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1. INTRODUCTION

t This final repor t documen ts the effor ts expended in perfo rman ce of

Deeign of  IRSS Project ors0 - Contract DAAK4O-78-C-0070, with the U.S. Army

Missile Research and Development Command during the period 30 January 1978

to 30 November 1978. ~The report is organized into eight sections, of wh ich

th is Introduction is one, plus supporting appendices . Followi ng is

Section 2., Summary, tha t ou tl ines the sal ient study results and scope of

-- the effort; Section 3., Technica l Background details the basis of operation

of the IRSS displ ay system and projector set, Section 4., Requirement8,
-•  

which present the basis on which designs will be evaluated; Section 5.,

Test and Evaluation, a section which summari zes the findings of diagnostic

~‘ L. tests performed on the projector-display system; These portions are followed

by Section 6., Anaiysea, and Section 7., Perfo rmance of Selected Concept.

These two sections describe analytically the capabiliti es of the present

I projector through development of a radiometric model , and demons tra te how

performance is increased to meet the requirements by use of new components.

L Finally, in Section 8., Reoomersdatione, are suggested additional tasks

required to fully substantiate the recommended design.

f In the five appendices are presented the mathematical details of

(A) Radlometric Operations, (B) Vane Ana lyses , and (C) Mirror Analysis,

j all of which support the system ana lysis. Also, a brief analysis of the

flare projector as appl ied to UV opera tion , and a discussion of high tech-

nology alternate projector concepts, are given.

I
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2. SUMMARY
L

2.1 OBJECTIVE

I 

- 
• • New classes of optical homi ng anti—airc raft missiles , of which

STINGER /POST is a prime exampl e, utilize seekers capable of dual-mode

operation, with a band at near-ultraviolet wavelengths In addition to

- 

the usual mid-JR band (normally between 3 and 5 urn) . The thorough testing

of these seekers requires that UV and JR scenes of the proper geometrical

- • and radiometric relationships be presented to the seeker that is under—

. going dynamical testing. In the -Infrared Simulation System (IRSS), this

• 

- 

requirement is fulfilled by implementing the principl e of compound pro—

- 

jec tion, by which each spatial portion of the target-background scene

- 
complex , includ ing flare coun termeasures , is spectrally projected and all

- portions are recombined at the seeker entrance pupil. This technique

- results in a composite scene in proper spatial registration.

Al though some improvement could be recommended in the JR portions

• of the projection subsystem, the present systems function at a performance

-. level adequate for testing most mid -JR seekers, includin g the JR mode of

• 
STINGER/POST. The UV-projector (actually, UV/visible) was found to cor-

rectly present the target-(fuseiage)-background spatial relationships, but

the radiance of both target and background as seen by the seeker was

t approximately twenty times lower than the minimum required to test STINGER!

T POST. Therefore, the foremost objective of the study was to develop design

1 concepts capable of increasing the ul traviolet - rad iance l evel s of the target

and back ground .

I
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2.2 APPROACH

Many UV projector design corcepts could be developed that would

enable successful testing of STINGER/POST and similar seekers. These

concepts range from relatively simple modifications to the present pro-

jector, conceivably involving nothing more than replacement of low-

performing concepts, to advanced bu t ima ture concep ts based upon obscure

analytical fermula tions an d employing dev ices and techn iques sti ll in

laboratory development. In order to constrain the number of concepts to

a manageable few and to establish a base for concept evaluation and final

selection, a requirements hierarchy was developed . These requirements

were categori zed as minimum, desirable , and optional , with the last category

inc l ud i ng those requ i rements wh ich , if implemented , woul d result i n system

functional simulation of second or third order effects. Several prelim—

m a r y concepts that are responsive to these requirements were than evalua ted,

and the less promising concepts were rejected from further consideration

and anal ysis.

While a signifi cant parallel analysis was performed on advanced

concepts , the major emphas is was placed on seek i ng the minimum modifica tions

to the present projector that would meet the requirements . In this way, the

goal of a low cost, minimum risk system design concept could evolve which

could be verified and implemented in a timely manner. In order to achieve

this goal , a significant portion of the total effort was allocated to test

and analysis of the present projector, and subsequent devel opmLnt of a

radiometrical model . Thus, by determining each components ’ contnbution to

2—2
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total radiance throughput, an assessment could be made of possible through-

put increa ses ach ievabl e from new componen ts or s imple configura tion changes.

2.3 RESULTS

The ability to quickly pinpoi nt design deficiencies in the pro-

jector was limi ted by incomplete documentation , specifications , and support-

ing analyses on both the original design and the modification that was later

performed . Fur thermore , lack of suitable optical instrumentation , incl uding

a radiometer uncalibrated in the band of interest, greatly compounded diag-

nosti c probl ems. However , it was possible from analyses of the available

data, to determine (using first order ray trace analysis) that the design

of the UV projector was basically sound . The lens focal lengths and separa-

tion of components were correct for that configuration and entrance and

exit pupils (stops) were correctly located. However, results of the radio-

metric measurements program indicated that the unexpectedly high losses in

the UV band were repeated in the visible band. This fact obviated the

possibility that a spectrally sensitive system component, such as a l ens of

- 
UV opaque glass acti ng as an inadver tent fi l ter , created the high losses. —

-- 
This led to an exami nation of components or phenomenology that were spec-

- trally insensitive. The results of these examinations were used in the

T development of the projector radiance model , whose predicted resul ts agreed

quite wel l with the measured data . Analysis of model led components demon-

• I strated that the losses in the system are caused by the refl ecting elements

in the projector itself, pri ncipally the diffuse, low-reflectance, stainless-

2-3
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steel transparency vanes in the back ground side, and the dielectric

diffuser in the target side.

Several design concepts were analyzed and developed that would

Incr ease target and backgroun d ra di ance , but the recomended configuration

compl etely fulf il ls the des ign requirements for POST m iss il e testi ng

while still meeting the program goals of a low-cost, minimum -risk config-

4 uration. This is achieved by only changing components and not by perform-

ing major modifications . The design changes are simply:

1. Use of semi-specular high reflectance vanes (with
aluminum—coa ted, low-roughness ground glass as a
basel ine des ign componen t) for the bac kgroun d side,
and a semi-specular diel ectric transparency for the
target side.

2. Dielectric mirrors in background projector leg .

3. Varian 800 watt xenon l amp with integral parabolic
reflectors , with new condenser confi guration and
lens for the target leg .

4. Servo-controlled iris in target side.

5. Improved cl oud wheel to dynamically adjust spatial
.4 radiance variations.

6. Deletion of mirrors in target slde .

This new design will enable contrast ratios of one hundred percen t

to about four percen t at cloud ra diance l evel s of grea ter than 1 mW/cm2-ster,

between 0.35 urn and 0.40 urn. (Fresnel reflection and scattering from the

target diffuser will always re~ ,1t in a residual target radiance , even with

the target l amp off). In addition , lower values of background radiance

typical of low-al titude clear bl ue sky (-400 uW/cm2-ster) may be simulated

I
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- with the cloud wheel filter; target radiance (i.e., contrast) may be

dynamically control led during a simulated engagement by servo-control of

the iris diaphragm. Finally, recorm~endations are presented for an evalu-

ation of these concepts in subsequent programs.
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3. TECHNICAL BACKGROUND

The IRSS is a complete simulation system that provides missile-

seeker evaluation and test from launch to intercept. A view of the IRSS

system is shown in Figure 3—1 , as taken from Reference [3-1].

The functions of the IRSS target generation subsystem are to (1)

maintain before the sensor under test a window into a target space when-

ever the sensor is tracking , (2) generate a spatially and spectrally

complex target system whose geometry and spectral radiance character-

istics appear as they would in a real-world scenario, (3) ensure that

the radiation from the target scenes fill the sensor aperture completely

and uniformly during the sensor tracking mission.

The target generation system is based on the principl e of compound

projection. Tha t is, each scene elemen t to be projected -is genera ted by

a separate projector. These scene elements are then superimposed in their

proper relative spatial orientation in such a manner as to ensure filling

the sensor entrance pupil. The composi te image is formed on a special

dimpl ed diffusing mirror that Is located at the focal point of a spherical

coll imating mirror which intercepts the radiation from each of the pro- -

•

jectors. The dimpled mirror expands the solid angle of radiation from

each of the projectors to ensure filling the sensor aperture from each

scene element. A second spherical collimating mirror than forms a virtual

~• -~~ image of the combi ned scene el ements at infinity .

H • - I
3-1
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As mentioned earl ier, the emphasis of this effort was to enhance

- 
the radiance trans fer capa city of the LJV/VIS background fuselage pro-

j jector subsystem. The following section presents requirements for -meeting

the improvement goals.

I
I •
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4. REQUIREMENTS

4.1 REVIEW

Requirements for enhancing performance of the IRSS to accurately

simulate signatures of typical tactical aircraft and ultraviolet sky

backgrounds are presented in this section. The STINGER/POST system is

used as a requirements guidelin e, but the general requirements are

• appl icable to other seeker system des igns bas ed on UV detect ion and

tracking of aircraft targets.

The spectra l and spatial characteristics of the targets and back-

grounds presented to the system must be Indistinguishable from a real-

worl d scena r io, as perceived by the seeker under test. To ensure this,
target size, shape, radiant intensity , and background radiance must be

accurately simulated . Examination of the strictly kinematical require-

ments, as might be imposed by POST-type missile systems, was beyond the
- scope of this effort.

-

~~ 4.2 RADIANCE REQUIREMENTS FOR SIMULATED BACKGROUNDS

- 
.. As discussed above, the mi n imum performa nce req u i remen t for the

UV/VIS background projector is to generate a background scene with an
~Ib effective radiance commensurate wi th that of an actual blue sky back—

• ground. In order to quantify the requirement, approximately thirty ultra-

violet spectral radiance plots (availabl e from General Dynamics/Pomona)

I of different background scenes were exami ned in order to determi ne average

4-I
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radiance levels for typical scenes . Representati ve spectral curves are

shown in Figure 4-1. Presented in Tables 4-1 and 4-2 are accumulations

of tabulated data from the ultraviolet background radiance plots used to

determine effect ive simulated background radiance requirements in the

UV/VIS projector. It is seen that there is considerabl e overlap in the

distr ibut ion funct ions , wi th some of the brightest sky radiances larger

than the duller clouds, and vise-versa.

Analysis of this data indicate s that an average (median) sky back-

ground scene can be simulated if an effective background radiance of 638

uW/cm2-sr in the 0.35 um-0.40 urn wavelength interval can be provided at

the display window . This is considered a minimum requirement. A typical

sunlit cloud can be simulated if modifications are made to the present

projector subsystem to provide increases in the average simulated back-

ground radiance to above 900 uW/cm2-ster which is a. highly des i rable [
requirement. There is evidence, most of wh ich is (un fortunatel y) class ified,

that there is some UV radiation from jet pl umes of potential targets. Pro- [
viding this capability is considered an optional requirement and , therefore

it is assumed that the sky background is always domi nant. Also , in tail—

on engagements, the UV radiance of the aircraft tailpipe will contribute to

the signal at the seeker , especially at short range where atmospheric

attenuation of UV radiation is less significant. The radiation emitted

from the ta i l pipe is primari ly visible , depen di ng on engine configurations

and operating conditions , but may approximate a 1500° K blackbody in a few

instances .

4-2
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TABLE 4-1. TABULATION OF SKY BACKGROUND RADIANCE DATA

PEAK SPECTRA L AVERAGE RADIANCE M I N I M U M
RA DI ANCE FROM FROM 0.35~im-0.4O~im SPECTRA L RADIANCE
O.35i’m O.kOiim O.35pm-O-kO~tn
W/cm2-sr-pm iiW.cm2sr W/cm2-sr-iim [
0.016 600 0.011

