
SC5269.1 FR

U-
N Copy No..J.

F

NARROW-BAND WIDE
FIELD-OF-VIEW FILTER STUDY

FINAL REPORT FOR THE PERIOD
C2 July 7, 1980 through October 30, 1981

DARPA ORDER NO. 3r50, AMENDMENT #8 8
v-4  CONTRACT NO. N00014-80-C-0785

Prepared for

Defense Advanced Research Projects Agency
1400 Wilson Boulevard
Arlington, VA 22209

W.J. Gunniny
Principal Investigator

MARCH 1982

Approved for public release: distribution unlimited

The views and conclusions contained in this document are those of the authorsCL and should not be interpreted as necessarily representing the official policies,

either expressed or implied, (if th~e Defense Avne eerhPuot
Agency or the U.S. Government. Advanced Rese.rch.Pr.jects+ ,.

: Rockwell International
Science Center "01%. . " .. >"L+,,',

C2 m I



UNJJ.CLASSIFIED
1ECURITY CWOM5FtCATION OF T14IS PAGE (Iften beat Entered. _____

REPORT DOCUMENTATION PAGE *&D NTRUCTIONSI

* KUUER V? ACCESAIOIN 14 S. CIPIENTI'tCATALOG NUMBER

14. TITLE (ond SuMd Ia.) S. TYPE OF U;'PORT & PCRIoo COvERED

NARRW-BND WDE IEL-OF-IEWFILTR SUDY Final Re~port for the Period
NARRW-BND WDE IEL-OF-IEWFILTR SUDY 07/07/80 through 10/30/81

6. 10ERF1`f1101I11G 0RG. REPORT NUMBER
____ ___ ____ ___ ___ ____ ___ ____ ___ ___SC5269.1FR

I. AUT4OR(ej 11. CONaTR 1V Oft GANT 11UM1107I.

W.J. Gunning N00014,-8-0-C-0785

9. PERCFOAMING ORGANIZATION NAME AND ADDRESS ATIRE WOGRA CUMNIT.RAT ?UAESO

Rockwell International Scien-e Center NR 007-029 (240)
1049 Camino Dos Rios DARPA Order No. 3650,
Thousand Oaks, Ca~iforijaj91366.-Amendment f8

11. CONTROLLING OFFICE NAW1E AND ADDRESS 12. REPORT DrtE
Defense Advanced Research Projects Agency March 1982
1400 Wilson Boulevard 13. NUMBERt OF~ PAGZS

Arlington, VA 22209 88
-14. NONITO MAIN AGENCY NAME & AOOREts(sI ~dittqwp how ContoingI~ Offif.) IS. SECURITY CLASS. eel~d this oof

UNCLASSIFIED

Its. OVCL ASSIFI-CATION./DOWN4RAOING

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20. if differen how Report)

It. SUP'LEMEN0TARY NOTIES

IS. KEY WORDS (Coattoe am terms* *ad* It nOcessar and IdentfyI 6V block num~ber)

10. ".~STRACT (Consine a e~was side It Posseso -" identify r Obleoc nhmb~er)

With the advent of free space laser comimunications, and communication to
submerged submarines in particular, the state-of-the-art in narrowband wide
field-of-view stnectrJ. filters is being pushed to its limit. In the case of
underwater commlunication, the combined effects of absorption ond scattering
result in a radiance function of large angular extent. Conventional narrow-
band filters simply do not have suitably large angular fields-of-view to
receive light from the full range of angles encountered. A shift of the

DD ',Ak'm 1473 EOITIO air 1 Nov s5 is OBSOLETE UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (11%o Data Engovied)



UNCLASSIFIED
iVERIS,, Ct..ASWYICAMIOW Off THIS PAS6WMM 3M. &MV04

transmission passband with angle of incidence leads to a decrease of signal

transmission and proportionally larger background intensity. It was recently
realized that a material modification of traditional birefringence interfer-
ence filters, by using materials having large dispersion in birefringence
inear an isotropic point, could result in compact, narrowband filters having
a dramatically increased field-of-view.

Under this contract the development of a oispersive birefringence filter
wa.s pursued both theoretically and experimentally.•Because of near term
programs to demonstrate a submarine laser receiver, the filter was designed
to operate at X= 5321 A(doubled Nd:YAG) with a bandwidth of 1.8 A and
field-of-view of ± 60' as measured in air. For this application, CdS was
chosen for the dispersive birefringence elements. The design of the filter
was that of a Lyot-Ohman birefringence filter in which the narrowband stages
are modified to have enhanced fields-of-view. Such a filter has been sub-
stantially realized experimentally, and shows complete suppression of side-
bands in the visible. Additional effort is required to fully demonstrate the
extreme wide-field properties of the filter.
.,This study of birefringence filters at extremely large angles of incidence

has stimulated additional work to study the effects of sheet polarizers and
con vntional waveplate-s•jmdey_,th e conditions5 Some of the effects discov-

ed o -funconventional conncTusiorns regarding the design of polarization
devices at large in-ident angles.

"'-Jhese developments in dispersive birefringence filters represent a major
Jump in the capabilities of narrowband spectral filters. Literature surveys
and subsequert laboratory studies have led to the identification of potential
dispersive birefringence materials wnich may extend the spectral range of
operation to both shorter and longer wavelengths.
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REPORT SUMMARY

With the advent of free space laser communications, and communication

to submerged submarines in particular, the state-of-the-art in narrowband wide
field-of-view spectral filters is being pushed to its limit. In the case of

underwater communication, the combined effects of absorption1 and scattering

result in a radiance function of large angular extent. Conventional narrow-

band filters simply do not have suitably large angular fields-of-view to

receive light from the full range of angles encountered. A shift of the

transmission passband with angle of incidence leads to a decrease of signal
transmission and proportionally larger background intensity. It was recently

realized that a material modification of traditional birefringence inter-

ference filters, by using materials having large dispersion in birefringence
near an isotropic point, could result in compact, narrowband filters having a

dramatically increased field-of-view.

Under this contract the development of a dispersive birefringence
filter was pursued both theoretically and experimentally. Because of near

term programs to demonstrate a submarine laser receiver, the filter was
designed to operate at A u 5320 A (doubled Nd:YAG) with a bandwidth of 1.8 A

and field-of-view of ±60* as measured in air. For this application, CdS was

chosen for the dispersive birefringence elements. The design of the filter
was that of a Lyot-Ohman birefringence filter in which the narrowband stages

are modified to have enhanced fields-of-view. Such a filter has been

substantially realized experimentally, 6nd shows complete suppression of

sidebands in the visible. Additional effort is required to fully demonstrate

the extreme wide-field properties of the filter.

