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PRECEDIN3 PAGE BLA1 NOY FIZD

HOLOGRAPHIC COMBINERS FOR HEAD-UP DISPLAYS

SECTION I
INTRODUCTION

Current head-up display (HUD) systems tend to be limited

in two respects: their field-of-view is often less than de-

sired, and excessive CRT power levels are often necessary to

achieve adequate image intensity. The introduction of holo-

graphic optics offers potential relief to both limitations.

This report describes the results of an investigation into

the addition of holographic optics to existing HUD systems;

the investigation included both analytical and practical

considerations, as well as fabrication of several holographic

combiners.

A typical HUD optical system includes a CRT, collimating

optics, and a combiner. The CRT is the source of the display

information, and is located at the focal plane of the collimating

optics. The information displayed on the CRT will therefore

be imaged at infinity with a field-of-view determined by the

properties of the collimating optics and the distance between

the collimator and the pilot's eye. The combiner is a beam-

splitter, usually flat, that folds the optical path of the

display information so that it is superimposed on the forward

view of the pilot. Figure 1 shows a typical configuration

for a conventional HUD system.

Let us now examine how, in the context of this typical

configuration, the problems of limited field-of-view and

excessive CRT power arise. The latter problem is simply a

matter of optical efficiency considerations. The HUD com-

biner must not severely attenuate the light passing through

it from the windscreen. Therefore, the reflectivity of the

11



I

Combiner

CRT

Figure 1. Typical configuration of a conventional HUD.
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combiner must be low if it has broad spectral characteristics,

or conversely, if the reflectivity is high, it must be high

over a very limited spectral range. Since fabrication of

a narrow-band combiner is difficult because of the large

field-of-view that must be accommodated, typical HUD com-

biners have broadband reflective coatings with a reflecti-

vity of 20 to 30% in order to transmit 70 to 80% of the

light that passes through the windscreen. The combiner is

very lossy with respect to the display information, there-

fore, and the losses are compensated by driving the CRT at

high power levels that shorten its lifetime. A holo-

graphic combiner can make more efficient use of the display

light by having a high reflectivity over a narrow spectral

range that corresponds to the CRT peak spectral output.

The reflectivity of the holographic combiner must, of

course, be high over a relatively large range of angles of

incidence.

The total field-of-view (TFOV) of the HUD system is

determined by the focal length of the collimator and the

diameter of the CRT, as shown in Figure 2. The field-of-

view seen by the pilot from a given head position is

generally less than the TFOV, and will be referred to as

the instantaneous field-of-view (IFOV). Figure 3 shows the

geometry that determines the IFOV; note that the system is

unfolded and that the combiner is not shown. In a conven-

tional system, the combiner has no optical power and does

not affect the field-of-view (unless in a restrictive

sense as a limiting aperture). Cockpit design considera-

tions dictate a large eye relief R (here the distance from

the collimator to the pilot's eye) while weight and space

considerations dictate a small collimator size. In a typi-

cal conventional HUD optical system, the difference between

the IFOV and TFOV may be as large as a factor of two; to

13
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Figure 2. Total field-of-view (TPOV) of a HUD optical system.
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see the entire field-of-view, the pilot must move his head.

(For a more complete discussion of the field-of-view of HUD

optical systems, see Ref. 1). If a holographic lens is sub-

stituted for the combiner, the eye relief is reduced by the

previous collimator-combiner separation, and with the holo-

graphic lens forming the collimator as well as the combiner,

the collimator diameter can be increased. Thus a holographic

combiner/collimator will increase the IFOV, possibly making

it equal to the TFOV.

The investigation of the holographic combiner divided

into two major phases that concentrated separately on the

efficiency and field-of-view considerations. Under the

first phase we designed and fabricated a holographic com-

biner to fit, as a one-for-one replacement, into the optical

system of the F-4 HUD. Because the holographic combiner

was to fit into an existing optical system without other-

wise modifying the optics, it did not have optical power.

It nevertheless demonstrates the feasibility of fabricating

high quality holographic optics and is useful in evaluating

the performance of a holographic combiner in terms of effi-

ciency. The second phase of the investigation was an analy-

tical effort to determine the performance improvements that

could be realized by replacing the combiner in an A-10 HUD

with a holographic combiner that has optical power and a

curved substrate, with the optical system constrained only

to fit within its space in the existing system. The focus

of the second phase was on field-of-view improvement, although

some discussion is given to certain practical considerations.
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SECTION II
DESIGN OF A FLAT HOLOGRAPHIC COMBINER

The objective of this phase of the investigation was to

design a flat holographic combiner that could be substituted

on a one-for-one replacement basis into an existing HUD optical

system as shown in Figure 4. The system chosen was the F-4 HUD,

which has a TFOV of approximately 140 and an IFOV (at the
0design eye) of approximately 8° . The major task here was

the development of techniques to form a volume phase reflec-

tion hologram having high diffraction efficiency over the

140 TFOV. This effort is discussed in two sections that

separately describe the design analyses and the laboratory

investigations. In the design analysis we investigated the

field-of-view requirements of the holographic combiner and

generated the design parameters for fabrication of the

element.

1, FIELD-OF-VIEW

By field-of-view of the holographic combiner, we are

actually referring to the angular bandwidth over which rays

are diffracted (or reflected) with high efficiency. This

is an important consideration because the requirement for

high reflectivity over a narrow spectral band calls for a

volume phase type of hologram (see Reference [2] for a dis-

cussion of holographic optics and materials). The Bragg

effects that are responsible for the high efficiency also

limit the angular bandwidth of a volume phase hologram. A

typical reflection hologram in a material such as dichromated

gelatin might be 15 pm thick and 95% efficient at the Bragg

angle. The angular bandwidth of this hologram at the half

17
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power points would be 50; far below our goal of 140. A

curve of diffracted intensity as a function of angle is

shown in Figure 5. We generated this curve by simulating a

volume phase reflection hologram with our ray tracing pro-

grams; the hologram was assumed to be constructed with two

plane waves incident from opposite sides of the hologram

plate, with the plate bisecting the angle between the

beams. With this configuration, the fringe planes are par-

allel to the hologram surface. The efficiency of a volume

phase hologram is strongly dependent on the hologram thick-

ness and on the amount by which the refractive index is

modulated. For a 15 vim hologram thickness, the index modu-

lation necessary for a peak diffraction efficiency of 95%

is 0.021.

It is well known in holographic research that the

angular bandwidth of a volume phase hologram varies inversely

with its thickness [2,3]. We can increase the angular band-

width of our reflection hologram, therefore, by reducing its

thickness from 15 pm to 6 pm, but unless we compensate for

the reduced hologram thickness by increasing the index modu-

lation, the diffraction efficiency will decrease. At the

Bragg angle, the diffraction efficiency of a volume phase

reflection hologram is given by [3]

tanh 2 ( cos0 ) (1)

where

n = diffraction efficiency

n = refractive index modulation

T = hologram thickness

= reconstruction wavelength

0 = angle between reconstruction ray and the normal
to the hologram fringes

19



EFFICIENCY VS. BIRRGG DEVIFITION

T 15, Ni1 0.021

01
0

0

WoD

70 C
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C\j

C) 15. 00 -10.00 -5.00 0.00 5.00 10.00 15.00
BRAGG DEVIATION (WEGREES)

Figure 5. Predicted angular bandwidth of a reflection hologram with a thickness of 15/jm
and a refractive index modulation of 0.021.
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If we keep the product of n I and T constant, reducing the

thickness to 6 vm requires an increase in the index modu-

lation from 0.021 to 0.0525 to keep the peak diffraction

efficiency at 95%. In this case, the angular bandwidth
0 0increases from 5 to 12 , as can be seen in the curve

shown in Figure 6.