0.023 1000 0.0125

0.0215 925 0.013

0.021 650 0.0125

0.0325 1100 0.021

0.018 700 0.012

0.0155 600 0.0115

0.017 6oo 0.0 10
0.016 600 0.009
0.0115 k75 0.008
0.0125 koo 0.0065

0.017 550 0.009

0.019 600 0.0105

0.022 650 .01 1

0.001k 525 0.008

0.0115 500 0.008

0.012 koO 0.007

0.018 638 0.0106 [

I

I
4-4

_ ~~ ~~~~~ ~~~ - -- _ _



r ~~~~~~~~~~~~ r ---------- ~~
— —

~~~~~~~~~~~~~~
-. - _ _ _ _ _  _ _ _ _ _ _

TABLE 4-2. TABULATION OF CLOUD BACKGROUND RADIANCE DATA

PEAK SPECTRAL AVERAGE MINIMUM SPECTRAL
RADIANCE FROM RADIANCE FROM RADIANCE FROM
0.35iim-0.40 m 0.35~,i - 0.40~i 0.35i.’ - 0.4Oi~

- W/cm2-sr—p ~iW/cm
2—sr W/cm2—s r—~i

0.026 900 0.015

0.027 950 0.015

0.037 1350 0.021

0.043 1 500 0.023

• 0.029 1050 0.017

0.051 1700 0.026

0.033 1 200 0.020
- - 

0.014 450 0.0075

0.016 500 0.011

0.020 600 0.010

0.01)5 500 0.0085

0.011 425 0.0075

0.017 650 0.01

_______ _________ ___________

0.0258 906 0.0147

I
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The tailpipe signature simulation , as wel l as flare counter-

measures are taken as optiona ’ requirements. A brief discussion of

their possible impl ementation is contained in Appendix 0.

4.3 VARIABLE CONTRAST

In addition to providing accurate absolute radiometric simulations

of the target fuselage and surrounding background, a highl y desira ble

requ i rement exists to con trol the rel ative rad iance val ues between the

target and background during a simulated engagement. Target radiance must

be variable from near-zero to background level s in order to simulate one

hun dred percent an d zero percen t contrasts, respectively. Means of dynam-

ically varying target radiance are required to simulate range closure..

Changing the contrast ratio in real-time provides simulation of contrast

change with range as actuall y occurs w i th an ul trav iole t seeker. If there

is no provision for variable contrast, then effects of atmospheric attenu-

ation upon seeker performance at low signal-to- noise conditions cannot be

accurately simulated . -

Ai rcraft targets can be detected in the ultraviolet because they

block UV radiation from the sky and thus appear darker than their sur-

roundings . This phenomenon Is termed negative contrast. Infl uencing

factors tha t determine target i rradiance H1 and hence target contrast are
illustrated in Figure 4-2 . The UV background can be characterized by

I
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FIGURE 4-2. PARAMETER AFFECTING NEGATIVE CONTRAST
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its radiance B due to reflected and scattered sunlight. If the reflectiv-

ity of the target surface is p1 then the illumi nation produced by the

target is R T. As the target range, RT$ increases, the atmosphere pro-

duces additiona l scattering, decreas i ng the con tras t exponen tiall y with

range. The rate of decay in contrast wi th range is defined by a scatter-

ing coefficient 0, which Is ~ function of atmospheric condi tions and can be

described in terms of meterological visibi lity. Apparent contrast

- • i llumi nation at a distance RT from the target is the product of the_BR
Tattenuation factor , e , and the contras t ~it the target

• - BR
B(l - PT )e T This reduced illumi nation level applies only to the area

occup ied by the targe t. A tar get havi ng a cross sectional area AT at a

range RT subtends a solid angle AT/Ri Sr. The contrast irradiance,

~H, at the seeker Is the product of the angular coverage and the contrast

illumi nation, is

A
t~H = -

~
‘-— (l-p 1)e (4-1)
T2

4.4 FUSELAGE TARGET SIZE

Target size and shape is generated through motion of the target

projector vane mechanism. Fuselage targets are generated by controlling

the vanes to produce rectangles of varying aspects in order to completely

evaluate sensor performance from acquisition to intercept. Capability to

generate target sizes smaller than sensor resolution capabilities shoul d

I
4-8
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be available. Capabilit y to simulate a 1m 2 square target at a range of

5 Km (0.2 mrad) should be adequate for evaluation of present state-of-

the art UV seeker systems. Table 4-3 presents a requirement summary

for both the background and fuselage projectors.

4.5 PROJECTOR SIZE

In addi tion to the requi rements in the previous paragraphs , which

can be considered system requirements, there are other constra i nts placed

upon any new projector design relating to size, weight, maintainability ,

and reliability . No fi rm requi rements were established in these areas, and

only general rules are presented here.

New projector designs or modifications to present projectors

should be limited so that the design that results is compatible wi th the

existing IRSS singl e axis projector tabl e and can be readily interfaced

• to the exterior displ ay optics system. Electrical , cool ing or gas

tubing, and support cables (if needed) should not interfere with the

projector table rotation. Also , new designs shoul d require minimum

maintenance , and not necessitate use of highly trained technical per-

sonnel in operation of the proposed system.

n
I
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5. TEST AND EVALUATION

- 

5.1 TEST RATIONALE

- - In order to carry out a thorough performance evaluation and radio-

- ,  metric analysis on the UV projection subsystem, a ser ies of tests were

conducted to determine present capabilities of the system and to comple-

ment available data on projector components. Presented in this section

are test results relating to the present performance capabilities bf the

UV/VIS projector subsystem. These results are used to support the develop-

ment of the analytical radiometric model to be described in Section 6.

This model was developed to determine a total system radiometric transfer

function (throughput) by measuring the lamp radiance and the radiance at the

- - 
display mirror and , where possibl e, to evaluate the performance characteris-

tics of individual system components. The effective (apparent) target and

- . background radiances were measured at the display window of the exterior

optics. By making effective radiance measurements at the projection lens

and of the target an d back groun d sources , radiance transfer characteristics

of the entire UV/VIS projector and the IRSS exterior optics display system

could be determ ined .

- 

-

Dur ing the course of the rad iometr ic tests, it was determined that

the rad iance trans fer charac ter istics of the projection system were not

adequate to meet preliminary design reqt irements. A possible cause of the

low projector output was suspected to be a low radiance -from the xenon

I source lam ps. To ver ify thi s, the lam ps were removed from the projector

I
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table and their radiances measured directly to determine if they were

wi thin manufacturers specifications. Results of all these tests are L
discussed in detail in the following paragraphs .

5.2 RADIOMETER OPERATION

Tests were performed in both the ultraviolet and visible wavebands

with a Barnes Engineering , Spectral Master Research Radiometer model 12-550.

This radiometer employs a Cassegrain optical system wi th a silicon

IJV/VIS detector package and quartz relay lens. The radiometer was used to

determi ie effective radiance values of simulated fuselage targets and sky

backgrounds by measuring the effective radiance in a plane past the display

mirror. Where possible , the rad iometr ic trans fer of system elemen ts were

determined through measurement differences at the display mirror.

The radiometer detector-filter combination was functional only in

the wavelength interval O.28~.im - O.37um and not In the primary wavelength

interval of interest 0.35~im - O.4Oum. All absolute radiometric qual tities

pertaIning to the O.35~im - O.4O~m i nterval were extrapola ted from the mea- [
sured data in the O.28~im - O.37~im waveband. It must be noted that the mea-

suremen ts as quoted in subsequent pa ragra phs ar e the apparent rad iancee,

related to the actual radiance by the source weighting factor as deri ved

in Appendix A.

When a target or source fills the radiometer field of view (18 mrad)

the equation which relates the effective radiance , N
~
, to the radiometer

output vol tage, V0, is given by:

I
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AV 0
- .  

N
~ 

= i— (5-1)

Where A is the product of the electrical attenuation and fi l ter factors,
- 

K5 is the system response factor provided by the manufacturer and is

given In Reference [5-I].

The fractional portion of the field filled by the source must be

calculated to determine the radiance when the source does not fill the

radiometer field-of-view . That fractional portion , X, is given by the

ratio of the area of the source target 
~~ 

to the area covered by the

radiometer field-of-view , AR~ 
or

• A
~X (5-2)

The effective measure d source ra di ance becomes

AV0
N
~ 

= ____

The radiant intensity of the source, is then the ra d iance of

the source N5 mul tipl ied by the area of the source A
~

I 
N5A5 (5—4)

I
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Since the radiome ter was not sens iti ve in the pr imary waveban d

of interest, O.35pm - O.4O~im, It was necessary to extrapolate from measure-

ments taken in the O.28~im - O.37~im waveband by estimating the relative

output of the xenon source in those wavebands . These extrapolations can

be made only if it is assumed that all optical elements in the UV/VIS

projections and exterior optics display system have the same absorption,

transmiss ion , and reflection characteristics in the two wavebands. Table

5-1 lis ts percentage output with wavelength of a xenon spectrum for a

lamp with a silver reflector. As given by this table, the percentage

output of the xenon lamp between O.28~im and O.37~.im Is 2.55% of the total

output. There is 3.26% of the total lamp output between O.35iim and O.4Oum.

Hence, with the prev ious assump tion , to extrapolate to the 0.35~im - 0.4Oum

i nterval , a factor of 3.26/2.55 or 1.28 is introduced.

5. 3 EFFECTIVE BACKGROUND AND TARGET RADIANCE OF THE UV/VIS PROJECTO R

The first series of tests were performed to determine the effective {
radiance of the simulated background and target. That is , the effective

radiance of the target vanes in the background projector and the surface

of the diffusing plate in the target projector were measured. The radi-

ance of these obj ects can be measured because they both act as secondary

sources within the projection system since their surfaces have a diffusing

characteristic.

I

I

5-4 

______ 
_______________________ 

1L~~ 
.-

~~~~ -~~~
-
- •i_ -~~~~~~~~~~ -

• 
-
—~~~~~~~ I~~~~~~ _~~~___ _~~~ • - -~~~~~~ —- —- -~~~~~~ -- --~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ -——~~~~~ -— ~ --—~~~~~~~~~ 

—

~~~~~~~



TABLE 5-1 . SPECTRAL DISTRIBUTION OF RADIATION FOR
A XENON ARC LAMP WITH A SILVER REFLECTOR

WAVELENGTH RADiATED POWER CUMULATIVE SUM
(nm)

280 0.10 0.45
290 0.09 0.54
300 0.08 0.62
310 0.05 0.69
320 0.10 0.73
330 0.25 0.90
340 0.47 1.27
350 0.55 1.80
360 0.60 2.38
370 0.63 3.00
380 0.66 3.65
390 0.7) 4.33
400 0.73 5.06
410 0.76 5.79
420 0.75 6.56
430 0.75 7.30
440 0.76 8.07
450 0.85 8.87
460 L02 9.77
470 0.99 10.86
480 0.91 11.78
490 0.89 12.69

- - 500 0.83 13.52
510 0.84 14.36
520 0.84 15.20
530 0.84 16.0 4

1 540 0.83 16.87
-

- 1. 550 0.83 17.70
560 0.82 18.53
570 0.82 19.35
580 0.82 20.17
590 0.81 20.99
600 0.80 21.80
610 0.83 22.61
620 0.82 23.44
630 0.80 24.25
640 0.79 25.03
650 0.78 25.83
660 0.78 26.60
670 0.79 27.38

j  680 0.86 28.21
690 0.76 29.04
700 0. 72 29.75

_ _ _ _  
_ _ _ _ _ _ _ _  _ _ _ _
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5 . 3 .1  Effecti ve Background Radiance

The Barnes radiometer was mounted at the IRSS exterior optics

display window. With the background lamp operating at its rated electri-

cal input power of 500 W and the vane mechan i sm close d, the radiometer

was aligned so its field-of-view covered one side of the target vane with

no obscuration. The cloud wheel filter was in its maximum aperture posi-

tion. The radiometer output voltage was recorded and the effective back-

ground radiance calcula ted as indicated in Section 5.2. Table 5-2 gIves

the results of the background radiance measurements.

5.3.2 Effective Fuselage Target Radiance

For th is test, the radiome ter was al igned on the cen ter port ion

of the vane mechanism wi th the vanes at their mi nimum aperture. The target

projector lamp was on but the background projector lamp was off. This

ensured that the measurement woul d be taken at the center of the diffus-

ing plate. The vanes were opened to their maximum aperture and the radio-

meter output vol tage recorded. Both visible and ultraviolet radiances

were measured. Results of this test are given in Table 5-3.

5.4 MEASUREMENTS AT THE PROJECTOR LENS

It was antici pated tha t by measur i ng effective rad i ance values

a t the projector l ens , wi th the radiome ter look ing back at the diffus ion

pla te of the fusela ge target projector , the rad iance transfer of the

entire exterior optics display system could be determi ned separately.

I
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Due to physical mounti ng problems in the laboratory and the Cassegrain

conf iguration of the radiometer, the field-of-view of the radiometer could

not entirely be filled with the diffusing plate. Therefore, there could

be no accurate measurement made at the projector lens. Instead , the radi-

ance transfer of the display optics was based on the product of the calcu-

lated values for the mi rror reflectance for the nine mirrors , and a pujaLL

e.xpani~Lon ~acto’L, defined as

• P.E. = 
d2 

— (5 5)
(11 .64)2

where d is the diameter in inches of the source in the projector lens.

Since d has a max imum value of one inch ( the phys ical mounting stop) , and

was measured (in Section 5.3.3) as one inch, the pupil expans ion fac tor

was:

P.E. = 0.00738 (5—6)

‘1
The mirror reflectance will be analyzed in Appendix C of this

• report.

5 .5  COMPONENT TRANSMITTANCES

The ability to determine the transmittance of each component, by

comparison of measurements of total system transmitta nce before and

after its removal , is naturally limi ted to those components that have no

optical power, that is, those elements that do not shape the radiation

beam, nor have any imaging characteristics. In addition, those elements

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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that merely move the beam (i.e., mirrors) were not amenabl e to measurement.

Following are the results of tests on those few elements for which the

above restrictions do not apply.

5.5.1 Cloud Wheel Transmittance

The cloud wheel is a circular plate of fused quartz that provides

spatial variations of Intensity to simulate clouds during a sensor test.

Transparent portions of the wheel pass through the optical beam as the

wheel continually rotates. The edges of the transparent portions of the

wheel are imaged upon the vane mechanism by the rel ay lens. The trans-

mittance of this element could be measured since It has no optical power.

The effective background radiance was measured at the display window both

with and without the cloud wheel filter. Only the ratio Of the radioinenter

outputs was needed for this test and not the absolute radiances. Results

of this experiement are outlined in Table 5-4. These results indicate that

a small gain In system radiance transfer could be realized if a different

type of cloud wheel fi l ter was incorporated into the system. Al ternatives

will be discussed in Section 8. of this report.

5.5.2 Beam Spli tter Transmi ttance

The next series of tests were to determi ne the transmi ttance

and reflectance characteristic of the beam splitter in the UV/VIS back-

ground - fuselage projector. The beam splitter redirects the diverging

cone of radiation from the relay lens onto the vane assembly. Radiation

from the background source passes through the beam spl i tter twice,

while the radiation from the target projector passes through the beam

5-10
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TABLE 5-4. CLOUD WI-f EEL TRANSMITTANCE MEASUREMENTS

WAVELENGTH INTERVAL
PARAMETER

O.284im- O.37pm 0.AOpm- 0.7Opm

- .  Cloud Wheel Pos i tion iN OUT IN OUT

Radiometer Output (vol ts) 8.0 7.0 8.3 9.5

Rad iometer Fil ter Factor I 1 1 24.17

Radiometer Electrical
Attenuation Factor 7.94 11.2 7O7.~3 3 1.6

• % Increase in Radiance Transfer
As a Result of Removing Cloud
Whee l 23% 23%

-. Cons tant Condi t ions D u r i n g  Tes t :

1. Lamp Input Power 480 W

Vanes Closed

Iris Open

It

I
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splitter only once. The radiometer was again positioned at the display

mirror looking back into t~.e display optics at the diffusing plate of

the target projector. The target lamp was operated at 300 W input elec-

trical power wi th both the iris and target vanes opened to their maximum

apertures . Results of these tests are presented in Table 5-5.and indica te

that the beam splitter has a transmittance ratio of approximately 42% for

unpolarized light. Since dielectric beam splitters are about 95% effective,

the reflectance is about 55%.

TABLE 5-5. RESULTS OF BEAMSPLITTER TRANSMITrANCE 
•

AND REFLECTANCE MEASUREMENTS

~~~~~~~~ER 
O.28Lim- O.371.zm O.Zi~m- O.7pm

Beamsplltter position IN OUT IN OUT

Radiometer Output Voltage 7.9V 6.6v 7.OV 8.6V

Radiometer Fil ter Factor I 1 24.17 24.17 F

Radiometer Elec trica l
Attenuation Factor 15.8 44.6 22.3 44.6

Resultant Beam Splitter
• Transmit tance 42% 41%

[
5.5.3 Iris Transmission Factor

The next sequence of tests were designed to determi ne the effect

of the iris on the system radiance transfer . The iris is located

adjacent to the UV/VIS background — fuselage projection lens assembly

I
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and is used to control the simulated target radiance after the vane

mechani sm has reached its minimum mechanical limits. It was not known,
however, if the iris also affected the background radiance transfer.

Iris diameter is adjusted by controlling the voltage across a

feedback potentiometer in the iris motor feedback loop. The iris di ameter,

y, is determined by the equation y = 4.l(~i) .
- 

+ 3.5 (nm ) when x is the

control voltage. Minimum and maximum iris diameters are 3.5 mm and 49.5 m

respectively. Table 5-6 gives the relationship between iris control

voltage and iris open diameter. Ideally, the iri s should be positioned so

that the effective radiance as measured at the display wi ndow varies di rectly

wi th the open area of the iris. In order to realize this relationship, the

TABLE 5-6. IRIS CONTROL DATA

CONTROL VOLTAGE OPEN OPEN % TOTAL
DIAMETER (mm) AREA (cm 2) AREA

0 3.5 0.10 0.5

• 
- 

-.  

1 8.6 0.58 3.0
-

~~ 2 13.7 1.47 7.6

3 18 .8 2.78 14.4

- 
_ ii 23.9 4.49 23 .3
1 

5 29.0 6.61 34.3

• 1 6 34.1 9.13 47.4

7 39.2 
- 

12.07 62.7

1: 8 44 .3 15.41 80.1

9 49.5 19.24 100
j

t j
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iri s position must coincide with the location of the image of the source,

that is, inside the projection lens. Clearly,this is an impossibility .

An alternate solution is to place the -iris as close as possible to the

projection lens and measure the iris transmission factor as a function of

aperture diameter. With this method, the measured effective radiance at

the display window will not follow an ideal relationship; however, a

calibration factor can be determined so the effective radiance can be

controlled.

In the present UV/VIS background-fuselage projector, the iris is

considerably larger than the clear aperture of the projection lens,

49.5 mm for the iris as compared to 25.4 nun for the lens . It is obvious

that an Iris opening of anything greater than 25.4 mm has no effect upon

the radiance transfer characteri~tics of the projection system. It will

be considered that an iris openi ng of 25.4 mm will correspond to a maximum

effective aperture.

The radiometer was mounted at the display wi ndow of the exterior

optics and looked back at the vane assembly. For the first test the target

lamp was on and the background lamp off. The vanes were closed to their

minimum open aperture and the radiometer was aligned on the center of the

Illum inated aperture. The iris was opened in steps and the radiometer

output was recorded. Results of this test are presented in Table 5-7

and Figure 5-1. Only the relati ve radi ometer output vol tages were

needed for this test and not the absolute effective radiance values .

I
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The second test in this series was essentially the same as that

described above except that the vanes were opened to their maximum aperture .

The iris was again opened incrementally and the radiometer output recorded.

The results of this test are given in Table 5-8 and Figure 5—2.

The next test was to determine the effect of the iris upon the

effective background radiance as measured from the display window. To

determine this relationship , the target projector lamp was turned off

an d the bac kground lam p on. The vane mechan ism was closed to its mi n imum

aperture, the iri s opened, and the ra di ome ter ou tpu t voltage recorded .

Results of this test are presented in Table 5-9 and Figure 5-3.

• 5.5.4 Projector Source

As the series of tests on the IRSS system continued , it became

obvious that the radiometri c output of the system did not meet earl ier

- 
program requirements. Preliminary analysis of available data Indicated

- - that there was no single opti cal element that was responsible for a

- .  large percentage of the losses in the sys tem. With the exception of the

vane mechanism (Appendi x B), manufacturers data (when available) and test

t resul ts showed all components functioning within normal limi ts.

A possible cause of low output from the UV/VIS projection system

1. was that the projector lamp radiance was not meeting minimum output

requirements. As mentioned in Section 3, the source for the UV/VIS back-

ground projector Is a Varian VIX-500 W xenon illuminator. In order to
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determine i f the lam p ou tput was meeti ng manufac turers specifications ,

it was removed from the background projector and the lamp radiance mea-

sured at two different distances. With the source electri cal input power

operating at the rated level of 500 W, the output of the lamp was suffi-

cient to dr ive the rad iometer detector in to satura ti on i n both the v isible

and UV wavebands. It was decided to measure the lamp radiance at a lower

input power and then extrapolate to the output at 500 W. The lamp input

power was set at 330 W at a distance of 86.9 m to measure Its radiance In

the O.2Bii - 0.37ii interval . Setting the lamp input power as low as 198 W

still resulted in sufficient lamp output to saturate the radfometer at max-

imum attenuation in the O.4O~.i - O.7Op waveband. Lowering the input power

below 198 W resulted in an unstable arc source. Hence the source output

in the visible portion of the spectrum could not be measured directly.