This study of b!refringence filters at extremely large angles of

incidence has stimulated additional work to study the effects of sheet

polarizers and conventional waveplates under these conditions. Some of the

effects discovered lead to unconventional conclusion- regarding the design of

polarization devices at large incident angles.
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These developments in dispersive birefringence filters represent a
major jump in the capabilities of narrowband spectral filters, Literature
surveys and subsequent laboratory studies have lead to the identification of

potential dispersive birefringence materials which may extend the spectral

range of operation to both shorter and longer wavelengths.
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1.0 INTRODUCTION

The development of a submarine laser communications system has
resulted in specifications for a spectral filter which cannot be met by

conventional approaches. 1-3 It is anticipated that in order to be most

effective in gathering signal photons, the optical receiver should have an

angular field-of-view (FOV) in sea water of t400. Because of the requirement

of filtering to eliminate background, a narrowband (( 3 A) filter must be

included. Unfortunately, no conventional filter can simultaneously meet these

specifications because of a shift of the passband with angle-of-incidence.

Fabry-Perot filters can easily meet the passband requirement but are severely

limited in FOV. 4 Conventional thin film interference filters also suffer from

FOV restrictions. 5 Birefringent filters made of quartz can achieve the

required bandwidth but can only approach a FOV of t 150 in water for a
bandwidth of 3 A.4  In addition, quartz birefringent filters of this bandwidth

are quite large (- 17 cm thick), requiring bulky optical collection systems.

The FOV restriction of a standard birefringent filter may be accommodated by
deconcentrating the light but at a sacrifice of collecting aperture for given
filter size.

Recently several novel spectral filter designs were proposed and

studied6 ,7 including the dispersive birefringent filter8 "1 2 discussed here.

This filter uses materials having large dispersion in the birefringence near

an isotropic point1 3 " 4 which results in simultaneously narrow bandwidth and
large angular FOV. In addition the filter is compact and easily integrated

into an optical collection system. The configurations of this filter may be

any of those available for conventional birefringent filters, 15 however,

because of its use at large 3ngles of incidence, additional considerations may

favor different configurations then are usually optimum for near normal

incidence operation. The dispersive birefringent filter (DBFW has distin-t

advantages over several alternative approaches to wide FOV filters and such

comparisons will be made in the main text of this report.

C3853A/bw
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This device development program was actively pursued under MRaU

support during Intervals between periods of contract funding. In order to
present a coherent discussion of the DBF development we will report here all

results, whether obtained under IR&D or contract support.
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2.0 THEORY

2.1 Birefringent Filters

Birefrinnent filters consist of linear sequences of birefringent

elements and linear polarizers. 15 , 16 Many configurations are possible, 1 5 each
having characteristic spectral properties and its own particular advantages

and disadvantages. The simplest design, from the conceptual point of view, is
that devised independently by Lyot17 and Ohman. 18

In Fig. 1, we present the structure of a Lyot-Othan19 filter. Each

of the birefringent plates is oriented with its optic-axis in the plane of the
plate and at 450 to the polarization direction of the polarizers. For a

filter with N plates, the elements are in a thickness ratio of 1:2:4"'2
with the thinnest plate being an integral number of full waves of phase
retardation at the desired passband wavelength. Each of the N stages,
consisting of one plate and two polarizers, has a transmission spectrum given
by

-!(X) cos. "r (r)

where r a 21tAn d/l is the phase retardation of the plate, an is the
birefringence, ne-no, and d is the thickness of the plate. This channel

spectrum is caused by the variation of r with wavelength which causes the
phase velocities of the two polarization modes to vary by different amounts at

different wavelengths. Combining all N stages gives an overall transmission

of

1 sin2 ( 2N 

(2

3
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In this expression, r takes its value from the thinnest plate in the filter.

The bandwidth, A&X112 (FWHM). is determined by the thickest filter stage, while

the free spectral range (FSR) is determined by the thinnest stage.

The parameter which determines the bandwidth of a filter is the

differential phase retardation of the birefringent material employed,

dr 2rd a (3)

where a is the dispersion of the birefringence or

d~n (4)

From Eq. (2) it is seen that the transmission spectrum is similar to

that of a grating with 2N lines. The bandwidth of the system is governed by

that of the thickest plate and is given by

A 01/• 0.886 2Nlar/axI 0.886 2N A (a5)

where N is the number of stages and d is the thickness of the thinnest filter

stage.

The free spectral range (FSR) of this filter (the wavelength internal

between successive transmission bands) is determined by the bandwidth of the

thinnest plate, and is given byII
5
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FSR -i n/'Id (6)

Another structure, described by So'tc, 2 0D2 2 makes use of many

birefringent plates of identical thickness between a single pair of polari-

zers. The plates are oriented with their optic-axes rotated to prescribed

angles to achieve the desired pass-band characteristics. Many additional

variations exist between the two basic filter types, 1 5, 1 6 the Lyot-Ohman and

the Solc. In the rest of the discussion which follows, we will concentrate on

the Lyot structure which is the configuration in which the first DFB has been

constructed.

2.2 Dispersive Birefringent Filters

2.2.1 Effect of Dispersion on Spectral Properties

If we examine Eqs. (5) and (6) we see that the most basic properties

of a Lyot-Ohman filter are determined by the differential phase retardation

dr/d4 -V - 6n/XId2r/f. For most birefringent materials from which filters

have been cunstructed (quartz, calcite, KDP), the dominant contribution arises

from the term An/f, which varies rather slowly with wavelength. The effect of

the dispersion term, a, must indeed be taken into account, and can in some

cases result in a 50% correction to the bandwidth of the filter.

Materials do exist, however, in which over some spectral range, the

dispersion of the birefringence dominates the differential phase

retardation. 1 3 , 14 , 2 3 "2 5 This is most commonly observed in crystals which

exhibit an isotropic (or iso-index) point where the birefringence vanishes. A

partial list of these materials anpears in Table 1.

6
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Table 1

Dispersive Birefringent Materials and Their Spectral
Regions of Strony Dispersion

CdS 5250 A - 5500 A

ZnxCdlixS - 4000 A - 5300 A depending on x

CdS..xSex 5250 A - 7100 A depending oi x

AgGaS 2  A > 4970 A

AgGa(SxSel 1 x) 2  4970 k - 8000 A depending on x

CdGa 2S4  A > 4800 A

MgF 2  uv

Al 203 uv

For our filter development, we have chosen CdS since it is a

stoichiometric crystal which is commercially available and has a large

dispersion in the wavelength range of interest. 1 3 In Fig. 2, thebirefrangence of WE• is presented near its isotropic point. At A 5320 A,

the contributions to the differential phase retardation are

an -6 A"17n . 1.38 x 10" A" (7)

and c 0.7 x 10 A"1  (8)

This is to be compared with quartz 26 , 2 7 whose small dispersion yields

an • 6 -1

" 1.8 Ao"1  (9)

and a- -1.6 x 10-7 A- 1  (10)

C3853A/bw
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The comparison of these two materials leads to dramatic conclusions. Because

of the enhancement of dr/dx by the dispersion in CdS, much thinner crystal
plate!s tire required to produce a given bandwidth. The thickness reduction

relative to a quartz filter at 5320 A is by roughly a factor of 30. There-

fore, the thickest plate of a Lyot-Ohman filter having bandwidth of 1.8 A at

5320 A (doubled Nd:YAG) would be 2.32 mm for CdS and 69 wm for quartz. This

results In a great savings in filter volume, simplifying the optical collec-

tion system, and more than offsets the potential vignetting which would result

-from the limited crystal sizes which are available. Subangstrom bandwidths

might 'be possible, if not for the absorption of the CdS, which is encountered

because of the proximity of the operating wavelength to the absorption
edge.28 Operating at reduced temperature may partially alleviate this proble~m

but a reduction in dispersion at x - 5320 A is also observed.

