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ABSTRACT

Qualitative and quantitative analyses of the effect of unwanted 

stray radiation in optical systems are discussed. The basic power trans

fer equation is written as the product of three factors: the surface

scattering characteristics, a geometrical configuration factor, and the 

radiometric power on the source elements. The minimization of any one 

of these factors along the most significant path of scatter will produce 

the most meaningful reduction in the amount of unwanted- radiation that 

will reach the image. Scattering measurements and their use in select

ing suitable coatings are emphasized, and the effects of altering the 

baffle configurations are discussed.

The development of a major stray radiation analysis program, 

Arizona's Paraxial Analysis of Radiation Transfer (APART), is described. 

It is a series of programs designed to apply the concepts developed in 

this dissertation. This series optimizes manpower and computer time.

The approach presented helps to develop qualitative concepts that can be 

easily grasped. During initial design evaluations, application of these 

concepts will help to reduce the amount of unwanted energy reaching the 

image.

xi



CHAPTER 1

INTRODUCTION

The analysis of scattered light in optical systems is compli

cated by (1) the variety of element configurations among which scattered 

energy can be transferred, (2) the large number of elements among which 

radiation transfer occurs, (3) the variety of the scattering character

istics of the elements, and (4) the difficulty of calculating the power 

transferred among the elements. This dissertation reduces the -overall 

problem to a logical sequence of procedures that minimizes the computa

tional effort and develops insight for minimizing effects of stray 

light, the unwanted scattered radiation reaching the image plane.

Background

The development of techniques for analyzing an optical system in 

order to predict its performance has been going on for many years. The 

emphasis in the past few decades has been on image analysis. One of the 

major tools in this development has been the computer. As the computer 

improved in speed and memory, a system could be analyzed not only faster 

but also in more detail. However, the analysis of stray radiation has 

not kept pace.

Developments in detector technology and diffraction-limited 

optics have created the demand for systems with lower levels of 

stray radiation, but the magnitude of the problem of predicting the 

stray light behavior in the system has discouraged investigators. The
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required basic input must include (1) the optical design of the system, 

(2) the mechanical design of the system, and (3) the scattering charac

teristics of each surface.

Several ways of determining the effects of stray radiation have 

been tried. First, owing to the lack of reliable computer analyses, it 

has been common practice in the past to build the actual system and then 

test its performance. The frequency with which such systems have failed 

to meet specifications emphasizes the need for a predictive capability.

Until recently, the only alternative to building and testing the 

actual system has been to build and test a model. However, in conduct

ing such a test, one is faced with the following considerations. First 

is the question of how reliably the test results predict the performance 

of the actual system in its real environment. Next, if the first model 

fails to perform according to specifications, it must be modified or re

placed by an improved model, or succession of improved models, until 

satisfactory performance is attained. Third, in order that improvements 

may be made, the test method must be so conceived that the causes of 

failure can be determined and eliminated. However, performance predic

tion by such modeling methods can be expensive and time consuming, and 

the value of a computer program to aid in this prediction is clearly 

indicated.

Prior to 1970 the only sophisticated approach to predicting 

effects of stray radiation was based on a straightforward Monte Carlo 

method (Boksenberg, 1972). In this method a large number of rays are 

traced through the system until they (1) reach the image plane, (2) 

leave the system, or (3) are attenuated below some value set by the

2
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user. As each element is encountered, the energy in the ray is divided 

into components that are reflected, scattered, or absorbed by that ele

ment. Depending upon the surface characteristic of the element, the 

incident ray may be split into one or more scattered rays, each of which 

contains only a portion of the incident ray energy. Compared with pre

vious crude estimates, the Monte Carlo method was a giant stride forward. 

One severe limitation was that the number of rays required was inversely 

proportional to the stray radiation transmittance (ratio of power re

ceived at the image plane to power accepted by the system). For a sys

tem with a transmittance value of 10~8, an average of only, one out of 

108 rays traced would reach the image plane. To get satisfactory sta

tistics, many more rays had to be traced.

Around 1970, the U.S. Air Force funded two projects to develop a 

more sophisticated approach. Honeywell, Inc., developed a "modified" 

Monte Carlo program, the General Unwanted Energy Rejection Analysis Pro

gram (GUERAP I) (Chou, 1972), and the Perkin-Elmer Corporation developed 

the first sophisticated deterministic stray radiation analysis program 

(GUERAP II) (Perkin-Elmer, 1974). Honeywell's approach was to allow the 

"important" directions of scatter to be preferentially selected. As a 

result, more rays were allowed to reach the image plane. This program 

accounted for the necessary change in statistics; more rays reached the 

image plane and were appropriately weighted to give the proper result.

In the Perkin-Elmer program the entrance port to the system was divided 

into small incremental areas. Rays were initiated from each incremental 

area, and the energy of the rays emitted was proportional to the area of 

the section. This program traced the bundle of ray energy as it
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propagated from the entrance port through the system until it reached 

the detector. At each intercepted surface, the specular reflectance was 

traced. The diffuse scatter in another direction was calculated if the 

surface was a final surface, that is, if it scattered to the image plane.

In 1972, NASA funded the development of the Arizona Paraxial 

Analysis of Radiation Transfer (APART) program (Breault, 1975). It had 

two specific goals: (1) to help develop insight as to how radiation 

propagates for a particular system, such as the Large Space Telescope 

(LST), and for more general systems as well; and (2) to perform the 

quantitative analysis accurately and efficiently.

The APART program divides each element of the system into finite 

collector sections. The power on these sections is calculated and 

stored at each level of scatter and then.propagated diffusely through 

the system. The calculation is done level by level until, by one or 

more paths, radiation reaches the detector. In other words, APART de

termines the significant paths of scatter. The approach used in this 

program, in contrast to the ray tracing programs, is one in which the 

transfer of power is traced. To accomplish this, APART consists of a 

series of three programs: APART(1), APART(2), and APART(3), each designed 

to solve a portion of the scattered radiation problem. The subject of 

this dissertation is the development of the APART program and the inves

tigation of stray light propagation.



CHAPTER 2

SCATTERED LIGHT PROPAGATION

The analysis of scattered light in an optical system begins 

with a single assumption: there is unwanted energy on the image plane

or detector. The problem is to determine how this energy gets there. 

Throughout this dissertation a Cassegrain system will be used as an 

example, but the concepts also apply to more general optical systems.

We first consider the most elementary propagation paths for 

stray light, starting with the simplest case, in which unwanted power 

from any source propagates directly to the image plane. Such direct 

paths include those in which one or more specular reflections occur. 

Most optical systems have some form of baffling to block out these 

direct paths. If possible, the working conditions of the system 

are adjusted so that all potential sources of scattered light are out 

of the field of view of the optical system. Figure 1 shows a Casse

grain system already baffled. There is an outer baffle, a forward 

baffle, and a rear baffle.

When all of the direct paths are removed, the next possibility 

is that unwanted energy is scattered one time before reaching the 

image plane. Scatter path 1 of the baffled system in Fig. 1 is an 

example. Radiation from the source propagates directly to the inside 

of the rear baffle and from there is scattered to the image plane. 

Similar paths exist when off-axis radiation is reflected by one or

5



Outer BaffleFirst Scatter

First Scatter
Rear
Baffl

Second ScatterForward 
Baffle-

Path 2

Path 1

Fig. 1. Some Examples of Scatter Paths in a Baffled Cassegrain 
Optical System.



both mirrors (to the inside of the forward baffle, for example). All 

of these paths involve a single intermediate scattering of the incident 

energy.

When the source is sufficiently off-axis and the system is well 

baffled, there will be neither direct paths nor "single-scatter" paths 

to the image plane. Scattering must occur at least twice, as for path 

2 in Fig. 1. Here the direct power is incident on the inside of the 

outer baffle, from where it is scattered first to the rear baffle 

and then to the image plane. There are many other surface elements to 

which the outer baffle can scatter power that eventually is directed 

toward the image plane. Frequently these paths include reflections 

from the primary and secondary mirrors.

It is important to keep the number of calculations down to a 

reasonable size. To accomplish this, we take advantage of the fact 

that only certain elements are capable of scattering light directly to 

the image plane. We identify these elements as final scattering ele

ments. They are the elements that can be seen directly from the image 

plane. With the above in mind, it is logical to approach the problem 

by first considering only the image plane and the set of final 

scattering elements.

In the two-mirror example, elements seen in reflection can be 

as important as those in direct scatter paths and are therefore also 

identified as final scattering elements. In the Cassegrain system the 

stop is usually at the primary mirror. To accommodate a reasonable field 

of view, the secondary must be oversized as shown in Fig. 2. Note that
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because of the oversized secondary, the outer baffle around the primary 

is seen in reflection and is therefore a final scattering element.

Once the first imaging element is encountered, the calculations 

are no longer simple. An exact mapping using trigonometric calculations 

is possible, but, to the accuracy of our radiometric calculations, a 

far simpler first-order mapping is sufficient. For this purpose a 

rather novel tool is used in this program. This is the y-y diagram 

invented by Delano (1963) and further developed by Shack (1973). The 

y-y diagram is the projection of a special paraxial skew ray onto a 

plane normal to the optical axis (see Fig. 3).

The different elements in the Cassegrain appear in all three 

spaces of the system; the first space is "before" the primary; the 

second space is "between" the primary and secondary; and the third 

space is "beyond" the secondary. The words in quotes are not the 

physical delineators of the spaces. The first space has all the ele

ments in it, even those behind the primary, just as the second space 

has in it the elements beyond the primary and secondary.

The elements from each space have a conjugate image in each of 

the other spaces. To determine which elements can be seen from the 

image plane, elements in spaces one and two are projected into the 

image space of space three. In this manner, all of the elements in 

each space have been projected into one common space. A profile of a 

baffled Cassegrain, with the conjugate images of each of its elements, 

as seen from the image plane, is shown in Fig. 4. Notice that the 

Cassegrain elements in the system appear in the two image areas as

8



Outer Baffle

Fig. 2. The Oversized Secondary Allows the Outer Baffle to 
Be Seen in Reflection.

y

Space 1
Primary

Space 2

Secondary

Fig. 3. y-y Diagram of a Cassegrain Telescope.



Objects as imaged by the secondary.

Area seen directly from the image plane

Fig. 4. All Objects as Imaged into the Third Space.



reshaped Cassegrains. In the central area the Cassegrain opens to the 

right, while the leftmost image appears as a miniature version of the 

real-space profile.

A sequence of checks is now necessary to determine which of the 

elements can be seen from the image plane:

(1) All imaged elements are limited by the appropriate sequence 

of image apertures. The portions of the imaged elements 

lying outside these solid angles are excluded from the 

calculations.

(2) Mirrors are opaque obstructions to all real-space elements 

and transmissive to all image-space elements. The 

real-space disk behind the secondary is an example (Fig. 5) 

of the former.

(3) For the remaining elements, all that needs to be done is to 

determine the portions of the elements that are not ob

structed by the other elements. Real-space elements always 

shadow image-space elements. Imaged elements in the space 

nearest the real space (space 3 in our Cassegrain example) 

shadow all other imaged elements, etc.

After the above checks are completed, the elements that can still be 

seen from the image plane are the final scattering elements.

In line with these concepts, if any one of the final elements 

is the unwanted source, then a direct path exists. However, this is 

not usually the case. There are therefore two good ways to define the 

scatter paths that exist: (1) start from a final scattering element

and determine what can be seen from its surface, or (2) determine

11



Secondary
Mirror Observation 

—  Point

Fig. 5. Mirrors Are like Portals through Which Imaged Elements 
May Be Seen and Yet May Be Obstructions to Some Real 
Space Elements.
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which elements can be seen from the source point. The elements that 

receive direct radiation from the source are identified as the "initial" 

scattering elements. It is possible for some elements to belong to 

both the initial and final scattering sets of elements. For these 

elements, light can reach the image plane after being scattered only 

once.

For all other elements, light must be scattered at least twice 

before reaching the image plane. In most cases for which a system 

is well baffled with high attenuating surface treatments, higher 

order scatter is negligible. The basic concept in tracking the doubly 

scattered radiation consists of first determining the apparent radiance 

distribution associated with the scattering from the initial elements, 

then calculating the irradiance distribution on each of the final 

scattering elements from this radiance distribution, and finally deter

mining the portion of the scattered radiation from each final element 

that reaches the image plane. .

