOLUTION

WLl EDA T

Methylene green dye is the best spectral sensitizer for DSDC?, but
only if it is added in solid form to the sensitizing solution.

THS TR

o e wit SE RN

As indicated in the previous section, it would be desirable to improve i‘
the solybility of the efficient thiazine dyes in dichromate solution, We
explored a variety of methods for solubility improvements: (1) varia-
tion of pH in the sensitizing solution, (2) incerporation of the dye in the
gelatin film before dichromate solution application, and (3) use of
chelating agents, such as triethanolamine, in the sensitizing solution,

No substantial improvement in film light absorption was observed with
these methods.

Some increase in the solubility product can be achieved by adding a sur-
factant to the sensitizing solution, as shown in Fig. 38, This approxi-
mate twofold increase in the solubility product, however, is not ade-
quate for using methylene green solution in the DSDCG system.

A notable exception to the apparent solubility product constant was dis-
covered when dry methylene green dye was added to a solution of
ammonium dichromate: they dye dissolved slowly but retained its
color without forming a precipitate, Methylene green is the only
thiazine dye that nossesses this characteristic. Not only does this dye

retain its coler when added to a dichromate solution, it is also stable
for long periods of time.

The sensitizing solution is prepared by adding enough dry methylene
green dye to the dichromate soluticn to form a saturated dye solution.
By filtration, undissolved dye is removed, and once prepared, the
sensitizing solution is usable for several hours. Sensitization of 12 ym

thick gelatin layers results in films that abgorb about 63% of incident
632.8 nm light,

Figure 39 shows that melhyiene green and methylene blue are identical
in structure, except for the nitro group attached in the 1-pcsition on
methylene green. We believe that this polar nitro group is responsible
for methylene greer's unique behavior and makes this dye the most

effective spectral sensitizer for DSDCG if it is added to the sensitizing
solution in the solid state.
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3 Fig. 38. Methylene green and ammonium dichromate concentrations
i at the point of dye precipitation. Circied data points — with
1 ml of Kodak Photo-¥Flo 200 per 100 ml of solution; boxed !
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Tig. 39. Structure of two thiazene dyes used in DSDCG :
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Iv. Red-Sensitive Recording Materials Development

7. OPTIMIZATION OF SENSITIZING SOLUTION I

Film sensitivity is maximized when both ammonium dichromate and

ammoniuin nitrate are used in high concentrations in the sensivizing
solution.

T Y ST A TR e O
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The sensitivity of DCG films generally increases with_the concentration
of ammonium dichromate in the sensitizing solution.?2:31 As shown

in Fig, 40, we found this also to be true in DSDCG. This implies that
although the consecutive reaction rate equation may not have a simple
form, the inritial dichromate ion concentration does affect the rate law
for this photochemical reactior,
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iie addition of small amouats of ammenium nitrate to DCG sensitizing
solutions has been previously repo=tcd for improving film speed. 32 We ;
found that large concentrations of NH4NO3 in the sensitizing solution
can dramatically increase film speed, Figure 41 shows the sensitivity
iniprovement derived from the use of NH4NO3 and NH4 CNS, At high

concentrations, NHyNOj3 is a mure effective film hypersensitizer than ;

NH4 CNS, f

TR

We believe that when NH4NO3 is added o the sensitizing solution, the :
nitrate ion forms a complex with the dichromate ion. This complex is
relatively unstabie, 33 and apparently it participates more effectively i
in the photochemical reaction than the dichromate ion bv itself, '

i eainn T £ S T S B e O

Since the film sensitivity improves with higher concentrations of both
(NH4)2 Cr207 and NH4NO3, it may be reasoned that saturated solutions .
of both salts should be used., But, if the salt concuntrations are too ’
high, the salts will crystallize on the surface of the dry film, leaving |
it unsuitable for holographic exposures. We have found that a sensitiz-
ing solution containing 9.6 M (NHy4) Cr;07 and 0,68 M NH4NO3 is a !
good compromise between film speed and optical quality ~f the dry film, '
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Fig. 40. Film sensitivity as a function of dichromate
concentration in the sensitizing solution.
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Fig. 41. Film sensitivity as a function of ammonium
nitrate and ammonium thiocyanate concen-
trations in the sensitizing soiution.
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1v, Red-~Sensitive Recording Materials Development g
8. OPTIMIZATION OF SENSITIZING SOLUTICON II g
]
We explored several previously reported methods for DCG fitm sensi-
tivity improvement, but DSDCG sensitivity augmentation was not
realized. 2
%
The pH of the sensitizing solution is known to affect DCG film speed 4
because of the equilibrial dependence of the acid chiromate ion on hydro- 3
gen ion concentration., The acid chromate ion is helieved to be the é
active light absorbing and crosslinking species in DCG filtms. 21 Our 3
experiments, however, showed that the pH of the sensitizing solution 3
was not an imwpartant factor in the pH range from 1 io 11 in DSDCG, %
Ammonium dichromate has a pH of about 5 in the concentration range of }

3
0.01 to 1.2 molar, and no pH adjustment appears to be necessary in the 3
sensilizing solutions.