Figure 5—4 illustrates the relationship between lamp input power

and total radiated output. As stated above, the lamp was operated below

its norma l i nput power to prevent detector saturation. In tests one

and three, an extrapolation factor of 3.14 must be included in Equation

(5-3) to estima te the lamp radiance at 500 W. In tes t two a fac tor of

1.33 was used. Results of background lamp radiance measurements are

given in Table 5—10.

The fuselage projector utilizes an ILC 300 W tubular xenon

illumi nator as its source. The lamp is located at the radius of curva-

ture of an aluminized spherical reflector that serves to increase the

5-22
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TABLE 5-10. RESULTS OF BACKGROUND SOURCE MEASUREMENTS

test 1 Test 2 Test 3

DISTANCE FROM LAMP 40.8 m 86.9 m 86.9 m

WAVELENGTH INTERVA L 0.28~m- 0.37~.im O.28~im- O.37wn 0.Le0jtm-O.7O~m

RADIOMETER FIELD OF VIEW 18 mrad 18 mrad 18 mrad

AREA SEEN BY RADIOMETER (A R) 4236 cm2 19216 cm2 19216 cm2

AREA OF SOURCE (A5) 18.1 ~~ 2 18.1 ~~ 2 18.1 ~~ 2

AREA OF RATIO A /A 234 1061 i061R s  
_ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  L

LAMP I NPUT POWER 198 W 330 W 198 W

• RADIOMETER OUTPUT VOLTAGE 10 V 3.5 V -

RADIOMETER FILTER FACTOR 2’~e .17 2-tf. 17 24.17

SYSTEM TRANSFER COEFFICIENT 7.16 ~ 106 7.16 , 10~ 3.82 x io~

MEASURED LAMP RADIANCE 5.6 W/cm2-sr 8.87 W/cm2-sr — [
MEASURED LAMP RADIANT
INTENSITY 101 W/s r  151  W / s r  —

• ESTIMATED LAMP RADIANCE
FROM O.28i,i — O.37u at
500 W 17.6 W/cm2-sr 114.5 W/cm2—sr -

ESTIMATED LAMP RAD IANT
INTENSITY

• FROM ~~~~ - O.37~i at 500 W 317 Wsr 262 W/sr -

ESTIMATED LAMP RAD I ANCE
FROM 0.35 ~‘- 0.40 p

~~~ 500 W 23.4 W/cm2 -sr 19.3 W/cm 2-sr -

ESTIMATED LAMP RADIANT
INTENSITY FROM 0.28 ~ - O.37~iAT 500 ~4 217 W/sr . 262 W/sr -
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radiance of the source. Due to the geometry and mounti ng of the lamp

housing and reflector, it was not possible to remove the target lamp to

make an actual rad iance measuremen t. In ad di tion , dur i ng the rad iometric

test the tubu lar lamp fa i led to ign ite and was determ i ned to be beyon d its

• performance limit.

A rough measurement of the ratio of the UV radiance from O.28pm -

O.37pm to the visible radiance from O.4Opm - O.70jim was made, however. It

was possible to turn the ILC lamp housing slightly so that the beam was di—

rected away from the projector tabl e and toward the radiometer. The radio-

meter was turned into the beam sufficiently to indicate a maximum output

vol tage reading in the visible portion of the spectrum. The output

voltage due to the UV radiance in this position was also recorded. The

results of this ratio measurement are presented in Table 5-11. There was

- no availabl e data on the ILC tubular lamp.

Figure 5-5 shows the relationship between radiant intensity and
• V radiant intensity variation wi th cone half angle for the Varian VIX—5 00

illuminator. From Figure 5-5a , a 100 hour lamp has a total radiant inten-

sity on axis of approximately 12,500 W/sr. The radiant intensity from

— O.28um - O.37um Is then approximately 319 W/sr and from O.35iim - O.40iim

is 408/sr, based on percentage radiant output in those spectral intervals.

l ii
Table 5-12 compares the calculated and measure d back groun d lam p

radiance and radiant intensity values .

1
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5.6 POLARIZATION TESTS

It is wel l known that reflection from metallic mirrors at angles

far from norma l incidence results in a partial polarization of the result-

ant beam. Successive reflections from mirrors in similar orientations may

result in one polari zation state being highly attenuated, and the other

much less so. The large number of mirrors in both the projector and dis-

play optics opened the question of polarization effects accounti ng for the

unexpectedly high radiance losses.

Polarization may be treated as a transfer problem, with each

element modifying the state of polarization as received from the previous

elemen t. Of course , a complete determi nation of polarization state change

requires a polarizer , a quarter wave pla te, and the ability to make

radiance measurements at the output of each component. Such a complete

radiometeric analysis was not possible, not only from the mechanical con-

straints imposed by the projector system itself, but also by the radio-

meter configuration.

The only analysis tool available (other than the radiometer) was

• !. an inexpensive sheet polari zer. Insertion of this device into various

locations in the projector optics , and rotating the polarizer while
• monitoring the radiometer output, enabled a rough analysis of polarization

effects to be made. Al so, visual observation of the final (display mirror)

and intermed iate images , as seen through the rotated polar izer , permitted
- 1: additional qualitative judgements to be made.
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FIgure 5-6 shows the (relative) radiometer output as a function

- 

— of polari zer position for the polarizer Inser ted be tween m i rror m1 and

lens L 3 (see Section 6.) of the background projector. This same ratio

held at all measurable locations in the background projector.
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6. ANALYSIS

6.1 GENERAL

In this sect ion performan ce capab i l iti es of the present UV/VIS

projector are presented. By utilizing background information , results of

the tests performed upon the projection system, analysis contained in the

appendices of this report and available drawings from G.E., Reference [3-1],

a model of the present projector system was developed . Analyses which

support this model can conveniently be divided into two somewhat inter-

dependent categories, (1) geometric and (2) radiometric. The geometric

analysis deal with imaging properties of the system and how the final

simulated scene is presented to the sensor under test. The radiometric

analysis develops system radiance transfer parameters by assigning “opacity”

values to individual system components. These values were primarily deter-

mined through the tests described in Section 5 of this report.

Section 6, Anal ysis, is further subdivided into a subsystem level in

which the background projector, the fuselage target projector and the exterior

optics display system are discussed . A simplified view of the optical

I configuration of the UV/VIS projection system and exterior optics is

shown in Figure 6-1.

i 1 6.2 GEOMETRiCAL OPTICS OF THE UV/VIS PROJECTOR SYSTEM

6.2.1 Background Projection Subsystem

Illustrated In Figure 6-2 is an optical schematic of the background

projector assembly. The source of radiation for the projector Is a mode l

VIX-500 , 500 W xenon Illuminator , manufactured by the Varian Corporation ,

6-I
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denoted S~ in the figure. The arc output is quasi-collimated by a silver-

coated parabolic reflector. The output beam is 48 nm in diameter with an

8° divergence.

A set of two airspaced lenses, L 1 an d L2 , function as condensor

elements for the Varian lamp. Manufacturer’s data and design specifications

were not ava i la ble for the condens ing lens system, but the effective focal

length of the lens combination was determined experimentally. The F

condensing system Images the arc source in the relay lens 1.,, and prov ides

constant illumination across the portion of the cloud wheel C, that is to be

imaged upon the vane assembly. After passing through the condensing

system, the converging beam is incident upon a plane , alum in ized , front—
surface folding mi rror (M1) that merely changes the direction of propagation

of the converging beam. The next element in the optical system is a

small lens 13, of fused quartz that shortens the effective back focal

length of the previously described two element condens ing system in order

to produce an image of the illuminator arc in l ens L~, the relay lens ,

after folding from plane mi rror M2.

A c i rcular plate of fused quartz with an optical filter adhered to

one side of the pla te serves as a spa tial l y var iable i ntens ity UV f i l ter, C.
This plate is a Us cioud wheel ” since , in effect, transparent apertures In the

filter serve as bright UV reflecting clouds in the simulation system. The

apertures of the cloud wheel are Imaged by lens L~ onto a set of stainless

steel vanes , v, that ~1so function as the object for the fuselage projector.

Thus , the relay lens functions as a subsidiary projection lens. The center

of the relay lens is coincident with the effective back focal length of

6-4
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lenses L i, , L2, and 13 which image the arc of the Varian lamp into the

relay lens , thus providing even illumination across the vane mechanism.

The cloud wheel is located at one conjugate point of the relay lens while

the vane mechanism is located at the effective back focal length of the

relay lens L~ and the field ler,s L5. Positioning of the relay lens pro-

vides a 3:1 magnification of the cloud wheel onto the vane mechanism.

The beam , now diverging , is incident upon an approximately 50-percent-

transmitting 40-percent-reflecting beam splitter , (BS). The beamsplitter

is pl aced at a 45 degree angle to the incident beam and 45 degrees with

respect to the vane mechan i sm. The beam sp l i tter was prov ided by Broomer

Research Corporation, but no other performance speci fications were

available. It should be noted that the beam splitter and the subsequent

two optical elements , the field lens and the main proj ection lens , are

comon elements to both the background and fuselage projectors. The

centers of these elements are coincident with the opti cal axes of both

• projectors .

The diverging cone of radiation from the relay lens is incident

upon a f ie l d lens L 5 that is positioned adjacent to the vane mechanism , V.

The field l ens is in a no power position wi th respect to the vane mechanism ,

that Is, the image of the vane mechanism produced by the field lens is

virtual and lies coincident with the object position.

Rays exiting the field lens onto the vanes are nearly parallel to

the optical axis since the image of the source in the relay lens is at the

focal length of the field lens. The radiation is now reflected off the

~~~~~ -~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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vanes back through the field lens and the beam spl itter, an d is focused

into the center of the ma in UV/VIS projector lens , L6. The diffusing charac-

teristics of the vanes provide a mechanism by which the cloud wheel can be

Imaged onto the vane mechanism and function as the object for the main

projection lens. Light passing through the aperture produced by the

vanes Is lost in the system, so the result is a background scene with a

hole of variable size (i.e., the fuselage) in it. This hole is then

filled by an image of the source whose brightness is less than that of

the backgroun d scene, thereby produc ing the requ i red fusela ge/backgroun d

contrast ratio of less than one. The field lens in its present position

serves a dual purpose; first, to preven t v ignettin g as the seeker under

test looks back into the exterior optics from the flight table and second,

to re-image the arc source into the main projector lens. A complete dis-

cussion of the properties of the vanes is presented In Appendix B of this

report.

The projecti on lens functions to provide an image at Infinity of

the vane mechanism and the cloud scene incident upon the vane assembly.

The slightly diverging beam from the projection lens is incident upon a

small front surface m i rror that serves as an interface to the exterior

optics display system. This system will be discussed in Section 6.2.3.

¶ 
To better illustrate the function of the background projector,

an analogy can be drawn between it and a refractive counterpart, the

lantern sl ide projector. A lantern slide projector is drawn with the

I
6-6
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background projector in Figure 6-3 for ease of comparison. Actually

the background projector functions as two subprojector systems . First

a projector to image the cloud wheel upon the vane mechanism and second

a projector to image the target vanes at infinity for the exterior display

optics .

Under normal operation a slide projector produces a real image of

an illuminated object. An essential part of the projector is the con-

densin g lens , a system of lenses placed in front of the slide. In order

to provide uniform illumination of the projection screen and to minimize

the size of the projection lens, projectors are designed so that the con-

denser system images the source at the projection lens. Under these

conditions, the aperture stop of the optical system coincides with the mount-

ing of the projection lens and full use is made of the dimensions of the

lens. The condensing system is designed such that light from all points

on the source illuminates every point on the slide.

When comparing the UV background projector to a lantern slide

projector , the slide corresponds to the cloud wheel , the projection lens

to the relay lens, and the screen can be compared to the target vanes.

These coninents correspond to the subsidiary projection system.

I

i,,, . •The second refractive analogy Is somewhat more difficult and corn-

plex. In this projector subsystem the vanes correspond to the film or

f ield stop to be projected , but the source for this projector subsystem

6-7
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is the image of the actual source in the relay lens. The problem is

compounded by the fact that the radiation makes two passes through the

field lens once before and once after the reflection off the vanes.

The refractive analogue of this projection subsystem is illustrated in

Figure 6-4a. Using the thin lens equations , the ef fect of two field lenses

can be combi ned so it can be assumed tha t only one lens is present as shown

in Figure 6-4b. Then a direct analogy can be made with a standard lantern

sl ide projector with the field lens as the condenser and the vane mechanism

as the slide. Again , it should be noted that every point in the arc source

contr ibutes to the i l lum ina tion of the vane mechan ism.

6.2.2 UVJVIS Fuselage Projector

The UV/VJS fuselage (target) projection subsystem provides illumina-

tion for simulated fuselage targets. An IIC 300 W xenon tubular lamp serves

as the present source for this projector. The lamp is located at the radius

of curvature of an aluminized spher ical ref lector that acts to increase the

effective lamp radiance. The fuselage target projector is illustrated in

Figure 6-5.

L Two air spaced lenses, 17 and 18, act as collimating elements to

illuminate a diffusing plate located near the target vane assembly. The

tubular lamp is located at approximately the effective front focal length

L of the two lenses. In effect, this optical system is operating in a

“searchlight” configuration. Radiation exiting the collimating lenses

is redirected via two front surface aluminized mirrors , M3 and M~, to a

quartz diffusing plate.

6-9
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The illuminated diffusing plate acts as an object for the main

projection lens . The physical vane aperture limi ts the portion of the

diffusing plate that is projected to the display optics system. As

mentioned in the previous section, the fiel d lens and beam splitter

are elements common to both projection subsystems. In this projector

subsystem the field lens also prevents vignetti ng as the sensor looks

back into the optical system, but since the radiation from the source

passes throu gh a diffuser , there is no well defined image of the source in
(

the main projection lens. The illumination in the projected image remains

constant, however, since the projected image is of a diffuse object.

6.2.3 IRSS Exterior Opti cs Display System

Images formed by each of the separate projector lenses are formed

at infini ty or, in essence, the beams exiti ng the projector lenses are

collimated. Each beam is then directed to a spherical mi rror via directiona l

mirrors and two folding mirrors that are common to all projected beams.

The spherical mi rror focuses the beams from the projectors onto a dimpled
S t

convex mirror that serves to €xpand and overlap the projected beams and ,

in addition provides even illumination across the system exit pupil at

the sensor. A second spherical mirror than recollirna tes the now combined

projector outpu ts to provide images focused at infinity for the optical

system under test. Detailed description of the exterior optics display

system performance is contained in Reference [3-1].

I
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It shoul d be noted that any modification to the exterior optics

display system was beyond the scope of this effort. In effect, any
radiance transfer characteristic inherent in the present exterior optical

displ ay system must remain unchanged since it will affect the performance

of the other projection subsystems wi thin the IRSS.

Table 6-1 lists all optica l components of the UV/VIS projection

system wi th pertinent parameters and functions .

6.3 DEVELOPMENT OF RADIOMETRIC MODEL

6.3.1 Rationale

The foregoi ng discussion , and the analytical developments contained

In Appendices B and C, have been supplemented by the test data of Sectton 5,

and all have been utilized to determine the appropriate total system trans—

- .  fer function I (radiance throughput) to be used in the geometrical

- radiance invariance theorem:

N1 
= TN 5 (6—i )

where N 1 is the radiance of the final image , an d N5 is the source
-- rad iance . It is obv ious tha t T inc ludes transm ission and reflec ti on
- -  l osses ; however, for those beam geometries where the radiance theorem is

invalid , an appropriate additional loss factor must be Inserted.
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We neglect the implicit wavelength dependence and separate T Into

componen t parts, t~, an d td) corresponding to the separate transmissions

• of the projector and displ ay optics , respectively. Then we can later

decompose t~ and td intO component losses. From Equation (6-1),

N, = (tptd )N s . (6—2)

We can also brea k down t~, into the radiance transfer of the

target subprojector, and the background subprojector. Al though we must

know the transfer of the display optics , td) we are not free to chan ge

any component there in an attempt to improve the total system transfer

factor.

In the followi ng sections , separa te transfer func tions are

derived for the LIV and visible spectral regions (in the Barnes radiometer

pass bands) for both the target and background projectors. The projector

transfers are characterized down to the component level using the data of

Sections 5 and 6, an d Appen di ces B an d C. The predicted rad ian ces are

compared to measured values in Table 6-6 and the derivations shown in

Tables 6-2 through 6-5.