The calculation for each portion of a path is effectively the 

same. The basic radiometric equation is:

d*c = Ls (eo,<frs) dAs cos(8s) dAc cos(ec) / R s2c , (1)

where d<|>c is the power incident on the differential collector area 

dA,, is the apparent radiance of the source element of area

dAg, Rsc is the distance between these two areas, and 9S and 6C are the 

angles between a line joining the source and collector areas and their 

respective normals.



14

When the maximum dimensions of the source and of the collector 

are both much smaller than their separation, and the radiance is constant 

over the area of the source in the direction of the collector, the dif

ferentials can be approximated by (f>c, As, and Ac, respectively. Equa

tion (1) can then be rewritten as

Lst(W
W V

cosC6s) Ac cos(9c) / r2c '

The first term is the power incident on the element at the previous 

level of scatter. The second term is identical to the bidirectional 

reflectance distribution function (BRDF). It can also be represented as

BRDF.(0i ,<j»i ;8o,<j)o) Es(61,#.)
V W  As C3)

is the incident irradiance on the source element. The third 

term in Eq. (2) is defined here as the geometrical configuration 

factor (GCF); elsewhere the term "projected solid angle" is sometimes 

used. It is the solid angle subtended by the collector, as seen from 

the source, multiplied by cos(9s) . Eq. (2) is now rewritten as

<f>c = ♦s (0i»+i) * BRDF(0i,+i;0o,*o) • GCF . . (4)

For the scatter path from the outer baffle to the rear baffle, 

the second term in Eq. (4) represents the scattering characteristics 

of the surface. For each watt of power that is incident on the outer 

baffle at the angles (8 ,̂<{k ), an amount of power equal to
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BRDF(8^,<|k ; 6o><{>o) watts per steradian is radiated in the direction 

(0o»<{>o)* The elemental section has <f>c watts of power incident upon 

it, so in this case it appears to be radiating <{>c BRDF watts per 

steradian in the (60><fl0) direction of the next baffle. The next ele

ment of area (dA^) will receive <pc  ̂watts of power. For two reasons 

the area of the element must be small. Hie GCF assumes that the 

differential area dA^ can be approximated by A^ . Usually this can 

be done only when the change in R ^  is small compared to the dimensions 

of the areas involved. A second reason is that most BRDFs will vary 

with the output angles (8qj ̂ q)• Therefore, the area of the element 

should be small enough so that variations in the BRDF are small.

In any portion of a scatter path, the GCF has a uniqueness that 

can be used to advantage when trying to evaluate scattered radiation. 

The GCF depends solely upon the geometry of the elements, so it does 

not change when:

(1) The coatings are varied to evaluate the effect on the 

system's performance.

(2) The incident power on the source section changes.

(3) The direction of the incoming radiation changes.

In addition, if the size and/or position of a particular element is 

changed, one needs to recalculate only transfers to or from this ele

ment, or transfers for which this element was an obstruction. In the 

analysis of an optical system, each of these GCFs may be used hundreds 

of times. It therefore seems appropriate that these factors be cal

culated once arid then stored for reuse.



All the various elements appear as sources, collectors, and 

obstructions. If the elemental areas on all these elements are required 

to be relatively small, a tremendous number of calculations is needed. 

Often, many millions of transfers have to be performed. In the next 

section some possibilities are explored that will help reduce the 

required number of calculations and yet do all the transfers.

Symmetry

One early goal was to develop an efficient deterministic pro

gram for systems like the Large Space Telescope (LST). Part of this 

goal is accomplished by taking advantage of symmetry conditions.

As mentioned in the introduction, APART subdivides the elements 

into elemental sections and uses the area of these sections to deter

mine the GCFs. As an example of how symmetry can reduce the number of 

calculations, consider a conically shaped baffle, sectioned as shown 

in Fig. 6. Note that the GCF from section 3 to section 1 is the same 

as from 3 to 5 (angles in and out of the sections are affected by a 

sign change only). The GCF from 3 to 2 is the same as from 3 to 4. 

Because of this bilateral symmetry, only three of the five GCFs from 

this position need to be calculated. Furthermore, the GCF from section 

1 to section 3 (or 4) is the same as from 3 to 1 (or 5). All that has 

happened has been a rotation of the original positions, so the original 

three calculations are valid for all five sections, and hence only 

3/25 of the transfers are calculated.

Because the required number of calculations is reduced so 

significantly by the presence of symmetry, the APART program was

16
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Fig. 6. Symmetry of GCF Factors of a Bilaterally and Rotationally 
Symmetric Baffle Cone.



18

initially designed to evaluate only rotationally symmetrical optical 

systems. As the program has developed, however, the number of allowed 

asymmetric arrangements of elements has increased. For asymmetric 

arrangements, each of the GCFs must be calculated separately unless 

some other symmetry conditions exist.

Imaging

So far, no distinction has been made between calculations for 

real-space elements versus imaged elements. When a source is scatter

ing its power onto a collector not in the same space as the source, the 

collector subsection is imaged into the same space as the source.

When the GCF of an imaged element is calculated, the image of 

that element is treated as a "real" element. However, whereas 

cos(6c) is measured from the normal of the imaged element, 6^ and <Jk  

must be real-space incident angles because the BRDF(8^,*^; 60><i,0) 

requires the real-space angles.

Figure 7 represents the transfer from an elemental area on an 

outer baffle to the image of the forward baffle. The angle 6' is used 

to calculate the projected area of the image, whereas 6 and <f> repre

sent the real-space incident angles. They will be used to calculate 

the BRDF to the next collecting element.

The power that is transferred to the images of the different 

elemental sections of the forward baffle are mapped onto the real space 

elemental sections, section by section. Then the succeeding transfer 

is not from the imaged forward baffle, but rather from the real space 

element to each collector (imaged if necessary).



SECTION OF OUTER BAFFLE

FORWARD
BAFFLE IMAGE PLANE

IMAGED
FORWARD
BAFFLE

SECONDARY

7. The GCFs Are Calculated to the Imaged Elements.

The power that is received is mapped onto the 
real space element for subsequent transfer.
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Subdivision of Elements

The radiometric calculation of power transfer requires that the 

baffles be subdivided into "major" elements. To reduce the number of 

calculations required, a compromise is made in the APART program. First, 

a relatively coarse subdivision into major elements is carried out.

Power increments, BRDFs, and GCFs are calculated and stored for trans

fers among these major elements only. To permit calculation of the 

average characteristics of the relatively large major elements more ac

curately, each major element can be further subdivided into "minor" ele

ments, each of which still retains the character of the larger unit 

(see Fig. 8). This method substantially reduces the calculations, 

although at some expense to the final accuracy.

One major section 
with 9 minor sections

Minor
section

Unrolled major section

Fig. 8. Subsectioning.
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The minor elements improve the accuracy of the calculated GCF 

value of the section-to-section transfer, for several reasons:

(1) The differentials in Eq. (1) are approximated more accu

rately as the elemental areas, AA, become smaller. The Ap

pendix shows a comparison of the GCF by APART(2) with a 

closed-form solution.

(2) The angles of incidence, scattering angles, and projected 

angle of each individual major element are weighted over 

its area. Most elements in the system have some curvature, 

so their projected angle changes from minor element to 

minor element.

(3) Subsectioning into minor elements also allows major ele

ments to transfer power within themselves. With no subsec

tioning, the source and collector point are identical, and 

the program will not attempt this transfer. With subsec

tions, this occurs only when a given minor element tries to 

transfer power to itself. Other minor elements within the 

major element receive power.

(4) Obstructions in the path of scatter are handled in a binary 

fashion. The vector from the source point to the collector 

point is checked for clearance of the obstruction. It . 

often happens that the path from the midpoint of the major 

source element to the midpoint of the collector element is 

obscured, but paths between outer minor elements remain

clear.
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Subsectioning assumes that an average BRDF value satisfactorily 

represents the scattering characteristics of the transfer involved. In 

principle, the major elements may be made as small as the user desires, 

but in actual application the size of the major elements and the extent 

to which each is subsectioned will be determined by the availability of 

funds.

The number of minor elements need not be equal in both dimen

sions. The program can have any number of azimuthal minor elements and 

the same or any other number of axial minor elements. Analyses have 

used 50 azimuthal minor elements and no subdivisions in the axial direc

tion. Solution to special cases will be dictated by the analysis.

The above calculations could be accomplished by conventional ray 

tracing through all the appropriate optical elements. However, even 

neglecting any imaged obstructions, there are at least three conjugate 

images to be determined for most minor elements. For example, when a 

minor element of a cone is imaged, the axial position of each end of the 

element is required to determine the imaged area, and the midpoint of 

each minor element is also imaged. The GCF calculation will be from the 

midpoint of each minor element on the source to the midpoint of each 

minor element on the collector. Finding the conjugate image coordinates 

by ray tracing through all the appropriate optical elements would be 

prohibitively expensive.



CHAPTER 3

CALCULATION OF THE GEOMETRICAL CONFIGURATION 
FACTORS AND ANGULAR INFORMATION IN PROGRAM APART

From Eq. (4) it is seen that the actual increment of power 

transferred between elemental sections in the system is the product of 

three factors: <j>, BRDF(0£,<}>̂ ; 60,4>0), and GCF. In this chapter, the 

calculation of the GCF and the angular information is discussed.

GCF Values

The GCF is strictly a function of the geometry of the source 

and collector elements, imaged if necessary. The GCF from one source 

section on the rear baffle to a collector section on the same baffle 

will be used as an example. To keep the example simple, the baffle will 

be divided into five azimuthal sections and two axial sections (see 

Fig. 9).

For the transfer from azimuthal section 3 of axial section 1 

(3,1) to the collector section (1,2), one must first calculate the dis

tance Rsc between the two midpoints, the area Ac of the collector sec

tion, and the cosine factors for each surface. These give the GCF:

cose. cose. A.
GCF = ---- S -2 ■ C ■ C . (5)

Rsc

Each collector section is approximated by a plane surface at the pro

jected angle 0C at the collector point. However, because of the

23



Fig. 9. The Relationships Used to Calculate the 
GCFs of a Conical Element.

M4*.
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proximity of the elements to each other in most optical systems, these 

factors will not always yield an accurate GCF value. The variation of 

Rsc over the source-collector areas is too large. The elemental areas 

must be made smaller. Two possibilities exist: (1) the elements (in 

this case the baffle) can be sectioned into more (smaller) sections, or 

(2) a numerical integration over the present source-collector areas can 

be performed to calculate an accurate GCF value. This can be accom

plished by subsectioning each element until the variation of Rsc over 

the minor elements becomes insignificant. This is a ”smallness crite

rion." By making these subsections smaller and smaller, any degree of 

accuracy can be achieved.

Note that this calculation involves the areas of the section and 

subsection of the source. This weights the GCF for subsection-to- 

subsection transfers by the ratio of the area of the subsection to the 

total area of the source. This is necessary whenever the subsections 

of the source are of unequal area. When Nc = 1, the equation reverts 

to the simpler form, Eq. (5)

At each source and collector point a local coordinate system is

The equation for the GCF becomes

cosGci cos0si AACi AAsi (6)

Angular Values

developed. The y axis is in the direction of the surface normal, and
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the z axis is in the meridional plane containing the normal and is tan

gent to the surface at the point of interest. The factor in common is 

that, for all the local coordinate systems, the relative relationship 

of (6^,#^; 60 ,<t>0) remains the same so that meaningful BRDF values can 

be determined.



CHAPTER 4

POWER TRANSFER

Even the best baffled systems will have some multiscatter paths 

along which light will reach the image plane. Determining which paths 

contribute the most is an important problem and one that depends upon 

the specific details of the design.

For example, assume that the source illuminates the outer baf

fle, which then scatters to the inside of the rear baffle (a final scat 

tering element), which in turn scatters to the image plane. Figure 10 

depicts this path. The radiation from the source has some radiance 

Lg^(80,4>0) over an elemental area dAs .̂ An elemental collecting area

Fig. 10. Scatter Path from the Source to the Main Baffle, 
Then to the Inner Conical Baffle, and Finally 
to the Image Plane.