%
The use of reducing agents in the sensitizing solution for DCG has heen §
suggested by several previous investigators.24’ 8,34 We tried various i
concentrations of pyridine, pyridine hydrochloride, hydroguinone, %
terenhthalic acid, phloroglucinol, thionrea, and resorcinol in the sen- 7
sitizing sclution, but none of these substances showed measurable sen~- ;
sitivity improvement in DSDCG. It appears that a sufficient reducing 3
agent is present on the gelatin functional groups to reducs the photoex-
cited dye, and additional reducing species are not required. Since the
carboxyl functional group on gelatin is bejieved to be the primery cross-
liik site, »° it is possible that as dichromate oxidizes gelatin, it also
locally ferms its crosslink attachments.
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Numerous attempts have been made to increase DCG film sensitivity by.l
the addition of soluble inorganic substances to the sensitizing solution.

Review literature reveals thati the sensitivity improvement claime are
often coutradictory and controversial,35.

duplicate some of these previous methods:

T st S S L L
2 y

Nevertheless, we tried to

NS IRRE ZN AT RN EA SR A K ISR e DR w2

- 3
® The use ¢f scluble rare earth saits'm'37 that pre ci- 54
pitate at a pH slightly above the pH of the sc  .zing f
solution has been reported, We employed lan- 5
thanum sulfate, neodymium chloride, apd ytirium %
oxide, but no improvement in sensitivily was %
observerd. 7
A
77,

®

Soiuble nickel, copper, cobaii, z2nd manganese
3041 . ion tad . e
salts ) aisn failed to improve sensitivity,
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. Phosphoric acid aad saedium dihydrogen phosphate
: have also been guggested™** ™~ but no sensitivity
improvement was gained.

2
. Magnesium chloride4 did improve sensitivity,
but it left the film highly scattering.

From these results we conclude that although these inorganic salts may
improve the sensitivity of DCG, sersitivity improvement in DSDCG is
not realizable without destroying the transparency of the gelatin film,
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v, Red-Sensitive Recording Materials Development

9. OPTIMIZATION OF DRYING TIME

The best drying time for the most sensitive DSDCG was mpirically
determined to be 15 minutes.

T T R T

The optimum drying time to achieve maximum film sensitivity is a

function of several different parameters, the most impoitant of which
are film moisture conient{ and rate of the dark reaction,

A gelatin layer derives its integrity from the equilibrium of two oppos~

ing forces: hydrolysis and molecular association. In a fully swollen

gelatin layer hydrolysis is the dominant factor, and it forces individual

gelatin molecules apart, breaking associative hydrogen bonds, In this

gelatin state, croes-linking becomes difficult due to the physical

separation of crosslink sites and the inability of relatively small cross~

linking complexes to bridge this gap, Hence, it i5 not surprising that

fully swollern DEDCG films show low light sensitivity, Figure 42 offers

supporting evidence to this theory: if it can be assumed that the rate of

dye fading in a sensitized {ilm is a measure of the extent of the crossiink-

ing reaction, the graph shows only a slight reaction in the {irst six

minutes of exposure. As the film dries; the reaction rate approaches

stezdy state after six minutes. On the other hand, completely dehydrated

layers alsc show low senbmvuy smcn the crosslinks formed by re~

duced dichromate are ionic in nature332 and the ionic state of gelatin is, , 3
in turn, dependent upon its moeisture conteut, It is, thereiore, neces. :
sary to adjust the mou,fure content of DSDCG films,

In our materials optimization work we used a controlled environment
rying apparatus, Laminar flow air was directed sver the sensitized

plates and was kept at 40% relative humidity by a constant humidity
chemical {Ca Clz . 6HZO).

The second important factor that determines {ilm sensitivity is the rate
of the dark reaction., This reaction is the crosslinking of gelatin with.
aut the benefit of actinic radiation, If 2 sensitized plate is dried for a
iong time, it will become fully hardened by the davrk reaction and will

be unable to record an image. The length of time a plate may be dried
befere the dark reaction hardens the plate is dependent on the sensitivity
of the filin: increased sensitivity is concommitant with a faster dark

reaction, Long drying time and Izlm sensitivity appear to be mutually
exclusive,

Since ihe determination of optimum drying time cannoct be done analvii-
cally, we determined the best drying time by exposing several plates of
2 pa"tuular composition aiter various drying timeeg, Figurs 43 shows
curves for two different seneitization solution compositions. Note that
the material in curve {8} is moirc sensitive and hasg s faster dark reaction,

A&
time is required for it to rsach the sensitivity

;efkw‘.bi&dmmmmém@uwww
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and therefore less dryi ng
peak,
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For fabricating the large HUD holograms, we anticipate 12 to 18
minute drying {imes following sensitization, This relatively short
drying time for the large 18 by 18 in. plates obviates the necessity for
multiplate drying chambers and long preparation times for plate

expcsure,
63 R Y Y L T T 1 ¥ T T 1 z ‘:‘ d
63 ¢ 4
62 }

o
r

oan
(=]
=T

Fig. 42.