An effect, which is also observed in the CdS filter, is the enhanced

FSR which is possible. Since the dispersion of the birefringence decreases

towards larger wavelengths, the bandwidths increase. This occurs at a much

greater rate than is observed in "non-dispersive" materials. In a quartz

filter the FSR increases by slightly more than a factor of two on the long

wavelength side of the passband with the addition of each thinner stage. For

CdS, the decreasing dispersion causes the FSR to increase much more rapidly

which the addition of these blocking stages. As will be demonstrated later,

this leads to total blocking of sidebands in the visible.

On the short wavelength side of the passband, the FSR increases by
less than a factor of two per stage because of the increasing dispersion.

However, the absorption of the CdS eliminates the shorter wavelength passbands

resulting in a fully blocked filter.

2.2.2 Effect of Dispersion on the Field-of-View

Perhaps the most significant property of dispersive birefringent

waveplates is their extremely large angular field-of-view. The phase retarda-

tion of a uniaxial plate of thickness d, with its optic-axis in the plane of

the plate, is given by1 9

9
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r 2nd ne a2 b2 )1/2 no a2 + b2)/ (11)1 no -,, noI

where ne, no are the extraordinary and ordinary refractive indices resoec-

tively and

a - sin 6 sin *
b - sin e cos

a=ngle of incidence measured from plate normal

S= azimuth angle measured between the plane of incidence and

the optic-axis.

Near normal incidence this expression reduces to

r 22rnd 1 + 6 (12)a•"• • e no

Inspection of this expression shows that, as e increases, the phase
retardation will increase, or decrease, from its normal incidence value,

depending on the azimuth direction. This is caused by a combination of the

increased optical path length and variation of the value of ne with direction

of propagation in the crystal. If placed between parallel polarizers and

illuminated by a focused monochromatic beam, the projected transmission will
consist of a series of hyperbolic fringes. The field-of-view of the plate is

defined to be that angle, e, at which r has shifted by an amount large enough
to shift the transmission peak by one half of its FWHM.

Expression (11) is valid for any birefringent material, whether it be

dispersive or non-dispersive. It is this fact which leads to the greatly
increased FOV of dispersive birefringence materials. A plate of CdS 2.32 mm
thick will product a 1.8 A bandwidth at X a 5320 A. However, the interference

10
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order of the plate is only 32 full waves of retardation. If the dispersion

were negligible, the bandwidth would be 104 A. The calculated FOV of this

plate is t 211, which is what one would observe for any element having that

constant value of An regardless of the dispersion. On the other hand, a

nondispersive plate of the same An would require a thickness of 123 nmn to

produce a bandwidth of 1.8 A. In this case, the FOV would be only t2.7.

Upon making a small ant1l Appro0',2.,dtion, and explicitly including the

dispersion, the spectral shift may be calculated in both the dispersive and

nondispersive regimes. One obtains7

AX an - sin2a (1-2 sn2) (13)
:.• ~ 2n2) .A.•/,/•

At the FOV angle, the shift is equal to one half of one FWHM, and looking at

the worst case azimuth angle where the shift Is a maximum,

4(
sino * * 1AX 1/2  (ci - 1/2 ( 4

This is only an approximation, and is not applicable for large incidence

angles, but may be used for qualitative comparisons. For example, a 1.8 A CdS

filter is predicted to have a FOV of t210 while a quartz filter of similar

bandwidth would have of FOV of only t1.6g.

A further increase in the FOV can be achieved by using wide-field

elements. The simplest manifestation is the Lyot-1 wide-field structure 19

shown in Fig. 3. The element is made of two birefringent plates of equal

thickness and oriented with their axes crossed. A half-wave plate, oriented

at 450, is placed between the plates. In this way, the phase retardations of

the two plates add, but spectral shifts, which are positive and negative in

11
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adjacent quadrants, largely ancel each other. The monochromatic fringe

pattern is now circular with a much larger radius than the hyperbolic pattern

of a single plate. To describe the properties of a wide-field stage the phase

retardation is written in the form

rF- 1/2 [r(e,o) + r(e,o ) (16)

The field-of-view of a dispersive Lyot-1 element may be approximated by8' 9

-ine t n 2ni/2 AX 1/21Q 4n/A1 1/2
lno16)

This ?xpression Is found to lead to significant errors at the large angles

encountered since small angle apDroximations have been made. However, the

additional 'actor uf 12r/AniI/ 2 indicates the significant increase in FOV

which is realized by this structure. To obtain accurate predictions of the

FOV of various filters in their wide-field configurations, calculations are

requirAd of the bmndpass properties of each filter at various angles of

incidence, usinq the exact expressior of Eq. (11) ýor the pha. retardetion.

One finds that the FOV of a 3 A handwidth Lyot-1 quartz filter is t 200 while

the FOV of a 1.8 A CdS filter at X - 5320 A is so large that its practical

limit is determined by the wide-field properties of the oolarizers and

waveplates. The calculated spectral shift at an angle of incideri.e of 60* in

water is only 0.25 A. Therefore, in its field-widened configuration, a CdS

filter will easily accept light from the entire radiance cone anticipated in

underwater s(enarios,.

Other wide-field filters have been studied recently for use in

undersea laser communications. The electro-optic coupled-wave filter 7

operates at the iso-index wavelength of the AgGaS 2 filter material. Its

13
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field-of-view has been found to be limited by the optical rotation which has a
pronounced effect at this wavelength. However, the more severe restriction
results from its fixed wavelength of operation. It is necessary to tailor the
material composition to match the available laser wavelength. This is also a
problem for atomic resonance filters, 6 in which a material must: be selected

whose optical transitions exactly match the laser wavelength. This is not as

significant an issue for the dispersive birefringent filter since it does not
depend on the point spectral properties of the optical material. The paISsband

can be selected by simply fabricating the birefringent plates to the required
thickness, provided the laser wavelength lies within the materials' range of
large biretringence dispersion which typically covers a few hundred angstroms.