27
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dAc  ̂on the outer baffle intercepts <j>c  ̂watts of this power. Depending 

on the surface coating, different portions of this power are absorbed, 

transmitted, and reflected (including scattering). Because of the por

tion of the incident radiation that is scattered, the initial collecting 

element, dAc ,̂ has some apparent radiance, Ls2(0o,<{>o), and is the source 

for the next portion of the path to some collecting element, dA^, on 

the rear baffle.

The calculation for each portion of a path is essentially the 

same, Eq. (1). At each source and collector, a set of basis vectors 

(X,Y,Z) is determined. Each basis vector of the local coordinate system 

is described by the direction cosines relative to the parent coordinate 

system (see Fig. 11). The angles out of the source (9s,<f>s) and into the 

collector (6c,<f>c) can be determined from these vectors.

Fig. 11. Local Coordinates Are Used to Determine the 
Input and Output Angles.
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Imaged Collectors

The GCFs to imaged elements are calculated in the same way as 

are GCFs to real elements. However, angles into the collector section 

are calculated differently. The coordinates of the ray connecting the 

source and collector, as it passes through the last imaging element, are 

used to determine the real-space vector into the collector. This vector 

is used to determine the real-space angles.

Obstructions

In the actual calculation of the GCF, the program must also con

sider obstructions, imaged or not, in the path between the source and 

the collector. Imaged obstructions are handled like imaged collector 

elements. That is, once they are imaged into the same space as the 

source section, they can be treated as real elements.

Disks and apertures can be shifted off axis. For an imaged ob

struction, the magnification is determined and used to magnify the 

off-axis coordinates of such disks and apertures. However, attention 

must be paid to the symmetry conditions involved in the APART calcula

tions. One aperture shifted off axis usually destroys that symmetry, 

and only under special circumstances will the calculations be valid.

Systems do exist for which the symmetry can be preserved. For 

such systems, each azimuthal section has an aperture shifted off axis to 

complete the symmetry. One system closely approximates this condition 

with 11 apertures per plane (see Army Materials and Mechanics Research 

Center, 1976).



CHAPTER 5

BIDIRECTIONAL REFLECTANCE DISTRIBUTION FUNCTION

The geometry of stray light analysis has been discussed in great 

detail in the previous chapters. GCFs, angles, obstructions, images—  

all are part of the geometry. In this chapter we consider the effects 

of the interaction of the incident radiation with matter. But before 

that there is one more problem of geometry. Whenever radiation is inci

dent upon any surface, some of it will be absorbed, some transmitted, 

and the rest reflected. In stray radiation analysis, one needs to know 

the distribution of the reflected radiation given some incident radia

tion. Because this distribution is usually dependent upon both the 

direction of the incident radiation and the direction of the observation, 

it has bidirectional characteristics; that is, it depends on the geom

etry of the elements. The measurements must be taken with extreme care 

to ensure that the specified bidirectional reflectance distribution is 

not dependent upon the measurement geometry. The function must be ex

pressed precisely and must be applicable to very general conditions.

The present terminology used to define such a function is the bidirec

tional reflectance distribution function, BRDF(0£,<|>£; 60,<|>0). In 

radiometric terms the BRDF is defined as

BRDPOi,*.; eo,<}>0)
d E i ( 6 - i I T  • (7)
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This function should not be confused with the true reflectance, 

p, which is the dimensionless ratio of the reflected to incident power. 

Whereas 0 < p < 1, the BRDF may take on values much greater than unity 

in some circumstances (but only for small solid angles). For example, 

a perfectly specular surface will have a BRDF value of infinity in the 

specular direction and zero elsewhere. It is possible for the measured 

"BRDF characteristics" of a material to include self-emission, or 

re-emission of the absorbed radiation that could induce nonlinear ef- • 

fects. It will be assumed here that the BRDF is linear with incident 

power and represents the reflectance characteristics of the material.

The geometry of the BRDF is shown in Fig. 12. In graphic terms, 

the BRDF represents the portion of the incident power on an elemental 

area dA, from a source subtending a solid angle dfî , that is scattered 

into a small collecting solid angle dfiQ .

The variety of possible BRDF characteristics is very large.

Some surfaces are smooth, some are rough. Some surfaces have high ab

sorbing characteristics, others have low absorbing characteristics. A 

black mirror is a highly absorbing, smooth surface, while a diffuse 

black such as 3M is also highly absorbing but is by contrast a rough 

surface. Silvered mirrors and diffuse whites are the corresponding low 

absorbing surfaces in the visible.

Diffuse Scatterers

The diffuse scattering surface that is most often referred to is 

the Lambertian surface. This is a hypothetical surface, the radiation 

of which is independent of the input or output angles. The Lambertian
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y

Fig. 12. Geometry of Incident and Reflected Elementary 
Beams Used to Define the Bidirectional Reflec
tance Distribution Function.
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surface is the only surface for which the BRDF has a constant value:

*out

TT/2
<{>s BRDF cos8 2irR sin6 Rd8

R2
0

= ttBRDF <j>s (8)

'

BRDF = p/n. (9)

Note that p, the total reflectance, is the ratio of reflected power to 

the incident power.

Lambertian surfaces may have low or high total reflectance. The 

highest Lambertian BRDF value occurs when 100% of the incident power is 

scattered into the hemisphere. From Eq. (9), with p = 1,

BRDF = 1/ir. (10)

High Diffuse Scatterer

Figure 13 shows some BRDF profiles of powdered salt, NaCl, at 

10.6 ym for several angles of incidence. The abscissa is related to the 

direction cosines of the specular reflection direction (60) and the ob

servation direction (8):

6 = sin-13 (11)

60 = sin-1B0 (12)

The salt had a total (hemispherical) reflectance of about 0.44. There 

is only a slight variation in the BRDF with incidence angle. This BRDF 

closely approximates that of a true Lambertian surface.



BR
DF

i = 5

Fig. 13. BRDF of Powdered NaCl, X = 10.6 pm. 

(Gunderson, 1977)

044̂
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High Specular Diffuse Scatterer

Figure 14 shows some BRDF profiles (X = 0.54 ym) of an 

aluminum-coated ground glass surface— a diffuse reflector. Near the 

specular direction (low 3-B0) the BRDF is invariant with incidence angle. 

However, at larger angles the profiles change. This is not a Lambertian 

surface. The scattered radiation is peaked in the direction of the 

specular beam.

Low Diffuse Scatterer

It is possible to talk about a Lambertian diffuse "black," 

that is, a surface with a constant BRDF and a total reflectance of 0.03 

or less for all angles of incidence. Although it is an attractive con

cept, no known low diffuse material approximates such Lambertian 

characteristics.

One of the blacks with the lowest diffuse reflectance that can 

be used over a very broad spectral region is Martin Black. Several of 

its BRDF profiles are shown in Fig. 15. At small angles of incidence 

the profiles are approximately Lambertian. Note, however, the increase 

in the scatter at angles close to the plane of the surface. Opposite in 

its characteristics to the aluminized ground glass, it scatters more of 

the radiation away from the direction of specular reflectance. This 

characteristic is common to many of the low diffuse scattering surfaces.

The BRDF characteristics of acetylene soot vary less with angle 

of incidence than any other measured diffuse black, as shown in Fig. 16 

(X = 0.5145 pm). However, the undesirable physical characteristics of 

the soot exclude it from general application.



Sc
at

te
ri

ng
 F

un
ct

io
n

36

Sample #172

Q  15° incidence

©  60° incidence

Fig. 14. Comparison of Scatter Profiles for Different Incident 
Angles on Aluminum-Coated Ground Glass, A = 0.54 pm.

(Harvey, 1976)



B Backscatter 
F Forward scatter

0.02 0.03 0.2 0.3

Fig. 15. BRDF of a Very Good Martin Black 
Coating, X = 10.6 urn.

(Gunderson, 1977)
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Acetylene Spot
Martin B/ack

(a) Near Normal Angle of Incidence.

Parsons1 Black

Martin Black

/  1 Acetylene Soot
Cat-Aylac

(b) Near 30° Angle of Incidence.

Parsons' Black

Martin BlackAcetylene Soot

Cat-A-Lac Gloss

(c) Near 60° Angle of Incidence.
(c) is 1/3 scale of (a), and (b).

Fig. 16. Measured BRDF of Various. Materials (Polar Plates).
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Specular Surface

The BRDF of a true specular surface would be represented by a 

delta function in the direction of the specular reflectance, with zero 

radiation in all other directions. Such a surface is only conceptual, 

however, and in reality all "specular” surfaces scatter radiation into 

the hemisphere. The BRDF for these surfaces usually is very high (»1) 

for angles near the specular angle. At the edge of this central core 

the values drop off rapidly to some low value, and from there the de

crease with angle is considerably slower.

As shown in Fig. 17, BRDF values for a specular surface are 

not Lambertian and would not at first glance seem to have any invariant 

characteristics. However, Harvey (1976) empirically found that with an 

appropriate transformation of the variables there was indeed an invari

ant scattering function (Fig. 18). Subsequent analysis has indicated 

that this invariance is inconsistent with scattering from a rough sur

face; it is now attributed to particulate scattering from surface 

contaminants.

The observation of the invariant scattering function is a sig

nificant development for two reasons:

(1) It greatly reduces the number of data points required to com

pletely characterize the scattering properties of the surface.

(2) The mass of available BRDF data on mirror surfaces is usually 

presented as a single profile (for a single angle of incidence, 

unlike Fig. 17). Fortunately, one such profile can be used to 

obtain a b-80 plot to characterize the total BRDF, thereby mak

ing the skimpy existing data useful.



Relative
Intensity-

Sample #200

1 \ • *

a 8n=30
r —r —t 8a=45

Fig. 17. Relative Intensity versus Scattering Angle for a Smoothly 
Polished Aluminum-Coated Surface.

(Harvey, 1976)

Scattering ' Function

Fig. 18. Scattering Function versus B-B0 for a Smoothly Polished 
Aluminum-Coated Surface.

(Harvey, 1976)
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Figure 19 shows the BRDF profiles of several sample substrates 

polished by various techniques; Fig. 20 shows several sample substrates 

polished to various degrees of smoothness. These represent typical BRDF 

profiles for well polished surfaces. Figures 21 and 22 show experimen

tal test data depicting the shift invariance of the BRDF when plotted in 

this manner. These experimental data were sampled in two principal or

thogonal directions. All profiles in Fig. 21 and the forward and back

ward profiles in Fig. 22 are in the plane of incidence, as shown in 

Fig. 23. The left and right scattering profiles in Fig. 22 are from a 

plane perpendicular to the plane of incidence and the sample; this plane 

also passes through the intersection of the specular beam with the ob

servation hemisphere. These directions are depicted in Fig. 23. The 

data in Figs. 20 and 21 indicate that the scattering function is rota- 

tionally symmetric in direction cosine space about the point (a0,B0)> as 

shown in Fig. 24.

The profiles shown in Figs. 18 through 22 do not include the 

BRDF characteristics for angles less than 0.75° from the specular direc

tion (i = 0°, 6-Bo = 0.013). Meaningful BRDF measurements in this region 

are extremely difficult to obtain. Therefore, the BRDF profiles give no 

indication of the total reflectance of the surfaces. Recall that these 

values may range from nearly zero to almost unity. In the visible, dark 

mirrors correspond to surfaces with low values of p (M).01), and silver 

and aluminum mirrors correspond to surfaces with high values of p.

The BRDF profiles outside the region of the specular beam may 

bear no relationship to the total reflectance; that is, in this region 

the BRDF profiles may be identical. A mirror with 90% reflectance and
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O Conventional polish
A  Ion polished 
Q Polished beryllium 
^  Submerged polish

Fig. 19. Comparison of Scatter Profiles from Special 
Materials and Unusual Fabrication Techniques 
with Those of a Conventional Optical Surface.

(Harvey, 1976)
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10°

10"1

10“2

10"  3

10"4

^ ■<>■ <> 0 o'-v© — ©  P  -0 -0— © <S -O  € -O 0 0-0— O

.Ground 
LGlass 
Samples15 mm

5 mm

2 mm *

Optically
Polished
Samples

—— — ■— i---------- «---------1---- * « . . -J
0.01 0.02 0.05 0.10 0.20 0.50 1.00

8-8o

Fig. 20. Comparison of Scatter Profiles for Samples 
with a Wide Range of Surface Roughnesses 
for a Normally Incident Beam.