Film 1.t absorption

as a function of expo-
sure time, with 1.28 mW/
cm? incident light in-

) tensity at 632.8 nm wave-
length. The plate was
sensitized at time zero.
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: v, Red-Sensitive Recording Material Development %
< 3
§ 10, OPTIMIZATION OF POST-EXPOSURE PROCESSING %
: ]
3 We have found a development procedure that produces high efficiency, 3
E low noise z~lograms and is adaptable to large plate processing. é
E k]
|
£ In the exploration of development techniques we strived not only to 5
achieve maximum diffraction efficiency and low noise, but also to %_
develop a process by which the large HUD (18 x 18 in.) plates could be 3
. conveniently processed. z
{ After explering a large number of development techniques, we found 3
4

that the best development method consists of the following steps:

a. Triethhanolamine, 3M, ZZOC, 1 minute

50% water-50% 2-propanol solution, 50°C, 2 minutes

bk s R mRaK Rl st s st iaviug

c. 50% water-50% 2-propanol solution, 50°C, 2 minutes
d. 100% 2-propanol, 22°C, 2 minutes
e. Dry nitrogen, 5 miautes.

However, it became apparent that this development technique would
be hard to implement on the large HLS plates for two reasons. First,
3 molar triethanolamine (TEA) is a rather viscous solution, and to
uniformly remove this solution's run-off, the samples had to be vigor-
ously agitated in the second development solution., Since the same agi-
tation rate is not practicable for 18 x 18 in, plates, we reduced the
viscosity of the first development solution by making the TEA concen-
tration 1 molar., Second, the alcohol concentration increase in suc-
cessive development steps are relatively abrupt and also require
vigorous agitation. We substituted other alcohol solutions into the
process to make the transition from TEA to 100% 2-propanol more
gradual, thus preventing nonuniform plate deveIOpment.45 This modi-
fied and optimized development consists of the following steps:

a. TEA, IM, ] minute
b. 25% 2-propanol solution, 2 minutes
C. 50% 2-propanol solution, 2 minutes
d. 75% 2-propanol solution, 2 minutes
e. 100% 2-propanol solution; 2 minutes
f. Dry nitrogen, 5 minutes.
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The use of TEA in the first developing solution appears to have several
distinct advantages over conventional water baths,46 First, TEA acts
as a film swelling promoto., producing increased thickness gelatin
layers than water alone. The very rapid film swelling may be caused
by the simultaneous action of swelling {i.e., TEA) and hardening (i.e.,
dichromate) agents in the gelatin 1ayer.47 Second, the swelling is very
rapid, obviating the need for long washing times and large quantities of
water., Third, the TEA solution removes unreacted dichromate and a

large portion of the dye from the gelatin layer. The remaining dye
diffuses out in the subsequent alcohol solutions.

It should be pointed out that this particular development procedure is
matched only for our particular prehardening and sensitization proce-

dures. In fact, variation in any of the film preparation steps may
necessitate development reoptimization.

Following development, a cover glass must be sealed over the hologram
to prevent its destruction by high humidity or abrasion, We used a pres-
sure sensitive adhesive, Loctite 404, which worked satisfactorily for
the small plates. A different clear adhesive will have to be used for

the large HLS holograms, and several acceptable adhesives are well
known for this purpose.
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v, Red-Sensitive Recording Material Development

11, DSDCG EXPOSURE CHARACTERISTICS

The sensitivity of DSDCG has been substantially improved through

rocessing parameter optimization, and the required exposure has
been reduced to 600 mJ/cm?.

Using the optimized sensitizing solution, drying time, and development
procedure, we tested the sensitivity of the material for first order
diffraction efficiency response as a function of exposure energy.
Figure 44 shows that diffraction efficiencies exceeding 80% can be
obtained with 600 mJ/cm?2 exposures, while maintaining scattering
noise levels below 5%. The incident interrogation beam was corrected
for front and back surface reflections since the HUD hologram will
have antireflection coatings. A beam phase control system was not
implemented for these exposures, and we believe that when such a sys-
tem is made operable for the large HLS holegrams, high diffraction
efficiencies will be attainable with less exposure.

T
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Since the sensitizing dye, methylene green, has a broad absorption
band in the red spectral region, we anticipate that the krypton laser
exposure at 647,1 nn will require about as much energy as He-He
laser exposures at 632,8 nm, i.e. 600 mJ/cm® or less,

In our materials evaluation study we used a Spectra Physics Model 125
He-Ne 50 mnW laser, spatially filtered through a 10X microscope ob~
jective and 12,5 pm pinhole, and collimated by a 30 cm: focal length
lens, as shown in Fig, 45, A single optical element {a Fresnel mirror)
was used to create the object and reference beams. The sample plate
holder was attached to the Fresnel mirror platform, and the exposing
beams formed symmetrical angles with the perpendicular to the plate
normal, resulting in a spati~1 frequency of about 600 cycles/mm.
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iv. Red-Sensitive Recording Material Dev “Jopment

12, LARGE HOLOGRAM RECORDING PROGCEUDURES

The optimized processing specifications for fabricating the HLS have
been determined, and they have been specifically adapted for large
hologram preparation,

The various facets of the optimization work have been assembled into
an integrated system, and the anticipated large HUD hologram prepa-
ration procedure is enumerated in Table 13, The preparation of a
large area, uniform gelatin layer film involves considerable technology
and know-how., Although we are capable of fabricating uniform gelatin
layers by dip-coating and doctor-~blading on small plates, we anticipate
the coating difficulty to increase proportionally with plate area. H-xnce,
Kodak 649F plates were seinzcted for tlie hologram material because
they exhibit good uniformity and are available in large sizex. Also,
once the silver halide is remcved from the emulsion thickness, the

dry film thickness decreases to alout 12 ym. This thickness, ~ouvnled
with an index modulation of 0,022, will give diffraction effit :ncies ~ver

90%.