Finally let us consider increasing the refractive

index modulation to 0.525 without decreasing the hologram

thickness. Reflection holograms have the interesting pro-

perty that once all of the light has been diffracted into

the signal beam, the light emerges from the hologram and

is not further affected, whereas in a transmission holo-

gram, the light can couple back and forth between the recon-

struction and signal beams as it passes through the hologram.

Increasing the index modulation of a volume phase reflection

hologram reduces the effective hologram thickness, in that

most of the light only travels a short distance into the

hologram before it is reflected back out. Furthermore, the

rays near the Bragg angle are diffracted with very high effi-

ciency, with predicted ray efficiencies as high as 99.994%.

The overall effect is for the angular bandwidth curve to take

on a hard clipped appearance, with greater sidelobe structure,

as shown in Figure 7. The bandwidth of the central peak here

is 100, but if the sidelobe structure is smoothed, the band-

width is approximately 120, as it was with the 6 pm hologram

thickness.

It is interesting to observe the expected spectral

bandwidth corresponding to the three holograms we have just

discussed. For the first, the index modulation is 0.021

and the thickness 15 pm, a rather typical volume phase

reflection hologram. Figure 8 shows the predicted spectral

bandwidth of this hologram; in this case the hologram is

21



EFFICIENCY VS. BRRGG DEVIFITION

T = 6, N1 = 0.0525Ch
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BRRGG DEVIATION (DEGREES)

Figure 6. Predicted angular bandwidth of a reflection hologram with a thickness of 6 1,m

and a refractive index modulation of 0.0525.
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EFFICIENCY VS. BRFIGG DEVIRTION

T = 15, Ni1 .0525
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Figure 7. Predicted angular bandwidth of a reflection hologram with a thickness of 15 11 m

and a refractive index modulation of 0.0525.
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EFFIOFENCY VS. NRVELENGTH

T = 15, Ni 0.021
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Figure 8. Predicted spectral bandwidth of a reflection hologram with a thickness of 1 5 ji m
and a refractive modulation index of 0.021.
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reconstructed at the angle corresponding to the central angle

in Figures 5-7, and the reconstruction wavelength varied.

The bandwidth is 13 nm at the half power points (50% dif-

fraction efficiency). Figure 9 shows the spectral band-

width of a hologram 6 pm thick with an index modulation

of 0.0525; the bandwidth here is slightly over 17 nm.

Assuming a hologram thickness of 15 pm and index modula-

tion of 0.0525 produces a spectral bandwidth curve that

appears similar to the angular bandwidth curve. Figure 10

shows the spectral bandwidth for this case; at the half

power points, the central peak has a width of 27 nm, with

the sidelobe structure tending to increase the bandwidth

somewhat further.

An alternate method of increasing the angular band-

width of the hologram is to record two hologram gratings

in the gelatin layer, with the angle between the recording

beams shifted slightly between exposures. This technique

records two holograms, each of which has its own angular

bandwidth but with an offset between them to give a broader

composite bandwidth. The approach is especially well suited

to the special case where each hologram comprises a set of

fringes parallel to the hologram surface; because such holo-

grams behave as plane mirrors, there will be no likelihood

of a double image forming where the bandwidth curves of the

individual gratings overlap. Unfortunately, we are unable

to simulate a multiple-grating reflection hologram, and

therefore cannot show predicted angular bandwidth curves.

Nevertheless, we demonstrated the technique experimentally

as is discussed in Section III.

2. FLAT COMBINER DESIGN

In this section we discuss the design considerations

for the flat holographic combiner that we ultimately fabri-

25



EFFICLENCY VS. NRVELENGTH

T =6, Ni1 0.0525
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Figure 9. Predicted spectral bandwidth of a reflection hologram with a thickness of 6 urnm
and a refractive index modulation of 0.0525.
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Figure 10. Predicted spectral bandwidth of a reflection hologram with a thickness of 15 Jim
and a refractive index of 0.0525.
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cated and tested. The parameters of major importance are

the TFOV of the system and the spectral characteristics of

the CRT input. For the F-4, the TFOV is 140, and the CRT

phosphor is Type PX58 with a peak at approximately 515 nm

and a bandwidth of nearly 100 nm. The primary design con-

straint is that the holographic combiner replace the con-

ventional combiner of the F-4 HUD on a one-for-one basis,

without further changes to the optical train. This con-

straint implies that the holographic combiner must have no

optical power since the conventional combiner is a flat

mirror. Furthermore, if the combiner angle is to be un-

changed, then the holographic combiner must appear very

similar to a flat conventional mirror. The requirement that

the holographic combiner replace an existing combiner thus

dictates that the holographic combiner must have no optical

power, and for high efficiency along the optic axis, that

the fringe planes must be parallel to the hologram surface.

Although the combiner does not take advantage of all the

capabilities of a holographic optical element, it does

offer certain other advantages for an optical system with

broadband illumination and it simplifies the fabrication

process.

A holographic element with fringes parallel to the

hologram surface has no optical power and behaves simply

as a plane mirror, with all ray directions determined by

classical laws of reflection. Thus, (assuming reasonable

flatness), no dispersion or aberration is introduced by the

holographic combiner, regardless of the bandwidth of the

illumination source. The holographic nature of the element

will be evident in consideration of the efficiency with

which rays are reflected, as the efficiency is a function

of the wavelength, incident angle, fringe spacing, and

refractive index modulation.
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Not only does this method minimize aberrations and

eliminate dispersion, but it provides a simple method of

fabricating the hologram. To form fringes that are parallel

to the hologram surface, we illuminate the hologram with plane

waves from either side, making equal but opposite angles with

the surface normal as shown in Figure lla. An optical con-

figuration capable of forming such a hologram is shown in

Figure lib; because of the interferometric nature of the

optical system, a high degree of physical stability is re-

quired of all elements from the beamsplitter to the hologram

plate during the course of the hologram exposure (usually

several seconds to several minutes). Although the required

stability can be achieved reliably, it requires careful

work and high quality optical components. A simpler method

of forming fringes parallel to the hologram surface is shown

in Figure 12. A single plane wave illuminates the hologram;

a portion of the illumination is transmitted through the

recording medium, and reflected by a mirror clamped to the

back side of the hologram substrate. Not only is the opti-

cal system greatly simplified, but since the entire inter-

ferometer is formed by the hologram-mirror combination, the

only stability requirements are on that combination.

Let us consider briefly how such a hologram is designed

to achieve efficient reconstruction at a given wavelength

and angle. Efficient reconstruction will occur at or near

the Bragg angle, which is given by the Bragg relation.

2d sin 0= (2)

where d is the fringe spacing, 0 is the angle between the

reconstruction ray and the fringe plane, and A is the re-
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Figure 11. Recording a reflection hologram with fringes parallel to the surfacJe.
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Figure 12. Single-beam recording technique for a reflection hologram with fringes parallel
to the surface.
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construction wavelength. Choosing the reconstruction wave-

length and angle will determine the required fringe spacing.

For construction of the hologram, we must choose an appro-

priate laser wavelength X0  (we generally use 514 nm for di-

chromated gelatin). Given d and Xo, we can find 0; this,

and the constraint that the fringes musc be parallel to the

hologram surface determine the angles that the recording

beams must make with the hologram.