14
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3.0 EXPERIMENTAL DEVELOPMENT

The results presented below have been reported in the literature10

and at several professional conferences. 1 1 s1 2

3.1 Verification of Physical Principles

In the discussion of the theory of dispersive birefringence filters,
definite predictions were made regarding their spectral and angular pro-

perties. Simple experiments were performed to verify each of these predic-

tions.

Figure 4 is a plot of the polarization interference spectrum of a

single filter stage. The CdS plate is 1.16 mm thick which makes it a 16th-
order stage at X - 5320 A. Measuremets of the transmission were made in a
single beam experiment which partially accounts for the variation of the
intensities of the transmission maxima. The peak at X a 5320 A is found to

have a FWHM of roughly 4 A with peak widths increasing towards longer wave-
lengths because of the decreased dispersion. In comparison, a quartz element

of similar bandwidth at x - 5320 A would be 40 mm in thickness. Consequently

a great reduction in filter thickness is realized in regions of large

bi refringence dispersion.

The most important prediction relating to the angular properties was
also verified. Spectral scans were made of a single filter stage at various

angles of incidence near x - 5300 A. As we have shown earli-, by Eq. (11),

the angle induced shift vanishes in two nearly orthogonal planes of incidence,
while the shift is a maximum in planes which bisect these special direc-

tions. In these measurements, the birefringent plates were rotated about an

axis which produced the largest spectral shift. The CdS sample has a FWHM of

4.2 A at the measurement wavelength. For comparison, a TeO2 crystal of

similar bandwidth was measured. Figure 5 shows the measured spectral shift in
terms of percentage of one FW)M for various angles of incidence. The compari-

son is striking. For CdS at 200, a shift of 20.7% of one FWIHM is predicted

15
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and ti excellent agreement with the observed value of 19.5%. The calculated

FGV of this plate is 330. The results for TeO2 , which can be simply related

to that expected for quartz by the ratio of their refractive indices, indicate

a FOV of only 6.10 corresponding to a shift of 50% of the bandwidth, AXI/ 2 .

With the above results, we can proceed to the problem of constructing
a complete DBF filter using CdS. In the following sections we will discuss

the relevant optical properties of CdS, the design and modeling of the filter

and various experimental tests of the filter and its individual components.

3.2 Material Properties and Filter Design and Modeling

Cadmium sulfide has been chosen as a prototype material for OBF
development because of its commercial availability and its large birefringence

dispersion at 4 = 5320 A.13 Its soliJ state properties have been the subject

of extensive study and many interesting physical phenomena have been

observed. 29 The occurrence of an iso-index crossing outside of the region of
strongest absorption is presently thought to arise from an anisotropic spin-

orbit splitting of the conduction band as observed in the reflectance
spectrum. 30  In the usual case of an anisotropic band structure, the index

crossing occurs at shorter wavelengths, near the peak of the absorption

resonance. This anomalous occurrence of the isotropic point in a region of
low loss in CdS, and seveia other materials, lIads to the large dispersion in

the birefringence. CdS also exhibits a wide range of optical phenomena

associated wiLTh exciton ievels in the band gap. 3 i, 32 These can be quite
sample dependent, changing dramatically with impurity type and growth

condition. The roles that these phenomena play in affecting the optical

properties an-' bulk absorption at X - 5320 A are rot yet entirely understood.

To adequately model a CdS DBF filter, accurate knowledge of its

optical properties is imperative. The birefringence of CdS was measured by a
simple pnlarization interference measurement. A single Lyot-type stage was
constructed usira a crystal whoso thickness was accurately determined.

Spectra were recorded using a SPEX double monochrometer with subangstrom

18
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resolution. Maxima occur when the condition

rf , (17)

is met where m is an integer. To determine the correct interference order, a
degenerate mode coupling measurement was performel. 33 This procedure, which

uniquely determines the isotropic point, consists of measuring the transmis-
sion of the plate between crossed polarizers with its optic-axis parallel to a

polarizer axis. Where the birefringence is finite, no light is transmitted.
However, at the isotropic point, where the ordinary and extraordinary modes

are degenerate, residual internal :.rains are sufficient to induce coupling

and lead to a peak in the transmission spectrum (see Fig. 6). Once identi-
fied, the iso-index wavelength determines the zeroth order peak in the inter-

ference spectrum and each order may then be identified unambiguously. Fig-

ure 2, shown earlier, presents the measured birefringence of CdS.

The birefringence data were fit to the empirical function.

an logjo(A0 + A1A + + A3 A (18)

with

A0 - -0.175193 x 103

A, - -0.962987 x 10-1

A2 = -0.17550 , 10-4

t-3 - 0.106671 x 10-8

This expression has no real physical significance but does provide a good fit

to the data in the wavelength range, 5235 A < X < 5500 A, with a minimum of

fitting parameters.

In order to calculate the phase retardation exactly, the values of

the I. jidual indices are required as well as the birefringence. Values for

19
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no were taken from the literature34 and were numerically fit to a Sellmeir
equation of the form

Alx 2  Ax2 2

11 + I2 + A)2 (19)
0 2 A3 2 - A4 2

with parameters

Al - 0.38038

A2 = 0.42397 x 101

A3 = 0.47 x 104

A4 - 25

The extraordinary index can then be calculated, point by point, by the
relationship an a ne - no using the above expressions for Ali and no.

Since the operating wavelength, Ao = 5320 A, lies near the CdS band

edge, It is important to include the bulk absorption and other loss mechanisms
in the filter model. The CdS losses, which are anisotropic at the band edge,

are incorporated by reworking the single filter stage problem in which each
polarization experiences a different absorption coefficient which is
considered to be wavelength dependent. Absorption data were obtained from the
work of Thomas, et al, 28 and fit to the equation

C (A0+AI X+A2X 2)
O- I (M(20)

A0 - 0.8405684 x i03 A0 W 0.4551128 x 103

A1 - -0.3069106 A1 - -0.1576986

A2 - 02798109 x 10-4 A2 = 0.1356423 x 10-4

21
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With the above expressions for the refractive indices and absorption

coefficients, most of the properties of a CdS DBF can be rather accurately

predicted.

An additional practical material property is the temperature

dependence of the birefringence or, more directly, the temperature dependenc

of the bandpass position. Measurements of the spectral shift vs temperature

of a single stage interference spectrum were made near room temperature.

Results are shown in Fig. 7 as positions of interference minima vs tempera-

ture. The temperature coefficient at room temperature for X - 5300 A is found

to be 0.7 A/K. This value is to be compared with quartz whose temperature

coefficient is - 0.56 A/K17 and that of conventional thin film interference

filters which is roughly 0.3 A/K.

Using the relationships for the optical properties of CdS described

above, a model could be constructed for calculating filter properties.