The source radiance value for the LIV background projector, shown

in the single entry of the right-most column of Table 6-2, Is measured;

- . the radiance value for the target source in the LIV spectrum (Table 6-3)

is scaled from the curve of Figure 5-5, since the source radiance was
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not measured directly. It is clear from a comparison of Tables 6-2 and

6-3 that the radiance throughput of the target projector Is approximately

twice that of the background projector. The radiance throughput for the

visible is estimated to be about 2.5 times that of the LIV in the background

projector, as is evident from a comparison of Tables 6-2 and 6-4.

The results of the radiance throughput estimates of Tabl es 6-2

through 6-5 are sumarized in Tabl e 6-6, where they favorably compare with

measured values in the UV , and less so in the v isib le. The right columns

Include correcti on factors used to sca le the apparen t rad iance In the

0.27 ~sm to 0.38 pm band to the actual radiation in the 0.35 pm to 0.40 pm band .

The figures in the right column are used as base values which must be

increased to achieve the required radiance.

Vt
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7. PERFORMANCE OF SELECTED CONCEPT

7.1 REVIEW OF DESIGN OPTIONS

In order to increase the radiance output of the projector without

modifying the exterior optics, the radiance throughput may be increased by

reduc ing transm iss ion an d reflection loses , increas i ng the source lamp

radiance, or both. A larger lam p can always be chosen that in creases

the radiati on solid angle or has a higher radiance. Unfortunately, the

gains achievable solely through this mechanism do not meet the requirements

of Section 4. Part of the probl em in using a different l amp is the inabil-

ity of conventional optics to utilize much of the emitted radiation , and

to uniformly illuminate the required (vane) area. Thus, if a stronger

source is chosen , the radiance losses must also be reduced inside the pro-

jector itself to meet the requirements. It is important to point out that

although the pupil expansion factor explained in previous sections is

assigned to the displ ay optics, it is really an interface loss since the

pupil expansion is directly proportional to the area of the source as

imaged from the vane blades into the projection lens . In other words, if

- a two i nch projector lens were used and the remainder of the projector

- 
modified such that this lens was completely filled , the pupil expansion

[ 
(loss) factor would go down by a factor of approximately four. This pro-

- 
bability was ruled out because the great amount of redesign required in

1. the projectors and the pupil size at the exit of the projector.

- 1.
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7.2 RECOMMENDED DESIGN CHANGES

7.2. 1 Background Projector

In exami nation of Table 6-2, we see where improvements are poss ib l e

in the background projector. Clearly, it is not advantageous to modify

(increase) the radiance throughput of the display subsystem. Thus, only

the projector loss terms can be modified . As Is evident from the table,

the term that creates most of the loss in the projector itself are the

vanes; The Implication of raising the present loss value to close to uni ty

is investigated then the impact of other modifications , which , for this

projector, i nvolve component changes onl y is examined : the new vane 
-

mechan i sm, high reflectivity mi rrors, a mor e powerful lam p, and a recoa ted

cloud wheel.

7.2.1.1 Vane Redesign

The required vane characteristics need to be restated , since they

involve a compromi se between two competing objectives: imaging of the cloud

wheel and obtaining the maximum background radiance at the display mi rror.

Thus , the vanes should be of a Mghly reflecting material capable of (1)

providing, in concert with the field lens , a un iform background rad iance

that does not change as the vane mechanism is opened and closed , and

(2) creating an image of the cloud wheel that can be projected into the

first spherical mi rror of the collimating displ ay optics .

If results of Equation (B-l8) Appendix B, are reca ll ed , it can be

seen that an increase in the radiance transfer can be realized by decreasing

7-2
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the angular spread AO of the reflected radiation , and by i ncreasing p, the

. - reflecting efficiency . The transfer could be made almost arbitrarily

large by decreasi ng ~e to much less than one degree, i.e., by making the
- 

vanes almos t perfect specul ar reflectors . However , some degree of dif-
— fuseness is required in order to image the cloud wheel .

This amount of diffuseness required to image the cloud wheel is not

derivable by conventional methods , and a test program must be implemented

to determine this value. (See Section 8., R~con~nenda tj ona) . Furthermore,

it is important to recollect that the result of Equation (B-18) defines

only the maximun of the reflectance distribution , and the radiance transfer

term, Equation (B-28), is strictly appl icable to collima ted light and is

achievable only in an aberration-free system with an infinitesimally small

source. Therefore, the derivations here and -in Appendix B are limited to

firs t-order effects and designate desirable design trends but do not totally

- 
define all the specifications of each parameter. Again , these variances

- - are bes t investigated wi th hardware testing.

- •  It  should be rememberea at this point that the illumi nation at any

I small area on the vanes is due to a radiance from all parts of the source,

as imaged in the relay lens, and collimated (approximately) by the field lens .

An important inference from this is that the finite size of the source, which

causes the beam exiti ng the field l°ns and impinging on the vanes to be
~
- -

~

slightly diverging , allows each small area to fully illuminate the projector

I system exit pupil in the projection lens , even if the mirror Is purely specular.

I ’

I - — - -

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

- - 

-

- - - — — - — - - --—- -~~~— --— —- - — -- -— _ _
~~~~~~~~~~~~

_. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- _ _ _ _

(Of course, for a true point source , and an ideal, specular mirror, this

would not be the case.)

In spite of these reservations , however , a baseline vane design

concept can be selected which could serve as a starting point for further

analysis and testing. An aluminim—coated ground glass vane material of

an rms roughness of approximately 0.07 microns was sel ected. According to

Figure B—3 , this denotes a surface roughness parameter (SRP) of 0.18 at 
-

.3750 pm , with a beamspread of 6 degrees. Alumi num coated vanes with a

dielectric protective layer, such as Si02, can have a reflectance (efficiency)

of near 0.84.

Thus , by applying Equation (B—20) to the present case,

(39.4)(.84) (7-1)max =

6 11
‘~‘max = 5 ,5 sr-’ (7-2) 1]

[2
Since in the preferred design , the solid angle of the source remains

the same as in the present proj ector , EquatiQn (B-28) , then:

_ _  

_  
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t s
,, = .226 (7-3)

where the prime denotes the modifi ed vane radiance factor. Recalling

Equation (B—28), it can be seen imediately that the inc rease in radiance

- - 
transfer is:

t i
v = .226 

= 20.5 (7-4)
tv Oll

7. 2 .1.2 Source Lamp Replacement

It is clear from Equation (7-4) that the principle gain in radiance

will occur through the use of semi-specular vanes; however, from the upper

entry in the right-most column of Table 6-6, the new radiance value is

only ~ 500 pW/cm -sr, still not within requirements . Therefore, addi-

tional changes are required .

A convenient and inexpensive modification is to replace the present

500 W Varian l amp with an 800 W Varian lamp . The higher power lamp is the

same size as the present 500 W lamp , and contains the same integra l para-

bolic reflector (thus obviati ng a new condensor lens design configuration),

- 

-- and is therefore completely interchangable. A higher wattage power supply

of course, will be required . The increase in radiance can be approximated

from Figure 5-4.

~ V
— °m 2.15 (7-5)
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A smal l addi tional increase in radiance may be achieved wi th use of

a UV-enhanced rhodium reflector rather than the standard silver. Whether

this improved performance is worth the cos t is i ndetenni nant at this point.

7.2.1 .3 Mirror Replacement

Al though the implementation of the two modifications discussed

in the previous paragraphs woul d increase the background radiance to

greater than 1.0 n*~/cm
2-ster, and above the desirable requirement of

Table 4-3, an additiona l increase in the radiance can be real i zed through

replacement of the two mi rrors m1 and m2. A dielectric mirror, or

MID (multiple- layer-diel ectric) mirror can have reflectance of over 95

percent between .35pm - .40iim. Thus, the increase in radiance -from the

mirror is , since the old mirrors are presumed to be 78 percent reflecting,

= 1.48 (7-6)

7.2.1.4 Cloud Wheel Modification

The measured transmission of the cloud wheel was lower than

expected, parti cularly if it is AR coated. Conceivably, If a cloud wheel

of suitable material , i.e., quartz or fuzed silica , were AR coated, a

1 cm thick sample should have a transmission of greater than 92 percent.

The small increase in transmi ss ion accrued from procurement of a new

cloud wheel is not considered worth the cost, since the radiance

achievable from the three modifications already presented already exceeds

the optional requi rement, as will be shown in the next subsection.

I
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Rather, the modifi cations to the cloud wheel suggested are to

ac hi eve a reasonab le “del ta” radiance between the sky and clouds , and

involve a recoati ng, with appropriate filter , of the semi-opaque

(i.e., sky) portions of the wheel . The fil ter factor should be between

three and four to ma tch the results of Tables 4-1 and 4-2.

7.2.1.5 Predicted Background Radiance

The resul ts from Tab’e 6-6 can be combined where the estimated
radiance in band for the UV background is

N 35 — .40 = 24.3 x 10-6 W/cm2— sr (7—7)

wi th the transfer factors derived previously to compute the new radiances

with primes denoti ng the new value .

N ’  = (24.3 x lO-6)(20.5)(2.l5)(l.48) (7~8)
.35~- .40

4.
N’ = 1.59 mW/cm2-sr (7—9)
.35-.40

This value is above the requirement of Table 4-3.
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7.2.2 Target Projecto r

The basic design modifications , as discussed in subsection

7.2.1 for the background projector, apply in general to the target

projector. For example, the diffusing plate 0 of Figure 6-5 must

be made less diffusing if system radiance transfer is to be made acceptable.

However , the modifications in the target projector invol ve more than

just component changes as was the case for the background projector .

The reason for this is based on the fact that the present target

projector operates in a “searchlight” mode and , at the diffuser distance -

and wi th the source/condenser configuration as currently installed , the

capacity to achieve the required radiance wi th only a more specular di-

fusser is limi ted, dependi ng to some extent, on the rad iance uniformity

of desi red accross the total (open) vane area.

Analyses performed by Dynetics indicate that a new lamp , (the

same as reconinended for the background projector) a new 60 cm condenser

mode configuration which includes deletion of the two translational -

mirrors , a new diffuser, and servo-controlled iris, will enable fulfillment

of all of the requirements of Section 4. Also , insertion of a heat absorbing

fil ter is sugges ted to reduce any potential thermal problem. The proposed

design concept is illustrated in Figure 7-1.

H
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7 2.2.1 Diffuser Modifications

The optical “gain ” afforded by a more specular diffuser is

dependent on the geometry of the radiation incident from the lamp s ide.

Recalling the definition of bi-direc tional reflectance from Appendix B,

Equation (B-2),

dN ( o ~ 
)

p ’( e .,$ .;e ,
~
, 

~ = r r r - (7—10)
1 1 r r

It can be seen that the reflected radiance is a function of the

solid angle of incidence, d~L Al though the design ~Ieta i ls are left

to a subsequent section, it will suffice for the present to define

the solid angle proportional to the square of the ratio of (condenser)

lens-diameter L, to the separation of the lens froni the diffuser plate,

D, that is

j (L)2 Sr. ( 7— l i )

For I = 2 inches , and d 11 inches ,

dc~1 = .10 sr (7— 12)

Then, the radiance transfer as defined with respect to the bi-

direct ional reflec tance is, from EqLatlon (7-1 0), -

I
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t = p ’dcz~ (7—13 )

t .lOp (7—1 4)

Equation (7-10) is used wi th equation (B-29), of Appendix B:

It can be seen that the radiance transfer wi th just the condensor change is ,

t = .146 (7—15)

or about thirteen times the old value. This would indicate

an acce ptable va l ue; however , the image must be spread over an area of

about one square i nch , so the focus of lens must be beyond the diffuser,

or about twenty inches. This reduces the solid angle by a factor of four

to about 0.25 Sr. If compensated for by increasing the reflectance to

4 64 sr— ’, the radiance increase is just

~d 
= 

.146 
= 13.2 (7—16)

.011

Use of the Varian lamp will afford (from Figure 5—4 ) an increase

in radiance over the 300 W lamp of

~ 
V.

= 4.1 (7—17)

By deleting the two mirrors , a gain is reallzed of

1
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Since the current estimated radiance is 36.4 pW/cm2-sr,

and a heat absorbing factor of .76, the radiance availabl e wi th the

redesign is [
N’ = (36.4)( 13.2)(4 .l)(l .64)( .76) pW/cm2—Sr

N’ = 2.46 1 mW/cm2-sr

1 6 2but the iris factor is (.~2.ö.) 
= .64

so

N’ = 1.571 mW/cm2—sr

- - 1
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8. RECOMMENDATIONS

The analyses performed, and tests conducted during the course of

this contract have led to identification of changes in the UV-visibl e

projector system which , Dynetics, Inc. bel ieves, would result in greatly

enhanced system performance if impl emented in the manner described. The

rational e for these changes is based on the best available empirical and

theoretical evidence since there is strong correlation between the pro-

jector model , upo n which the design modifications are based, and the mea-

sured data . However , the v a l i d i t y  of the model has not been verifi ed

against wide excursions in component perfo rmance parameters , and in

particular , to the recommended use of semi-specular vanes . Al so, a

compl ete model for the target portion of the projector was not developed

during the effort because of lack of performance data.

In addition to corroboration of the model for specular vane bl ades,

and therefore, substantiation of this design change, it must be remembered

that increasing the radiance transfer (with specular vanes) satisfies

only one part of the total requi rements of a successful design .

In addition , the cloud wheel must be imaged which , of course, can-

not be done with a purely specular mirror (tests conducted at DYNETICS,

demonstrated that an image coul d be formed on not only the matt inside of

a piece of stock alum inum fo il, but on the glossy side as well. For a

1-I
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mirror, the only image visibl e was due to dust and other scattering from

the mi rror surface). From the resul ts of Appendix B, it can be seen that

there is clearly a tradeoff here: one woul d wnat a surface specular enough

to give an adequate radiance transfer, but diffuse enough to image, and

subsequently project the cloud wheel edge. These functions must be ac-

complished, of course , while maintaining a constant and uniform back-

ground radiance against changes in target aperture size.

DYNETICS , INC ., recommends a four to five month Design VaUdation

Progr~zni~ -in which the effects of differing vane/diffuser materials on

the radiometric transfer of the target and background projectors may be

systematically assessed and quantitatively evaluated through conduction

of a coordinated test schedule. -

This program will quantify components for alternate concepts that

will enable requirements set forth in Section 4. to be realized . Dynetics

bel ieves this a cost effective, minima l risk effort to assist in meeting

the present needs of the IRSS facility to test and eval uate state-of-the-

art dual mode sensor systems .

I
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APPENDIX A

RADIOMETER CALIBRATION

A.l IMPORTANCE OF RADIOMETER CALIBRATION

The use of the radiometer in the tests described in Section 5.

raised several questions concerning both the accuracy of the measurements,

and the impact of different calibration sources upon proper interpretation

of the data when using a xenon arc source. In this appendix , an analytical

basis is presented which shows that, for the calibration method employed

by Barnes, the radiometer manufacturer , the scaling is independent of the

source used in calibration, and the apparent measured , or ueffective~
radiance is the true radiance times a scale factor defined by the

radiometer response, and the integral of the source spectral radiance.

A .2 MP~THEMATICAL FORMULAT ION

The radiome ter is calibrated using the basic radiometric equation :

I.
V =J N(A)R (X)dA (A-i)

I

where V is the output vol tage, N(A ) is the target spectral radiance,

and R(x) is the responsivity of the radiometer; this last tenu is

a function of the f/no, lens transmittances, detector responsivity,

I
A-i
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amplifier gains and other factors. Often the actual responsivity is

defined relative to a normalized responsivity r(A) such that

R (A) R~_f
A2 r(~)d~ 

(A—2)

A l

where R~ is a scale factor and 
normal ized to the peak of

r(x) r
~~~
(A). So, Equation (A-i) becomes

A2

V R,~J’ N(A )r(A)dA (A-3)

This is the form of equation used by Barnes, Reference [5-1]~ 
where

U
iiU

NT 
= .1 N(A)r(A)dA (A—4)

A l

This term Rn in Equation (A-3) Is the scale factor relating the

responsivity to the peak of r (A), and is the same as Barnes ’ K
~
.

Their K5 Is a constant for a system wavelength inverval , and Is

independent of the magni tude of spec trum of N (x). It is the method

used i n determination of K5(i.e., “cali bration”) that confusion arises.

~ITTiI~ 2 ~~~~~~~~~~ ~~~~~~~. 
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Thus, a factor C may be defined which is the ratio of Equation (A-6)

to Equation (A.-4) and because of the manner of normal ization C ~ 1.0.