A final point that must be considered in determining

the design parameters of a volume reflection hologram is

the possibility of a net thickness change of the hologram

caused by processing. The effect of a thickness change is

to cause d to be different in construction and reconstruction.

In the case of a hologram with fringes parallel to the sur-

face, d changes by the same ratio as the net thickness change

of the gelatin layer.

For the F-4 HUD combiner, the construction wavelength,

514 nm, corresponds to the peak wavelength of the PX58

phosphor, so we assume no wavelength change. Although di-

chromated gelatin holograms often undergo a net thickness

change, we were able to adjust our processing technique to

minimize thickness changes (see Section III.l.e). In this

case, therefore, it was unnecessary to use Eq. (2), and the

design reduced to choosing the construction beam angles to

correspond to the angles between the conventional combiner

in the F-4 HUD and the folded optic axes, 48.30. The

construction parameters of the holographic combiner are given

in Table 1. Figure 13 shows a sketch of the optical system

with a set of rays traced through it.

Finally, let us consider once more the expected angular

and spectral characteristics of the combiner. For a single

grating hologram with a given thickness, the angular band-

width is a function of the refractive index modulation. If
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TABLE 1
CONSTRUCTION PARAMETERS OF THE FLAT HOLOGRAPHIC COMBINER

Reference Beam: Plane Wave, 0 = 48.30

Object Beam: Plane wave, 0 = -48.30

Recording Wavelength: 514.5 nm

Size: 160 x 195 mm

Recording Material: Dichromated Gelatin

Hologram Thickness: 15 pm (nominal)

Substrate Thickness: 63 mm
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we examine a curve of angular bandwidth as a function of

index modulation (see Figure 14), we see that for a 15 Pm,

thick hologram, an index modulation of 0.078 will produce

an angular bandwidth ofl4 ° . Although 0.078 is a large

index modulation, it is not unreasonable. Alternatively,

if we examine the angular bandwidth curves obtained at a

lower index modulation, say 0.0525, but at the two differ-

ent wavelengths corresponding to the 70% points of the

phosphor output, then the bandwidth is increased from 100

at a single wavelength of 514 nm to 25 width of the over-

lapping bandwidths at two wavelengths, 500 nm and 540 nm.

Figure 15 shows a curve of predicted spectral band-

width superimposed with the phosphor output characteristic.

The hologram is assumed to be 15 vim thick and have an

index modulation of 0.0525.

3. CURVED COMBINER

We briefly investigated the use of a curved combiner

in the F-4 HUD system. Because of the constraints that the

combiner not add optical power to the system, the flat com-

biner performance is excellent, leaving little room for

improvement. In fact, in our investigations, the curved

combiner tended to reduce the angular bandwidth slightly,

and more importantly, to introduce aberrations and dis-

persion that were not present with the flat combiner.

Consequently, we did not pursue this approach further, and

would not recommend the curved combiner without making

other changes to the optical train.
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Figure 15. PX58 phosphor characteristic shown with the spectral bandwidth
of a hologram with a thickness of 15 jim and a refractive
index modulation of 0.0525.
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SECTION III
FABRICATION OF A FLAT HOLOGRAPHIC COMBINER

Successful fabrication of high quality holographic com-

biners required a thorough understanding of the properties

of the recording material. Furthermore, the goal of a large

angular bandwidth required a certain amount of technique

development. The experimental effort therefore divided into

two parts: a basic materials investigation concentrating on

diffraction efficiency, angular and spectral bandwidth, and holo-

gram thickness changes; and the fabrication of the actual combiners.

1. BASIC MATERIAL INVESTIGATIONS

Since we had determined that the optimum recording con-

figuration for the combiner fabrication was the single beam

system shown in Figure 12, all of our materials investiga-

tions were carried out with holograms that were recorded in

this manner. We used dichromated gelatin exclusively as the

recording material, as it is unsurpassed in forming high

quality reflection holograms. In this section, we describe

this unique material, and the properties of reflection holo-

grams recorded in it.

a. DICHROMATED GELATIN

Dichromated gelatin is attractive because it has a large

modulation capacity, high S/N ratio, moderate exposure sensi-

tivity, and excellent response to high spatial frequencies

[4- 91. With a cover plate or in a dry atmosphere, dichro-

mated gelatin holograms exhibit good environmental stability

[5, 7 1. In addition, dichromated gelatin holograms can be

reprocessed as many times as necessary to produce a desired

refractive index modulation [10,111. Furthermore, unlike

many recording materials, the component that absorbs light
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during the exposure of dichromated gelatin is removed

during subsequent processing, leaving a colorless gelatin

material. The absorption on readout is therefore negligible.

The mechanism of hologram formation in dichromated

gelatin, hypothesized by Curran and Shankoff [8 1, appears

to be layering of gelatin by the formation of cracks along

fringe planes. Although not entirely satisfying to all, this

hypothesis does account for the large refractive index modu-

lation. Briefly, the mechanism is as follows. The gelatin

is sensitized with ammonium dichromate prior to exposure;

exposure to light in the UV or blue-green region of the

spectrum causes the gelatin to harden. The gelatin layer

is subsequently washed, removing the sensitizer chemicals,

and causing -he gelatin to swell with the absorption of

water. Rapid dehydration follows by immersing the gelatin

in isopropyl alcohol, and the emulsion shrinks back to

approximately its original thcLkness. The sudden shrinkage

creates between the exposcd (or hardened) regions and the

unexposed (or unhardened) regions stresses that crack the

gelatin along the fringe planes.

The method of processing dichromated gelatin as described

above is simple and straightforward, but it does not always

produce high quality results. Certain precautions must be

observed to prevent the formation of a certain amount of

opacity on the gelatin surface. Our previous experimental

investigations of dichromated gelatin holograms revealed that

the saturation refractive index modulation, as well as the

thickness of the processed hologram, is greatly affected by

the processing environment, especially the relative humidity

and temperature in the processing room 17, 11- 131. Care-

fully controlling the )rocessing environment in those investi-

gations, we examined the exposure characteristics of dichromated
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gelatin holograms as a function of various parameters, in-

cluding sensitizer concentration, prehardening before sensi-

tization, recording beam intensity, lag-time between sensi-

tization and development, spatial frequency and recording

beam ratio [11,121. To analyze the data, we developed a

model that expresses refractive index modulation as a func-

tion of exposure. This model incorporates the measured

absorption coefficients of dichromated gelatin, which we

found to increase with exposure, as shown by the curves in

Figure 16.

Although those investigations were restricted to trans-

mission holograms, we expect that most of the exposure

characteristics can also be applied to reflection holograms.

Our current materials research, therefore, concentrated on

improving the angular bandwidth of reflection holograms re-

corded in dichromated gelatin films by varying the sensi-

tizer concentration. We also investigated the diffraction

efficiency, spectral bandwidth, and thickness change of

dichromated gelatin reflection holograms.

In Figure 17, we show in detail the single-beam re-

cording geometry of reflection holograms. Because of this

unique recording method and the dynamic absorption character-

istic of dichromated gelatin (Figure 16), we refer to the

incident exposure E. defined as

2E= (I. cos o)i)t mJ/cm2  (3)i it i

where lit is the intensity of the recording beam transmitted
to the dichromated gelatin film, i. is the angle of incidence,

i

and t is the exposure time. The actual exposure of the re-

cording material is then approximately equal to 2E i.
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Diffraction efficiency throughout this report is defined

as the ratio of the diffracted intensity to the intensity of

the incident readout beam, and the Bragg-angle deviation is

the angle measured with respect to the original position of

the recording beam.