Because of the dichroism present at the absorption edge, it was necessary to

write the expression for single stage transmission in the form

_Q1d i -aidt " ( 11 +,,

e + e + 2e cosr(..,) (21)

where r(o,4) is given by Eqs. (11) or (15) for Lyot or Lyot-1 stages
-ad1  2r

respectively. This reduces to ii e cos when a, - u as expected.

Assuming a Lyot-Ohman filter of N stages, the transmission becomes

d
i ,1

Tm A it0.25 e-a + e- + 2e_ cosT 1 )(22)
where A is a constant which includes the effect of polarizer absorption and

other possible losses. If all interfaces are antireflection coated and

22
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scatter free, then A is determined solely by polarizer losses in the form A m

0.5 (t)N+I. where t Is the internal transmission of a single polarizer in
polarized light.

Additional effects might be included in the exact filter model but at
present are not well enough understood to allow their inclusion. For example,
the degradation of polarizer properties for off-axis rays is well known and
contributes to increased out-of-band transmission. 37 However, complete
understanding of this effect is not yet available, making inclusion into the

model difficult.

Other effects not included, are the field-of-view properties and
achromiticity of the half-wave plates used in the Lyot-1 stages. These
effects may be included, but would, at this time, require a reformulation of
the model. With the above exceptions, the model presented here may be used to
model a CdS Lyot-type DBF rather accurately. The additional data required are
simply the plate thicknesses and assignment of Lyot-1 stages. During the
course of the filter design, it was discovered that the free spectral range of
the filter could be greatly increased by adding one additional half-integral
order CdS waveplate between crossed polarizers. To accommodate this type of
stage, the only modification is a change of sign of the cosr(e,#) tem in Eq.

(21).

In designing a filter for a specific wavelength, the Lyot-Ohman
structure allows a discrete set of bandwidths. The simplest sequence begins
with a first-order stage (i.e., having 'Its first interference maximum beyond
the iso-index point at the passband wavelength). Each additional Lyot stage
reduces the bandwidth by a factor of two. Other sequences, beginning with
odd-order stages (3:6:12:24....for example), lead to additional bandwidth
possibilities. However such configurations limit the FSR which can be

achieved.

The bandwidths which might be realized in a traditional birefringent
filter form nearly a continuum since relatively high order plates are
employed, and a wider array to interference order sequences may be used.

24
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Calculations were performed for a four-stage 3:6:12:24-order filter,
which was the original DBF design. An example of this calculation is shown in

the following section for comparison with measured spectra. The inclusion of

the CdS absorption qualitatively predicts the intensity variation between the

various transmission maxima.

The final design chosen, was a seven-stage filter with order sequence

1:1.5:2:4:8:16:32. This is expected to have a bandwidth of 1.8 A, and the use
of the 1.5-order stage is expected to eliminate the last residual sidebands in

the visible spectrum. Assuming peak transmission of the polarizers of 95%,
the calculated filter transmission is 22% in unpolarized light. Three or four

of the high order stages may be field-widened to increase the FOV to best
match the radiance function encountered under various situations. The

cp .ulated transmission of this filter, in the wavelength internal 5200 A < A
< 5500 A, is shown in Fig. 8. Sidebands which are present near 5450 A are an

rtifact of the empirical fit of the birefringence data and are not expected

, be present in the actual filter.

3.3 Demonstration of a Dispersive Birefringent Filter

The initial demonstration of the DBF was based on a four-stage
tLyot-Ohnian design with plates having the interference order sequence of

4.0:12:24. These plates were purchased from, and fabricated by, Cleveland

Crystals, Inc. An attempt was made to fabricate each plate to a specified
physical thickness. A photograph of the elements of this filter is shown in

Fig. 9. The two thinner plates remain fixed to their polishing backing plates
for support. (We have since demonstrated that plates as thin as fourth-order

can be easily handled unsupported.) Figure 10 is a computer generated
spectrum of this four-stage design while the measured spectrum appears in Fig.

11. Qualitatively, the measured spectrum is in excellent agreement with the

calculated response. The change in relative peak intensities is caused by the
proximity of the CdS absorption edge. Additional sidebands occur in the

measured spectrum which were found to result from a thickness error in two of

25
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i* the plates. The difficulty in fabricating plates to a specified physical

S thickness was resolved by fabricating plates to the desired phase retardation
thickness, as described below. However, these results verified the validity
of the filter model, and provided the necessary experience for the fabrication
of the seven-stage filter modeled above.

For the seven-stage filter, single crystal plates of high resistivity

optical quality CdS were obtained from Cleveland Crystals, Inc. One inch
square plates, of various thicknesses were fabricated with the C-axis oriented

in the plane and parallel to an edge. In order to accurately determine the

optical thickness of each plate during fabrication, a modification was made in

the polishing apparatus which permitted periodic optical monitoring of the

polarization interference spectrum. This was done since the required thick-

ness tolerances make fabrication to a specified physical thickness very
difficult as described above. Therefore, each plate was mounted on a Pyrex

substrate in such a way that the entire polishing jig could be mounted in the
optical test apparatus. By measuring the interference spectrum of the plate

j 'between parallel polarizers it was possible to fabricate each plate to the
required order of interference. During the measurement, a surface thermometer
monitored the temperature of the crystal so that corrections could be made to

the transmission spectrum. Consequently, each plate was fabricated to the

correct order at the specified operating temperature. The thinner plates in
the filter (0.145 mm and less) were cemented to thin glass plates for support.

Several of the CdS plates were index matched to the lower index
materials in the filter structure. This is required because the high index of

the CdS and the many interfaces in the filter. However, problems with the

coating equipment prevented optimum index matching of all of the elements in

the filter. An upgraded deposition system is being prepared for further
filter development work.

The polarizers used in the filter are Polaroid HN-38 material. 14EK
and methyl cellosolve were used to strip off the cellulose acetate butyrate

backing material. The resulting thin PVA polarizer material was cemented

30
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between thin glass cover slips. This procedure was employed to reduce the

scatter of the polarizers 3 6 and to provide a more rigid, planar structure.

HN-38 material was chosen because of its high extinction efficiency, but as a

! result, also represents a major loss mechanism in the filter. Procedures were
developed for increasing the transmission of the polarizers without severely

degrading their extinction properties. This will be discussed in more detail
later.

For the measurements reported below, simple Lyot-Ohman stages were
assembled. Results on wide-field stages are described later. In Fig. 12 the
individual filter stage transmission spectra are presented for all but the

32nd-order stage (which was built up from two 16th-order plates). The broad
structures, present at long wavelengths for even the thickest plates, promise
to produce a very large free spectral range.