K (A-5)

For any other source,(for exampl e a bl ackbody at different T,

or neon lamp),a different NT resul ts. This does not change K
~ 

s ince

V also changes. It must be noted that NT is not the actual radiance,

but the radiance as weighted by the radiometer response. That is,

the actual integrated radiance Na~ 
between A 1 and A 2 is

Na /2 N(A)dA (A-6)

Thus, we may define a factor C , which is the ratio of Equation

(A-6) to Equation (A-4) and because of the manner in which we have chosen

to normal i ze, C ~ 1.0.

A 2

j N(x)4?~
H. c =  — (A—7)

fA 2J N(A)r(A)dA

: ~ Thus, the surprising result that the calibration factor, is

independent of the source for a given waveband interval! After some

I
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thought, this Is not surprising , since a different source magnitude and

spectrum will effect N1, raising or lowering the output voltage, by

Equation (A-5)

It is interesting to determine the effect of a different source.

Suppose this source is a xenon l amp. The root question is, at the same

voltage, what must the magnitude of the xenon be to be Indistingui shable

from the (presumed) ‘~~ 1300k° blackbody source used In original call-.

bration?

Thus, from Equation (A-3), with unprimed and primed values represt-

ing the blackbody and Xe source, respectively:

V = K5
1,/
~2N (A)r(A )dA (A-8)

V’: K
~ J A

2 N ’(A)r(X)dA (A—9)

The actual vol tage (not the ratio) can be determined from

Equation (A-a), since N(A ) for a black-body is known, K~ 
has been

measured, and rC A ) Is availabl e from lamp manufacturer’s data. Then:

A 2
K
5J

• A2
N(A)r(A)dA = K~,

f”N ’(A)r(x)dx (A—b )

i A 1

A-4
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Additional normalization can be introduced by defining a term

N = NS JI2  n A d A  (A— il)

where N~ is normal ized to rmax(x). This is important since the

relative spectrum of the Xe lamp is known. Thus, N ’ for the Xe source

can be written

N’ = N 1
5f 

A2 n ’(A)d (A-l2)

Therefore, Equation (A-b ) becomes

N
~ j

fl( A ) r (A)d A = N~ 
~~

A
~ I(X)r(A)dX (A-13)

I Thus, the radiance at A where r(A) = rmax

~ Ii 
or N ’ of the tenon lamp Is,

N5f n(A)r(A)dA

N5 
= — (A—l4)

f 
A 2

I
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The effective radiance of the xenon lamp is

A2
= N’5 nl tx)r(x)dx (A-15)

It is the application of Equation (A-l5) that produces the difficulty.

The radiometer has not been recalibrated wi th xenon; rather the voltage

term V is modified to reflect the different source, recal l ing Equation

(A—7) and call ing the actual radiance Na

Na =CN T
or,

Na =

where NT Is given by Equation (A-4). Then:

N’ f n ’(A)dA 
L

= 

N: J n A r X d A  
(A-l 6)

But the denominator of Equation (A-16) Is just N1 as defined In 
F

Equation (A-14), then:

N Jn ’(A)dx
Na = 

N 
.N T (A—17)

I
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From Equation (A 14),

IN fn(A)r(A)dA.]
N = I ~ i j  fl ’~~~i~ (A—1 8)
a L Jn ’(A)r(A)dJ

where the numerator of the term in brackets is just ~~~~
- . Thus,

the final result:

- V [In’(x )d~ 1Na 
— 

K [.jfl’(A )r(>~)dAj 
(A-19)

Thus, the actual radiance is just the ratio of vol tage V(dB + meter

reading) to scale factor K
~ 

times the source weighting function, the term

in brackets in Equation (A-19). For a xenon l amp between .28 and .37 pm,

with the radiometer response function furnished by Barnes

C = 1.82 (A—20)

I
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APPENDIX B

VANE ANALYSIS

B.1 INTRODUCTION

The fuselage projector transparency mechanism, and specifically,

the physical and optical properties of the transparency vanes them-

selves, exert a critical role in the operation of the UV projector. As

outlined In Section 5, the vanes act as a central field stop for the

primary projecti on system, and also form the image (edge contrast) of

the cloud wheel radiance distribution.

Thus, a clear formulation of the vane reflecting properties

(Including changes in polarization state) and the interaction of the

incident and exit beam geometry as defined by the field lens , (see

Figure 6-3) is critical to a thorough understanding of projector

operation.

~ 
L In this appendix , a review is given, first, on some defini tions

of reflectances, then an analysis of the collection geometry of the

system, and third, a discussion of reflecti ng properti es of typical

materials. This data is employed to develop a radiometric factor for

the vanes , to be used in other sections .
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B.2 REFLECTANCE DEFINITIONS

The total reflectance p, of an infinitesimal surface element

dA is defined in general by

P
(B-i)

Pi

where P1 is the total radiant power Incident from all directions,

and 
~r 

jS the total reflected radiant. power in all directions . To a

first approximation, the reflectance characteristics of a surface may

be separated by considering the specular component (that is, the

reflection from an infinitesimally small solid angl e dw1 into an angle

which follows Snell ’s law) or a di ffuse component, which follows

the Lambertlan or cosine law. In any case, it is clear from the defining

parameters of Equation (B-i ) that p is dependent both on the geometry of

incidence and on the collection geometry of the reflected radiation. This

fact creates the possibility of defiiiing a reflectance for each of a large

combination of incidence-col l ection geometries, and the literature is in-

deed filled with confusing, even contradictory nomenclature.

Nicodemus, Reference [B-i], has suggested with a relat ively wide

degree of acceptance , the term bi-directional refl ectance distribution,

p’ , (BDRD) , which is defined, with refe rence to Figure B-i , as

I
B-2
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FIGURE B-i . GEOMETRY OF INC IDENT AND REFLECTED ELEMENTARYI .  BEAMS (Z A XIS IS CHOSEN ALONG THE NORMAL TO
SURFACE dA ELEMENT AT 0)
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dN (-9 , q )
• 

r r r 
(B-2)r r

where dfl’1 is the projec ted solid angle of the elementary

incident beam and is, in spherical coordinates:

d ~i~ ’ = cos sin e~ dod. (B-3)

Als o, N1 is the radiance of l~,e incident bei~ni in the dir~ ions ,

and dNr is the reflected radiance in the di rection 0r’~r’ L
from a sel ected area dA centered at 0. Mixed (unpolari zed) incident

radiation is assumed. For near-normal incidence, there is verj littl e

change in polarization state , even for a very rough surface.

[ V

• The differential notation dN is used to indicate that the
-
~~~~ r

reflected radiance includes both the flux under consideration , N1, and

any other radiation which may be diffusely scattered in direction [
• 0r’~r ’ The net reflectance then, Nr(0r~~r

), of dA in a given di rection

is the sum or integral of all such beams i ncident on the reflecting [
element. The full impl ications of this statement will be brought out 

r

In subsequent paragraphs .

I
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The advan tage of the BDRD is that any other reflectance may be

deri ved from it, with suitabl e geometry definitions. Note that the units

of the BORD are in reciprocal steradians, and a specular reflector may

have very l arge values (much greater than unity); a perfect, diffuse re-
V flector, on the other hand , is characterized by a constant (less than

unity) value of p ’ in all directions. the reflected radiance N~, is a

function of position for points on the refl ecting surface , as well as for

(0r~~r
) at each point. However, Equation (B-2) may be extended to write:

Nr(0r~~r
) = I ~~

‘ (o i,~i,or;14r)Ni (o i~~i
)d
~
2 ’i (B—4)

collection solid angl e

It is useful to define p ’ in terms of the “conventional ”

reflectance given in Equation (A-i). This is done by multiplyi ng both

sides by the collection solid angle dczr’ . Thus , negl ecting scattering

from other angles not at

dp = p ’ d
~
1r’ (B—5)

Equation (B-5) hel ps resolve the apparent physically unreal i zable

reflectance greater than uni ty. A good mi rror (specular) may have a

BDRD [P = ~(O;O)] over fifty. However, the integration of dC2r’ over a

hemisphere in the equation (B-5) resul ts in a dirac de l ta function

that has fini te value only in the vicinity of 0r 
= o~ = 0, and zero

~ I 
elsewhere. Thus, the integral of dc

~r
’ will be only a few millisteradians

for a good mi rror.
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B.3 REFLECTION GEOMETRY

Now that the reflectance has been defi ned, the vane incidence and

collection geometry must be Investigated. This is done by first recalling V

some of the resul ts of Section 6. The projection lens of the subsidiary ,

V 
cloud wheel projector, denoted reZay lens , forms the Image of the source.

The focal length of the fiel d lens is approximately 8.75 i nches, as mea— [
sured from the front nodal point. As shown in Section 6. the distance

from the relay l ens nodal point (close to the location of the imaged [
arc) is al so 8.75 inches to the accuracy of measurement. This type of

geometry is that of a (refractive) searchlight , whose operation to the L

first order, neglecting spheri cal aberration , can be described as

follows , wi th reference to Fi gure B-2. This figure shows a source S

(image of the arc in the relay lens) at the focal point of fiel d lens L.

The image (S’) will be located at infinity . Since S subtends an angle a

from L, the Image 5’ will also subtend a. Now the Illumi nation at a

point on the axis will be determined by the bri ghtness of the Image and [
the solid angle subtended by the image. Thus , for points near the lens,

the Illumi nation is given , for perfect optics , by,

E = N5w ; w = itsin2 a (B—6a)

[
is the brightness (radiance) of the objec t and w is the sol id angle

V subtended by the image. We have tacitly assumed w to be small.

Now for a point at the lens , It is obvious that the solid angle w

subtended by the image S’ is exactly equal to the solid angle subtended

I
B-6
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by the source S from the lens. Since S. Is at infini ty, this angle will

not change as the reference point is shifted a short distance along the

axis away from the lens, and the IllumI nation will remain constant in

this region. However, at a characteristic distance D (lens dlameter)/a,

the source Image will subtend the same angle as the diameter of the lens,

and the source of illumination will be l imited by the len s diameter.

This solid ~ingl c will obviously he eqiia ; to (area of V
l erIs)/d2 arid the

illum1 .~ation beyond distance D will fall off with the square of the

distance ii to the lens . Thus , the equ~tioris gØv~yfljflg the illumination

produced by a searchlight are:

I) (lens diameter),’ (B-6b)

Then, For d < D, E1 N5w (a constant , independent of D.)

For d > D: E1 = N5 (lens area)/d2 (B-6c)

The general technique used here is appl icable to almost any Illumi nation

problem, and it can be restated In general terms as follows:

To determine the illumi nation at a point , the size and position

of the source image, as seen from the point, are calcula ted. The

pupils and windows of the system (again, as seen from the point) are

determined. Then the illumI nati on at the point is the product of the

image ra di ance an d the solid an gle.

I
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Returning to Equation (B-2) and defining an irradiance :

E1 
= N1 (o 1,+1)da1 (B—fl

Then Equation (8-2) becomes:

dN (o ,
~~~ 

)
= 

r r r (B— 8)1 dE1(01,+1)

Then, rearranging terms, it is evident that art incrementa l

irrad iance dE~ incident from a directioii ~~~~~~~~ 
results in an incremental

radiance dNr in the direction 0r’ r of;

dNr(O r~~r
) = p ’(ej,~j;er,~r

)dEi (e ji~j
) 

- 

(B— 9)

The differential notation of the refl ected radiance dNr~ 
can be de-

V leted by noting, foll owi ng the coninents of a previous paragraph , that the

-- onl y contributor to radiation in the directions 0r’ ~r 
is that due to dE1.

While it is true that some of the radiation refl ected off the vanes is

[1 reflected again off the rear surface of the fiel d lens , and back onto the

vanes, this amount is very small. The field lens is AR (dielectric)

~ ii coated, and a typical reflectance value for a diel ectric film (Mg F2) is

less than five percent, even at incidence angles of sixty degrees. Thus,

It can be written with very littl e error,

Nr(0r

~

+ ) = p (0j~+i;
8r~+r

)Ej(0j~~j
) (8—1 0)

8-9
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A further simplification may be made by considering the input

radiance flux, ~~ as wel l coll imated, or o
~ ~~~~~ 

= 0. (SpherIcal

aberration near the lens edges, and the finite extent of the source near

the optical axis create some small di vergences of the rays onto the vanes.

This effect Is very small , however, and does not al ter the basic resul ts).

I-
Then: Nr(0r~•r

) 
~ ~

‘(0r~~r
) E1 (B-ll)

Thus, the radiance in a direction 0r’ r is simply the product of

the input Irradiance and the bi-directional refl ectance in the same

direction , 0r’ r

Recalling Equation (B-6a):

E1 
=

Then Equation (B-li) becomes,

V Nr(0 r~+r) = P’(0r~+r
)Nsw (B—1 2)

A radiance transfer can now be defined as

= 
N~ ~°r’ r~ ~~~~~~~ 

(0 ,0 )1w (B1 3)
S

I
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Dropping the angular notation ,

t — 

t
~r ,~ , 

p~w (dimensionless) (B— 14)v N
~ 

—

Equation (B-14) Is the central result of the present analysis , and

demonstrates that the vane radiometri c transfer (in a given di rection) is

increased as the bi-directional refl ectance p ’ is increased, and the s ize

of the input image N1, or the distance , are increased , both of which can

make w larger. Equation (8-14) may be written in a more conventional

form, since p ’ =
fd czr ’

Nr ,
~
, - 

pw (8-15)
N5 f~ r’

where d
~r

’ is the projected collection solid angle.

Equation (B-15) indicates those conditions under which the
p ~

radiometeric transfer of the vanes is just the standard reflectance p:

when w 
~
Jdc

~
’
r. 

Since w is qui te small , f’~~
’ r must also be very small.

The only way fd~
Z ’r can be small is for the mi rror (reflector) to be

specular In nature. (For a perfect diffuse object fdw’ = iT).r

I V

1 
B-il
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8.4 REFLECTING PROPERTIES OF METALS

In the previous subsection , a theoretical relationship between V

the bidirectional reflectance of the vanes and the radiance transfer of

the field lens-vane combination was deri ved. In order to model the pre-

sent projector, and to indicate where radiance increases mi ght be forth-

coming, BDRD functions for both the stainl ess steel blades as currently

Instal l ed, and for candidate u~teriai and surfaces cot,~idereo as re~

placements must be derived.

The refl ecting properties of both metallic and dielectric mat-

erial s has been the subj ect of a number of theoretical and experi-

mental studies. in particular , the effects of surface roughness on

the spectral refl ecti ng characteristics have been investigated, with the

general result being that the rougher (mechanically) a surface is

(as defined in the appropriate statistical sense), the more likely is that

surface to exhibi t diffuse reflectance at a given wavelenth . On the

other hand, for a constant roughness, the reflectance tends to become

more specular as wavelength is increased , and more diff use at shorter

(i.e. UV) wavel engths.

Ii
A formula found to fit well with measured data at normal Inci-

dence is presented by Bennett and Porteous, Reference [B-2], and quantifies

the specular refl ectance phenomenon . Thi s equa tion defines the ratio of

specular refl ectance of a rough surface , to that of a perfectly smooth

surface of the same material , R0 :

I
8-12
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R
R0 

exp [ (4w0 m ) 4
~
’A I (B 16)

Where °m is the rms mechanical roughness , and A is the wavelength.

It is evident from the above equation that the rougher the surface, the

less specular is the reflectance. The higher the ratio of R5/R0, the

more perfectly specular a material will be. The ratio am/A is called the

surface roughnesa par ameter (SRP)V, K , and a value much less than unity

indicates a surface more likely to be specul ar in nature.

The authors of Reference [B-2] used disks of AISI Type 01 tool steel

hardened to Rockwel l 58-60 and a fine surface grinder to obtain sampl es

of various degrees of roughness to verify Equation (B-l3). The rough-

ness val ues used were .82, .21, and .06 microns. For comparison, a

typical polished steel, nickel , or alum i num sample will have roughness

values between .02 and .005 microns; i’n optically polished piece of

flint glass, as might be employed as a lens component , will have about

- . an .002 mI cron roughness.

-- The roughness of the present vane blades is unknown; however,

~ r from vi sual observations, Reference [B-3], and from the strong polarization

effects of one of the vane blades noted during the tests and evaluati ons ,

A (which indica te course machining) it Is estimated that the blades have a

roughness no fi ner than .20 mi crons. From Equation (B-16) we can see

that the specular reflectance ( related to the energy collected In a

2 ’

B-1 3
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very small soli d angle at the Snel l reflection angle ) Is < l0~~ that

of a perfectly smooth polished mi rror of the same material. Thus, there I-
Is considerable theoretical basis for assumi ng that the vanes are largely 

-

diffuse reflectors at angles of incidence near normal .