In all of our investigations as well as the combiner

fabrication, we used dichromated gelatin plates that were

derived from Kodak 649F spectrographic plates. Our standard

technique for the preparation of dichromated gelatin plates

from Kodak 649F plates is outlined in Table 2, and our stand-

ard development procedure of exposed plates is outlined in

Table 3. These processing techniques are similar to those

of Chang [ 9]. Examples of chemical mixing formulas are

shown in Table 4. The processing environment for the current

work was under constant control; the relative humidity and

temperature were 29 to 35% and 75 to 850 F, respectively.

Finally we note that except for spectral bandwidth measure-

ments, all holograms were recorded and measured at a wave-

length of 514 nm.

b. DIFFRACTION EFFICIENCY

We determined the diffraction efficiency of single-

grating holograms as a function of exposure at several

sensitizer concentrations. The angle of incidence, 0i was

480 (see Figure 17). As shown in Figure 18, the diffrac-

tion efficiency curve obtained with a 3% sensitizer is

similar to that of a 5% sensitizer. These results show that

lowering the sensitizer concentration from 5% to 3% does

not reduce the exposure sensitivity of dichromated gelatin;

this is due to our unique recording system employing one

beam and a mirror, and to the absorption characteristics

of dichromated gelatin (Figure 16).
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TABLE 2
PREPARATION OF DICHROMATED GELATIN PLATES

All chemicals are dissolved in distilled water
and, except where noted, all steps are at a

temperature of 680 F.

Lighting: Room Light

STEP DIRECTION

P-l* Soak in fixer without hardener for 10 minutes.

P-2 Wash in running water at 90°F for 5 minutes;
start at 680F and raise temperature 2.50F/min
to 90°F; following wash, lower temperature at
same rate to 680 F.

P-3 Soak in fixer with x% hardener (Kodak standard
3.125%) for 10 minutes.

P-4 Wash in running water for 10 minutes.

P-5 Rinse in distilled water for 5 minutes with
agitation.

P-6 Dip into a Photo-Flo 200 solution (1 drop/500 ml)
for 30 seconds and remove the excess with either
a photographic sponge or clean wiper blade.

P-7 With plate in horizontal position, dry overnight
at room temperature.

Lighting: Red (dim)

P-8 Soak in x% ammonium-dichromate solution (with
0.x% Photo-Flo 200) for 5 minutes.

P-9 Wipe ammonium dichromate from glass side of
plates.

P-10 With plate in horizontal position, dry overnight
at room temperature.

For mixing formulas, see Table 4.

For our standard processing, we use 3.125% hardener concen-
tration for step P-3 and 5% for Step P-8.
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TABLE 3.
STANDARD DEVELOPMENT OF DICHROMATED GELATIN PLATES

All chemicals are dissolved in distilled
water, and, except where noted, all steps are

at a temperature of 680 F

STEP DIRECTION LIGHTING

SD-I* Soak in 0.5% solution of ammonium di- Red (dim)
chromate for 5 minutes.

SD-2* Soak in fixer with x% hardener for 5 Red (dim)

minutes.

SD-3 Wash in running water for 10 minutes. Room light

SD-4 Dip into a Photo-Flo 200 solution (1 Room light
drop/500 ml) 30 seconds and remove
the excess water with photographic
sponge.

SD-5 Soak in distilled water for 2 minutes Room light
with agitation.

SD-6 Dehydrate in a 50/50 solution of dis- Room light
tilled water and isopropanol for 3
minutes.

SD-7 Dehydrate in 100% isopropanol for 3 Room light

minutes.

SD-8 Free-air dry for at least 1 hour. Room light

SD-9 Either bake for 2 hours over a hot Room light
plate at an elevated temperature, or
evaporate residual water in a vacuum
chamber.

For mixing formulas, see Table 4.

For our standard processing, we use a 3.125% hardener con-
centration for Step SD-2.
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TABLE 4
EXAMPLES OF CHEMICAL MIXING FORMULAS

1. Fixer without hardener

Water: 60 ml; Fix concentrate: 20 ml

2. Fixer with x% hardener

hardener volume
= water + concentrate volume x 100%

a) Kodak fixer with standard hardener (3.125%)
Water: 60 ml; Fix concentrate: 20 ml;
Hardener: 2.5 ml.

b) Fixer with 2x hardener (6.25%)
Water: 60 ml; Fix concentrate: 20 ml;
Hardener: 5 ml.

3. 0.5% ammonium dichromate for development

Water: 800 ml; ammonium dichromate: 4 g

4. x% ammonium dichromate with 0.x% Photo-Flo

x% = ammonium-dichromate (g) x 100%water (ml)

a) 5% ammonium dichromate
Water: 800 ml; ammonium dichromate: 40 g;
Photo-Flo: 4 ml.

b) 3% ammonium Dichromate
Water: 800 ml; Ammonium Dichromate: 24 g;
Photo-Flo: 2.4 ml.
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Figure 18. Diffraction efficiency as a function of exposure for reflection holograms

recorded in dichromated gelatin.

47



The diffraction efficiency of reflection holograms

as a function of refractive index modulation saturates [31.

Unlike the case of transmission holograms, it is difficult

to estimate the refractive index modulation from the curve

of diffraction efficiency as a function of exposure. How-

ever, the refractive index modulation of saturated reflec-

tion holograms can be determined by measuring the angular

bandwidth of the holograms, because the angular bandwidth

is also a function of the refractive index modulation.

c. ANGULAR BANDWIDTH

The current conventional lenses in the F-4 HUD system

provide a field-of-view of 140. The flat holographic com-

biner should provide the equivalent field-of-view, requiring

the hologram to have an angular bandwidth of 140. From our

previous experience we expected the task of achieving such

a large angular bandwidth to be difficult, and therefore,

concentrated much of our effort on increasing the angular

bandwidth of reflection holograms. To increase the angular

bandwidth, we used two approaches. The first was to maximize

the refractive index modulation by optimizing the sensitizer

concentration and processing technique. The second was to

record two gratings incoherently with slightly different

fringe spacings.

First, using a 5% sensitizer, we examined the angular

bandwidth of single-grating and two-grating reflection holo-

grams. As shown in Figure 19, the angular bandwidth increases

as the exposure (or refractive index modulation) increases.

At an incident exposure Ei of 300 mJ/cm 
2 , the angular band-

width reaches 8o. The angular bandwidth of two-grating

reflection holograms is plotted in Figure 20, where the offset

between the recording angles of the two gratings was 4° . As
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expected, the angular bandwidth of two-grating holograms is

greater than that of sinple-grating holograms. The deviation

of the Bragg-angle from the iriginal recording angle indi-

cates that the hologram thick ergoes a net shrinkage

and increasingly so at heav-y *, (see Figures 19 and

20). The net thickness chati processing will be

discussed below in Section III.i.e.

Angular bandwidths obtained with a 3% sensitizer con-

centration were generally considerably wider than those ob-

tained with the 5% sensitizer. At an incident exposure of

200 mJ/cm 2 , the angular bandwidth of a single-grating re-

flection hologram exceeded 140 (Figure 21); we estimate

the refractive index modulation of this hologram to be 0.08.