The relatively long fixing time ensures that all of the silver halide is
removed from the gelatin layer and gives the film sufficient hardening
and rigidity to prevent scattering noise formation in the development
steps, ’

Since the fixing solution contains sodium thiosulfate (hypo), and since
sodium thiosulfate is a reducing agent for ammonium dichromate, we
use a long duration wash following the fixing step (2). Only 0.003% of
the hypo should remain in the emulsion after a 20 minute wash,

To ensure a uniform drying rate and a rapidly moving drying boundary,
a rubber squeegee (similar to a windshield wiper) is used to remove
excess liquid from the gelatin film in steps (4), (6), and (11).

The hardening agent used in Kodak Rapid Fixer is probably an aldehyde-
type compound and may take up to three weeks to achieve full hardening
in the gelatin film.30 To prevent the film from changing hardness
during storage, we accelerate the process by bhaking the dry plates
(Step 7) and drive the hardening reaction to completion.

Although relatively small (2 x 3 in.) sample plates were used to
develop this hologram fabrication procedure, we feel that no serious
difficulties will be encountered when the transition is made to the large
HUD holograms.,
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TABLE 13

Processing Specifications for Fabricating Holographic Lens

Starting material: Kodak 649%F
Spectroscopic Plates, 18 x 18 in.

Step Time Te’('é‘ée)“t“"‘
1. Apply Kodak Rapid Fixer 15 min 22
(with hardener), mild agitation.
2. Deionized water wash 20 min 22
3. Kodak Photo Flo 200 diluted with 30 sec 22
dionized water 1:200 volume ratio,
4, Squeegee gelatin surface - -
5, Dust-free air dry, 40% RH overnite 22
6. Repeat steps (1) to (5)
7. Bake in air atmosphere 2 nrs 150

8. Store in 40% RH air

|

9., Prepare sensitizing solution: !
a. Make Zolution containing — |
0.60 M (NH,), Cr,0

0.68 M NH441\3203 2 §

b. Add dry methylene green |
dye to form saturated !

dye solition i

c. Stir solution vigorocusly 2 min
(dye dissolves reluctantly) i

d. Filter through fast filter paper !
(e.g., Whatman No, 541}

10, Sensitize plates by immersing 6 min 22 ‘
in sensitizing solution with mild
agitation (in the dark)

11, Squeegee gelatin surface {in the
dark)

12, Wipe solution from glass side "
(in the dark) '
|

13, D=y plates in gently flowing 46% RH
air (in the dark) 15 min 22

14, Expose plates to interfering 2
632,8 nm laser beams to 600 mJ/cm” i

15, Develop with agitation in:

a. 1M triethanolamire ! min 22 ;:
b. 25% 2-propanol: 75% H,0 2 min 22 |

solution !
c. 50% 2-propanol: 50% H,0 2 min 22 i

solution {
d. 75% 2-propanol; 25% H,0 2 min 22 i

solution !
¢, 100% 2.prapancl 2 min 22 ;
f, Dry in dry nitrogen 5 to 15 min 22

16. Seal on cover glass for environ-
mental protection
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V. Experimental Study of a Holographic HUD Lens

1. SPECIFICATION OF THE EXPEPIAENTAL HOLOGRAM

‘and a focal length of 15.5 in.

The. experimental hologram lens is a symmetric transmission contin-
luous lens, approximately one-half size, with an off-axis angle of 40°

An experimental demonstration and study of a holographic HUD lens
was accomplished, using a symmetric transmission continuous lens
configuration similar to the configuration that was recommended for

the next stage of development,

off-axis angle.

The experimental hologram has a 40
Table 14 compares the characteristics of the experi-
mental hologram and the full scale hologram.

gram is approximately half the size required to provide a full 252 FOV

from anywhere within the 3 in, high by 5 in, wide exit pupil are-. o
However, with a tilt of 209, the experimental lens does provide 18~ FOV
at the center of the exit pupil, for an eye relief of 25 in. Figure 46

shows scaled horizontal and vertical sections that indicate the relative

size and orientation of the experimental and recommmended hologram

lenses.

Fig. 46.

Horizontal and vertical
sections of the pupil and
hologram, showing the
size of the experimental
hologram and the full
scale hologram size
resuired to observe the
25" field of view from
anywhere within the

3 in. by 5 in. pupil area.