However, It is necessary to expand this somewhat intuitive

formulation into one that inc 1 udes art explicit defioftion of the BDRD I
defined earl i er. This was accomplished by assuming that the relative

BDRD, that is , the reflectance that does not include the optica l properties

of the material itself, can be approximately characteri zed by a standard 1
mathematical function , and that the properties of real metal s may be

Included by insertion of a simple mul t.iplit-r. I
This approximation is that the BORD is described by a one

dimensional Gaussian with a mean at zero reflection angle , and a ‘spread” f
parameter ~q defined by the standard deviation , or a mul tiplier thereof.

The equation for non~ial incidence and with azimuthal syninetry assumed , is: [
(B-l7)

where Lup is the lo spread. The integra l of Equation (B-17) Is unity II
over 8r from -90 to +90 degrees. Clearl y, there is some error with

a Gaussian function Introduced when ~e Is a considerabl e fraction of 
-

U

I
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800. Fortunately, in most cases , we are interes ted in the max imum

value of P’(Or)~ 
at reflec tion ang les near norma l incidence. Then we

can wr ite, with ~e = 2~ip = FWHM (Full Width Half Maximum).

~
‘
~°r~max 

= (8-18)

where the unity normalization still appl i es and n is the constant denoting

an imperfect, real reflector; K is a normalization constant . This

re presen tation shows , that for n = 1.0, the peak val ue of the BDRD can

be increase d by narrow ing ~e, whi ch of course, corresponds to making the

material under consideration more specular. Note however, that Equation

(B-8) as written is in the wrong dimensions , since ~o is the square root

of a solid angle. Normalizing over 2-iT radians and reducing constants

gives :

Kri(.939)
~~
‘ 

~°r~max (B 19)
V (2~)t~e

• 
We must now sol ve for K with a surface whose refl ectivi ty proper-

ties are known . Recall that for a perfectly diffuse object, p ’
~°r~ ~

independent of 0r’ making it difficul t to apply Equation (B-18). In-

!, stead a real material , pressed (fused ceramic) MgO is used , which does

- 

- 
~~
- exhibit a slight peaking in the BDRD response function. From Reference

1 ~~• [B-4], it can be deduced that 
~
‘max 

= .325, and the divergence, ~O, to those

I

~~~ 

B-15
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points where p ’(Or) = p ’ (Or)max Is 120°, and ri ‘~~ 1.0. These parameters 
V

when used wi th Equation (B—l7) resul ts in

‘(e ) - 39.4 n ~~~ .

r max 
- sr (B-2o)

Surface roughness must now be related to ~e by using the measured

data of Reference 1B-5] , which is shown in Figure 13-3 plotted parametrically

with IC. Ground glass coated with aluminum and ground nickel were used in

the tests. At SRP l ess than 0.1 the angular beamspread is very small — a

degree or less. For SRP greater than 0.25 the beamspread is very large

indicating a diffuse subject. Between these val ues, the subject cannot

V 
be descri bed specifically as diffuse or as specular.

V 

L i

For a surface roughness of 0.20 micron (noted earl i er) and a wave-

length of .3250 micron , the sur face rou ghness parameter i s:

K = .62 (B-2l )

at a wavel ength of .5500 micron ,

K = .36 (B— 22)

1-
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From Figure 8-3 , the beamspreads ~e corresponding to Equations

(8-21 and 8-22) are respectivel y,

= 620 (UV) .(B-23)

= 570 (visible) (B_ 24 V)

It Is assumed, of course , that the microscopic (scattering)

effects of stainless steel are not vastly different f rom those c~f

ground nickel for the same roughness .

Using Equations (B-23 and B-24 ) in Equation (B-20), the maximum

bi-directional reflectance in the UV band is:

~~max 
= .26 sr-’ (B—25)

and at the visible.

~~max 
= .39 sr-1 (B-26)

As a point of comparison, it can be noted that the BDRD of a

perfectly reflecting diffuse surface, to which smoked MgO is a very

—
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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close approximation has a maximum and constant bi-directional refl ectance

of 11w . Recalling Equations (B-14)

t = (8—14 )

- The solid angle w iS just

V w -tr (5in20) ~ iro~ (B—27)

where 8 is the total pl ane angle subtended by the arc in the relay lens.

Thus ,

8 ~ arc length V (B-28)
focal length

4 
V

If the arc completely fills the relay l ens of one inch diameter,

and the foca l length is 8.7 inches ,

8 .114 (B-29)

and

‘I ~ w~~ .041 (B-30)

I
I B-l9
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Thus, from Equations (B-l4) and (8-25)

t = .Ol l 
V

V 
This result will be used in projector modeling , and in predicting

performance of the proposed projector modifications.

B.5 DISCUSSION OF TARGET VANE DIFFUSER
4

The primary emphasis of the foregoing discussio n has been an

evaluation of the refl ecting properties and radiation geometry of the

metallic background vanes . A similar analysis could also be made for

the ground glass diffuser in the target side. h ere , the incident

radiation is transmitted, then scattered, ra ther than reflec ted, but

the gross effects of the surface roughness are certainly analogous.

There is incomplete data on the target condensor subsystem,

which largely defines the Incident radiation geometry , as wel l as on

the ditfu~,er itself. However , it is known that a single typical ground

quartz diffuser , as might be available from a commercial source , has a
beamspread , ~e, ef about 20 degrees and a transmi ssion of 75 percent.

From Equation (8-20) , we can compute the max imum BDRD as

‘~
‘
~°r~max = 

(39.)(.75) 
= 1.46 sr-1 (B- 31)

I
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If it is supposed that the current target condensor system acts

..  only as a ‘ searchlight” to illuminate the vane di ffuser , we can

compute an approximate incident geometry . That is , by assuming that

the source size is such, to create a characteristic dimension 0,

(Equation B-6b) that will just allow an inverse square falloff in

illumination wi th distance. For a distance of 40 cm, and a con densor

lens diameter of two i nches

o = .05 rad (B-32)

w ~ .00785 sr (8-33)

Thus the vane transfer for the diffuser is the product of

Equations (B-31 ) and (8-33)

- -  t = .011 (3—34)
dif

V The exact agreement of Equation (B-34) wi th Equation (B-30) is

• 
-. 

probably fortuitous , but does indicate the same order of magnitude In

radiance loss.

Hi

I
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APPENDIX C

MIRROR ANALYSI S

C.l OVERVIEW

The mi rrors in the projector system, as well as those in the

displ ay opi tcs, have a significant impact on total system radiance

transfer: there are eleven mirrors in the system, and only a ten

percent decrease in refl ectance of each one from the ideal (R = 1. 0)

will create a factor of four system loss because of the power relationship

of compounded reflectances . Thus , the mirrors were a prime suspect in any

otherwise unexplained radiance loss, and a good estimate of their refl ecting

properties was deemed essential in systematic model ing of the present

system.

According to the referenced data available (G .E. drawings), the

mi rrors are pyrex front surface alumi num with SiO (silicon monoxide)

V overcoat of unknown specifications . It is well documented, Reference

[C-li, that the optical properti es of vacuum-deposited SiO films can vary

appreciably depending on the evaporation conditions imposed duri ng film

preparation. It has been established that the gas evolving from

L a mixture of SI + Si02 or from pre pare d s ili con monox ide , at evaporation

V
- -V temperatures used for the deposition of filn~s (1150°C to 1250°C), has

the composItion SlO. Most of the condensed films , however , show a

I 1
C-l

- 

- 

- 

V



composition wi th more or less excess of oxygen and, therefore , optical

properties which are more or less di fferent from those of true SiO. The

excess of oxygen is the result of both oxidation duri n~ the film

condensation process and subsequent exposure to air. True SiO films can

only be prepared by fast deposi tion (deposition rate >106 A/sec) under good

vacuum conditions (p~ixlO
5 nun Hg). The foregoing condi tions minimi ze the

opportunity for oxidation while the rnafer~u) is being condensed and ,

furthermore , produce dense films which oxidize very littl e when exposed to

air . I-f tVhe silicon monoxide is depos ited slowly (deposition ra l.e ~3 /sec )
V in a poor vacuum ( p ‘~. lx lO 4 mm Hg of air ) a strongly oxidi zed incompact

film results which has a high rate of oxidation when exposed to air , and

more importantly , has a much higher ul traviolet transmi ssion than pure

silicon monoxide. This film has an average transmission between .30 and

.40 pm of only 15 percent but greater than seventy percent between .40

and .70 pm. Thus , i-f a true SiO film were used, the ratio of system

radiance transmission In the visible should have been orders of magnitude

higher than in the ultraviolet because of the large number of mI rrors .

Addi tional sys tem tests , as described in Section 5., indicated that the ratio

of radiance transfer of the visible over the ultraviolet band was only

a factor of two, a difference certainly not ascribable to the lower UV

reflectances postulated considering the large number of mirrors. Thus, 
V

more subtle loss mechanisms were investiga ted, both by analysis and

literature searches.

C-2
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C.2 OPTICAL ANALYSIS

C.2. l Fonnulation

The interference effects, or anti-interference effects, of di-

electric coatings are reasonably wel l understood phenomena, and form the

basis for a variety of optical appl i cations , including the diel ectric

anti-refl ecting (AR) coati ngs applied to many refractive optical compon-

ents. This fact raised the question of what would be the effect of a

non—absorbing diel ectric coating deposited on metal : could interference

effects account for a loss that was relatively wavelength independent?

An analytical formulation of this phenomena is based on that of Born and

Wol f Reference [C-2].

In Figure C- 1 is shown a transparent dielectri c film of index of

refraction n2 and thickness h between another dielectri c (air) of index

of refraction n1 (n 1~ l.O), and an absorb ing metal of compl ex i ndex of

re frac tion n3:

V fl3 fl3 1K3 (C—l)

I

DieIecb* a,

FIGURE C-i. DIELECTRIC ON ABSORBING SUBSTRATE

C-3
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The reflectance R of this system for each plane of polarization

is: V

L
r122 + p23 2+ 2r12p23 cos (+ 23 + 28)

R11 = (C-2)
1 + r122p23 2 + 2r12p23 cos (+23 + 28)

(p  +23 +28) L
where the r ’ s denote Fresnel amplitude refl ectance at the air-dielectri c

interface, the p ’s at the dielectric—metal interface. The phase term in-

clu des +23’ the change at the dielectric-metal interface , and 28, the two- 
-

way phase change through the diel ectric layer (B = n2h cose2). First

the terms of Equation (C-2) are exami ned for the electric vector perpendic-

V 
ular to the plane of incidence. -‘

L
The refl ectance at the air—di electri c interface is 

V

12I cos 0~ fl2 COS 02 I
r122 = L cos e~+ n~ cos 

~2. 
] (C—3)

where 02 15 given by Snell ’s l aw. V

The refl ectance at the metal is

(n2 COS 0 2 — u3)2 + v32
P23 2 = (c— 4 ) -

(n2 cos 02 + u3)2 + v32 i i
where the u 3 and v 3 will be defined shortly.

I-

I
C-4

—~~~~~~ V - ~~~~~~~~~~ - V~~~~~ • .

~~~~ ~~~~
-
~~~~T:

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~ _ •



-V-VVV~~ VV ~•-V V V _ V • V 
- -

I

Similarly, for the parallel components :

r121~
2 1

c0s 02 - cos 0 112 (c— 5)
L
COS 

~2 
+ fl2 C05 0~J

P232 Efl32(l - K3 2) cos 92+ n2u3~
2 
+f2n32K3 coS 8~ — n2V31 (C-6)

II 1!~3~ 
— (32) cos 82+ n2u3]2 ÷[2n3

2K 3 cos 02 + n2 v 3] 2

2u32 = n32(l — K32) — n22 S1n202 + ~‘[n32 ( l  — 1(3 2) — n22 sin2o2J2 + 4fl3~ K 3 2 ,

_________________________________ ( c-i)
2v32 = .-(n32(l  — 1(32) — n22 sin2e2 + ,/1n32(l _K3 2) — n22s1n 2e2]2 + 4n3~~K3 2

and for the phase shi ft terms at the diel ectric:

cOSB = arc 
(~~ 

n2x cos 02)

2K3 U 3 — (1 —K 32)V 3
tan +23 = 2n2n32 cos 02 (C-9) -

IL n3k(l + K3
2 )2  cos2 02 — n22(u32 + v32)

H

- 1
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2v3n2 cos 02 . V

tan $23 = (c-b )
+ v32 — n12 cos2 02

These last equations will next be employed with sui table optical

data to solve Equation (C—2).

C.2.2 Qptical Data

The Index of refraction used for the dielectri c (n2) is from Ref- [
V 

erence [C— 2], and is representative of SiO layers, exhibiting an increase

at shorter wavel engths. The metal data is from Reference [C-3], wi th

extrapolations of UV wavel engths. For the three wavelengths examined ,

the optical data is shown in Table C-i .

[
TABLE C-l . OPTICAL CONSTANTS

X(Pm) fl2 n3 K3 

- [
.3250 1.9 .28 3.3

.5500 1.7 .78 5.32 V

4.0 1.7 3.97 30.3

I
I
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C.3 t~TA COMPILATION

The solution of Equation (C-2) invol ves the prior, but systematic ,

solution of Equations (C-i through C-b ). This was accomplished by

sequentially programming a SR-52 calculato r for a smal l segment of the

program, e.g., [Equation set (C-l)., for example), recording resul ts ,

programing the next segment using data from the previous set , and so

forth.

Some examples are shown in Table C-2, for the u ’s and v ’s, and

p23 s, as a function of 
~ 2’ the angle of incidence in the dielectric .

C.4 RESULTS 
V

Equation (C-2) was first solved by simpl y l etting the phase term,

cos y, take on its maximum and minimum phase shifts, without regard for the

origin. These are shown in Figures C-2, C-3 and C-4, for the ultraviolet,

- V visible, and Infrared spectral regions, respectively. These figures lIlu- 
—

- .  strate that interference effects do impact reflectance. Also , It Is

interesting to note the relative independence of the ZR reflectance on the

phase shift. This impl ies a relative Insensitivity to dielectric thickness

or index of refraction. The reflectance of each polarization component

should be equal at normal Incidence, if the phase term Is adjusted.
* L$ a.

I 11
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TABLE C-2. SAMPLE CALCULATIONS

A = 3.250 pm A = .55 pm A = 4 pm

n2 = 1.9 n . = l.7 n22 = l .7

n3 = .28 n3 = .78 n3 = 3.97

K3 = 3.3 1(3 = 5.32 1(3 30.3

(
~~~

) 
U P 2 3 11 v P23 u P23 V 

~23.l.
2 u P23 11 v P2311

0 .28 .62 .924 .86 .78 .77 4.15 .72 3.97 .99 •T
~~~ .99

20 .23 .59 1.11 .88 .77 .76 4.18 .72 3.96 .99 120 .99
30 .197 .60 1.31 .90 .76 .74 4.23 .72 3.97 .99 120 .99
45 .160 .68 1.61 .92 .75 .70 4.31 .73
60 .138 .78 1.87 .93 .74 .66 4.40 .74
75 .126 .88 2.03 .94 .73 .69 4.45 .74
90 .123 1.00 2.09 .94 .72 1.0 4.47 .74 

V

n2= 2.5 n2 = 2.1

O .28 .67 .924 .89 .78 .74 4.15 .74
20 .20 .65 1.24 .92 .77 .73 4.20 .75
30 .17 .69 1.53 .94 .76 .71 4.28 .75
45 .13 .77 1.97 .95 .74 .67 4.4 .76 H
60 .11 .85 2.34 .96 .72 .65 4.52 .77
75 .10 .92 2.57 .96 .70 .71 4.60 .77
90 .09 1.0 2.65 .96 .69 1.0 4.64 .78

n2 1.5 n2 = l . 3 [.
0 .28 .58 .924 .83 .78 .81 4.15 .69
30 .22 .55 1.17 .87 .77 .79 4.20 .70 [
45 .19 .60 1.37 .89 .76 .75 4.25 .70
80 .16 .70 1.57 .90 .75 .70 4.29 .71 [
90 .15 1.0 1.75 .91 .75 1.0 4.34 .71

I
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0 = a POLAR I ZATION

X iT POLARIZAT I ON

SiO + AL

1.9

~AL 
= .28 - 13.3 e.3250 pm

V 
cos y =+ 1

100 -

‘ ::~ 

V

COS •Y =  — 1

:i 
2~ 6~ 8~ 1~o

NORMA L O~ Angle of Incidence , (deg) GRAZINGr
FIGURE C-2. REFLECTANCE IN THE ULTRAVIOLET
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SlO + AL

“SiO = 1.71

~AL 
= 5.97 - 1 30.3

(From SCHULTZ)

V 

Y = V l ~~~~~t
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FIGURE C—4. REFLECTANCE IN THE INFRARED

C-ll

• _ _ _ _  _ _ _ _ _ _ _

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
I -. 