In assembling the filter elements, a silicon elastomer was used to
"grease" the plates together. The material has high optical transmission and

. the high viscosity provides support for the elements while allowing for align-
ment adjustment and ease of disassembly. Figure 13 shows the transmission

spectrum of the filter as additional thinner stages are added, again beginning
with a 16th-order stage.

The complete seven-stage filter is showQ in an edge on view in

Fig. 14. A substantial percentage of the total thickness is due to the glass

support plates which were required for the three thinnest stages. It is

anticipated that the thickness of these plates can be substantially reduced,
if not entirely eliminated, by bonding the thin crystal plates to polarizer

elements. Figure 15 shows the transmission spectrum of this seven-stage
filter with the full aperture illuminated in collimated light. As expected,

no sideband structure is evident at shorter wavelengths because of the CdS

absorption. 28 At longer wavelengths, a few small sidebands are found, which

are probably the result of a slight thickness error found In one of the

plates. Spectral scans from 4000 A and 8000 A further demonstrated the

complete blocking of the filter in the visible (see Fig. 16). The measured

31
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peak position was 5320.2 A at ambient temperature with a FWHM of 1,75 A.

Applying the tenperature correction, mentioned above, results In a passband at

5320 A at 299K.

Peak transmission of the filter was quite low (on the order of a few

percent). This was caused by the low transmission of the polarizers, lack of
anti-reflection coatings, surface scattering, and possible increases in CdS
bulk absorption over the published values used in the filter modeling. These

issues will be discussed in more detail later in this report.

Since the baseline filter design was structured to achieve a FOV of

t60° in air, only the 32nd, 16th and 8th-order stages were to be constructed
in the wide-field geometry. Therefore the 4th-order stage would determine the

FOV. Figure 17 shows a series of measured transmission curves for a single

interference peak of a fourth-order stage at several zenith angles. Using the

earlier definition, we find a FOV of t590. This agrees quite well with our

prediction of ±54° based on Eq. (14).

Field-of-view measurements were also made on various combinations of
nonfield-widened filter stages. As expected, the measured spectral shift is

in excellent agreement with predictions. The non-wide field filter has a

measured FOV of t 22', in agreement with the predicted value. Therefore, even

in its simple Lyot-Ohman configuration, the DBF has a greater FOV, and conse-

"quently potentially higher throughput than traditional filters of comparable
bandwidth. It is important to recall the two-fold symmetry of the wide-field

monochromatic fringes. This requires that the optic-axes of all of the CdS
plates be parallel throughout the filter. Otherwise, at a given incidence

* ,angle, some stages would shift to longer, and others to shorter wavelengths,

thus destroying the required interference between stages.

Other properties of these stages at large angles of incidence are
disc,,ssed later, when the properties of polarizers at these angles are

described.
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3.4 Lyot-1 Wide-Field Properties

Initial measurements have been performed on a field-widened stage.

This configuratioi. is of the Lyot-1 19 type illustrated in Fig. 3. In this

geometry, rays which acquire an increased phase retardation In one plate

experience a compensating decrease in the second plate. As a result, in

addition to greatly increasing the FOV, the azimuthal dependence is removed.

For this measurement, a piece of half-wave Polaroid waveplate material was

stripped and laminated between two thin pieces of glass. Two equal thickness
UdS crystals were positioned on either side of the waveplate and the assembly

was rotated between a pair of fixed linear polarizers. Representative results

are shown in Fig. 18 in which the birefringence interference spectrum of a

single stage is plotted for several angles of incidence. These measurements

were made at an azimuth which would have corresponded to the worst case angle

for a nonfield-widened plate. In the nonfield-widened version, the FOV of the

stage tested would have been t280. As expected no measurable spectral shift

was observed out to the extreme angle of 60%. The overall decrease in

transmission with incidence angle was caused by vignetting, since a small

aperture was used in this measurement.

Some of the peculiar features which were observed in the course of

"these measurements have served to further illustrate some of the features of

these birefringence element configurations. As a result of the modeling,

discussed below, each of these effects hAs been attributed to misalignment of

various elements in the structurp. For example, the modulation of peak-to-

peak intensity observed in Fig. 18 has been determined to be caused by

misorientation of the CdS elements.

Earlier workers have done extensive studies of the effects of errors

in wide-field stages. 4  In filters fabricated using traditional materials,

such as quartz and calcite, the errors readily become apparent as distortions

of the wide-field monochromatic fringe patterns. Therefore, visual inspection

of these stages is adequate for determining the source of the error and for

guiding corrective measures.
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The situation for OBF wide-field stages is not so easily analyzed.

Because of the large fields-of-view encountered, wide-field fringe patterns

cannot be easily observed. Careful modeling of the effects of errors on the

spectral properties at normal incidence does lead to an approach for determin-

ing errors in alignment in Lyot-1 stages. A computer program was generated

for calculating the spectral properties of arbitrary combinations of wave-

plates and polarizers using the traditional Jones calculus formalism. Spec-

tral scans for a 32nd-order Lyot-1 stage were calculated for various combina-

tions of alignment errors. A tabulation of various errors, and their quali-

tative effects on the normal incidence spectrum, is presented in Table 2

below. To verify these predictions, a 32nd-order Lyot-1 stage was assembled

and deliberate alignment errors were introduced. In each case, as seen in

Fig. 19, similar qualitative effects are observed in the calculated and

measured spectra. The measured spectrum, in the absence of alignment errors,

showed little peak-to-peak modulation, but the minima did not approach zero.

A measurement of the half-waveplate used Iai this experiment indicated that the

half-wave wavelength was located at 5950 A, far removed from 5320 A, which
accounts for the lack of complete extinction in the assembled stage.

Table 2

Effects of Alignment Errors on the Normal Incidence Spectrum
of Lyot-1 Filter Stages

Error Effect

1. ;k/2 plate misaligned - Decrease in transmission

2. One crystal plate misaligned - Modulation of both maxima and
minima

3. Both crystal platesmisaligned - Modulation of maxima only
in same direction

4. Both crystal plates - Modulation of minima only
misaligned in opposite sense

51
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Fig9. 19a Effects of plate misalignment errors on the normal incidence
spectrum of Lyot-1 filter stages, calculated and measured. All
plates in proper alignment. Measured data show poor extinction
since 4/2-plate was not half-wave at 5320 A.
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Fig. 19b Effects of plate misalignment errors on the normal incidence
spectrum of Lyot-1 filter stages, calculated and measured. 4/2-
plate misaligned. Measured results not shown since the uniform
drop in transmission is difficult to discern when presenting
relative measurements.
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Fig. 19c Effects of plate misalignment errors on the normal Incidence
spectrum of Lyot-1 ftilter stages, calculated and measured. One
crystal plate is misaligned.
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Fi Fg. 19d Effects of plate misalignment errors on tenra niec

Std

spectrum of Lyot-1 filter stages, calculated and measured. Both
crystal plates misaligned in same direction.
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Therefore, we have found that it is possible to analyze, and

therefore correct for alignment errors in wide-field stages by studying the

structure of the normal incidence transmission spectrum.