In Figure 22, we show the angular bandwidth of two-grating

reflection holograms, where, again, the offset between the

recording angles of the two gratings was 40 . Unlike the

case with a 5% sensitizer, the holograms made with a 3%

sensitizer solution appeared to swell, although the relative

thickness still decreased with exposure.

We also recorded single-grating and two-grating holo-

grams in a dichromated gelatin plate sensitized with a 1%

sensitizer solution. While the exposure sensitivity and

angular bandwidths of these holograms were comparable to

those obtained with a 3% sensitizei, we observed that the

Bragg-angle shift was considerabl- larger. After drying in

vacuum at 900 C for two hours, these holograms still showed

an average Bragg-angle deviation of over 120. Although

the swelling can be compensated by altering the incident

angle of the recording beam, it was undesirable to alter

the angle by a large amount because the anti-reflection

coating of our optical window was optimized for an incident

angle of 45 to 480.
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From this series of measurements of the angular band-

width of dichromated gelatin reflection holograms, we con-

cluded that a sensitizer solution of 3 to 5% is optimum for

the fabrication of the HUD combiner.

d. SPECTRAL BANDWIDTH

The spectral selectivity of reflection holograms was

measured in a spectrometer as follows. With the spectro-

meter set to a wavelength of 512 nm, the peak wavelength of

the PX58 phosphor emission of the CRT, we placed a hologram

in one of the two spectrometer arms and oriented it to the

Bragg-angle. We then measured the transmission of the holo-

gram as a function of wavelength. Assuming no absorption,

we transformed the transmission spectrum to a reflection

spectrum.

As shown in Figures 23 and 24, the spectral bandwidth

of reflection holograms increases with exposure (or refrac-

tive index modulation). At an incident exposure of 320
2mJ/cm , the spectral bandwidth is about 15 nm. As shown in

Figure 25, the spectral bandwidth of the two-grating reflec-

tion holograms is greater than that of the single-grating

holograms. In general, a hologram having a wider angular

bandwidth also has a wider spectral bandwidth, since both

bandwidths are determined by the refractive index modulation,

and the grating structure [31.

There appears to be some discrepancy between the pre-

dicted and measured spectral bandwidths. In particular, the

measured spectral bandwidth was narrower than anticipated

for a hologram that has a large angular bandwidth. The

trend of the bandwidth to increase with increasing index

modulation was observed both experimentally and analytically,

however. The theoretical prediction of the spectral band-

width was made by assuming a refractive index modulation
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Figure 23. Spectral bandwidth of a single-grating reflection hologram recorded

in dichromated gelatin with an exposure of 170 nJi/cm 2
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Figure 24. Spectral bandwidth of a single-grating reflection hologram recorded
2in dichromated gelatin with an exposure of 320 nij, cm
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that was constant throughout the hologram depth. The index

modulation of actual holograms varies with depth, however,

and may account for the discrepancy we observed.

A wide spectral bandwidth is desirable in that a

greater fraction of the CRT illumination will reach the

pilot's eye; the HUD system will be more efficient. At the

same time, however, more light passing through the window-

screen will be diffracted away from the pilot. If the

spectral bandwidth is too large, most of the incident light

will be diffracted over a significantly wide band, and the

transmitted light will have a tint associated with it.

e. HOLOGRAM THICKNESS

The thickness of dichromated gelatin holograms usually

changes due to the development processing. The thickness

change is rather complicated because it is a function of

the exposure level, sensitizer concentration, and processing

environment as well as the processing technique [7,12,13].

The primary effect of the thickness change in volume holo-

grams is to cause a shift of the Bragg angle.

Controlling our processing environment and using our

standard processing technique (Tables 2 and 3), we studied

the thickness change of reflection holograms as a function

of exposure and sensitizer concentration. First, we

measured the Bragg-angle shift as a function of exposure,

under various drying conditions.

The results are shown in Figure 26, in which a positive

angle corresponds to a net swelling of the hologram. The

Bragg-angle shift is readily converted to the hologram thick-

ness change by applying Eq. (2); a shift of +50, for example,

corresponds to a thickness increase of 7.5%. Although the

drying method affected the hologram thickness, we observed

little effect on the hologram efficiency. We also investigated
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the hologram thickness as a function of sensitizer concentra-

tion. As shown in Figure 27, the hologram thickness decreases

linearly as the sensitizer concentration increases. The holo-

gram thickness can thus be controlled either by employing

the optimum drying method or by varying the sensitizer con-

centration.

2. FABRICATION AND TEST OF FLAT REFLECTION HOLOGRAPHIC
COMBINERS

a. FABRICATION

To fabricate the holographic combiner, we used a single-

beam recording system employing an off-axis parabolic mirror

of 28 cm diameter as a collimator, as shown in Figure 28;

the focal leng7th of the parabolic mirror is about 2 m (80

inches). Figure 29 shows the major optical components

assembled into the recording system. A plate glass window

having an anti-reflection coating was used to minimize

multiple-reflections between the front surface of the

hologram plate and the second surface mirror. This optical

window yields less than 0.5% reflection for 514 nm s-polarized

light at an incident angle of 45° . For optimum holograms,

the optical window and second surface mirror should be

extremely flat. The thickness of the optics we used varies

by about one wavelength over any 5 cm aperture, however,

since the glass is commercial plate glass. Because the

present effort aims at demonstrating the feasibility of the

holographic combiner, commercial quality materials were used

for the optical window and second surface mirror to minimize

costs.

To expand the beam of an argon ion laser, we used a

microscope objective with a focal length of either 22.7 mm
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or 16 mm. With a microscope objective having a 22.7 mm focal

length, the exposure time was about 5 minutes to achieve 200
2mJ/cm exposure at the edge of a circular hologram 25 cm in

diameter. In this case, the ratio of the intensity at the

center of the hologram to that at the edge was 3.3. With a

microscope objective having a 16 mm focal length, this ratio

reduces to 1.5, but requires increased exposure time.

The incident angle 0i of the recording beam was adjusted

according to the sensitizer concentration to compensate for

the expected thickness change of the hologram (see Figure 27).

With a 3% sensitizer solution, we set 0. at 450, and with a

4% solution, we set 0i at 480, the center angle of the

combiner's field-of-view. After processing, and before

cementing a cover plate to the hologram, we reduced the

gelatin thickness by careful baking, while monitoring the

hologram thickness by measuring the Bragg-angle.

The baking process has another important function in

that it eliminates residual water in the gelatin layer 1 71.

Our previous environmental testing indicated that if a di-

chromated gelatin hologram was not dried completely before

cementing the cover plate to the gelatin surface, it was

still affected by high temperatures. It is important to

dry the gelatin layer completely because the combination of

residual water and high temperature apparently soften the

gelatin sufficiently to cause degradation of the hologram.

Residual water can also be eliminated in a vacuum chamber.

Our investigations showed that the diffraction efficiency

of a hologram was not affected by one hour in boiling water

if the hologram was either baked at a temperature higher

than 85°C for 1 to 2 hours or placed in a vacuum chamber

for I to 2 hours before cementing.

Using the methods outlined above, we fabricated several

flat holographic combiners in dichromated gelatin layers
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derived from 11 x 11 inch Kodak 649F Microflat Plates.