§" WIOE PUPIL

3" #IGH PUPIL

[

94

The experimental holo-

0703441028

KOLOGRAM

HORIZOMYAL VIEW

b — A Ny |

j——— 25" EYE RELIEF ~omom-—iind

VERTICAL VIEW ]

-/T___\A—-“ -
1Yy

—

————— 259
::_\\\-.\ !90 j'g 15.6”
0 g 10
PONTIENCICS
INCHES

[Ts 735"

I S i S L L |




N e
N - \:

1 s e e e e — .
W
$8E1L !
2 M
4 .
§ v3{9D pejewt ;
4 -cayo1(] pezlyIsusg-a4Q SPIIBH I9ATIS Payveald relIaIe I

xaseT uoy uoldAId 1°2$9 I9seT INOH WU §°2€9 UOLIONIISUCT

1idng o3 jo x33u39
[1dnd qIny ‘rernoarn 62 oYy 3@ IR[MOAID QT ~ MITA JO PO
- *ut 627 ‘ut g7 JoNPY 24T, ,
1 i
3 opIM ‘Ul ¢ Aq Y31y °*ul ¢ aptpM °‘ut ¢ Aq YBIH ‘ul g 9ZIG TGN ]
‘ur GUET ‘Ut 6°G1 y38uaT 1ed0 1 weadciog M
Y Y i
g ‘Ut 1°91 X ‘Ul 9°g] ‘UL g X ‘UT L7, 2215 wrexFoloH o |
,H oS? 002 s18uy NIL wexSoIoN,
, [
; 006 o0F °18uy sXV IO
: SUar] snonuIUoD SU3TT SNONUIIUOD _
. UOISSTUISU®RI J, OIIJWWIAS uoIssIuusuel y, o1I}dUNLG yoeoaddy i
A W
! weadoioly urex3ojop1 DI3s1a330RBIRYD .
; 2z1g~-110g 1eusurrradxsy A
s wreado(oy 2z1S-1Ing pue [ejudwiIadxyg ayj JO sOI3stIajzoeIeyn jo uosiredwon b
4 N
- p1 TTAVI |
g _,
w W_
Lt P e W bk e el onbe i v L 2 o it B st A A s pud i S i el i




\ 20 gt v g

Lt

e

L A

T ST T R I OEEY

R PR O s
o T e T R BRI e e R SRS "@ T ¥ TN TS

b R e A Bt N e s T i 4 e [P .

V. Experimental Study of a Holographic HUD Lens

2, CONSTRUCTION OF THE EXPERIMENTAL HOLOGRAM

An optical systera including 2 14 in, diam, spherical mirror was built
up c2 a vibration isolated table, along with a He-Ne laser, to provide
the required hologram construction beams.

Construction of the experimental hologram required a beam from a
point source located at the center of the exit pupil, 25 in. away from
the hologram, and a beam from point source on an axis deviating frem
the pupil beam axis by 40° and spaced to provide a desirable focal
length., Obtaining a desirable focal length rzquires that one of these
beams be converging and the other diverging. In our construction
apparatus, the converging beam is provided by an off-axis spherical
mirror, used with aberration correction optics.

Figure 47 is a schematic layout of the construction beams, and Fig. 48
shows the major features of the construction apparatus. The construc-
tion optics consist of one beam splitter, two spatial filters, five plane
mirrors and one spherical mirror. The hologram bisects the 40°
angle formed by the construction beam axes,

A point source 60 in., away from the 14.4 in, diam, 60 in, radius,
spherical mirror is imaged by the mirror to form the converging con-
struction beam. Astigmatism in this beam was minimized by reducing
the tilt angle of the spherical mirror to 259, At this angle, there is
6.1 in, of astigmatism, which is corrected with a negative cylindrical

M 0 5 10 0/03441:26
SF [ = = = .. )
\ INCHES
HOLOGRAM

Wainiv
T PLATE
SOl T [ ~
o - L
_ T - - B
e A - e l 4
- R MIRROR
14,38 DIA L - CENTER OF
-38" . - . CURVATURE
SPHERICAL S W
wIRROP = -
R¥60™ - S
- 7 "’ .
- - N
- e T B CORRECTION
- ) OPTICS

Fig. 47. Schematic of the experimentsl hologram coastruction
apparatus, showing the construction beam
configuration.
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lens near the original point source. The corrected beam converges to
a point 63.9 in. away from the mirrer surface, and 40.9 in. from the
hc}logram, The foczl length is thus determined by 1/f = 1/25 + 1/40.9 =
1/15.5.

The hologram is recorded on a 6-pm thick, silver halide emulsion
(Kodak type 120 plates, 8 in. x 10 in,), using 632,8 nm, HeNe laser
light., The path lengths of the two construction beams {rom the beam
splitter to the center of the hologram were matched, The optical
system wag mounted on a 3 ft by 6 ft granite slab table, with pneumatic
mounts used to isolate the table from flooxr vibrations, and shielding
around the apparatus to minimize atrnospheric disturbances. The
resulting amplitude holograms were bleached, using the bromine vapor
bleach process develeped on this program, to provide high quality,
high efficiency, phase holograms,

MI0318 3441-27

IR TR YTy

Fig. 48. View of the major components of the experimental hologram

construction apparatus,
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v. Experimental Study of a Holographic HUD Leas
3. APPROACH TO ANALYZING THE EXPERIMENTAL HOLOGRAM

Analysis of the experimental hologram was accomplished by comparing‘
theoretizal and experimental ray trace data on the system and image
quality characteristics,