3.5 Effects of Polarizers at Large Incidence Angles

Most optical devices which employ polarizers are designed to operate

with rather restricted fields-of-view (f/3 or less). Ovwr such a range of

incident angles, the polarization properties of sheet polai-zers do not vary

significantly from their normal incidence values. However, at the large

angles for which a DBF is desiqned, polarizers are required to operate in a

regime where their extinction efficiency is degraded. 3 7 This degradation is

dependent on azimuth angle. If the polarizers are rotated about an axis

parallel, or perpendicular, to the polarization axes, no degradation is

observed. The decrease of extinction 6ecomes a maximum for planes of incidence

at 450 to the polarization axis. This effect appears to have been overlooked

by other workers ir their development of wide field-of-view filters.

The origin of the polarizer degradation is two-fold. First, the

Fresnel reflection at an interface causes a small rotation of the plane of

polarization of the transmitted wave at large angles of incidence. This ef-

fect can easily be demonstrated by rotating a pair of crossed polarizers in a

collimated beam. At large angles of incidence where extinction is degaded,

the transmission can be slightly reduced by rotating the polarizers away from

their crossed orientation. Yeh 3 7 has argued that this rotation can be

minimized by index matching of each surface to eliminate the index

discontinuity.

The second cause of polarizer degradation can be understood if the

polarizer material is thought of as a dichroic uniaxial crystal. To model

this situation, the ordinary index is assumed to be real, while the

extraordinary index is complex, and hence lossy. As light enters at large

angles of incidence, the value of the extraordinary index approaches the real

lossless ordinary value.
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Several measurements were performed to determine the effects of
polarizer degradation on filter performance. The extinction of a pair of

crossed polarizers was measured at an angle of incidence of 500, at the worst

case azimuth. The transmission was found to be 18%. In contrast, the

intensity of interference minima of a single filter stage, in which the index

discontinuity was reduced by anti-reflection coatings and an index matching

fluid, was only 4%.

Contributions of the polarizers in additional filter stages should

result in an extinction of out-of-band light which is acceptable at the larg-

est angles. This was studied by measuring several multiple stage combinations

at large angles of incidence. Representative spectral scans of the sideband

structure a three-stage filter, at normal incidence and at 0 - 400, are shown

in Fig. 20. As expected, no real change appears in the sideband structure for

rotations In the plane containing the polarization axis ( 0 O0 and 90°).

However, at an azimuth of * 450 additional intensity appears and the central

minimum disappears. This is expected, as the central minimum is the result of
extinction produced by a single filter stage while the other minima are the

result of multiple extinctions. The overall increase of sideband intensity

appears to be quite small, and justifies our assumption that multiple

polarizer structures will tend to be relatively immune from the effects of

wide-field polarizer degradation. This is an important conclusion, since

"other wide-FOV filters7 rely on the extinction produced by a small number of

polarizers (2 or 3), and as such may have considerable out-of-band transmis-

sion at large fields-of-view. Our earlier comment, regarding the determina-

tion of optimum filter design, is related to this property of polarizers.

Many birefringent filter configurations promise better sideband suppression or

tailoring of bandpass characteristics. However, these structures make use of

a small number of polarizers, and therefore, result in increased out-of-band

intensity at large angles of incidence.
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3.6 Wide-Field Half-Waveplates

In our discussion of wide-field filter stages, the half-wave element

was a simple sheet of Polaroid half-wave polyvinylalcohol (PVA). While the

field-of, view of this element is large, departures from half-wave retardation

at large angles causes an increase in transmission at the minim3 of the inter-

ference spectrum. To extend the FOV of this element, a compound half-wave

plate has been designed. It is fabricated using two birefringent plates,

having opposite signs of birefringence.1 7 Oriented with their optic-axes

parallel, the angular dependence of their combined retardation is very nearly

cancelled, The retardation is equal to the difference of the retardations of

the individual plates, and is designed by choosing appropriate plate thick-

nesses to be half-wave at the desired wavelength.

The optimum parameters for a wide-field half-wave plate are

determined by the following procedure. Equation (23) gives the approximate

angular dependence of the phase retardation of a birefringent plate, where 0

is the angle of incidence and 4 is the azimuth angle.

2TrAnd sin 2e ne or= -n - ne sin') (23)

For the combination to be half-wave, we require r, + r 2 = it. To minimize the

angular dependence, the following condition must be satisfied.

1nld2  An2d 2
ft --- (24)

2 n 2

This leads to the condition for a wide-field half-wave plate
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n 2

__n 12 2
=2n 1

din 
22

d2  Z- -n2  2 2 (25)
n2 -n1

If we choose sapphire and Polaroid PVA as the negative and positive materials

respectively, we obtain

d1 (sapphire) = 97 urm and d2 (PVA) = 100 pm . (26)

Since Polaroid full-wave PVA is roughly 82 um in thickness, the sapphire

thickness must be modified to produce half-wave retardation at 5320 A. This

small shift from optimum conditions is predicted to produce acceptable

increases in the angular sensitivity.

The angular dependence of the phase retardation of these elements has

been modeled using the exact expression for r(e,f), Eq. (11). The calculated

value of the phase retardation was transformed into its order of interference

so that a perfect half-wave plate has d value of 0.50. Figure 21 shows the

phase shift of a simple half-wave PVA plate plotted vs azimuth angle in one

quadrant, for values of incidence angle ranging from 00 to 500. In contrast

Fig. 22 shows the results of a similar calculation for a compound PVA-sapphire

waveplate, which assumes the use of the available Polaroid full-wave sheet.

The maximum shift in phase retardation is reduced by a factor of seven. This

should enhance the wide-field extinction of the Lyot-1 stages.

As of this writing, sapphire plates have been ordered for testing the

large FOV wave-plate concept, but have not yet been received. This effort

will continue under alternate support.
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3.7 Filter Transmissiopn

A wide variety of factors affect the peak transmission of the Lyot-
type DBF. The principle loss contributions are: (1) polarizer losses, (2)
birefringent material absorption, (3) Fresnel losses, and (4) scattering
losses. Scattering losses are reducible by proper optical fabrication, and
Fresnel losses between the various components are reduced by suitable anti-
reflection coatings. The other losses are of more concern, and must be
considered in the design of a DBF for any specific application. Polarizers
represent a major loss mechanism. As a polarization device, a 50% insertion
loss is experienced at the entrance polarizer. Subsequently, each polarizer
absorbs some of the transmitted beam. HN-38 polarizer has an external
transmission of only 76% for the transmitted component. Appropriate treatment
of this material has been reported to increase the internal transmission to
95%.38 In one laboratory test, we have achieved 90% internal transmission via
heat treatment, and further improvements are expected. To illustrate the
effect of polarizer absorption, Fig. 23 shows the maximum achievable transmis-
sion of a birefringent filter for different numbers of polarizers and values
of polarizer transmission. In this calculation the effect of the 50% polar-
izer insertion loss has been included. Bulk absorption in the CdS is not

included here. Summarizing projected polarizer losses for our present 7-stage
filter, the polarizer limited transmission is expected to be 0.5 x (0.95)8 a

33%.