~~~~~~~~~ —



- - -- - V- V  ~~~~~~~~~~~~~~~~ •~~~~~~~~~~ V- ~~~V.V~~ V~~~~~~~~V

Examination of Equation (C-8) reveals that the phase change

through the dielectric is a strong function of film thickness at a given [ V

index of refrac tion. A thi ckness change of onl y ‘~~ 800 A changes the 
F

dielectric phase shift by 180°, in the UV and visible. For the ZR
0 V

spec trum , th ickness changes of 500 A change the phase s hift by onl y a

few degrees. This Implies a strong dependence of reflectance at a

visible frequency on film thickness. For a film thickn~~s of l bOO ~ , I
typical of commercially available diel ectrics, the refl ectance of each

1~con~onent is shown in Figure C—5. Note the strong polarization properti es

at incidence angles near 450~~ In addition , the wavel€ngth is quite I
short (although near the center of the radiometer band) and the index

of refraction is high s more nearly pure Sb ), rather than hi~h oxygen

S1O2 or Sl O,~. Thus , -It was dec ided to use the da ta of Haas , et. al.

Reference [C-4), where an index of 1.6, at 5460 A , and a compl ex Index

n = .83 — 15.99 was used (compare Table C-i). This curve is shown In

Figure C-6, and indicates a visible reflectance of 83 percent up to

j  angles of inc idence of 450~ This value was degraded , to 78 percent for

the UV , to Indi cate the lower index of refraction (1.6 versus 1.9). 1-

100 A = 546 nrn

0 20 ~iO 60 80
Incidence Angle , (deg )

FIGURE C-6. CALCULATED REFLECTANCE OF Al AND TYPICAL
NONABSORBING SURFACE FILMS AS A FUNCT ION
OF INCIDENCE ANGL E AT A = 546 nm
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SlO THICKNESS = 1 500 A
V V 

$10 I NDEX = 1.9 ~ 3200 A

- - AL INDEX = .28 - 1 3.3

100 -
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I ::~~ 
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V
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11
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This trend shown in Figure C-5 appeared to closely match the

polar i za tion test resul ts , when the light refl ected from the first mi rror

was very strongly polarized (see Figure 5—13), and an analysis was per-

forme d on total system rad iance trans fer by separa tely calcul ating the

trans fer of each pol ariza tion state, assum ing al l  45 degree mi rrors In

the system, incl uding di splay optics, behave similarly. After some dis-

cuss ion with mi rro r vendors , and a further survey of literature , it was

determined that the polarization as measured, was ascribable to the first

mi rror only ,  and in fact, typical of base metal alumi num mi rrors.
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APPENDIX 0

- - 
MODIFICATION OF THE FLARE PROJECTOR

Th i s appendi x descr ibes a prel imi nary exami nation of the IRSS

infrared flare projector undertaken to extend operation of the projector

V in to the near ultraviolet. Subsection 0.1 describes the present status

of the flare projector’s optical train. A lack of i nformation regarding

the projection lens and its anti-reflection coatings prevents detailed

calculations from being made. Subsection 0.2 describes possible modlfl—

cations to the present flare projector optics which should provide the

required near-ultraviolet output.

0.1 ZR FLARE PROJECTOR-PRESENT STATUS

Figure D-l illustra tes the optica l elements presently comprising

the IRSS flare projector. The Varian 500W xenon l amp (VIX-500) consists

-- of a high—pressure , short-arc xenon illumi nator, a parabolic collimating

reflector , and a sapphire output window , and serves as a high-intensity

V 

source of broad-band radiation from the UV to ZR regions of the electro-

magnetic spectrum. A sapphire condensing lens 5.7 cm in diameter (clear

[ j ~ aperture 5.1 cm) wi th a thickness of 0.53 cm on the optical axis has both

sides anti-reflection coated to optimi ze transmission in the 1.5 p regIon.

1 Next, a high-pass fil ter (> ip) reflects IJV and visible radiation Onto a

CdS photocell to provide a feedback mechanism for l amp stability. Details

1

_ __ __ __ __ __ __ __ __ _ _  
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of the fil ter design are unavailable , but a report by Broomer Research

Corporation indicates that filter transmission below one micrometer is

less than one percent and that above one micrometer the average trans-

V 

mlttance exceeds 70 percent. A solenoid-activated shutter, neutral-

density and spectral fil ter holder, and target-transparency mechanism

follow the high-pass filter. Finally, a servo-driven iris ininediately

precedes a 6.3 cm diameter (4.6 cm clear aperture) projection l ens wi th

a focal length of 19 cm and a thickness along the optical axis of approx-

imately 2.5 cm. Details of the projection lens design are not available.

Apparently the projection lens consists of three elements wi th the ex-

terior elements composed of calc ium fluoride, CaF2. This assumption is

based on recoimiendations of the Phase 1 Final Report, July 1971 , Reference

[3-1], and the warning on page 26-19 of the IRS~ (~peration and Maintenance

Manual , April , 1973, Reference [0-1). Unfortunately, the optical material

in the third element is not known with any certainty. The Phase 1 Final

Report indicates arsenic trisulfide, As 2S3, as the proposed material.

However, Mr. Harry Vandermeer, one of the lens designers wi th Diffraction

Limi ted (which produced the lens), has indi cated that arsenic trisulfide

was not In use by the company at that time. He bel ieves that sapphire

~.. was employed in the central element, but the details of the lens design

and anti-refl ection coati ngs appl ied are apparently unavailable. Due to

the significant differences in the ultra-violet transmittances of sapphire

~ L and arsen ic trisul fide, as shown in Figure 0-2, this uncertainty will

have significant bearing on the modifications required .

I ; l l
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/

I
Vt I V

I
/ I I I I --

0.5 1.0 2.0 5.0

WAVELENGTH (pm)

FIGURE 0-2. EXTERNAL TRANSMITTANCES OF CALCIUM FL UORIDE (CaF2), [ 1
SAPPHIRE (A1 203), AND ARSENIC TRISULFIDE (As 253)
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The balance of the IRSS optical train is of Interest in this

appendix only due to the need to relate display wi ndow requirements to

lamp output (no modifi cations to these components is considered in this

appendix). Between the projection lens and the display window are

nine (9) aluminum mi rrors wi th SiO protective coatings. The reflectance

of freshly evaporated aluminum-coated mirrors is shown in Figure 0-3.

The reflectance of the mirrors employed In the IRSS may vary somewhat

from this curve depending on the thickness and conditions of preparation

of the SiO coating (See appendix C). A dimpled mi rt’or provides an

expansion of the pupil from the projector diameter of 4.6 cm to the diameter

required for di splay purposes, 29.6 cm.

V Table 0-1 provides opacity (inverse of transmittance) estimates

of each component in the projector system and of the components in the

subsequent IRSS optical system. The opacities are provided in two

wavebands, 0.35 — 0.40 pm and 3.8 - 4.6 pm. Since decisions regarding

projector modifications will strongly depend on these opacity estimates,

an explanation of how these values were obtained is in order.

I. The external transmittance of a 3 mm thi ck sapphi re crystal is

r 
shown in Figure 0-2. This transmi ttance Includes approximately a 10 per- V

cent Fresnel reflection loss at the surface. Correcting for this loss —

F the internal transmittance through the material Is ‘. 94 percent In the
UV (0.35 - 0.40 pm) and 96 percent in the JR (3.8 - 4.6 ~~~ This

Ii indicates absorption coefficients of 0.206 cm-’ and 0.136 cnr1 In the

0-5
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FIGURE D-3. REFLECTANCE OF ALUMINUM COATED MIRROR
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TABLE D-1. IRSS FLARE PROJECTOR COMPONENT OPACITIES

ELEMENT ELEMENT 0PACIT~(
V -- (UV (0.35 - .4o pm) JR (3.8 - 4.6 pm)

CONDENSER LENS
(UNCOATED) 1.25 - 1.20

HIGH—PASS FILTER 100 1.43

SOLENOID
ACTUATED 1.0 1.0
SHUTTER (OPEN) (oPEN)

NEUTRAL DENS I TY
8 SPECTRAL 1.0 1.0

PROJECTOR FILTER HOLDER (EMPTY) (EMPTY)

SERVO
DR I VEN 1.0 1.0
IRIS (FULLY OPEN) (FULLY OPEN)

PROJECTION 1.46
LENS (SAPPHIRE) 120

100 + - (MEASURED)
(ARSENIC TRI—

I. SULFIDE)

ALUM I NUM COATED 9.38 1.32
- !. IRSS MIRRORS

DISPLAY (9 In all)
OPTICS

U DIMPLED MIRROR 41 41

TOTAL SAPPH I RE 71 ,000
OPACITY 112

ARSENIC
TRISULFIDE 4.9 x 106

I
1 0-7

- 
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UV and IR, respectively. The internal transmittance of a 0.53 cm

thick segment of sapphire (the condenser lens thickness) becomes
V 

90 percent In the (iv and 93 percent in the IR. Correcting for the

reflectance losses gives un .oated condenser lens transmittances of 80

percent in the (iv and 83 percent In the IR, or opaci ties of 1.25 and 1.20.

respectively, as indicated In Table D—l . With the anti—reflection (AR)

coating specified for the condenser lens, the 1R transmittance (3.8-4.6 pm)

Is probably close to 93 percent (i.e., negl igible reflection losses)

while the UV transmittance (0.35 - 0.40 pm) is probably somewhat less

than 80 percent. The appl ication of an AR coating to improve transmission

in one spy Vtra l interval will almost invariably impair transmission out-

side that interval. Without details of the AR coating , it is ill-advised

to try to estimate its effect on the (iv transmittance of the condenser
lens except to note that it may be severe. For the purposes of this

V 

appendix the AR coatings will be ignored.