Experimental analysis of the experimental holograrn is dene through a
series of ray traces perfornied both mathernaticzally and experiinentally.
The theoretical analysis is achieved with a computer program which
tvraces designated rays through a mathematical model of the hologram
lens, Experimental analysis traces small ray bundles through the
hologram lens, similar to the computer program. These beains are
observed at the intermediate image plane. Ray intercept curves are
derived from both experimental and analytical data, to be used to
evaluate the hologram lens. Of primary interest in this analysis are:

a. Astigmatism and intermediate image pliune determination
b. Chief ray efficiency and efficiency across the pupil

c. Distortion

d. Pupil errors,

The instrumentation used to make experimental measurements is shown
in Fig. 49, When located in the pupil plane, the beam positioner
allowed both x, and Yp motion to locate the ray bundle, a 632,8 nm
laser beam, ag various positions in the pupil area. Aiso adjustable

are the vertical and horizontal field angles, 6, and 8, at which the ray
is directed toward the hologram from the pupi’i. The’ laser beam can
also be recollimated to make the necessary experimental measure-
ments required to evalvate astigmatism and determine the image plane
tilt, Figure 50 shows the geometry and coordinate axes used to make
experimental measurements, Notice in Fig, 49 that the system is
physically lying on its side with the y~axis parallel to the table and the
x-axis perpendicular to the table top. A sheet of graph paper at the
image plane is used to determine ray intercepts for the distortion and
pupil errors measurements.

Fig. 49. View of the experimental hologram evaluation apparatus.
(Top of facing page)

Fig. 50. Perspective drawing of the HUD coordinate systems aud their
geometrical relationships. (Bottom of facing page).
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V. Experimental Study of a Holographic HUD Lens

4. IMAGE PLANE DETERMINATION

Computed ard measured focal surface characteristics agree on focal
length, astigmatism versus field and tilt angles.

fhe image surface of the relay lens optical system is curved and ro-
tated through some angle relative to the plane of the hologram to match

the focal surface of the hologram lens. In this section we compare the
theoretical and experimental focal surfaces.

In order to determine the focal surface, chief rays are projected from
the center of the pupil, at varying horizontal and vertical field angles,
through the optical system. Vertical and horizontal focus locations
are determined by using 5-mm long vertical and horizontal bundles of
collimated rays from the pupil. A convenient set of coordinates in
which to plot the focus points has a z-axis located on the optical axis
at the focus of the hologram. Figure 51 shows an exaggerated view of
the rays traced at a negative vertical field point.

Figure 52 shows plots of horizontal and vertical focus obtained experi-
mentally and theoretically., The experimental data uphold the theore-
tical predictions very well. The focal length of the hologram measured
experimentally was 15.5 in, corresponding to a calculated 15,53 in.
Axial astigmatism is zero as expected. Astigmatism in the horizontal
field is near zero. In the vertical field, astigmatism increases to

0.6 in, at -9° and 0.25 in. at +9°, The horizontal and vertical focus
locations indicate two distinct curved focal surfaces., Straight line
approximations are used to obtain horizontal and vertical focus planes.
An average between these two planes is then taken to determine the
intermediate image plane location, From Fig, 52, the experimental
intermediate image planc rnust be rotated 10.5°, confirming the theo-
retical value of 107, The size of the intermediate image plane is

) P
PRl S HORTZONTAL Fig. 51. . .
Ee ST Foens Perspective drawing of the
. ‘K' N M AstiomTisn ray tracing procedure used
Ln”

MOLOGRAN focal points for a negative

’ vertical field angle.
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2 { approximately 5 in, high by 5 in, wide. Figure 53 shows the basic
E geometry of the experimental transmission heads-up display optical
3 i system,
o
"E E:
;> ;‘ Y (INCHES) YOI YT g
5 ¢ HORIZONTAL FOCUS N
- F 3 Py B
- } « COMPUTER 15.5° ‘
: 1 e« " EXPERINENTAL 14,5° x orpsn !
: " ] === : :
] ; 1:NCHES) i
- : 2 VERTICAL FOCUS \ ;
3 L © COMPUTER 5,50 3¢ .
. * EXPERINENTAL  6.0° i
2 ¥
3 y N AVERAGE ANGLE :’
4 . COMPUTER 10° 24
?‘ . EXPERINENTAL 10.5° ]
1 : 2 -1 -2
3 : 2 {INCHES ) g 4 ' — u
3 ‘ 1 ¢
i é
- : 1
E -
3 s -1
. 2 (INCHES) =+ ' t "
3 ' 2 ! 0 -1 -
: -2
(b)
-3
(a)
Fig. 52. Comparison of calculated and measured focal surfaces.

(a) Points in the vertical section;

section.
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(b) points in the horizontal

Fig. 53,

Vertical section, showing the
experimentally determined inter-
mediate image plane, relative to
the system configuration, includ-
ing the focal length of 15.5 in. and
the tilt angle of 10.5°,
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V. Experimental Study of a Holographic HUI Lens
5. OPTICAL EFFICIENCY
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Deviations between predicted and observed efficiency are accounted for
by a systematic loss of fringe stability during recording; this will be
avoided during full scale hologram recording.

Optical efficiency as a function of the field location is measured by
projecting chief rays from the pupil at varying horizontal and verti-
cal field angles, and measuring the amount of diffracted power at the
infermediate image plane. A United Detector Technology power
meter calibrated for 632, 8 nm was used to measure the diffracted
nower. In the symimetric transmission geoinetry, the chief ray
efficiency should be high across the field. Figure 54 shows experi-
mental measurements of relative chief ray efficiency versus the
fractional vertical and horizontal field. Experimental data show
efficiency fluctuations across both the horizontal and vertical field,

Efficiency across the pupil is determined by measuring the diffracted
power as a ray is projected at zero field angle from various loca-
tions on the x, and y,, axes of the 3 in, high by 5 in. wide pupil.
Diffracted po'ger is again measured at the intermediate image plane.
Relative efficiency iz plotted versus iractional horizontal and verti-
cal pupil coordinates in Fig, 58, There is-a significant deviation
between the calculated and measured efficiencies over most of the
horizontal pupil dimension and at the top 1/8 of the vertical pupil
dimension, These deviations ccrrelate strongly with the deviations

in chief ray efficiency.

