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ABSTRACT 

The aim of this study was to determine to what extent a constant spec- 

tral response can be obtained for wide -passband interference filters used 

with wide -angle lenses. We investigated the possibility of using the curva- 

ture of the lens surfaces to reduce the shift in the filter passband for 

large field angles and found that locating the filter on the proper surface 

will considerably reduce the shift of the passband. 

Specifically, we determined the distribution of angles of incidence 

for full aperture pencils incident at several field angles on the second and 

fourth surfaces of the 90° Geocon IV, the 90° Paxar, and the 125° Pleogon. 

We then calculated the spectral transmittance of each lens when a wide pass - 

band interference filter was located on its second or fourth surface. We 

also calculated the degree of polarization introduced. 

From the cases considered, we found that the tracing of an upper and 

lower marginal (rim) ray at maximum field angle is sufficient to determine 

the suitability of a surface, the criterion being that, the smaller the an- 

gle of incidence at the surface, the better. In addition, we found that, 

with the filter on the second surface of the Paxar, spectral transmittance 

changes with field angle were negligible and the modulation due to polariza- 

tion was about 1 %. 

DESCRIPTORS: Interference filters, Multispectral photography, Polarization, 

Ray tracing, Wide -angle lenses 
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INTRODUCTION 

Optical Sciences Center Technical Report 25 (McKenney and Slater, 

1968) discussed the need for passband interference filters in multispectral 

photography and described a method for their design. The design showed that 

it should be possible to fabricate sharply- defined passband filters for any 

central wavelength (400 to 900 nm) and any passband width (50 to 350 nm) -- 

hence the name "accordion filter." The transmittance of accordion filters 

in the required passband was shown to be 2 or 3 times greater than that of 

the equivalent absorption filter. The result is a significant decrease in 

the T- number of a multispectral camera, sufficient in the Earth orbital case 

to improve the spatial resolution, under some circumstances, by a factor 

of 2 

Accordion filters share with all interference filters the drawback 

that, with changing angle of incidence, the shape and position of the pass - 

band also change. It is calculated that the position of the central wave- 

length shifts about 2% at a 20° angle of incidence. Photographs of typical 

terrain features, taken through an accordion filter, indicate that this shift 

is not detectable; however, under certain conditions the shift at 25° is ob- 

servable. The question then arises as to how we can use accordion filters 

with wide -angle lenses to obtain, for example, multispectral photography of 

cartographic quality, as suggested by Badgley, Colvocoresses, and Centers 

(1968) . 

In this report we describe how, by coating the accordion filter onto 

an appropriate internal surface of a lens, we can greatly reduce the change 

in spectral content of the image- forming light with changing field angle. 

We outline the computational method developed and show how to apply it to 

three modern wide -angle aerial lenses. Detailed spectral response data are 

presented. We consider polarization effects and describe a simple way to 

select the most suitable lens surface. 
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TECHNICAL DISCUSSION 

The requirement for obtaining constant spectral content across the 

film plane can be met exactly if we can find a surface of the lens upon 

which the angles of incidence at full aperture are distributed identically 

for all field angles. The range of the distribution of angles will deter- 

mine to what extent this requirement can be met. 

In considering the coating of lens elements, we imposed several re- 

strictions to avoid possible problems. First, so as not to change the lens 

system, we considered using only the available lens surfaces. An interfer- 

ence filter coated on such a surface is thin enough not to affect the imag- 

ing characteristics of the lens. Second, we considered only uniform coatings, 

which simplifies the theoretical problem, and we considered only concave sur- 

faces, which are relatively easy to coat uniformly and thus simplify the 

fabrication problem later. Third, since interference filters are highly re- 

flecting for wavelengths that are not transmitted, we considered locating 

the filter on one of the first two lens elements only, in order to reduce the 

chance that off -band stray light would be scattered or reflected back through 

the filter at a high angle of incidence. 

We started this study by evaluating some of the older, readily avail- 

able designs of cartographic lenses. (See, for example, Stavroudis and Sut- 

ton, 1965.) Ray tracing of these lenses quickly indicated a serious mechani- 

cal vignetting problem. Typically, an old f/6.3 cartographic lens, such as 

the 45° semifield angle Metrogon, will vignette a full- aperture pencil at 

semifield angles greater than 35 °; or, at full field, the lens will vignette 

until reduced in speed to about f /10. When coupled with the decrease in il- 

luminance roughly proportional to cos`` of the semifield angle, the total de- 

crease can amount to about three stops. A filter factor of 4 (two stops) can 

be introduced by some of the absorption filters used in multispectral photog- 

raphy. Thus, the T- number of such a lens may be T/36, which is generally too 

high for aerial or space applications. 

We then obtained design data sufficient for our purposes for three 

aerial camera lenses, all illustrated on the opposite page: the Geocon IV lens 

(courtesy of Kollsman Instrument Corporation), the Paxar lens (courtesy of 

Pacific Optical Division of Chicago Aerial Industries, Inc.), and the 125° 

Pleogon lens (courtesy of Carl Zeiss, Inc.). 