The high—pass fil ter opacities result from the assumption that the V 

-

filter transmittances above and below one micrometer are 70 percent and one

percent, respectively. The solenoid activated shutter, neutral -density and

spectral fil ter holder, and servo driven iris are, i n effect, ignored by

assiriing benign conditions (shutter open, no neutral density filter In

V 
place, etc.)

~~~~~

V 
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The projec tion l ens is treated in a manne r s imi lar to the condenser

lens wi th the added complica tion that the thickness of the three elements

are unknown and alternative calculations for both sapphire and arsenic

trisulfide are necessary in the ultraviolet (the infrared transmittance

was measured). Each element is assumed to be one third of the total lens

thickness and , as with the condenser lens, AR coatings are Ignored. While

V 
both sapphire and ars enic tr isul fide ar e v iable infrare d op tical mater ial s,

it is clear that if the projection lens contains arsenic trisulfide , the

lens is unsuitable for use in the near ultraviolet. Since the IRSS dis-

play optical train requires nine (9) separate reflections, the total re-

flectance of the display system is (O.97)~ or 76 percent in the infrared

and (0.78)~ or 11 percent in the ultraviolet. An ultraviolet reflectance

of 78 percen t i s chosen as being typi cal of a mirro r which has exper ienced

some deteriation due to aging . The equivalent opacities are 1.32 and 9.36,

respectively, as shown in Table 0-1. The opacity assigned to the dimpl ed

mi rror resul ts from the increase in solid angle it provides. The opacity

is given by the square of the ratio of the pupil diameter at the display
V window to that provided by the projector, (29.6\2... 41 The total system

~ 4.6)opaciti es are shown in Table 0-1 and indicate the factors by which lamp

output must exceed display window requirements.

Table 0-2 indicates the estimated lamp radiance available from the

VIX 500 Varian Xenon lamp and the maximum required target radiance

In the display wi ndow. The lamp output in the IR(3.8p-4.6 pm) is estimated

from measurements made in the IRSS display wi ndow and subsequently, ad-

1~ 

justed by the IR system opacity. Two estimates of target requirements are

a :
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TABLE D-2. IRSS ESTIMATED PERMISSABLE OPACITY

APPROXIMAT E MAX I MUM REQU I RED TOTAL PERMISSABLE
OUTPUT VIX 500 TARGET DISPLAY SYSTEM
VARIAN RADIANCE OPAC I TY
XENON LAMP (ticm 2sri
(Wcm 2-s r ’) V

1.63
V (2000 K BLACKBODY) 3.0

JR
4.9 APPROX

(3.8 - APPROX. 0.05
V .6 pm) (10 TIMES ANY TARGET) 98

UV 24.0 0.0042

(0.35 - 
(2000 K BLACKBODY) 5700

0.40 pm)

I
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shown in the table. The first is more stringent and st~~ulates that the
V 

target resemble a 2000 K blackbody. The total permissable system opacity,

given this requirement would be 3.0-clearly inco~~atIb1c. with the IRSS

system opaci ty estimates presented in Table 0-1. ihe less stringent

requirement is that the flare projector target radiance exceed other

- - target radiances by a factor of ten. The permissable system opacity is

then ~‘. 100, which is nearly compatible with the system opacity estimates V

V 

of Table 0-1. Apparently, the present IRSS flare projector can meet
- 

this less stringent requirement.

Lamp radiance in the ultraviolet (0.35 — 0.40 pm) is calculated from

i nformation contained -in the Varian brochure supplied wi th the l amp .
V 

Ul traviolet target radiance from the various IRSS projectors is difficul t
V 

to estimate without more information regarding the various projector

- 
opaciti es in the UV than is readily available. As a result, only the

2000 K blackbocly requirement is consith~red . A maximum permissable

V system opacity In the UV of 5700 is estimated. In consideri ng lamp output

in the ul traviolet, it should be noted that tailpipe temperatures from

realistic targets may be expected to exceed 1800 K. As a resul t, the

~ 
j ul traviolet radiance of the tailpipe may differ only slightly from the

1’~ 
flare radiance (2000 K). Since the flare and tailpipe projectors are

La Identi cal-, modifications to achieve sufficient ultraviolet throughput may

be necessary for both-projectors - not the flare projector alone.

I

a 
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0.2 IR FLARE PROJECTOR - MODIFICATIONS

Comparing the total permissable LIV system opaci ty of 5700 with the

various estimated opacities in T-ble 0-1 , it is apparent that if the

project ion lens contains arsenic tr isul fide , it will have to be replaced.

If, however , the projection lens is composed of calcium fluoride and

sapphire, It may be possible to retain the projection lens. In this event,

the only modification required of the projector system may be the removal

or modi fication of the high-pass filter. Dynetics ’ best estimate is that

removal of the high pass fi l ter from the flare projector will provide

sufficient throughput in the ultraviolet between 0.35 urn and 0.40 urn to

simulate a 2000 K flare. If the l amp monitoring feedback loop provided

by the high—pass filter and CdS photocell is indispensable , a mul ti layer

fil ter wi th high reflectivity in the visibl e and near IR could be

designed and substituted for the high-pass fi l ter presently in use.

A secon d factor , other than throughput, which will affect the

extension of the flare projector into the LIV is the image quality

obtainable from optics designed for t’~e in the IR. Wi thout more infor-

mation regarding the refractive elements in the projector than is now

available , it Is not possible to undertake detailed ray trace calculations

to determine the ultraviolet optical aberrations of the present system. V

An estimate of the image bl ur size, 3, for the projection lens due to chromatic

aberration Is obtainable from 

~1
8aV 1 (f/noY 1 (01) F

I
V D-12
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where the f-number (f /no) is the focal length divided by the cl ear

aperture and V is the Abbe value obtained from the variation of the

index of refraction with wavel ength. Table D-3 gives the Abbe V value

for both calcium fl uoride and sapphire in the UV and IR wavebands . Since

the f-number - for the two wavebands is nearly equal , the chromatic

aberration will vary inversely wi th the Abbe value. This would indicate

that the angular blur due to chromatic aberration in the ultraviolet

waveband would be less than in the infrared waveband . This is at best

a crude estimate which ignores the element configurations of the

projection lens which were undoubtedly designed to minimi ze chromatic

aberration in the near IR. Furthermore, the other primary aberrations

vary with wavelength and it Is doubtful that a balancing of these aber-

rations in the near IR will be maintained in the near UV. A visual

TABLE 0-3. ABBE V NUMBERS FOR TWO OPTICAL MATERIALS
IN THE LIV AND IR

MATERIAL LIV IR
(0.35 - 0.40 pm) (3.8 - 4.6 pm)

V - CALCI UM
FLUORIDE 94 52

- i_ .
SAPPHIRE 72 17

F

D-l 3

V 
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inspection of the display window image with only the flare projector

turned on suggests that image quality remains rather good to at least

near 0.4 pm. This is reassuring in that it suggests that the projector

op tics , although designed for use between one and fi ve microns, may pro-

vide adequate image quality in the near ultraviolet. Visual observations

fall within a spectral interval beginning just above the proposed LIV

waveband in a region where arsenic trisulfide mainta ins adequate trans-

mi ttance. Thus, visual checks alone cannot elimi nate the possibility

that arsenic trisulfide is present in the projection lens.

In conclusion, it would appear that the simple expedient of removing

or replacing the high-pass filter should satisfy the throughput require-

ments for operating the IRSS flare projector in the near ul traviolet be-

been 0.35 and 0.40 pm provided the projection lens is, in fact, composed

of calcium fluoride and sapphire, and any AR coating Is non-absorbing In

the UV waveband. If the projection lens contains arsenic trisulfide, It

wi l l  hav e to be rep lace d also. it is recommen ded tha t transm ission curves

for the projection l ens be obtai ned in the visible and near liv regions of

the spectrum prior to any further study of flare projector modi fication.

I

I
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APPENDIX E

ALTERNATE CONCEPTS

E.l BACKGROUND

In Section 7. of this report is included a description of the

reconinended design concept for the modification to the UV/visibl e

projector system. That design , based principally on component changes,

is expected to perform at all required levels. However, other designs

assuming totally different concepts, have been pursued during the course

of the study . One of these concepts is based on the pri nciples of Fourier

optics and utilizes high technology components .

E.2 LASER SOURCES

Two general classes of laser sources were evaluated during the

study: the noble gas ion laser for ultraviolet wavel engths, and the chemica l

laser at mid -IR wavelengths . Many other types of lasers have been

designed to operate in both these frequency bands , but we have restricted

our evalua tion to CW (continuous wave), coniiierciaily available units .

V Fur thermore , the emphas is has been place d on these l asers with total

ou tput power in the TEM 00 mode of > 1.0 watt, since a preliminary analysis

indicated that lasers of lower power, irrespective of their beam patterns,

would be inadequate considering the high losses in the display optics .

- -—V L .VV ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ i .~
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Lasers were evaluated wi th respect to the follow i ng applications : 
V

L
(1) replacement of current LIV and/or IR incoherent xenon sources

wi th system configuration unchanged except for adapting ,

(i.e., beam expansion and shaping) optics. [
( 2) Use in advance d , high technology system concepts to be

described presently, but still limited to systems fulfilling —

the present functional requirements .

(3) Conceptual basis for new systems that attempt to simulate

additiona l functions , such as modulated jamrncr IR/CM, but

based on “conventiona P’ optical design.

Each of the two classes of lasers will now be discussed relative [
to these applications .

Vt E.2.l Chemical Laser

Al though there undoubtedly exist other working models, there is

only one chemical laser available off-the-shelf. This laser is manu-

factured by Helios , Inc . of Longmo nt, Colorado , and Is an el ec tr ical l y

driven Hydrogen Fluoride (HF) and Deuterium fluoride (OF) device available

in three size (power) ranges. I
HF /DF chemi cal las ers are base d on the react ion of fl uor i ne atoms

with hydro gen or deu terl um, F + H2/D24 + HID, the so-cal led

I
E-2 
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pumping reaction. Several types of lasers have been developed, dif fer i ng

in principle only in the means used to generate the F-atoms, and in the V

details of the fluid flow system which fuels the pumping reaction in the

laser cavity. The electrically-dri ven HF/DF chemi cal laser is preferred

for mos t low to medi um power appl ica tions due to operat iona l sim pl i c ity

and no requi rement for gases such as F2 or NF 3. The opera tion of an

electrically-driven cw HF/DF chemical laser can be described as follows:

a di scharge is sustained by a high voltage power supply in a gas mixture

containing a fluorine compound which is partially dissociated to produce

F—atoms; H2 or D2 is injected and rapidly mixed with the F-atoms in a

suitable channel coupl ed to an optical cavity ; the pumping reaction and

lasing occur in the optical cavity, and the spent gasses are exhausted

by a vacuum pump. Being an open-cycle flow device, the laser w i l l  del iver

output power approximately proportional to the capaciti es of the power

supply and vacuum pump used.

V t 
The laser will operate with either HF or OF as the lasing species

and in ei ther mu) tiline or, wi th optiona l grating coupler, in single

line operation. The wavelength range is from 2.58 to 3.05 pm(HF) and

3.58 to 4.05 pm(DF). The available power between 3.8 and 4.6 pm Is about 
V

two-thirds of the total (3.58 to 4.05) wi th about thirteen rotational

transitions in simultaneous oscillation. The medium power laser available
V 

- 
from Hellos Is capable of approximately 2 watts between 3.8 and 4.6 pm

over all lines ; if single line operation is required , the highest-power

E transition P2(3)10 line is capable of 300 mW .

11!
I
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A basic diagram is shown in Figure E-l. Not shown are the water 
V

cool ing lines necessary to cool the laser head. A picture is shown in L
Figure E-2. The laser head includes the cavity, mirrors and their mounts,

Brewster windows and optional accessories , such as the grating coupl er.

I-I
This laser offers significant advantages over competitive sources 

V

in certain respects, such as adaptability and efficiency. However, the 1V

cumbersome physical relationship of the auxilliary equipment, such as

the vacuum, gas , HV , and wa ter coolan t l ines .to the las er head and

d i schar ge tube would make pract ical adoption to the IRSS difficult .  The

price, Includi ng head , discharge tube, gas control , power supply and

vacuum pump of this system is over $25000 for the intermediate power V

model .

None of the appl ications mentioned previously would benefit

V d irec tly from one of the lasers . I

E.2.2 Ion Laser

The ion laser is typified , at leas t In Its practi cal and commerc ial

aspects, by the Argon or Krypton types. These are available from at

1east four different vendors: Coherent, Holo beam, Spectra Physics, and

Lexel. These devices utilize high current electri cal excitation, and -

P of f-the-shelf lasers are available with power up 2.0 watts with Kryton

V (.3564 and .3507 pm) and 2.5 watts wi th Argon (.3511 and .3638 pm) In -

__ - 
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Hellos Inc
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TEM 00 mode, with excellent ampl itude stability. Because of the lorg

cav ity lengths require d to obtain adequa te di sch arge volume , and the

wide fluoresence bandwidth (5 GH2) the lasers will oscillate in many

longitudina l modes simultaneously. These lasers are large in power

ranges grea ter than one watt, with head lengths of almost two meters,
and weights over 400 pounds. As wi th the chemical laser, they requ i re

water coolIng (‘~.3.5 gpm) and are very inefficient , wi th .01 percent the V

practical upper bound.

In summary, the advantages of the agron/kryton laser coul d

not be effectively utilized in any of the applications listed earl ier.

E.3 FOURIER OPTICS CONCEPTS

Several al ternate IRSS projector concepts are based on the

principles of Fourier optics and may include a spatial light modulator

(SLM) and an associated optical system to produce images of complex

structures. An SLM operates on the pri ncipl es of inducing a epa tia lly

variant phase change In a beam of radiation which may , wi th appropriate

optical components , result In an intensity (ampli tude) change at points

optically downstream. This is accomplished by changes in index of refrac-

tion or thickness of the material. These structures would simulate air- 
V i

craft fuselages, tailpipes, and other complex radiometri c structures.

Several different types of SLM’s are ava i lable and are currentl y being V

researched and improved. In the follow i ng paragra phs , some of these

dev ices are d iscusse d, along with V lotentia l applications . 
V
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One commerc iall y av ai l able SLM i s the elec tron beam on di el ectr ic
film type. Figure E—3 illustrates one method of utilizing the dielec tric

oil SLM in the fashion described above. A scanning electron beam Is

modulated by the input data (representing the image desired) to place

a spatial char ge d istr ibution on the d ielec tr ic oi l .  Th is charge

distr ibu tion changes the thic kness of the oi l fi l m to pro duce phas e
delays in the incident light transmitted through the SLM. A resolution

of over 500 uni ts by 500 uni ts across the oil film surface is currently

V available at a frame rate of 30 per second.

The phase pattern impressed on the oil film is erased when the

spatial charge distribution decays. Limi tations associated with this

erase mechanism and other problems relati ng to this type of SLM, such

as oi l f la tness , are still under study at the present time.

In Figure E-3, the SLM is placed in front focal plane P1 of

lens L1, and, under the proper condi tions, the Four ier trans form of the

field transmitted by the LSM is produced in the rear focal plane P2. Lens

L2 then takes the inverse Fourier transform of the spatial frequency 
V

- components of plane P2 . The output image Is produced in plane P3 . The

- output in P3 can be manipulated by performing spatial fil tering in P2.

The phase delays in troduced by the SLM wi l l dif frac t components of

the Inc i dent light. The Fourier specturm of the SLM input will be formed

11 off-axis In P2 whi le the undiffracted background components are focused

I
V _
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V on-axis. These diffracted components contain the information needed to

V recons truc t the des i red object but they are not readily discern ibl e s ince
they are in phase quadrature wi th the stronger, undiffracted (zero-order)

background ~..omponents.

V 
One method of viewing the structure contained in the SLM phase

V 

pattern is to insert a small opaque stop on the optical axis in plane P2

to remove the undiffrac ted componen ts. Th is techn ique pro duces an intens ity

distribution in output plane P3 which is not linearly related to the phase

delays introduced by the SLM. This may unnecessarily complicate the de-

sign of the SLM phase pattern .

Another method uses the Zernike phase-contrast microscope technique

to produce an intensity distribution in P3 which is linearly related to

the phase shifts provided one assumes that the phase shifts are less

- . than 1 radian. In this method , the opaque stop is replaced by a trans—

parent stop which will retard the phase of the undiffracted light by ir/2

radians . This removes the phase quadrature relati onship between the

Ii diffracted and undiffracted components and produces an image intensity

r 
which is linearly related to the phase shift.

~

! 
These are not the only possible solutions (combinations of the two V

methods described above may be necessary), and further study is necessary

- - to judge the overall viabili ty of this concept.

I
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The defo rmabl e SLM ’s, of which the dielectric oil SLM is one

example, consist of materials that experience surface deformations

proportional to the data (change) stored on them. Membrane and thermo- [
plastics (a low mel ting temperature plastic) are other examples of de-

forma ble SLM ’s. The most researched class of SLM ’s are those using liquid I
crystals (LC). The latest generation of LC SLM’s appear to have long

lifetimes, but requi re different wavelen gths of l ight for the read in g and I
writing of data. However, both Hughes and GE have produced these types I
commerc ial ly , and they have been employed in optical data processing systems.

I
V Another class of SLM ’s (optically addressed) uses the photo-

dichroism of certain crystals (Kcl and NaF are examples) as a means of I
writi ng and reading data. These require read and write light sources of

di fferent wavelen gths and polar izations . Yet another class of SIN ’s uses

crystals that exhibit the Pockel s effect. An exampl e is the PROM (Pockels [
Readout Optical Modulator) availabl e off the shel f from ITEK. This device ,

as do the most promising of this class, uses B1 12S1O 20 (bismuth-silicon—

oxide) or BSO and DKDP (potassium-dihydrogen-phosphate). F
Two other cl asses of SLM ’s are the ferroelectric-photoconductor I

(FE-PC)-type and the ferroelectric-photorefractive (FE-PR) type. The FE-PC

and FE-PR SLM ’s have both been used to record he lograms . I t i s no t known I
the extent to which current SLM devices can effeciently operate at iear UV

wavelength ; it Is clear that in their present form they are not appl icable

to IR wavelengths. Therefore, the technical risks associated with their

use In the present application made the SLM-based designs unfeasible.
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E..4 SIDE ILLUMINATION OF DIFFUSiNG VANES WITH MERCURY CAPILLARY LAMPS

One modifi cation that was considered to enhance the projection
V 

capabiliti es of the UV projector was to illumi nate completely diffusing

vanes with high pressure mercury capillary arc lamps . The general

optical configuration is shown In Figure E-4.

Design rationale for this concept was based on the fact that

high pressure mercury capillary arc lamps emi t above 70 W of radiated

power in the O.3E pm-0.4Opm spectral interval . Illumi nation of the vanes

woul d be provided via a cylindrical collimati ng lens system, or in

essence, a “search light” to flood the vane mechanism with radiation.

As a means of providing brighter and more even illumi nation , two

l amps and coll imating systems were include d in the des ig n concep t.

V V 

In order to better understand the radiometrics of this design

concep t, a review of search light geometries as is presented in

Appendix B is restated. For simplification it is assumed that the

collimating lenses are circular rather than cylindrical. Figure E-4

shows a source , s, at the focal point of a lens , L. The image of the

L source , s ’, will be located at infinity. Since S subtends an angle

r a from I, s’ will also subtend a. The Irradiance at a point on the

optical axis will be determined by the radiance of the image of the

source and the solid angle subtended by the image. For points near the

lens , the Irradiance, H, is given by

H N 5 rw
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where N5 i s the radiance of the sou rce, i is the transmittance of the

lens and w Is the solid angle subtended by the image. For a short

di stance alon g the ax is, w = a, the irradiance remains constant al-or~g

the axi s until d = D where D = lens di ameter/ct. For points where d >

the size of the solid angl e subtended by the source wil l be limi ted by the

lens diameter or w = l ens area/ d2 and the irradiance is inversely

proportional to d2. In general then where D = lens diameter/a

for d < D: H = N5TW = constant

for d > D: H = N5T(lens area 
/d2)

Specifications for a Illumi nations Industri es Incorporated high

pressure capillary lamp are given in Table E-l . In order to optimi ze

the illumination onto the vanes and to maintain the present vane size

V 
(diameter of approximately 3 inches), a 3 inch diameter collimating lens

is assumed . A 1 inch lamp is taken as feasibl e, and a minimum l amp to

lens distance of one foot is allowe d for mounting and cooling apparatus

as shown in Figure E-5.

~
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TABLE E-l. TECHNICAL DATA FOR MERCURY CAPILLARY LAMP - .

Electrical input Power 1 Kw per lumi nous inch

Length Lamps vary from 0.5 lumi nous i nch
to 4 lumi nous inches

Overall Length Lamps vary from 2.7 inches to -~
8.225 inches -

Bore Dimens ion 2 mm

Total Radiated Power per V

limi nous i nch 464 W

Radiated Power from J
O.25p - O.4Ou 78 W

Total Radiance 290 W/cin2-sr

Radiance from O.35~ 
- O.4Op 49 W/cm2-sr

In ternal Pressur e 80 atm

Wa ter Cool i ng ~ 1 gpm 1
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _-w_________________
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I.
For this design geometry

A
a = —

~~~~~
= 0.016 sr

x2

II
D = 762/0.116 = 476 cm2

= (49)(O.9)(O.0l6) = 0.71 W/cm2

jl
The irradiance onto the vanes then is 0.70 W/cm2, for a lens transmi ttance

of 0.90. Since there are two l:an~s to be used this can be doubled to

1.41 W/cm2. If the vanes are indeed Lambertian , and perfect reflectors,

then they act as a new source with an effective radiance of Nr = H/iT = 0.45 ..]
W/cm2-sr. (This is equivalent to multiplying by the bidirectional

reflectance of a perfect diffuse source of .318). The effective

radiance as seen by the seeker at the display wi ndow then is decreased

by the pupil expansion, the transmission of the projection lens, reflect-

ance of the vanes , p, and the reflectivi ty of the mi rrors in the exterior

optics. From Section 6, it is seen that the opacity (inverse transmission)

factors are:

Pu pi l  Ex pans ion 135

Reflectivity Factor = l/(0.78)~ = 9.35

Transmission of Projection lens = 0.92

p ~ 0.90 (alumi num, typical)

Hence Neff at display window in using Equation (D-7)
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Neff 
= (0.45)(l

.
~~~ ~T~5

)(O.9)(O.9) = 286 i.tW/cm2.Sr

Again, It should be noted that this is assumi ng a perfectly syninetrically

radiati ng source, and this calculation does not include transmission

losses for an additional cylindri cal lenses to help even out the illumi-

nation in the collima ted beam.

Conclusions drawn from these calculations are 1) Even though the

capillary lamps have a high UV output , the radiance is not adequate,

2) Cooling of the lamps causes another probl em because of extra water

lines needed, 3) Design and manufacturer of cylindri cal reflectors and

clyndrical lenses are not cost effective for this sytem, 4) Vignetting

might occur due to removal of the fiel d lens , 5) Cloud wheel imaging

capability no longer exists and 6) There is no provision for variabl e

contrast ratios between the background and target.

It is Dynetics opinion that this design concept is not an

effective modification to the existing IRSS facility

V.
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