The deviations together indicate a systematic logss of efficiency in
going from the lower right te upper left areas of the hologram, as
viewed from the pupil. Probable causes for the efficiency degrada-
tion are, first, phase instability during exposure of the holograrr;

due to path length differences of the two construction beam acroass

the exposed hologram, and second, disturbances due to air rnotions
and floor vibrations during exposure. A fringe monitoring and stabil-

izing system will alleviate this problem during exposure of the full-
scale hologram.
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V. Experimental Study of a Holographic HUD Lens

Sad

6. DISTORTION

TRy

The calculated and measured distortion characteristics of the '

v experimental hologram are the same, within experimental error, .
o being 1.5% anamorphic and 5% keystone, calculated, and 2.5% ana- ,
- morphic and 4, 95% keystone, measured. :

Ray tracing of rays for circular images subtending varioua angles at i
infinity, to determine the corresponding image at the intermediate i
image plane, gives a description of the distortion introduced by the
hologram lens. A useful and convenient measure of distortion iz the ‘
ratio of vertical to horizontal magnification for circular images sub-
tending various angles at infinity, as discussed in Sections II-B-6
and [I-C-3. Figure 56 illustrates ray traces of a circular image sub- ,_
tending an angle 20 at infinity. The ratio of the vertical intercept, ,
y1 s to the horizontal mtercept, x1,» for corresponding vertical and ;
horizontal field anglic ¢ is called the magnification ratio. By varying ‘
¢ and obtaining the corresponding vertical and horizontal intercepts

at the image plane, a plot of the magnification ratio versus vertical :
field angle is obtained. A distortion-free hologra:n would produce a
circular distribution at the intermediate image plane for a circular
image at infinity. In the vertical to horizontal magnificaticn ratio
versus vertical field angle plot, this corresponds to a magnification
ratio of one across the full vertical field, 1.e., a horizontal line at
a value of unity.

TR TR
N

Bt

TR T

Y

R TR TR

Figure 57 is a plot of vertical to horizontal magnification ratio, mea-

sured and ecalculated, versus the vertical field, for the experimental

hologram lens. Because of symmetry in the experimental configura-

. tion about the vertical axis, the magnitude of horizontal magnification
Fj for a positive and ncgative horizontal field angle is equal. Both .
£ experimental and theoretical data show that the hologram lsns intro. -
3 duceés both-keystone and anamorphic distortion. A measure of key-

: stone is the rate af which magnification ratio varies across ths verti-
cal fzelu, i. 8., the magnituds of the slope of the distcrtion plot, The -
- 4,95% .seystone distortion introduced by the holegram distorts rectangu-
lar images at the source to trapezoids at infinity. Coastant magnifi-
cation ratio acrosgs the vertical fieid, other than one, indicates ana-
morphic distortion, A measure of anamorphic distertion is the mag-
nification ratio at zeve vertical field. The experimestal hologram

lens introduces 2, 5% anamorphic distortion. I we ceonsider a point

at the center of the image plane as the limit of a circnlar image
appreaching zoro radius, the image of the point at infinity flares cut
vertically 1. 025 times the horizental dimensicn.

Anzmorphic distoriion <&  -¢ ¢or i‘ ied with an apamorphic relay
lens, and keystone 4&) «0n can be at least approximately corrected
by tilting the irnage p.une {5¢e¢ Sec on IV).
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; Fig. 56. Perspective drawing of the three rays used to
b determine the vertical-to-horizontal magnifica-
1 tion ratio for a civcular image at infinity sub-
> tending 20 degrees.
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Fig. 57.
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V. Experimental Study of a Holographic HUD Lens

7. DETERMINATION OF PUPIL ERRORS FROM RAY INTERCEPTS

The pupil errors of interest, collimation error and binocular disparity,
are conveniently defined in terms of ray intercepts, and were calculated
and measured for the axial field point and two different horizontal eye
locations, as functions of vertical eye position,

Pupil errors, i.e., collimation error and binocular disparity, «re cal-
culated by generating ray intercept curves. These curves are p.ats of
intercepts at the image plane, relative to the chief ray intercept, of
rays from infinity versus the position at which the rays pass through
the pupil. The pupil errors for two eyes horizontally separated by

2.5 in. are calculated by tracing two vertical fans separated by 2.5 in.

Figure 58 is an exaggerated view of two such rays. The collimration
error and binocular disparity are defined in the enlarged view of the
intercept region. By tracing the two vertical fans, i.e., varying y

ray mtercept curves of x; and y; for the left and right eyc versus Fhe
v location of the pupil are obtained. Since the pupil errors can be
directly calculated from the ray intercept curves, pupil erroxs at vari-
ous pupil heights can be cbtained.