Since the present filter is designed for X = 5320 A, which is near
the absorption edge, bulk absorption plays an important role. Using published
values for the CdS absorption coefficients, 28 we predict 67% transmission from
the total CdS thickness of 4.5 amm. Absorption measurements on CdS plates
indicate increased absorption for some of the elements. This may be the
result of incomplete sulfur annealing of the CdS material, or surface damage
resulting from the optical fabrication, 28 and study of this issue is
continuing.
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Summarizing these results, the predicted transmission of the 7-stage

filter, at A - 5320 A, is 22%. Our present filter falls short of this as the

result of Fresnel losses, low transmission polar)izers, and increased

absorption in several CdS plates, but at this writing, all of the

contributions to transmission loss appear to be amenable to solution.

i
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4.0 FUTURE DEVELOPMENTS

4.1 Materials

Thus far, our discussion has concentrated on DBF's fabricated using

CdS. While this approach has been quite fruitful, future lmprovements in

DBF's depend crucially on the identification and development of alternate

material systems. Referring to Fig. 2 we see that at room temperature the
region of strong dispersion in the birefringence of CdS extends from the iso-
index wavelength out to at least 5550 A. However, the range over which it is

practical to construct a DBF is somewhat narrower. On the short wavelength
side, the bulk absorption of the CdS results in unsatisfactory filter trans-

mission, while on the long wavelength end, the crystal plates required for a

particular bandwidth become thicker as the dispersion decreases. Conse-
quently, narrowband, room temperature CdS dispersive birefringence filters are

practical in the wavelength range of 5300 A to 5400 A. Indeed, as discussed

earlier, the bulk absorption of the CdS leads to significant loss even at 5320
A. It is clear that extension of DBF's to other wavelengths, as well as im-
provement in filter transmission, requires the use of alternate materials. To

some extent, the useful range uf CdS can be extended to shorter wavelengths by

operating at reduced temperature. However, an analysis of the low temperature

data is not yet complete.

"One approach to the issue of alternate materials is to use mixed

crystals. Laurenti, et al 3 9 ,40 have shown that the iso-index wavelength, and

the region of large birefringence dispersion, can be greatly shifted to

shorter wavelengths by substituting some zinc for cadmium in CdS and to longer

wavelengths by substituting selenium for sulfur. Figure 24 illustrates the

reported shift of iso-index point for various compositions of ZnxCdl.xS and

CdSlxSex at 77k.

We have obtained a sample of graded composition ZnxCdl.xS, for

evaluation, from Karlsruhe University. Measurements were made in two regions

of the crystal which produced interference fringes of high visibility and
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clear determination of the isotropic wavelength. One region, in the CdS rich
end of the crystal, yielded results nearly identical to pure CdS (ýiso-index

5230 A). The shift of the isotropic point from that of pure CdS was only

11 A. In the other clear region of the crystal, the iso-index point was
shifted to ) - 4846 A. Birefringence interference fringes were measured from
the isotropic point, where the absorption was quite large, to 5080 A. The

birefringence and its dispersion were determined, and are illustrated in Figs.

25 and 26. Chemical analysis of this sample indicated a zinc concentration of

14%.

If the results on the Zno. 1 4Cd0 .86S sample are compared with pure

CdS, it is seen that the region over which high dispersion is observed is

shifted by 400 A making shorter wavelength filters feasible. In fact, at a

given distance from the isotropic point, the dispersion is greater for the

Zn0 . 14 Cdo. 8 6 S which is a surprising result. Pure ZnS, in the wurtzite phase,
has not been observed to have an isotropic point, and has minimal birefrin-

gence dispersion in its transparent region. 4 2 Since the bandedge and
isotropic points vary monotonically as the zinc concentration increases, the

increase of dr/dx for the measured concentration is difficult to understand.

A thorough analysis of the band structure of this system will probably be
required to explain this result. Efforts are presently underway to grow

crystals of ZnxCdl xS of uniform composition.

Samples of CdS1_xSex 23 , 24 ,40 are also being studied for longer

wavelength applications. Initial results indicate a decrease in dispersion at

room temperature, but low temperature results appear promising.

Other materials which may be of use for visible DBF's are AgGaS 2
4 3 , 4

and CdGaS 4 . 4 5  In the ultra violet Al 203 and MgF 2
2 5 have been observed to have

a large dispersion in the birefringence, and CdSej.xTex4 6 alloys may extend

the range Into the near infrared.
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4.2 Alternate Filter Configurations

At this stage of DBF development, the only filter configuration

actively pursued has been the Lyot-type of structure. This design makes the

most efficient use of birefrinigence material for a given bandwidth, and has

ample polarizers to reta<,n good out-of-band rejection at wide fields-of-

view. However, the large number of polarizers required in a filter having a

large FSR is 6eyond that required for wide-field operation, and presents a

substantial loss in transmission. For this reason, alternate filter designs

are desirable.

Solc filters, 20 -2 2 and other related structures, 1 5 ,1 6 require fewer

polarizers but very large numbers of low order elements. The FSR Is ',argely

determined by the thicknesses of the plates, while the bandwidth depends on

'their quantity. In a UdS filter, the first or second-order plates, required

for adequate FSR, are three and six mils thick respectively, and would most

likely require support. The many plates required for a narrowband filter

would then lead to a thick structure, and vignetting losses would limit the

FOV. In addition, Solc filters are much more seisitive to alignment errors

than Lyot filters. Therefore, because of the difficulties anticipated in the

fabrication of large numbers of thin plates, and the above stated

considerations, simple Solc filters would probably not be feasible DBF

structures.

A Solc-Lyot hybrid structure described by Title and Rosernberg, 4 7 may

be a .,roenising ipproach. Figure 21? shoes a scheiiatic of b single stage of

this filter. This design boasts very li'w out-of-band trarnsmission, and each

stage has a relatively large FSR for the numbefr of plates required.

Calculations have shown that this filter, using a single hybrid stage of CdS
in tandem with two or three simple Lyot-Ohman low order stages, can completely
eliminate sidebanas in the visible, and still result in a narrow passband.

Fewer polarizers are required than for a traditional Lyot-Otman filter, 3nd

fewer thin plates are required than for a simple Solc filter.

Other modifications ol the device structure will undoubtedly be

realized and implemented as DBF technology matures.
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