Geocon IV 

3 

neogon 
( 4.c.A.b.t two e,2.emenz4 ) 

Fig. 1. Three aetiaP camoca tenses: the Geocon IV and the Paxa t. and P2.eo- 

gon (4ivi-t two eìement4 onFy). 
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The Geocon IV and Pleogon are precision mapping lenses that have come 

onto the market during the past year, and the Paxar is a reconnaissance 

lens. Four Paxar lenses mounted in modified KA -62 cameras are being oper- 

ated as a multiband camera in NASA's Earth Resources Aircraft Program. 

Specific characteristics of the lenses are listed below. 

Lens characteristics 

Geocon IV 

F /number 5.0 

Focal length 6 in. (152 mm) 

Full -field angle 90° 

Image format 9 x9 in. 

(22.9 x22.9 cm) 

Paxar Pleogon 

4.5 

3 in. (76 mm) 

90° 

4.5 x4.5 in. 

(11.4 x11.4 cm) 

4.0 

80 mm 

125° 

9 x 9 in. 

(22.9 x22.9 cm) 

For each lens, the second and fourth surfaces meet the restrictions 

discussed above. Also, as shown in Fig. 1, we can see that angles of inci- 

dence encountered on these surfaces are not excessive for either the axial 

or the full -field ray pencils. 

We want to calculate the spectral transmittance of the lens when an 

interference filter is located on one of the surfaces. The computation of 

the transmittance of multilayer filters is straightforward at any angle of 

incidence for plane waves incident on plane substrates. When the curvature 

of the wavefront is of the same order of magnitude as the curvature of the 

surface, the surface can be divided into a number of elemental "plane" sur- 

faces, and the contributions from each surface element can be added up. The 

greater the number of surface elements, the greater will be the accuracy of 

the calculation. We found it most efficient to trace a number of rays 

through the lens surface in a specific order. Using a polynomial fitting 

technique, we then determined what percentage of the full- aperture pencil 

lay in a certain angle -of- incidence range. This percentage was used to de- 

termine the "distribution" of angles for computing the transmittance of the 

filter on the surface. The "transmittance" of the lens is defined as the 

ratio of the transmittance of the lens with a coating to the transmittance 

of the lens if the coated surface were perfectly transparent. McKenney 

(1969) presents a detailed description of the computational method. 



5 

We assumed that the light incident on the surface is unpolarized. 

This is necessary because we did not keep track of each ray to be able to 

determine the plane of incidence. The assumption of unpolarized light is 

probably valid even for the polarized case also since there will be, for any 

angle of incidence, an "average" plane of incidence making the transmittance 

appear at the image plane as if the light were unpolarized. Assuming that, 

under unusual circumstances, it might be possible to observe some polariza- 

tion effects, we will discuss such effects later. 

The rest of this report will be devoted to presenting and discussing 

the computed results of locating an accordion filter on the second or fourth 

surfaces of the Geocon IV, Paxar, and Pleogon lenses. We will examine how 

the shape and wavelength position of the passband change with field angle, 

then show to what extent polarization changes are introduced. We will show 

that a trace of two meridional rays defining the maximum extent of the full - 

aperture pencil at the extreme field angle gives an indication of the suita- 

bility of coating a given lens surface with an accordion filter. 

Passband shape and position 

Using the method described above, we calculated the spectral transmit- 

tance for each of the three lenses, at full aperture and for several field 

angles, with the accordion filter on the 2nd and then on the 4th surface. 

The results are plotted in Fig. 2 on the following pages. In the case of 

0° field angle, the shape and position of the passband of the accordion fil- 

ter on the 2nd or 4th lens surface are compared with the passband shape and 

position of the same filter on a flat substrate at normal incidence. For 

other field angles, the passband shape and position are compared with that 

for 0° field angle. 

For purposes of multispectral photography we are primarily interested 

in finding the smallest change in passband shape and position over the image 

plane. Clearly, the second surface of the Paxar represents the best case al- 

though the second surfaces of the Geocon IV and the Pleogon could be accept- 

able depending on the application. It is interesting that for all three 

lenses the second surface is preferred to the fourth. 
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GEOCON - SURFACE 2 
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Fig. 2. These six pages 4 how the s pectta.2 ,ftaws mit.tance o4 an accon- 
dion bitten .2ocated on the 2nd and on the 4th swtbaces ob the 
Geocon IV, Paxatc, and P.2eogon, bon 4ix 4emi4ietd angtes and 
bon 4u,22 apentwte. (Glavetength 4ca.2e a in um.) 

In the case 04 00 bie.ed angte, the s pec.tna.2 tkawsm.í.í;tance o4 
the batet on the tens .dwt ace ( ) a companed with 

tt the tanem.c,t.tance that wo d nesut,t tib the b.c.?.ten wette on a 
gat swtbace ( ) at nonma.2 incidence. 
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The graphs for the Geocon (pp. 6 and 7) indicate that the two surfaces 

modify the spectral transmittances in different ways. In the case of the 

second surface, the shape of the passband remains remarkably constant with 

change in semifìeld angle, while the passband position changes. In the 

case of the fourth surface, the shape of the passband changes noticeably, 

while up to 30° the change in position is small. 