Pupil errors were investigated for two (yes separated by 2.5 in. at
relative pupil coordinates x_ = 0 and x, = ~1.0 and at x, = 0.5 and

x. = -0.5, for the axialfield'point, The full pupil size is 5 in. wide

b¥ 3 in. high. Both theoretical and experimental ray intercept
curves are shown in the next two sections, for the two cases studied.
Many intercept values measured experimentally were on the order of
a fraction of a millimeter. With the experimental difficulty of this
measurement, an exact mapping of experimental data onto theoretical
curves was not expected.
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Fig. 58.

Perspective drawing of the two rays used to determine the

pupil errors, and the definitions of the errors in terms of

the intercepts.
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V. Experimuntal Study of a Holographic HUD Lens

3 8. PUPIL ERRORS FOR THE SYMMETRIC EYE LOCATION

TS N T

Forx the right eye located at x,, = 0.5 and the left eye located at

x. = -0,5, maximum pupil errors of -3.41 mrad vertical collimation
ePror and -3. 4 mrad horizontal binocular disparity occur at Yp = 1.0,

Par Ko

For the case where the left cve is at x_ = -0,5 and the right eye is

at x, = 0.5 {relative cocordinates), as Ehown in Fig. 59, theoretical
and experimental ray intercept curves were generated. These curves
3 are shown in Fig. 60. Theoretical data show no horizontal collima-

- tion error nor vertical binocular disparity., Experimental measure-
ments confirm the zero horizontal collimation error, but indicate a
small amount of vertical binocular disparity. Both theoretical and
experimental results show minimum vertical collimation error and
horizontal binocular disparity at a relative vertical eye location of

¥p = 0.1. Pupil errors increase as the pupil height deviates from

Yp = 0.1, becoming about 1.3 mm or 3.4 mrad aty, = 1.0. General
agreement between theory and experiment is excellent,
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Ray intercept components
as functions of the relative
vertical eye position for
the symmetrical horizontal
eye locations shown in

Fig. 59. Top: calculated
results; bottom: observed
results.
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V. Experimental Study of a Holograhic HUD Lens

9. PUPIL ERRORS FOR AN EXTREME EYE LOCATION

As the eyes move to the edge of the pupil, the horizontal collimation
error and the vertical binocular disparity increase, reaching a maxi-
mum of about 5 mrad (uncorrected) for the experimental hologram
lens.

s g Py T WY B B TR N g O o DALY VoS o e A

Next consider an extreme eye location, shown in Fig. 61, where the
left eye is at the edge of the pupil x = -1, 0 and the right eye at x_ = 0,
The ray intercept curves for this case are shown in Fig., 62 and ggain
show excellent agreement between theory and experiment.

Horizontal and vertical binocular disparity increase as the eyes
apprcach the top of the 3 in. high pupil. Aty, = 1,0 relative ~ordi-
nates, i, e., the eyes at the top of the pupil, horizontal binocular
disparity is -1.75 mm or -4, 49 mrad, and vertical binocular dis-
parity is +1.25 mm or 3. 14 mrad. There is a general increase in
horizontal collimation error toward the top of the pupil. Vertical
collimation error is minimum when the eyes are located at Yp = 0.

Comparing the two cases, as the pupils move toward the side of the
3 in. by 5 in. pupil, there is an increase in horizontal collimation
error with little change in horizontal disparity, However, vertical
binocular disparity increases with littlc change in vertical collimation
zrror. The maximum pupil errore encountered in the experimental
HUD system are 5 mrad without any relay lens correction.

yP LY 3 TITRY 1)

4 Fig. 61.
™ Pupii area, showing an extreme
1.0 horizontal eye location.
§
-1.0 ) 1.0 |
o 3= %
R

-1.0
LEFT RIGHT
EYE EYE
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V. Experimental Study of a Holographic HUD Lens
10, CONCLUSIONS ON DEMONSTRATOR PERFORMANCE !

The experimental hologram, which confirmed our analysis techniques, .
was incorporated in a HUD demonstrator that shows excellent image {
quality.

: 1,??WW@W. padeny

which has been delivered to NADC. This demonstrator, shown in

: ¥ig., 63, establishes the size of the full-scale hologram, the location
of the intermediate image plane and the location of the exit pupil, as !
well as providing an example of holographic HUD imagery.

i

f

. . . : !

: The experimental hologram was incorporated in a HUD demonstrator, i
g i

: With the experimental hologram lens HUD system, the efficiency across !
: the pupil is reasonably uniform. Distortions in the system are small,
" primarily keyvstone in nature. Xor axial field points, the worst case

: pupil errors are in the order of § mrad. When the eyes are centered
i the 3 in, high by 5 in. wide pupil, the pupil errors fall to less than
I mrad. The resultant image at infinity in the HUD system is quite

good even without correction by a relay lens, and can he seen in ’
Fig. 64.

All experimental data correlated very closely to the predicted perfor- ;
mance of the experimental hologram lens. The design of the full size !
HUD system represents a complex task. However, the performance of g
the design can be readily predicted with computer analysis,
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Fig. 63.
The holographic ;
HUD demonstrator.
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Fig. 64.
Image of a resolution

chart, projected by ;
the holographic HUD

demonstrator, as

viewed by a camera 2
focused at infinity H

and located at the
center of the exit

pupil.
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