(Harvey, 1976)
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f - x

1-2

1-3

i-4

1-5

X Sample #200x
Os8

X
ta 0° incidence 
^  15° incidence
A  30e incidence 
q  45° incidence
0 60* incidence

%

a

%

A

0.01 0.02 0.05 0.10 0.20
B-Bq

0.50 1.00

Fig. 21. Comparison of Scatter Profiles for Different 
Incident Angles, Aluminum-Coated Polished 
Glass Substrate.

(Harvey, 1976)
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Sample #172

Sample #200

Forward scattering profile 
Backward scattering profile

Left scattering profile 
Right scattering profile

B-B0

Fig. 22. Comparison of Scatter Profiles Taken in 
Different Directions for a Beam Incident 
at 45 Degrees.

(Harvey, 1976)



Forward
Scatter

Plane of 
incidencePlane of 

sample Orthogonal
plane

Fig. 23. Geometrical Configuration of Two Principal 
Planes in Which the Scattered Light Field 
Was Sampled.

(Harvey, 1976)
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Fig. 24. BRDF Values Are Symmetric About 
(cto>3o) in the a, 0 Space.
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one with 10% reflectance might scatter equal amounts of radiation in 

other directions.

For some "specular" surfaces, such as aluminized mirrors, the 

scattering characteristics are determined at the surface of the material. 

For other materials, the bulk of the material is also a determining fac

tor of the BRDF. Dark mirrors, antireflection coatings, etc., are exam

ples. The specular reflectance is altered either by a low-reflecting 

absorbing overcoat or by a destructive interference thin film.

Glossy surfaces, particularly glossy painted surfaces, are spec

ular surfaces that sometimes exhibit diffuse characteristics. Cat-a-Lac 

black is a well known specular black (~6% reflecting) ‘ that has extremely 

low diffuse characteristics. Figure 25 shows that its BRDF is effec

tively linear and shift invariant when plotted as a function of 8-B0 

(Gunderson, 1977). However, the BRDF profile of Cat-a-Lac black is. con

siderably steeper than most mirror BRDF profiles, and it starts to level 

off at large B-B0 values, unlike specular mirrors. Beyond 5° from spec

ular the BRDF is more like that of a Lambertian diffuse scatterer.

Although no BRDF data could be found for glossy white paints, 

similar profiles would be expected. The diffuse scatter would be con

siderably higher, of course.

Bidirectional Transmittance 
Distribution Function

Not only the opaque surfaces but also the refracting elements in 

an optical system are a source of scattered radiation. While the avail

able BRDF data in the literature on opaque surfaces is scarce, the 

available bidirectional transmittance data is nearly nonexistent. A
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I I l t i

Fig. 25. BRDF of Cat-a-Lac Black, X = 10.6 ym.
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partial reason for this is that the scatter can occur both at interfaces 

and in the bulk of the material, and in measurement data it is difficult 

to distinguish between the two. The bulk scattering is dependent on the 

size and quantity of inhomogeneities, bubbles, striae, and other 

inclusions.

Fortunately, measurements in the visible have indicated that the 

effects of bulk scattering in optical quality glass are not as signifi

cant as surface scatter effects. Although not yet investigated, the

theory developed by Harvey and Shack (Harvey, 1976) should be applicable
!

to describe the scattering function of the surfaces involved.

BRDF cannot be used for the transmitted scattered radiation 

function. Bidirectional transmittance distribution function (BTDF) 

seems appropriate. Perhaps the general case is best described by a bi

directional distribution function (BDF). With a source of unwanted en

ergy, it makes little difference whether it is transmitted or reflected.

Other BRDF Properties

To this point we have ignored the wavelength dependence of the 

BRDF. This is one area, however, that has been extensively investigated 

Experimental data on mirror surfaces at different wavelengths have indi

cated a 1/X2 dependence (Shack and DeBell, 1974), a 1/A dependence 

(Leinert and Klupelberg, 1974), and a l/A*5 dependence (Perkin-Elmer, 

1975). Initially it was thought that these diverse results were due to 

the variation in the samples being measured.

However, an empirical approach by Wetherell (1974) led to an 

empirical solution that was solved analytically by Greynolds (1975)
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using the Harvey-Shack formulation for the scattering function. Experi

mental verification of this solution was provided by Harvey (1976).

Conceptually the scattering mechanism is considered to be a dif

fraction process. The radiation of a particular wavelength scattered in 

a given direction corresponds to surface irregularities of a given spa

tial frequency. If the wavelength is changed, the structure will scatter 

the radiation in a different direction. This scale change in the direc

tion (B-B0) was the key to the solution. Initially, the researchers had 

been looking only for a scale change in the intensity. The formulation 

worked out by Greynolds and Harvey shows that the scattering function^ 

S(a,B;X) scales in the following manner when the wavelength is scaled by 

a factor a:

S(a,B;aX) = X) sr"1. (13)

The magnitude is scaled by 1/a1* and the direction cosine space is scaled 

by a. This is depicted in Fig. 26 with experimental data. Note the ex

cellent agreement for scaling in the visible region. Although attempts 

to scale the data to 10.6 pm were unsuccessful, it became apparent that 

this failure was due to the greatly expanded width of the scattering 

function at long wavelengths. As pointed out by Harvey (1976) with re

gard to Fig. 27, the scattered light measurements over the angular range

1. The scattering function S(a,g;X) is a scaled, wavelength 
dependent BRDF. The scaling factor is simply the total reflectance R 
of the sample: BRDF(ct,p;X) = R*S(ct,B;X). The function S(a,B;X) and the
scale factor R are used here to be consistent with the original work by 
Harvey (1976).
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Sample #184 
On = 0

X =■0.4579 pm

0.6328 um

Fig. 26. Experimental Verification of Wavelength 
Scaling Law for Smooth Surfaces.

(Harvey, 1976)



K____________ _________ Measurement Capability ----------------)|

X = 0.6328 0

X = 10.6 }

Fig. 27. Diagram Illustrating the Effects of the Wavelength Scaling Law. 

(Harvey, 1976)
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of 1° to 46° at 0.4579 ym were used to predict the scattering function 

from 1.4° to 90° at 0.6328 ym. The data measured between 1° and 2.5° at 

0.4579 ym are needed to predict the scattering function at 10.6 ym for 

values greater than 24°. There are simply too few data points to suc

cessfully extrapolate the data to longer wavelengths. Harvey suggested 

the process be used in reverse to determine near-specular scatter at 

shorter wavelengths.

In summary, the Harvey-Shack theory can be used to define the 

bidirectional reflectance distribution function, and this single set of 

measurements can be scaled to cover at least a modest spectral region. 

Although in the computational application only the BRDF values are of 

concern, it is the development of the scattering theories that provides 

insight and makes the application of the analysis more practical.

BRDF of Vane Structure

In a stray radiation suppression system, vane structure is often 

added to baffle surfaces to further suppress the scattered radiation.

The angle, spacing, depth, and coating of the vanes are important fac

tors in determining the scattering characteristics, which are 

asymmetrical.

When multiple vanes are present, program APART specifies a sur

face containing the vane edges (Fig. 28) as the effective surface. On 

the outer baffle in a Cassegrain system the locus of vane edges is de

fined by the field of view. Even sawtooth or staggered vanes can be 

represented by a series of such conical "surfaces."
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Fig. 28. The Surface Is Taken as the Locus of Vane Edges.

The edges of the vanes form a symmetric structure 
shown as the inner shaded cone.

When radiation is traced to or from such "artificial" surfaces, 

the GCF is independent of the local configuration of the major element. 

The power incident on the major element of the artificial surface is 

likewise independent. The vane structure for the major element may be 

varied in any fashion and the above factors will remain the same. Thus 

the vane structure, however complex, can be treated as a specialized 

"coating"; it may be varied without disrupting the entire family of 

transfer factors.

The determination of the equivalent BRDF value is not difficult. 

The input angles of the "coating" are known, as would be the case for 

any true coating. The output angles are also known. With this informa

tion, the local scatter problem can be solved to determine an equivalent



BRDF value. If, in a subsequent analysis, the vane structure is 

changed, the local'scatter calculation will determine a new equivalent 

BRDF value.

As an example, consider the surface shown in Fig. 29. A given 

power <|>c is assumed to be incident on the elemental area. This power 

physically falls on the upper portion of the rear vane. From there it 

scatters to the opposite (front) vane. Neglecting multiple scattering, 

the power reaching the front vane will be

<t>2 = 4>c BRDFj GCF12. (14)

The power (f̂ * scattered from this vane in the output direction to the 

next collector section will be

<|>c' = *2 B R D F 2 G C F c  X
= (j>c BRDFj GCF12 BRDF2 GCFc X, (15)
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Fig. 29. The Local Scatter Problem in a Vane 
Structured Surface.
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where

C -cos(6v) + sinC8v)/tan(60), for eo < 6V

i cos(9v) - sinC8v)/tan(60), for 60 > 8V .

X is a correction factor necessary because, in the original GCF, the 

angle from the normal of the artificial surface (80) was used to calcu

late GCFg. Now it is desirable to correct the value to the cos8 from 

the normal of the second vane. In the case shown, the scatter direction 

is normal to the second vane; that is, 6 = 0 .

In terms of BRDF, Eq. (15) becomes

+c' = <f>c BRDFv GCFc, (16)

where

BRDFv = CBRDF1(GCF12)3 BRDF2 Xcor sr"1. (17)

Equation (16) is the standard equation used throughout this dissertation.

Edge Scatter

Edge scatter from vane structures is treated in a separate way. 

The fraction of the power directly incident on the vane edge is deter

mined and subtracted from the power incident on the internal vane struc

ture. Assuming the collector element is far enough away, the GCFc 

approximates the GCFg from the edge except for a correction factor simi

lar to the previous one.

The power falling on each vane section is (see Fig. 30):

<|>0N = D E dW sin(*i) . (18)



Vane 1Vane 2

Fig. 30. Variables for Edge Scatter versus Secondary 
Vane Scatter Calculations.
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The power falling on the edge d& is (see Fig. 31)

dijig = rd6 cos(0 - <|)£) E dW. (19)

The ratio of the total power on the edges to the power on the vanes is

*0N

rde cos(8 -$i) 
D sin(*i) (20)

The power transferred from the cylindrical edge to some collector that 

subtends the solid angles dftc is

d*ct BRDFg d<f>g cosGg dS2c

BRDFe d»0N ^  cost* o - 9) diic C21)

BRDF

6,

fde c6s(6 -#j) 
E D sin(#i) cos(*0 -e) d4»0N dnc (22)

where 9^ = 4)0 - ir/2 and 82 = <j>̂ + ir/2 in Fig. 31.

For fixed input and output angles, d<{>QN and dfic are constant. 

Therefore, assuming Lambertian scattering:

BRDFg' =
<l>0M GCFc

r BRDFE
cos(<f)0 - ir/2) 2D sin(<j>̂ )

* [(4»i - *0 + ̂ ) cos((j)i - <j)0) - sin(<j>i - <j)0)3. (23)



♦o

Fig. 31. Angles for Edge Scatter Calculation.
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where BRDFg is the effective BRDF value relative to the total power 

(‘f’OI'P on the vane structure.

Solving for <j>c :

‘J’r ♦on BRDFB GCFC- (24)

The total power scattered to the collector is the sum of the vane scat

ter and edge scatter:

<f>c = + *cE

= »0N (BRDFV ' + CBRDFg') GCFc

= »qN brdft ' GCFc* (25)

Equation (25) is the standard form used for the transfer of power, where 

the BRDFrp' value is the effective BRDF value of the vane structure (the 

BRDF of the specialized vane "coating" including edges). This approach 

is certainly easier than refiguring the collector section area, distan

ces, angles, and obstructions in the path.



CHAPTER 6

POWER DISTRIBUTIONS

The analysis of stray radiation is not complete until the power 

distribution in the image plane due to scattered radiation is deter

mined. The stray radiation originates as some unwanted input power, 

usually from a source off axis. The set of collector elements for this 

source element are considered one by one. If there are no more source 

elements, the first level of scatter is finished. If there is a second 

source element, it will be necessary to consider separately that source 

and its collectors, and so on.