Figure 30 shows one of the combiners with a cover plate

before it was cut to F-4 combiner size, 160 x 195 mm.

b. EVALUATION OF THE HOLOGRAPHIC COMBINLRS

We evaluated the holographic combiners by measuring

the diffraction efficiency and the angular and spectral

bandwidths of each of three combiners. The peak diffrac-

tion efficiency exceeded 95% in each case, the angular

bandwidths were between 11 and 130, and the spectral band-

widths were between 21 and 25 nm. In addition the com-

biners were of high optical quality, with very low or negli-

gible scattering.

For the measurement of diffraction efficiency as a

function of reconstruction angle (angular bandwidth), a

dichromated gelatin hologram was placed on a rotary table

and illuminated with a plane wave of 514 nm wavelength.

As shown in Figure 31, a fiber optics probe was placed as

close to the hologram plate as its housing allowed, and the

hologram plate and probe were rotated together to make the

measurement. To reduce spurious reflections, the hologram

was gated with an anti-reflective optical window in front

and an absorbing plate behind. Two angular selectivity

curves were generated for each hologram; one for illumina-

tion from the cover plate side (front side), and another

for illumination from the substrate side (rear side). The

angular selectivity curves for the three combiners (HUD-76-1,

HUD-76-2, and HUD-76-3) are shown in Figures 32, 33, and 34.

The third combiner (HUD-76-3) has the widest bandwidth, 130,

and is closest to having a Bragg-angle of 480.

The two angular selectivity curves obtained from the

same combiner are different. The curve obtained with

illumination from the front side has more fluctuations than
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Figure 32. Angular bandwidth of holographic combiner HUD-76-1.
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Figure 33. Angular bandwidth of holographic combiner HUD-76-2.
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Figure 34. Angular bandwi.lth of holographic combiner HUD-76-3.
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that generated with illumination from the rear side. There

are several possible reasons for the difference. In a real

hologram, the refractive index modulation varies with holo-

gram depth because, during the exposure, absorption by the

ammonium dichromate causes a depth attenuation of the incident

light. The non-uniform index modulation may account for the

difference in readout characteristics. Another possible reason

is that very low frequency and low contrast fringes formed by

multiple reflections between surfaces affect the front side

of the holographic combiner more than the rear side.

The spectral bandwidth of the holographic combiners

were measured with a Cary Model 14 spectrophotometer as

follows. A combiner was placed in one of the sample beams

and oriented such that the beam was incident at an angle of

40o. The transmission of the combiner was measured and

plotted as a function of wavelength, as shown in Figures

35-37. Unlike the angular bandwidth curves, the spectral

bandwidth curves (at least in transmission) obtained from

both sides of a sample, are identical. We made two inter-

esting observations, however. First, the transmission

spectrum appears to consist of two different spectra: a wide

and weak spectrum, and a narrow and strong spectrum. Sec-

ondly, these spectra have relatively wide flat bottoms of

7 nm to 10 nm. We believe that the first phenomenon ori-

ginates from the non-linear index modulation due to heavy

exposures. The second observation shows the large index

modulation capabilitv of dichroniated gelatin as a reflection

hologram record ink, mnit k ri,I.
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SECTION IV
COMPUTER ANALYSIS OF A HOLOGRAPHIC COMBINER

We carried out a computer analysis to investigate the

performance improvement that can be achieved by replacing a

conventional combiner in an existing system with a holo-

graphic combiner, modifying the optical train as necessary

with the constraint of not exceeding the overall space re-

quirements of the existing system. The system chosen for

this investigation was the A-10 HUD system. The introduc-

tion of the holographic combiner, in this case with optical

power, not only should increase the system efficiency, but

also should increase the IFOV (but not necessarily the TFOV).

The A-10 HUD system is characterized by a relatively

large combiner-eye separation, and by relatively large aper-

ture optics. The TFOV is approximately 150 and the IFOV

is approximately 9.60. The primary space constraints that

we used were the diameter of the last collimating element

(7.0 inches) and the distance between that element and the

CRT (approximately 9.8 inches). More than any of the other

dimensions of the A-10 HUD Projection Unit, these two place

bounds on the configuration of the optical train.

We investigated two optical configurations: one in

which the holographic combiner forms the final element of the

collimator optics and a second in which a relay lens forms

an intermediate image between itself and the holographic

combiner. In the configuration with the relay lens, the

IFOV can be made to equal the TFOV, but the performance

requirements on the collimator are greater.

We found in general that the imaging characteristics

of the holographic combiner itself were often poor. This

is due, in large part, to the off-axis nature of the holo-

gram, dictated both by the configuration of the HUD optics
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and by the requirement to separate undesired diffracted

orders. Our approach, therefore, was to design a hologram

with the best possible imaging characteristics, and if these

were inadequate, to require correction by additional con-

ventional optics. The penalty in weight and cost of addi-

tional optics must then be weighed against the performance

improvement realized with a holographic combiner.

1. COLLIMATING COMBINER

In a typical refractive HUD optical system, the colli-

mator is a Petzval, or modified Petzval, objective, a lens

configuration formed by two air-spaced doublets. This

design provides for color and aberration correction and low

distortion over a reasonable field-of-view with an f number

on the order of one [14]. Often a negative lens element

is added near the CRT to provide additional field flattening.

We chose to take a similar approach assuming two major lens

components to collimate the light from the CRT; one of the

major components, then, is the holographic combiner.

We chose the following field-of-view parameters for

our design: a TFOV of 200 and an IFOV of 150. The focal

length of the collimator optics was chosen to be 9.0 inches,

requiring a CRT diameter of 3.2 inches (see Figure 2). The

combiner-eye separation of 33.6 inches in the A-10 requires

a projected combiner diameter of 8.9 inches to satisfy the

IFOV requirement, and as the collimator is actually tilted,

its diameter must be approximately 15 inches, slightly less

than the 16 inch diameter of the existing combiner.

It is desirable to distribute the optical power between

the two major components, the holographic lens and the con-

ventional lens element between the combiner and the CRT.

The off-axis property of the hologram tends to cause field

tilts and distortions, and the severity of the problem
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increases as the f number of the hologram decreases. To

minimize this effect, we chose to place the majority of

the optical power in the conventional lens, allowing a

relatively long focal length for the hologram lens. In

keeping with this approach, we chose a hologram focal length

of 27.1 inches, three times the system focal length. We

also chose a separation between the hologram lens and the

conventional lens of 11.8 inches, two thirds of the combiner-

CRT distance. The hologram focal length, the lens separation,

and the system focal length determine the focal length of the

conventional lens, 7.6 inches. A sketch of the system is

shown in Figure 38.

We are now ready to consider the hologram design. The

radial distance from a hologram lens to the image it forms

can be expressed as follows [15]:

1 1 + (4)
R. R- ( R

1 c 0 0 r

where
Ri = distance to image point

Rc = distance to reconstruction point source
Ro = distance to object beam point source

Rr = distance to reference beam point source

c = reconstruction wavelength

A0 = construction wavelength

The sign of the term in parentheses is chosen according to

the diffracted order of interest. Once the hologram lens

is constructed and a reconstruction wavelength is chosen,

the term

77



I I'

2u

I I:

CD

toU

a2

>0

Itl

I'78



A
Ro Rr

0 o r

becomes a constant, and can be thought of as a reciprocal

focal length. Equation (4) then effectively reduces to the

well known thin lens equation of conventional optics. We

can express the focal length of the hologram lens, therefore,

as

fH X 2 (5)
H Xc (R0 Rr

Note that the hologram focal length varies inversely with

the reconstruction wavelength; this is longitudinal disper-

sion, and will have to be taken into account. Note also

that R0 and Rr are not determined uniquely, but that an

infinite set of pairs can be chosen to produce a given

focal length. This iq analogous to the bending of a simple

lens where a similir 21- of surface curvature pairs exist

that determine the focai length of the lens (for a more

complete discussion cf the analogy, see Ref. 16).