By reference to Fig. 3, below, we can quickly compare the shifts in 

the half -power points at the long wavelength cutoff of the filters. Again, 

the second surface of the Paxar is clearly the most suitable surface. The 

results for the Geocon illustrate an interesting point. Up to 30 °, coating 

of the fourth surface is preferred to coating the second, but between 30° 

and 45 °, coating of the second surface is preferred. 

X (nm) 

10 20 30 40 50 
SEMIFIELD ANGLE ( °) 

60 

Geocon 
Paxar 
Pleogon 

Fig. 3. Pot o¡ a against Aem.í.¡ietd angte ¡on. the 2nd and 4th 
.acvc4aces o6 the thn.ee tenses; a.c,ó the wavetength o¡ 
the haq-powet point at the tong-wavetength ccwto44 o4 
the b.t.P,telr.. 



13 

Polarization effects 

Fig. 4 shows the wavelength difference for two extreme polarization 

components at the half -power points against the semifield angle for the two 

surfaces of each lens. The magnitude of the difference indicates possible 

variation in the spectral response over the film plane. Again, the second 

surface of the Paxar is preferable on this basis. It is also interesting 

to note the relatively high degree of polarization introduced by the fourth 

surface of the Geocon IV on axis. This is due to the relatively broad dis- 

tribution of angles of incidence on this surface. 

--- - - - --2 
1 I 1 I 1 1 1 1 1 I I I 

IO 20 30 40 50 60 
SEMIFIELD ANGLE (°) 

Geocon 
Paxar 
Pleogon 

Fig. 4. P.eots ob Aa against 4emibie.ed ang.ee bon the 2nd and 4th 
41.0.4ace4 ob the thnee tensed; AX .c,6 the wave.eength dq- 
benence between the 4 and p hag-powen points at the 
tong-wave.eength cwtobb ob the ¡Zeta. 

Perhaps the most meaningful quantity that can be discussed for photo- 

graphic applications is the percentage modulation. By this we mean the mod- 

ulation of the total illuminance at an image point for an extreme change in 

polarization. At a semifield angle of 45 °, the second and fourth surfaces 

of the Paxar give rise to modulations of 1.3% and 12.7%, respectively. On 

this basis, again, the second surface of the Paxar is preferred. 
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Determination of best surface by ray tracing 

By ray tracing a lens, we can find the most suitable surface for coat- 

ing with an accordion filter. In this study we used a computer program that 

determined the distribution of angles of incidence at a surface as a func- 

tion of field angle. However, for the lenses considered, we found that, in 

place of this distribution, we could judge the suitability of a surface from 

a trace of an upper and a lower marginal (rim) ray. The criterion is simply 

that, at the maximum semifield angle, the smaller the angle of incidence at 

the surface the more suitable the surface. From the distribution of about 

100 rays that were traced for each surface at each field angle, we compiled 

the table below, which gives the minimum and maximum angles of incidence 

for each field angle. 

From the table we see that the second surface in all three cases is 

the best choice using the above criterion and that the Paxar, with its maxi- 

mum spread of 12 °, is preferred. The results based on this criterion are in 

complete agreement with those determined earlier from a detailed analysis of 

the problem. 

Minimum and maximum angles of incidence 

For 

semifield 
angle 

Geocon IV Paxar Pleogon 

2nd 

surface 
4th 

surface 

2nd 

surface 
4th 

surface 
2nd 

surface 
4th 

surface 

0 0 -4 0 -14 0 -8 0 -12 0 -8 0 -12 

10 0 -8 0 -14 0 -8 0 -16 0 -10 0 -14 

20 4 -12 0 -16 0 -10 0 -20 0 -12 0 -18 

30 6 -14 0 -20 0 -10 0 -24 0 -14 2 -22 

40 8 -18 0 -24 0 -10 6 -28 4 -16 8 -26 

45 10 -18 2 -24 0 -12 10 -30 

50 8 -18 14 -30 

60 12 -20 22 -34 
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CONCLUSION 

The results of this study indicate that some modern wide -angle aerial 

lenses can be used with wide passband interference filters if the filters 

are deposited uniformly on a selected lens surface. Of particular interest 

is the Paxar, four of which are being used with different Schott color fil- 

ters in a multiband camera as part of NASA's Earth Resources Aircraft Pro- 

gram. It should be possible to improve the performance of this system, in 

terms of speed and spectral selectivity, by removing the Schott filters and 

coating each of the second surfaces with the appropriate accordion filter. 

More generally, we believe that by tracing a meridional fan of seven 

rays across the full- aperture at the maximum field angle, we can select the 

best surface in a wide -angle lens for coating with an accordion -type filter. 

In the three cases examined in this study, we found that an upper and lower 

marginal ray trace was sufficient. The surface then selected is the one 

with the smallest value for its maximum angle of incidence. 
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