In program APART, the power calculations are referred to as lev

els of scatter. The reason for this is twofold: (1) Vaned surfaces are

considered to be special coatings. For pertain input-output angles, 

only secondary scatter from the vanes is propagated; that is, two sur

face scatters are involved. Whatever the effective radiance of the 

vanes due to one or two scatters of the incident power, it is considered 

one level. (2) The calculation of radiation transfer is more efficient 

when done as levels of scatter. Once radiation has reached the image 

plane at a given level, it is rare that any of the paths at the next 

level will contribute more power.

The collectors at level one are the source elements for level 

two. The calculations proceed as for level one. An example of a simple 

system will help clarify the bookkeeping that must be done for the
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calculations of Eq. (26), below, to be accurate:

$c = *5 BRDF GCF. (26)

The example consists of three cone-shaped elements and a 

disk-shaped detector (Fig. 32). Sections on each object are designated 

by three numbers (i,j;k). The first number is the axial section, the 

second is the azimuthal section, and the third, after the semicolon, is 

the number of the element.

To begin, assume that the first two elements have a distribution 

of power on them already that came only from a single major element 

(x,y;N) of a previous source N. Attention will be focused on the trans

fer of power from these elements (1 and 2) to element 3, which will then 

scatter energy to element 4.

If the power on section (1,1;2) is <j>(x,y;N: 1,1;2), the power 

transferred from this section to section (1,3;3) is

<frc(l,l;2: 1,3; 3) = <j>s(x,y;N: 1,1;2)

• BRDF(x,y;N: 1,1,2: 1,3;3)

• GCF(1,1;2: 1,3;3). (27)

The GCF is the value relating the two sections. The first three numbers 

in parentheses represent the major element on the source and the number 

assigned to that source element; the second three represent similar data 

for the collector element. The BRDF value calculated for the source sec

tion (1,1;2) depends on the source section at the previous level and on 

the section to which it is scattering. Here the previous major element



Sections Previously Loaded with Power from 
Some Element Number N

Section (l,l;2)(2,l;2)(3,l;2)(4,l;2)(5,l;2)

1,1;2) watts of power 
from source section

Section (1,1;U«

Element 1 Element 3 Element 4

(1,3;3)SectionElement 2

Fig. 32. Sectional Power Propagation Paths.



is referred to as section (Zpg,PIpg;PS). The increment of power 

4>s(Zpg,PIpg;PS: 1,1;2) is also dependent upon the previous source.

The general form of the equation is

nSE NZS N P Ig  NpS NZps NPIpg

*c(Zc'PIc:C) = 1 1 1 1 1  I
SE=1 Zs=l PIS=1 PS=1 Zpg=l PIpg=l

[G C F (Z g ,P Ig ;S E : Zc , P I c ;C )

* ^ c ^ p g iP Ip g iP S :  Z g ,P Ig ;S E )

• B R D F (Z p g ,P Ip S ;PS: Z g ,P Ig ;S E : Zc,PIc;C)3.

(28)

The subscript c refers to the single major collecting element; SE is the 

source element number, of which there are Ngg; Zg is the axial source 

section; and Pig is the Pith aximuthal section of the source. Each pos

sible source has NZg axial sections and NPIg azimuthal sections. PS is 

the number of the previous source element, that is, the one from which 

the power on the present source came. It is the increments of power 

from these elements that will be individually propagated.

The total power of all the sections on the collector element CE 

is

NZC N P IC

tcCCE) = l l <f»c (Z ,PIc;CE). (29)
zc=1 PIc=1

For the particular transfer from element 3 to element 4, the
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equation becomes:
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where

3 3 5 2 NZps 5
*4(Z4'Pl4;4) l l l l l l

SE=3 Zs=l PIg=l Ps=l ZPS=1 PI=1 

CGCF(ZS,PIS;SE: Z4 ,PI4 ;4)

* •I’s(ZpgjPIpgjPSi Zg,PIg;SE)
• BRDF(Z p s , P Ip S ; PS: ZS , P I S ;S E : Z4 , P I 4 ; 4 ) ]

(30)

NZpg
4 when PS = 1

4

, 5 when PS = 2.

An analogy can be made between an APART analysis and paraxial . 

imaging. Both are first-order approximations of the real performance of 

the system. In paraxial optics, objects are imaged using refraction and 

transfer equations. In APART the power is transferred to some element, 

where it undergoes a transformation at the surface of that element.

Then, in an iterative fashion, the power is transferred to a succession 

of other elements. In APART, the BRDF is analogous to the refraction, 

the GCF to the transfer, and the power to the image that is being 

propagated.

Each level of scatter requires, individually, all the increments 

of power calculated at the previous level, while creating new increments 

for the next level that must be stored. Power transfers between the 

same source-collector combinations must be stored separately. For in

stance, the power transfer from a cone-shaped object to itself directly 

and by reflection creates different input angles, section by section. 

Because space is limited in central memory, these files have to be



67

blocked and stored on disk files to be recalled when necessary. This 

creates a major bookkeeping problem. The program must locate, store, 

and recall the proper GCF, increments of power, input angles, and output 

angles for all levels of scatter.

This may seem a great inconvenience compared to the tracing of a 

"bundle" of energy until some reduced portion of it strikes the image 

plane, unless one realizes what this approach accomplishes: It permits

one to see the power contribution on the detector of all the elements at 

each level of scatter.

The power of this approach is best explained with some computer 

output as an example. Again, a Cassegrain system is used. The amount 

of power contributed to the image plane by the inside of the rear baffle 

is compared to that from the outer baffle; both are final elements.

For each element an array is printed as shown in Figs. 33 and 34. 

Each major element in the image plane is considered separately. For 

each section of the five shown in each figure, the array that follows 

has the dimensions of the source element— in this case, either the rear 

baffle or the outer baffle.

Therefore, Fig. 33 shows that the rear baffle has five axial 

sections (columns) and five azimuthal sections (rows), and Fig. 34 shows 

that the outer baffle has the same sectioning. The numbers in 

the array are the increments of power A*(Zs,PIg;S: Zdet,PIdet;DET) from 

that particular section of the source element (S) to the particular de

tector section.

Now, by inspection, one can determine that element 6 (rear baf

fle) contributes much more power to the detector than element 2 (outer
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Fig. 34. Power Contributions from the Outer Baffle to Five of the Detector Sections. O'to
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baffle). In addition, it is only the front two sections on the rear 

baffle that contribute the power, the others having zero values. The 

total power contributed to the major element (1,1;DET) by the outer tube 

is 1.69E-07 watts; that is, 8.45E-08 watts from axial section 5, azi

muthal section 1, and 8.47E-08 watts from axial section 5, azimuthal 

section 5. The rear baffle contributes 5.47E-06 watts from four sec

tions. That is about 32 times the total of the other contributors.

With this information, attention can be focused on reducing the 

scatter from the front axial sections of the rear baffle. A coating 

change may be the solution. However, sometimes such sections have al

ready been optimized for minimum scatter. The next approach is to 

determine how the radiation got to these major elements on the rear 

baffle. The same types of arrays as shown in Figs. 33 and 34 exist on 

disk files for all elements that contributed power onto the inside of 

the rear baffle. These arrays can now be used to minimize the power 

transferred to the element on the rear baffle.

It is also necessary to determine the total amount of power, 

section by section, oh all the elements, but especially the detector. 

The total power reaching the detector can be used as a figure of merit 

to determine the acceptability of the design. Equation (28) is used to 

calculate the total power on each section. However, the increments of 

power must still be preserved if additional levels of scatter are to be

calculated.



CHAPTER 7

DESCRIPTION OF PROGRAM APART

The general problems in stray radiation analysis have been out

lined in the previous chapters. A sequence of procedures has been de

veloped that helps to assess qualitatively the optical system's stray 

light transmission characteristics and that also helps to minimize the 

computational effort required. Recognition of special methods or con

cepts, such as the y-y diagram, symmetry conditions, storage of the 

GCFs, and vane "coatings," helped to further reduce the computational 

effort.

All these features have been incorporated into a major computer 

analysis program called APART (Arizona's Paraxial Analysis of Radiation 

Transfer). Three subprograms make up the analysis program: APART(1), 

APART(2), and APART(3). These are intended to be run separately, but 

sequentially, as one job train, each creating files for the succeeding 

programs. Each succeeding program requires greater computational effort. 

Table 1 shows the interrelationships of the programs in APART. In this 

chapter we discuss the required input and the application of the program 

and concepts in general terms. Chapter 8 focuses attention upon the 

test results of specific optical systems.

APART(1)

Before the APART(1) subprogram can do any analysis, it must have 

such input data about the optical-mechanical system as the curvatures.
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Table 1. Inputs and the Interrelationships of the Programs.

Inputs Type of analysis

APART(1)

Elements
Shape
Location

Optical infor
mation

Output options

Determines final scattering elements

Determines meridional plane angles at 
which the final scattering elements 
are seen

Projects all the elements as seen from 
each space, including imaged elements

APART(2)

Tape 10 (BASICA) 
Source-collector 

combinations 
Obstructions 
Reflectivity

(or transmittance) 
of each optical 
element

Point source positions

Calculates the geometrical configura
tion factors (GCFs) and related 
input and .output angles

Merit value for validity of the calcu
lated GCF values

Outputs

Numerical values of the positions 
of the final scattering elements 
that can be seen, and their angles

Plot of y-y diagram

Plotted profile of the mechanical- 
optical design

Vignetting diagram

Meridional plane plot of all the 
elements as seen from each space

Tape 10 (BASICA), which stores in
formation for subsequent use

Tape 5 (GCF)

Tape 8 (ANGIN), angles out of the 
source

Tape 9 (ANGOUT), angles into the 
collector



Table 1. Inputs and the Interrelationships of the Programs (cont).

Inputs Type of analysis Outputs

COATINGS

APART(3)

Calculates the propagation of power Power contributions to the image

Assign coatings to 
elements

Output options

through the system plane

Summed power contributions 

Percent of contributions

Tape 5 (GCF) Point source transmittance plot

Tape 8, angles out 
of the sources

Tape 9, angles into 
the collector

Tape 10 (BASIGA)

Broad source transmittance plot

Tape 7, plot tape

Tape 18, power distribution
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refractive indices, apertures, and positions of the elements in the sys

tem. Descriptions of the baffle structure and obstructions are also re

quired. The information necessary for a cone-shaped baffle will include 

the radius and axial position at each end of the baffle, as well as the 

identification of either the inner or outer surface as the baffle sur

face (Fig. 35). This baffle will have to be assigned a label to distin

guish it from other elements and from itself in other spaces. The num

ber of axial and azimuthal sections that this element will be divided 

into must also be known. As all of the elements are imaged into succes

sive space, a separate label must be assigned to each image.

Before the program begins its execution, its output options must 

be specified. (Discussion of the specific options will be deferred . 

until later.)

Initially, the program does a paraxial ray trace, using the 

optical specifications of the system, to determine the y-y values through
out. The program locates on the y-y diagram the planes containing all 

the significant elements. With the aid of the y-y diagrams the sizes 

and locations of the images of all these elements are determined.

Fig. 35. Data Required to Describe a Conical Element.
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Final Elements

One of the options of APART(1) directs the program to determine 

which real and which imaged elements are seen from the image plane.

These are the final elements in all the possible paths of scatter.

The program determines which sections of these elements are seen 

and which are obscured from the final space. Then the sections in real 

space conjugate to these imaged sections are determined. The program 

also determines the angle in real space in the meridional plane at which 

these surfaces are seen.

After the final elements have been determined, the radii and 

distances of all the elements (real or imaged) that can be seen from the 

detector are used to produce a vignetting diagram, that is, the view as 

seen from some designated reference point in the image plane.

Figures 36 and 37 represent such plots of the Cassegrain example 

shown in Fig. 4. The single primed numbers are elements imaged by the 

secondary only. Double primed numbers (in a subsequent figure) are im

ages of elements imaged by the secondary and primary. In Fig. 36 the 

large area between circles 3 and 4 represents the rear baffle as seen 

from a position near the optical axis. In Fig. 37 the reference point 

has been moved to the edge of the field of view. The hatched area in 

both figures corresponds to the hatched area in Fig. 4.