For a hologram focal length of 27.1 inches, then, we

see chat there is an infinite set of reference and object

beam pairs that we can choose according to the constraint

( 1) 27. (6)

0 r

* -,, have assumed the same reconstruction and construction
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The choice of reference and object beam lengths is

greatly reduced by efficiency considerations. Because rays

must be near the Bragg angle to be diffracted with high effi-

ciency, the reconstruction rays should have angles that are

near those of the reference beam rays. In designing the

hologram construction geometry, we reverse the process and

look for a configuration in which the reference beam will

approximatey duplicate the reconstruction beam since the

latter is determined by the HUD system geometry. Unfor-

tunately, achieving high efficiency over a large angular

field-of-view tends to be incompatible with achieving high

efficiency over a large spatial field, which is required to

accomodate the pilot's head motion. How well both require-

ments are satisfied will depend not only on the design

geometry but also on the index modulation that can be

achieved during fabrication (as was true for the flat com-

biner discussed in Section III).

The HUD system was analyzed as follows. We assumed

parallel light in the vicinity of the pilot's eye traveling

backward through the optical system to the CRT screen. By

varying the angle of the light as it passed through the

pilot's space, we could investigate the system properties

over the field-of-view, and by translating the input ray

bundle, we could determine the effect of allowing head

motion. The first step is to trace rays from the input

plane to the hologram lens, and determine the location of

the image formed by the hologram as a function of field

angle. As this intermediate image will form a virtual

object for the conventional lens, which must then form a

high quality image at the CRT surface, it is desirable for

the hologram image to be as good as possible in terms of

distortion, tilt, and efficiency over the field-of-view.
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We can only optimize the hologram image quality by

optimizing the hologram lens design. The variables we have

to work with are rather limited, however. The requirement

for approximating Bragg angles puts bounds on the lengths of

the object and reference beams, although they can vary

within those bounds. The tilt of the hologram can be varied

somewhat within the constraints imposed by the canopy and

instrument panel. The offset angle of the hologram is quite

restricted by the A-10 HUD configuration. We are reasonably

free, however, to introduce curvature to the hologram element.

We used the Holographic Optics Analysis and Design

(HOAD) raytracing program [17] to analyze the behavior of the

optical system as we varied the hologram lens design. With

the program, we could determine both the image properties and

the efficiency with which each ray was diffracted.

The importance of approximating Bragg angles is demon-

strated by examining the hologram efficiency over the field-

of-view and over the exit pupil for two sets of object and

reference beam lengths. The exit pupil size is maximized

if the hologram is recorded with a plane reference beam and

an object beam with a point source at the focal plane of the

hologram. The plane wave is aligned with the hologram-pilot

axis, and the object beam with the CRT-hologram axis. At

the other extreme, the field-of-view at the design eye is

maximized by locating the reference beam point source at the

design eye, with the object beam distance determined by Eq.

(6). These recording configurations are sketched in Figure

39, and the predicted diffraction efficiency over a 150

field-of-view is shown for each case in Figure 40, where we

have assumed an index modulation of 0.0525. Failure to

keep within the angular bandwidth of the hologram can effec-

tively reduce the field-of-view from the value expected from

the geometric relationships shown in Figures 2 and 3. In
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Figure 39. Two recor ding vonfigurz iions for t0w holographic combiner.
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both cases, the diffraction efficiency at the central field

angle exceeded 90% over an exit pupil with a five inch

vertical diameter.

We observed that the hologram image surface tended to be

tilted with respect to a plane perpendicular to the optic

axis. This occurs in some cases because a relatively small

bundle of parallel rays strikes widely different parts of

the hologram at different field angles, yet focuses at

roughly the same distance from the part of the hologram it

illuminates. In this way, the off-axis nature of the holo-

gram may cause the image surface to tend toward being paral-

lel to the hologram. We found that curving the hologram

affects the tilt in a manner that depends on the hologram

recording beam lengths, as demonstrated by the curves in

Figure 41. The curvature CV is the reciprocal of the radius

of curvature, in meters, and is negative to indicate that

the center of curvature is to the right of the hologram (as

shown in Figure 38). The image tilt in each case was deter-

mined by tracing two orthogonal fans of rays through the

system and computing the image location for several field

angles. The image point at each field angle is determined

as the mean of the images formed individually by the hori-

zontal and vertical ray fans. Although in two of the cases

shown in Figure 41 the field tilt is zero, the image sur-

faces formed by the vertical and horizontal fans are tilted

but in opposite directions. This is seen more clearly in

Figure 42 which shows the individual image surfaces at three

hologram curvatures. Changing the hologram curvature has

little effect on the horizontal image surface, but has a

large effect on the rays lying in the vertical plane.

The hologram curvature affected not only the image tilt,

but also aberrations. Figure 43 shows curves of the maximum

wavefront deviation as a function of curvature for two reference
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beam lengths. We generated these curves by tracing two

orthogonal ray fans, each with a height of three inches,

from the exit pupil through the hologram and determining

the location of the image formed by the rays. This Gaussian

image location is the mean location of the images formed

by the two individual fans, in each case the point of

closest approach of the two rays adjacent to the central,

or chief, ray. The ray tracing program defined a reference

sphere about the Gaussian image point, and computed the opti-

cal path difference (OPD) along each ray between the reference

sphere and a constant phase surface of the diffracted wave-

front. The maximum wavefront deviation generally occurs at

the edges of the wavefront. We also determined the magni-

tudes of the spherical, comatic, and astigmatic components

of the aberrations. For the plane wave reference beam,

astigmatism was predominant with a smaller amount of coma,

whereas for the spherical reference beam Rr = .853 m), coma

was dominant.

An important measure of the performance of the HUD

optical system is the collimation error, with 1.0 mrad a

reasonable goal, at least within the central portion of the

field-of-view. The collimation error can be estimated by

predicting the spot size at the image location, and dividing

by the distance from the hologram to the image. Using the

data shown in Figure 43 to select an optimum hologram

curvature, we determined the image location and collima-

tion error over the IFOV of the optical system. The col-

limation error for two hologram designs is shown in Figures

44 and 45. Again we assumed a three-inch ray bundle, so the

collimation error is over a 3 x 3 inch exit pupil size.

Furthermore, the image location is the mean between the

horizontal and vertical image surfaces, which may be separated

by a significant amount in the vertical plane (Figures 44a

and 45a) as shown in Figure 42.
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Figure 46 shows the ray bundles traced through the

holographic combiner at three field angles for two hologram

designs. Some distortion appears evident at the intermediate

image formed by the hologram in Figure 42a. The relatively

low optical power of the hologram results in nearly parallel

paths for the three ray bundles between the intermediate

image and the hologram. This effect requires that the con-

ventional lens, between the CRT and hologram (see Figure 38),

must have a large diameter, approximately 9 inches, which

is larger than the space constraint permits. (The final

collimating element of the current system has a diameter

of seven inches.)