The program now requires a response from the user. It has de

fined the sections on the final elements that can scatter directly to 

the image plane. Attention should be directed toward minimizing the 

total power reaching the image plane. It might appear more reasonable 

to do a complete analysis before making any changes to the system, but
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Fig. 36

Forward
Baffle

Rear Baffle

. Vignetting Diagram as Seen from a Near-Axis Observa
tion Point in the Image Plane.
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4

Forward
Baffle

Baffle

Fig. 37. Vignetting Diagram as Seen from a Point near 
the Edge of the Field in the Image Plane.



that is not necessarily true. Usually, some simple, straightforward 

improvements to the design can be made without compromising any of the 

concepts of the optical or mechanical designer.

For example, Fig. 38 (enlarged portions of Figs. 36 and 37) 

points out a mistake in the original input data that produced Fig. 4. 

Circles 1" and 2" represent the image of the outer baffle tube as re

flected by the primary and secondary. For most designs that image should 

be outside the field of view. The outer baffle (line 1-2) in Fig. 4 

was entered into the program as a cylinder when it should have been a 

cone. In this case, a correction to the input data rectified this er

ror. Design errors can be detected and corrected in the same way.

When the system design appears acceptable, APART(1) is rerun 

exercising a different analysis option. All elements are imaged into 

space 1 and their positions are determined. Pictorial output is availa

ble either from a plotter or, in an approximate form, from a line 

printer. Next, all elements are imaged into space 2 and plotted; and 

so on until all spaces have been considered.

The program now stops and again requires a response from the 

user. The interaction at this point is important. A complex optical 

design involves many images, obstructions, and elements. A program 

could be written to generate the appearance of the system as seen from 

any element in the system. However, enough information is provided in 

the figures already generated for the operator to decide which transfers 

should be calculated.

This is the most efficient utilization of the user and the com

puter. Occasionally the user will not be able to confidently determine
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Fig. 38. Enlarged Vignetting Diagram Depicting an Input Error.

to

•t*
".



80

whether power will be transferred between two specific elements. The 

user will have only a plotted profile of the elements, and the problem 

is a three-dimensional one. Whenever this occurs, the transfers will be 

attempted in APART(2), the next subprogram, leaving that subprogram to 

make the final determination of the significance of the scatter path.

APART (2~)

After the user determines the transfer paths, APART(2) is used 

to calculate and store GCFs and angular information. APART(2) takes 

most of the information it needs from the file "tape 10" (BASICA) cre

ated by APART(1). It may then take any element in the APART(l) file and 

treat it as a source of radiation to any other element, including imaged 

elements. The data input at this stage can be as simple as two label 

numbers: source element label number and collector element label number.

APART(2) then determines the types of elements involved by ana

lyzing the data in the BASICA file. Information in the BASICA file 

dictates the sectioning of each element. The user may request further 

subdivision into minor elements. Or the user can request automatic 

subsectioning into minor elements that are small enough to satisfy a 

specified smallness criterion determined by the area of the minor ele

ment on the collector and the distance between the source and collector.

The program determines whether any imaging is required. If so, 

it will image each collector element, as necessary. The program auto

matically uses all the imaging apertures as obstructions in the transfer 

path (central obstructions included). Each imaging element involved in 

the path is assigned a reflectance factor (for mirrors) or transmittance
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factor (for refracting elements) that further attenuates the power trans

fer between the source and collector. If there are obstructions other 

than the imaging apertures, and there usually are, they must be entered 

by the user as determined from the APART(1) output plots. The user can 

determine this much more efficiently than the computer and thereby avoid 

many needless calculations.

APART(2) calculates the GCFg, 8^, <j>̂, 8^, and <{>0 . This informa

tion is stored in three files, referred to as GCF, ANGIN, and ANGOUT 

(tapes 5, 8, and 9, respectively). It also adds information to BASICA 

that APART(3) will use to self-check its input data.

Occasionally it is desirable to redesign some element in the 

system after these files have been calculated. APART(2) has the capa

bility of replacing or adding additional transfers, while retaining all 

other transfer data intact.

Complex elements in an optical system often have to be modeled 

as several basic elements in APART(1). The transfers to and from these 

basic elements are then calculated separately in APART(2). After this 

stage the geometry of the elements is no longer important. The angular 

information is in terms of local coordinates and the GCFs have been cal

culated. It is often desirable to merge the files created by the basic 

transfers into one file and consider the complex element. It is then 

often easier to relate to the original element and, in some ways, the 

merging of several GCF files reduces the core and run time requirements 

in APART(3).

Although a rotationally symmetric system has the advantage of 

fewer calculations, APART can handle a wide variety of asymmetrical
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objects. For an asymmetrical object, each element is divided into major 

elements, and all the transfers are calculated.

Usually optical systems are evaluated for a series of off-axis 

point sources. Because it is desirable to select the position of each 

point, APART(2) has the capability of positioning up to 10 such point 

sources between 0° and 180° off axis. In the analysis, APART calculates 

a radiant intensity for these point sources that, when multiplied by the 

GCF value, will determine the power incident on the elemental sections:

Ipst^o'^o) = BRDPpg <}>pg W sr 1. (31)

APART(3)

APART(3) completes the power transfer calculation. This subpro

gram requires most of the previously calculated data plus the paths of 

scattered radiation and the sequence in which the power transfers should 

be executed. This information is quite simple to enter. Figure 39 is 

an example.

Paths
1 Level 1 source labels
2 3 5 7 Level 1 collector labels

Level 2 source labels
2 4 6 8 9 10 Level 2 collector labels

Level 3 source labels
11 Level 3 collector labels

Fig. 39. Radiation Path Input Data.
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Figure 39 shows that there is only one "seeded" source, element 

1. Its possible collectors are elements in the second row. Sometimes, 

for the positions loaded on element 1, the GCFs to some of the elements 

will be zero and no power will be transferred. This will pose no prob

lem for APART(3), which explicitly checks for such cases before expend

ing any computational effort. At the next level of scatter, the 

elements in row 2 are the sources and the elements in row 3 are the 

collectors— the final scattering elements as defined previously. At the 

next level of scatter the elements in row 3 become the sources and the 

detector (assumed to be element 11) is the sole collector.

This array is simple enough to write and is powerful. It con

trols the execution of transfers. This would not be easy to determine 

without APART(1) and APART(2) and the concepts involved.

APART(2) records the source-collector combinations calculated. 

Recall that the transfer from one element to another by two different 

paths (direct and by a reflection, for example) requires two different 

collector labels. This is necessary to distinguish which element is im

aged and which is not. APART(3) wants only the stored factors, and the 

circumstances involved are of no consequence to the subprogram. There

fore, elements that require different labels in APART(2) may, if desired, 

have the same label in APART(3). One need not be concerned about having 

final elements scattering radiation by separate paths to the detector 

and not being able to determine which path was the more significant.

This will be detailed shortly.

APART(3) must be given the label combinations of the power emit

ters and power collectors as in Fig. 40. Note that in the last four



84

POWER EMITTER LABELS ::
1 1 2 2 2 \

' 3 3 Matched pairs
POWER COLLECTOR LABELS ::
2 6 2 2 6 6 =

Fig. 40. Source-Collector Combinations in APART(3).

columns the transfers 2-2 and 2-6 are repeated. In APART(2) these trans

fers may have been called out as two separate paths between the same 

elements, i.e., perhaps a direct path and one with an intermediate re

flection. In APART(3) the increments of power from each path are calcu

lated and stored separately.

Along with the above information, APART(3) requires the surface 

scattering characteristics. Parameters that apply to the internal 

models are read in and stored in an array. Then each section of each 

element is assigned a "coating" from this array. It may be as simple as 

a Lambertian coating or it may be a vane type "coating."

When scattered radiation leaves each section, the appropriate 

parameters are used to determine which internal model, or table lookup 

file, is needed to calculate the BRDF(9^,<{>^; 60><t>0) value.

During execution, APART(3) has three principal functions:

(1) Bookkeeping:

(a) The program controls those transfers that must be per

formed at each scattering level.
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(b) It locates and retrieves the files containing the 

GCFs and output angles for each power transfer.

(c) It determines which files contain increments of power 

that were incident on the present source section at 

the previous level.

(d) It determines the files containing the input angles

at which each increment of power came into the present 

source.

(2) Calculation of the BRDF values. A variety of BRDF models 

exist in APART(3) to represent the BRDF measured data. The 

program also contains two table lookup files. The number of 

these tables can be increased quite easily when necessary.

(3) Calculation of the incremental power transferred, that is, 

the product of the BRDF, power increments, and GCFs.

The increments of power are summed at each level of scatter to 

depict the power distribution throughout the system. There are really 

two such power arrays calculated in APART, one that represents the power 

added at each level of scatter, and another that totals all the incre

ments from each level. Figures 41 and 42 are examples of the arrays for 

the outer baffle, at two levels of scattered radiation. The source was 

in the meridional plane, so the power transfer is symmetrical. Only 

sections 1 and 5 receive power.

Similar power arrays exist for the detector element. However, 

whereas the total power reaching the image plane might constitute suffi

cient information to evaluate the system relative to some desired
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performance, it is insufficient to analyze the system. It is desirable 

that the principal paths at each off-axis position of the point source 

be determined and the sensitivity of the path to variations in the sur

face scattering characteristics be evaluated.

In APART(3) one has the option of selecting a list of elements 

for which the increments of power transferred will be printed out (Figs. 

33 and 34). This is normally done, for at least the detector element.

One can determine by examination whether replacing one coating 

with another would improve the system performance. Running the program 

again with the new coating will quantify the improvement.

Percentage Tables

The above power transfer arrays, although extremely useful by 

themselves, can be supplemented with two additional summary tables. One 

indicates the percentage of power contributed to the detector element at 

each level, and a similar one shows the percentage contributed by each 

element as a function of the position of the unwanted source.

Percentage Tables/Level. Keeping track of the total power con

tributed to the image plane by each element at each level of scatter 

requires the separate addition of all the increments of power for each 

final scattering element-detector transfer. If more than one path ex

ists between a final element and the detector, the power from all such 

paths is summed into one number. At the end of a level of scatter, the 

total power at the detector is the sum of the powers contributed by each

element.



89

Figure 43 is an example of such a table. At level 1 scatter, no 

power reaches the image plane. That is not unusual because, as with 

most baffle designs, there is no direct path from the off-axis source to 

the image. At level 2, power is scattered to the image plane by at least 

four elements (there may be others, but they account for less than 0.1% 

of the scatter). The total power is given for each level.

This is a powerful summary table because it pinpoints the most 

critical final scattering element for the given off-axis sources. Not 

only can attention be focused on the most critical element, but this 

table also indicates how much improvement must be made before some other 

element becomes more important. At level 2, in the example shown, im

proved secondary mirror BRDF characteristics should be accompanied by 

improved primary mirror BRDF characteristics.

In the example, level 3 was also calculated, but this is rarely 

necessary. The power contribution at the next level is usually only a 

small fraction of that at the previous level. In Fig. 43, 100% of the 

scatter at level 3 comes from the outer baffle, but this power is many 

times less than the level. 2 scatter.

Percentage Tables/Off-Axis Position. For each off-axis source 

position the most significant path of scatter may be unique to that po

sition. Usually the final element that is the major source of unwanted 

radiation also varies with the source position. Therefore, system re

design must consider all the off-axis positions of interest. This mas

sive amount of data can be summarized into another table, Fig. 44. As 

the point source is moved off axis, the fraction of power contributed by 

each final scattering element varies. This array helps to determine



PERCENT OF POWER CONTRIBUTED 
BY EACH OBJECT AS A FUNCTION 

EACH SCATTERING LEVEL
OBJECTS/

SOURCE 
OUTER TUBEOUTER FORWARD BAFFLE 
INNER FORWARD BAFFLE 
OUTER REAR BAFFLE 
INNER REAR BAFFLE
SECONDARY BACKING 
SECONDARY MIRROR 
PRIMARY MIRROR 
ENTRANCE PORT 
IMAGE PLANE 
DUMMY

TOTAL POWER

LEVEL OF SCATTER
1 2 3

0.0 0.0 0.0
0.0 2. 4 100.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 .4 0.0
0.0 0.0 0.0
0.0 0.0 0. 0
0.0 0.0 0.0
0.0 5B.2 0.0
0.0 39.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0 .