As mentioned earlier, the focal length of a hologram,

to a first order, is proportional to the reconstruction

wavelength. For the geometry we have considered, the dis-

persion indicated by Eq. (4) is approximately 0.75 mm/nm,

0.75 mm change in the longitudinal, or radial, image posi-

tion for every nanometer change in wavelength. Raytraces

with the HOAD program indicate that the actual dispersion is

0.50 mm/nm, about two thirds that predicted by the first

order theory. Without compensation for dispersion, the

image position will extend over about 5 mm for a 100 nm

source bandwidth. Since this amount of dispersion is ex-

cessive, either a narrowband phosphor is required for the

CRT, or compensation must be introduced. Latta showed, for

example, that the dispersion of a holographic element was

reduced by a factor of fifty when a second compensating holo-

graphic element was added 1181.

Although we chose to explore another design approach

(Section IV.2) rather than optimize the hologram design here,

we believe that this technique is feasible, and that with a

curved holographic combiner forming the final element in a
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collimating lens, the instantaneous field-of-view of the

A-10 HUD can be increased to 150. The steps required to

complete the design of the optical system are optimization

of the hologram lens, and design of the conventional portion

of the collimating lens. In particular, the separation

between the horizontal and vertical image surfaces at off-

axis field angles in the vertical plane must be reduced,

perhaps by the introduction of anamorphic optics into the

recording beams. The hologram efficiency appears adequate

given the current state-of-the-art with dichromated gelatin,

but the collimation error must be reduced.

2. RELAY LENS SYSTEM

The advantage of this approach is that we can make the

TFOV and IFOV identical, although at the expense of increased

optical power required of the optical elements. A sketch of

the unfolded optical system is shown in Figure 47. A conven-

tional lens forms an intermediate image of the CRT screen at

the focal plane of the hologram lens. The hologram lens then

collimates the light from the intermediate image, and further,

forms an image of the relay lens at the exit pupil, located

at the pilot's eye. Since all of the light passing through

the relay lens also passes through the exit pupil, the pilot

can observe the TFOV from all points within the exit pupil.

In order to form a real image between the conventional lens

and the holographic lens, both lenses must be faster than in

the previous case, and the task of forming a high quality

image is more difficult.

For our investigations, we chose a field-of-view of 200

and an exit pupil 3.0 inches high located 33.6 inches from

the hologram. The field-of-view, the hologram-CRT separation

(17,7 inches by the space constraint), and the eye relief

(hologram-exit pupil separation) are sufficient to determine
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the location of the conventional lens and the intermediate

image plane. These parameters, and the element diameters

are listed in Table 5.

In analyzing this system, we used an approach similar

to that described in Section IV.l; that is, we traced rays

from the exit pupil to the hologram and determined the inter-

mediate image formed by the hologram. The requirements on

the relay lens arc then to transfer the intermediate image to

the CRT screen, correcting any defects in the intermediate

image.

A reasonable design for the hologram is to locate the

reference beam point source at the center of the exit pupil

and the object beam point source at the center of the relay

lens, since we require those to be conjugate points. With

this choice for reference and object beam, all rays passing

through the HUD system will be relatively near the Bragg

angle (assuming no wavelength shift), and the rays passing

through the center of the exit pupil will exactly satisfy

the Bragg condition at all field angles.

Our analyses of the hologram generally showed that the

optical performance was much less promising than in the pre-

vious configuration. Weaknesses that we observed in that

configuration here were aggravated by the much greater optical

power of the hologram, the focal length of which had de-

creased from 27 inches to 10.6 inches. The hologram curvature,

for example, must be stronger to minimize the wavefront devia-

tions, yet the minimum is not very low (see Figure 48). We

observed that the image tilts and curvatures were more ex-

treme, as shown in Figure 49 for a hologram with a curvature

of -2.2 m-1  Based on these and other results, we conclude

that the relay lens approach does not appear to be as pro-

mising a configuration for a holographic combiner/collimator

in the A-10 HUD geometry. 96
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TABLE 5
DESIGN PARAMETERS OF RELAY LENS CONFIGURATIONS

Separations

CRT-Relay lens 75.7mm

Relay lens-intermediate image 114 mm

Intermediate image-holographic 260 mm
lens

Holographic lens - exit pupil 853 mm

Diameters

CRT 61.0 mm

Relay lens 33.5 mm

Holographic lens 378 mm

Exit pupil 76 mm
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SECTION V
CONCLUSIONS AND RECOMMENDATIONS

In this report we have examined the effect on Head-Up

Display systems of replacing the conventional combiner with

a holographic combiner that may have optical power. The

holographic combiner offers improved performance in two

respects. The high reflectivity over a narrow spectral

region of a volume phase hologram makes more efficient use

of the CRT output, allowing brighter displays, lower CRT

power levels, or both. Since the combiner can have optical

power, it becomes part of the collimator and can increase

the field-of-view of the optical system.

The design and fabrication in dichromated gelatin of a

flat holographic combiner demonstrated that high quality ncise

free elements can be produced with high reflectivity over a

limited spectral and angular extent. Since the bandwidth is

approximately proportional to the refractive index modulation,

it can be controlled by varying the exposure and processing

steps. Using the processing procedure described in this

report, we achieved refractive index modulations as high as

0.08 with a corresponding angular bandwidth of 140. Three

holographic combiners were fabricated as one-for-one replace-

ments for the existing conventional combiner in the Austere

F-4 HUD. These holographic combiners have wide bandwidths,

diffraction efficiences in excess of 90%, and very low

scattering.

In our design investigation of a holographic combiner/

collimator for the A-10 HUD, we considered two approaches.

In the first, the hologram formed the second element of an

airspaced two-element collimator. Although the constraint

of working within the volume occupied by the existing system
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limited the flexibility of the design effort, the collimator

approach shows promise. At a reasonable refractive index

modulation, the angular bandwidth is sufficient to allow a

large angular field (>150) and a large exit pupil (15 inches)

simultaneously. Introducing curvature to the hologram provides

an additional degree of flexibility to maximize the image

quality. Dispersion caused by the diffractive nature of the

hologram must be overcome, however, either by limiting the

spectral bandwidth of the CRT phosphor or by providing com-

pensation in the optical train.

The second approach, in which a relay lens forms an

intermediate image, shows less promise because of the greater

optical power required in each of the elements, particularly

in the hologram. Although the relay lens approach is attrac-

tive in that the instantaneous field-of-view is as large as

the total field-of-view, the difficulty of the design effort

is considerably increased by assuming a pre-established set

of constraints on the configuration of the optical system.

We recommend further design work on the holographic

collimator approach to generate an optimized design of the

complete optical system. This investigation would include

a detailed design of the conventional portion of the optical

system as well as optimization of the holographic lens. The

goals of 150 instantaneous field-of-view and 200 total field-

of-view appear reasonable and, in fact, might reasonably

be increased to 20 and 250, respectively. Dispersion will

probably not be a significant problem if a narrow band phos-

phor such as the P44 phosphor is used, but other dispersion

compensation techniques should be examined to allow greater

flexibility in selecting the input source.

The next step is to fabricate a hologram lens according

to the design developed. Since the hologram will probably
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be curved, the experimental work must include preparation of

gelatin layers on a curved substrate. The holograms formed

under this phase of the effort should be evaluated not only

in terms of efficiency and bandwidth, but also in terms of

image quality, including aberrations and distortion. Finally,

where the hologram fringes intersect the surface of the gela-

tin layer, a thin transmission hologram will be formed.

Although diffraction by this transmission hologram will be

weak, it may be significant if the reconstruction source

is intense, as in the case of sunlight. Measurements should

therefore be made to determine the amount of scattering

caused in this manner.
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