0 .477E-04 .879E-07
* REPRESENTATIVE: CASSEGRAIN STRAY RADIATION ANALYSIS

Fig. 43. Percent of Power Contributed by Each Element as a Function 
of the Scattering Level. to
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PERCENT OF POWER CONTRIBUTED 
BY EACH OBJECT AS A FUNCTION 
OF OFF.AXIS SOUECE POSITION

OBJECTS/ OFF-AXIS POSITION ^

1
23456 7 ti 910 1 1 

12 13

SOURCE  
OUTER TUBE
OUTER FORWARD BAFFLE 
IN N E R  FORWARD BAFFLE 
OUTER REAR BAFFLE 
IN N E R  REAR BAFFLE

SECONDARY BACKING 
SECONDARY MIRROR PRIMARY MIRROR ENTRANCE PORT 
IMAGE PLANE 
DUMMY

0.02.60.00.0
.40^00.00.058.038.90.00.00.0

0.027.7 0.0 0.0 6.5 0.0 0.0 0.0 0.065.8 0.0 0.0 0.0

0.0
uc.o

96l3
o:cC.O1.40.0c.o0.0

0.05.00.00.0.393.30.00.0
0 .01.40.00.00.0

0.0 
. 6.8 C.O 0.0
92%5C.O0.00.0.5c.o-0.0c.o

TOTAL FOWEH 478E-04 .79eE-05 . 16CE-03 .884E-04
SOURCE ANG 5.0 10.0 15.0 20.0

6 7 8 9 10
0.0 0.0 0.0 0.0 Q.O
19.3 20.4 13.2 7.6 • M0.0 0.0 0.0 0.0 0.0
0.0 28.7 25.5 14.6 1.0.2 .9 .6 . 3 , . 2

79.9 48.7 60. 1 77.2 90.60.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 .6 .2 • 0 . 1.7 .6 . 4 .3 v 4 .0.0 0.0 0.0 0.0 0.0C.O 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0

.319E-04 .2082-05 .1942-05 .1672-05 .5625-06
30.0 . 40.0 50.0 60.0 70.0

17 OK-03 
25.0

Fig. 44. Percent of Power Contributed by Each Element as a Function 
of the Off-Axis Position of the Source. 43
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the overall importance of improvements to the system. For broad sources, 

more than one off-axis point source position could be important.

Although the above two tables may seem to be all that are neces

sary, such is rarely true. They are a useful summary, but they cannot 

show which major sections on the final scattering elements contribute 

the most. Furthermore, when there is more than one path from a final 

element to the detector, these tables do not show which is the most 

important.

Point Source Transmittance Plots

Graphic output is often more readily interpreted; therefore, 

such output has been included in APART(3). The point source power 

transmittance, PSPT,

PSPT = Power on the detector 
Total power into the system ’ (32)

or the point source irradiance transmittance, PSIT,

pg,™ _ Stray radiation irradiance on the detector
Incident irradiance on the entrance port ’  ̂ J

can be plotted to give a graphical display of the system's performance. 

Figure 45 is an example of such a plot. The system performance of the 

system can be evaluated qualitatively very quickly, but it is not possi

ble to explain the irregularities in the curve. The previously dis

cussed output tables must be used.
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Summary

When the program can be properly applied, the three APART sub

programs supply sufficiently detailed information to thoroughly analyze 

the optical system for scattered radiation propagation. Perhaps the 

major limitation in the program is its inability to handle specular 

black coatings on conical surfaces (baffles and vanes). The curvature 

of the conical surface will focus a collimated incident beam; its specu

lar distribution will vary greatly over the scattering surface.

APART(3) requires that the point-to-point BRDF value be representative 

of the area-to-area BRDF characteristics. This is not the case with 

specular blacks. In these cases, the tracing of bundles of rays, as 

used in the GUERAP programs, may be the appropriate approach.

Little has been said about diffraction effects because the 

APART program has no diffraction analysis capability. In well designed 

optical systems that utilize both field stops and Lyot stops, only 

third-level diffraction will propagate to the image plane, and analysis 

has usually shown that in the visible spectrum this is not as significant 

as multiple scatter. However, these general statements are made cau

tiously, as the relative importance of the diffracted energy is dependent 

upon the specific optical design, spectral region involved, and operat

ing environment of the system. A separate analysis may be required to 

determine diffraction contributions.



CHAPTER 8

APPLICATIONS OF PROGRAM APART

The previous chapter explained the capabilities of the APART 

program. The present chapter discusses the application of APART to a 

wide range of problems. In every case, redesign is directed at reducing 

the scattered radiation that reaches the image plane from the final 

scattering elements.

Recall that in the simple case where the source was seen di

rectly, a baffle was used to block the direct path. Likewise, it is 

often possible to block or remove some portion of the final scattering 

element from the view of the detector. The following examples will 

clarify this application.

Real Space Critical Elements

Many Cassegrain forward baffles are designed to be cone-shaped 

(Fig. 46), usually approximating the converging cone of light from the 

primary, which leaves no space for any .vane structure. From the detec

tor, portions of this forward cone are seen as a final scatterer. How

ever, if the cone is made more cylindrical, less critical cone area can 

be seen, and the angle at which the surface is seen gives a still smaller 

projected area (Fig. 47). More of the disk behind the secondary is seen 

but, because of the depth and space available, an effective vane struc

ture can be used for that surface.
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Fig. 46. Direct and Reflected Scatter from the Cone-Shaped 
Forward Baffle.
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Fig. 47. Reduced Scatter from an Almost Cylindrical-Shaped 
Forward Baffle.
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Imaged Final Scattering Elements

Imaged elements are often final scattering elements. From the 

Cassegrain example of Fig. 47 it is easy to understand that the image of 

the detector and the image of the inside and/or outside of the rear baf

fle will be seen in reflection. These images can be eliminated with a 

central obscuration or, for the rear baffle, with a spherical mirror con

centric about the image plane. Although the direct view to the inner 

rear baffle remains, the path from its image is removed.

The original cone-shaped forward baffle is also seen in reflec

tion (Fig. 46). For the incident angles of radiation on this surface, 

the near specular (forward-scattering) characteristics will be important 

because the image of the detector is found in that direction. If the 

baffle is made more cylindrical, part of its image is removed from the 

detector's view (Fig. 47). The remaining area on the secondary that is 

seen by the detector has been reduced and, therefore, so has the result

ing power that can scatter to the detector. Furthermore, it is some

times possible to baffle most of this power from the field of view with 

a single vane (Fig. 47).

The process of reducing the number of final scattering elements, 

or at least the amount of their area that is seen, is continued until 

all of the elements have been considered for all points in the image 

plane. The power contributions from these surfaces should now be less.

Sometimes a final scattering element cannot be redesigned so as 

to reduce its scattered light contribution. It then becomes necessary 

to reduce the power incident upon it. If this radiation comes directly 

from the unwanted source, it can be eliminated by extending the outer
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baffle tube (Fig. 47), by increasing the obscuration ratio (Fig. 48), or 

by narrowing the field of view (which allows the forward baffle and rear 

baffle to be extended toward each other). The effect of eliminating 

some of this path is shown in a composite point source irradiance trans

mittance plot in Fig. 49. For the case shown, the unwanted irradiance 

on the detector has been reduced by an order of magnitude.

Even when all the direct paths from the unwanted source to the 

final elements have been eliminated, the importance of these final 

elements cannot be overestimated. The paths of propagation from the 

elements that receive direct radiation to the final elements are deter

mined by the APART(1) user. Sometimes the propagation along such paths 

can be minimized. The extended baffle shield shown in Fig. 50 is an ex

ample of such a path where, with the proper redesign, the power reaching 

the primary mirror is minimized. In the example, assume that the pri

mary mirror is the largest contributor of scattered radiation and that 

it is the best low-scatter mirror available. It cannot be removed from 

the view of the image plane. The initial power incident on it comes 

only from the extended shield. If the shield is tilted (Fig. 51), the 

power on it must scatter first to the outer tube and then to the optical 

element. With vanes on the outer baffle, most of this radiation is ab

sorbed at the rear vane and the rest is scattered. Some of it, within 

a small solid angle, will scatter to an adjacent vane, where most of it 

will be absorbed. The remaining energy, scattered in the direction of 

the primary mirror, is reduced many orders of magnitude when compared 

with the direct path energy. Note that without the tilt of the shield, 

the vanes on the outer baffle are worthless for this path.
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Fig. 48. Increased Obscuration Ratio Blocks Direct 
Path to Inner Rear Baffle,

0.3333

20
Off-Axis Angle

Fig. 49. Point Source Transmittance with Obscurations of 
0.3333 and 0.4.

The 0.4 obscuration removed the direct path from 
the source to the inner rear baffle.
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Primary

Fig. 50. Direct Path from Extended Shield 
to Primary.

lilt I I I I I I l I I I I

I M  'I t I H I  I t » l i

Fig. 51. Tilted Shield Eliminates the 
Direct Path.



CHAPTER 9

TEST RESULTS

At the beginning of this dissertation, two approaches to stray 

radiation analyses were described. In addition, the possibilities for 

erroneous test results were pointed out, but no comments were made about 

computer analysis errors, which of course may be significant. They 

might arise from operator inexperience (similar in character to the ex

perimentalist's inexperience), from inaccuracy of the input data, or 

from the assumptions and approximations made in the program.

Realizing these potential problems, it is important to know 

whether the APART computer analysis faithfully predicts the performance 

of the optical systems. The following sections discuss the computer 

analysis of several cases and experimental results where they exist.

Large Space Telescope

Since the LST has not yet been built, there are no experimental 

results. However, the original APART analysis pointed out several im

portant flaws in the original baffle design, and the stray radiation 

suppression system has since been redesigned. The original profile of 

the Ritchey-Chrdtien telescope is shown in Fig. 52. APART(1) pointed 

out that, with the stop at the primary, the sections of the outer baffle 

around the primary were seen in reflection by the secondary.

The LST was designed so that the large side of the extended 

shield (Fig. 52) was always on the sun side. Initially, direct radiation
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onto the outer baffle sections had not been allowed. Therefore, the 

only element that received power on an internal surface of the LST was 

the extended shield. The APART analysis (Tifft and Fannin, 1947a,b) 

pointed out the following:

(1) Under these conditions, the expensive angled vanes were 

essentially useless. They made an insignificant reduction (20%) in 

scattered light. The most significant scattering path was from the 

extended shield to the final scattering sections of the outer baffle. 

Because of the input-output angles, baffles here were unimportant and 

baffles elsewhere had no effect on this path.

(2) The solution was to reduce the power to the final scattering 

sections by tilting the extended shield back. Subsequent designs by 

both Perkin-Elmer and Itek included such a feature.

(3) The forward baffle had a pronounced cone shape. Therefore 

more of its surface was seen in reflection by the secondary. When it 

was made more cylindrical, the image area of the baffle seen from the 

image plane was reduced and so was the amount of scatter.

(4) The outside of the rear baffle was redesigned so that it was 

not seen in reflection. Also, the original vanes on the outside of the 

rear baffle were removed. This allowed space for deeper vanes on the in

side of the rear baffle, which was seen both directly and in reflection 

by the secondary.

(5) With sufficiently black coatings, and vanes similar to the 

original design, some radiation could be allowed onto the outer tube 

without adversely affecting the noise level.
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The first four examples are intentionally qualitative to demon

strate the approach. Subsequent computer analysis quantitatively veri

fied the conclusions.

LSI Model

A 1/6 scale model of the LST was designed and fabricated at The 

University of Arizona incorporating many of the design improvements men

tioned for the LST. The optimum available surface coatings were applied. 

All but the tilted, extended shroud were coated at Martin Marietta with 

Martin Black. The shroud was coated with Cat-a-Lac paint, a specular 

black. The optics were not aspherics but rather simple aluminized 

spherical surfaces. For the stray radiation analysis, this was 

sufficient.

The APART analysis had predicted stray radiation transmission 

factors between 10~12 and 10-16, and also had predicted that the test 

chamber would significantly affect the test. Appropriate testing pro

cedures (Tifft and Fannin, 1974b) were developed to minimize these ef

fects. The paths that could not be eliminated were taken into account 

in the analysis.

The initial results showed questionable agreement (Wyman and 

Griner, 1975). For two test positions, the incident power was only on 

the outer baffle, and the test results and analysis were within a factor 

of 2 for point source transmission factors of 10"12 to 10-13. However, 

for radiation incident on the specular shroud at three locations, results 

were off by factors of 300 to 2000. Subsequent testing revealed test 

chamber problems that, when corrected, made the tested values for two of
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these three positions agree with the predicted values within a factor of 

2. The data for the third point remains off by a factor of about 30.

The major discrepancy in the computer analysis was due to a data input 

error in APART(3) that blocked a significant path. Furthermore, the 

multiple specular black reflections off the tilted shroud and chamber 

wall were not precisely calculated. Subsequent analysis showed that, if 

they had been calculated precisely, the results for the third position 

would have agreed better with the measured data.

Multiple Aperture Sensor

The multiple aperture sensor (MAS) (Fig. 53) was analyzed using 

a more advanced version of APART (Army Materials and Mechanics Research 

Center, 1976). The MAS system was chosen because its off-axis attenua

tion had been carefully measured at 10.6 ym. The design was similar to 

a Gregorian but had several additional features. A concave spherical 

mirror containing 11 limiting apertures was located between the primary 

and secondary to act as a Lyot stop and field stop. The MAS system also 

had 14 baffles, with 11 apertures each, on the front sections of the 

main baffle. These apertures served the purpose of raising the 

length/diameter aspect ratio.

The computer results given in Fig. 54 show reasonable agreement 

with the experimental test values. A better overall fit was found by 

assuming slightly higher BRDF values than the measured mirror BRDF data 

indicated (Fig. 55). Considering that the mirror had never been 

remeasured, this does not seem to be an unreasonable assumption.
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Fig. 54. APART OAR Results Compared to Measured OAR Values.
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Fig. 55. Variations in Mirror BRDF Values.
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The tests pointed out an additional limitation to APART. A peak 

in the point source transmittance curve was measured at about 8° off 

axis. APART had not predicted it. Subsequent analysis seems to indi

cate this peak was caused by the specular edges of the 11 apertures in 

the field stop mirror. APART cannot handle nonimaging specular objects—  

in this case the edges.

The stray radiation suppression of several sunshields has been 

measured and tested. All the measured data were in good agreement with 

the results of APART. The agreement with GUERAP I, Honeywell's Monte 

Carlo program, has usually been very good (within a factor of 2). How

ever, when the angle of incidence of radiation on mirror surfaces 

exceeded 25°, the contributions from these mirror surfaces showed signif

icant differences. The apparent discrepancy is in the mirror model used 

to determine the BRDF characteristics; Honeywell's model is not linear 

and shift invariant. The comparison of APART results with Perkin-Elmer's 

GUERAP II program (Perkin-Elmer, 1975) is not as extensive, but initial 

analysis showed good agreement (Fig. 56).

For all known tests and analyses performed with APART, the 

measured and predicted values have been within a factor of 3 except for 

one data point of the LST model and the peak in the MAS OAR data. To be 

off by a factor of 3 may not seem very reliable, but the transmission 

factors are usually in the range of 10“^  to 10“^ ,  and actual BRDF val

ues of the surface coatings vary significantly between the samples and 

the system coatings. When discrepancies do occur, APART has extensive 

debug features to check the validity of the calculations, almost step 

by step.
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CHAPTER 10

CONCLUSIONS

This dissertation has detailed the principal concepts involved 

in the development of program APART, and has documented the stray radia

tion analysis that the program can produce. With a minimum of input 

data and a logical sequence of calculations, meaningful improvements can 

be made to optical systems. Limiting rejection values can be defined and 

calculated. This dissertation is not a manual for the program. The cur

rent manual, written for version 5 of APART, is more than 200 pages long 

and describes many additional programmer-oriented aids, including 

self-checking and debug routines that are very instructive. Often, dif

ferent interrelationships can be unraveled with these additional aids.

The full value of APART has not yet been realized. It has proved 

to be an instructive and powerful tool for analyzing the phenomenon of 

stray radiation. The concepts involved in the program have helped re

duce the cost and difficulty of making parametric analyses by allowing 

additional studies to evaluate the complexity of the baffle system versus 

that of the optical design (Army Materials and Mechanics Research Center, 

1976). The use of the program and the evaluation of BRDF characteris

tics have brought to light more problems than originally anticipated.

The variations of coating characteristics with wavelength, temperature, 

substrate, polarization, etc., are not yet fully defined but are often 

important.

Ill



APPENDIX

ACCURACY OF APART-CALCULATED GCF

The configuration factor Fjj from incremental area dA^ to incre

mental area dAj is defined as the fraction of total radiant flux leaving 

dA^ that is incident upon dAj. For Lambertian surfaces the configura-- 

tion factor equation is (Hamilton and Morgan, 1952):

V a 2 = i l l  ■-°s6y 0562 (A-l,

Subdividing both areas into a number of incremental areas, the equation 

becomes:

Ai —Az —  I
A i a .2 a 2

I cos6i COS02 AAi AA2 
irR2 (A -2 )

When the "brightness" equation is used to calculate the power transfer 

due to scattering, a similar factor is calculated:

d<J>2 = Li(0 j_, Qq ^O^ COS0j_ cos<}.0 dAi dA2, (A-3)

where L(6^,$^; 90,(j)0) is the radiance of the source of area dA%. The 

subscripts i and o indicate input or output angles. APART usually uses 

BRDF for the surface scattering characteristics. BRDF can take the 

form:

E R D F C S i,^ ;  90 „|,0 )  = . (A -4 )
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Substituting Eq. (A-4) into Eq. (A-3) and for convenience dropping the 

angular notation:

d<fr2 =
L
E EAi cose j cos02 dAj dA2 (A-5)

= BRDF A<j>i dOi2 cosOj, (A-6)

where EAx is the incremental directional incident power, (e^,^). If 

the source were a Lambertian scatterer (emitter), the BRDF could be re

placed by p/ir, where p is the fraction of incident power on A 1 that is 

scattered into a hemisphere (i.e., the total hemispherical reflectivity).

Note that the last term in Eq. (A-5) is almost the same as in 

Eq. (A-2). It is the projected solid angle. When calculated in APART, 

it is done by incremental areas and takes the form

AGCFii 1 cos81 COS02 AAl AA2 (A-7)Al R2

A<J>2 = BRDF A<f>i AGCF12. (A-8)

Each object's surface can have as many as 66 sections. Each section may 

be subsectioned as finely as desired. The program then does the trans

fer from subsection to subsection. This allows for very accurate AGCF12 

values that can include the effect of obscurations. The BRDF factor 

used for the section is the average BRDF factor of all subsections (in

put and output angles are averaged the same way). Therefore, Eq. (A-8)

becomes:
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<j>2 = BRDF(0^,<j>^; 90,<j)0)

‘ l l
A i A2

cos0i cos02 AAi AA2 
R2 (A-9)

In Eq. (A-9), the

GCF12 = 7 7  I  I
1 a ,  A2

COS01 COS02 AAl AA2 - 
R2

. (A-10)

The factor GCF12, and the angles 0^, <$1̂ , 0O, ij)0, are stored on disk for 

laser use. When the source and collector are summed over their incre

mental subsections, there is only a factor of ir difference between GCF 

and F. . , assuming a Lambertian scatterer (emitter).

Concerning imaging optics, be they mirrors (highly specular sur

faces) or lenses, APART uses a unique and very fast first-order imaging 

technique, the y-y diagram (Delano, 1963; Shack, 1973). A simple exam

ple and diagram (Fig. A-l) is probably the easiest way to explain it.

To calculate the transfer from the main tube to the disk, the program 

needs to calculate two possible paths: the direct one and the path by 

reflection off the primary.

APART images the disk and calculates its image size (magnifica

tion) and its image distance (Fig. A-2). Looking from the source 

toward the primary mirror, one would see the image of the disk. Imagine 

that a real disk of the right size (magnification) is placed at that im

age distance. Then removing the primary, the appearance of A2 ' from A% 

remains unchanged. APART calculates the geometrical configuration fac

tor from the source to the "imaged" object.
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Fig. A-l. Cross Section of a Simple One-Mirror System.

Fig. A-2. y-y Diagram.

The distance of the imaged disk behind 
the primary is proportional to the hatched 
area. Disk magnification is yy / yi.

Figure A-3 (Hamilton and Morgan, 1952) is a direct comparison 

between APART and an example with a closed-form solution. The example 

is the same as mentioned above but with convenient dimensions.
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b=50.

Closed form solution. (Hamilton and Morgan, 1952)
R=r/b D=a/b

1 + R2 + D2________
/(l + Rz + Dz)z- 4R2

1. ]

Calculated Geometrical Configuration 
Factors (GCF)

Source Closed Form APART
Position Solution Value

1 0. 0.
2 0. 0.
3 0. 0.
4 .0028859 .002887
5 .010155 .010151
6 .013000 .012998
7 .012408 .012358
8 .010403 .010404
9 .008236 .008238
10 .006381 .006384

Fig. A-3. Comparison of the Closed-Form Solution 
with the Calculated APART GCF Values.



LIST OF REFERENCES

Army Materials and Mechanics Research Center (1976), "Focusing and Con
trol in Infrared Sensors," Final Report for Dept, of Army Proj
ect 8X363304D215, Watertown, Mass., Rept. No. AMMRC CTR 76-42.

Boksenberg, A. (1972), University College London, Dept, of Physics, per
sonal communication to the author, Apr. 25, 1972.

Breault, R. P. (1975), "User's Manual for University of Arizona APART 
Program," NASA Contract NAS8-27804.

Chou, T. S. (1972), "GUERAP (General Unwanted Energy Rejection Analysis 
Program) User's Manual," HOneywell Rept. No. UERTD TM 33CC-008, 
SAMSO Contract F04701-71-C-0377.

Delano, E. (1963), "First-Order Design and the y-y Diagram," Appl. Opt.
2, 1251-1256.

Greynolds, A. W. (1975), Optical Sciences Center, University of Arizona, 
personal communication to the author.

Gunderson, J. A. (1977), Goniometric Reflection Scattering Measurements 
and Techniques at 10.6 Micrometers, M.S. Thesis, University of 
Arizona, Tucson.

Hamilton, D. C., and W. R. Morgan (1952), "Radiant Interchange Configura
tion Factors," National Advisory Committee for Aeronautics, 
Technical Note 283G.

Harvey, J. E. (1976), Light Scattering Characteristics of Optical Sur
faces, Ph.D. Dissertation, University of Arizona, Tucson.

Itek (1973), Optical Systems Division, Design Analysis and Trade
Studies, Lexington, Mass., "LST Phase A Study," Final Report.

Leinert, C., and D. K. Klupelberg (1974), "Stray Light Suppression in 
Optical Space Experiment," Appl. Opt. 13, 556, 564.

Perkin-Elmer (1974), "GUERAP (General Unwanted Energy Rejection Analysis 
Program) User's Guide," Tech. Rept., Perkin-Elmer Corp., Nor
walk, Conn., SAMSO TR 73-309.

Perkin-Elmer (1975), Perkin-Elmer Corp., Norwalk, Conn., Rept. 11880.

117



118

Shack, R. V. (1973), "Analytic System Design with a Pencil and Ruler—  
The Advantages of the y-y" Diagram," Proc. SPIE, Vol. 39,* Appli
cations of Geometrical Optics.

Shack, R. V., and M. DeBell (1974), "Surface Scatter Study," Optical
Sciences Center Final Report prepared for the Space and Missile 
System Organization under Contract F04701-72-C-0181, University 
of Arizona, Tucson.

Tifft, W. G., and B. B. Fannin (1974a), "Results from Computer Program 
for Analyzing Scattered Light Suppression Systems for Large 
Space Telescope," Space Astronomy of the Steward Observatory, 
University of Arizona, Tucson.

Tifft, W. G., and B. B. Fannin (1974b), "Testing a Scale Model of the 
Large Space Telescope to Determine the Effectiveness of the 
Scattered Light Suppression System," Space Astronomy of the 
Steward Observatory, University of Arizona, Tucson.

Wetherell, W. B. (1974), "Ultraviolet and Visible Scattered Light Ef
fects on the Optical Performance of the Large Space Telescope 
(LST)," Final Report, pp. 5-9, NAS8-30639.

Wyman, C. L., and D. B. Griner (1975), "Analysis and experimental
measurement of straylight suppression systems for the large 
space telescope," Opt. Eng. 1£, 528, 532.



S t q  3 3 y 7 4



-41 C5


