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Fig. 5.23. Sample 3b: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: �~�=�<�>�.�6�3�2�8�/�L�m�.� 00=600• The particle distribution is given in 
Table 5.7. 
(a) ss-polarization. 
(b) pp-polarization. 
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Fig. 5.24. Sample 3b: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror using the apparent particle size: X=O.6328/Lm. The 
unmodified particle distribution is given in Table 5.7. 
(a) eo=30o. ss-polarization. 
(b) e0=60o. ss-polarization. 
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For samples 3a and 3b. the cross-polarization measurements showed no increase 

in the scatter over that for the clean mirror. 

The particle distributions. used thus far utilize the largest widths of the­

particles. No scientific reasoning exists for choosing this as the diameter. however. 

when used with the theory described here. it gives excellent agreement with experiment. 

Many experiments use the mean width or average volume. so one may ask how this 

affects the scatter predictions. Insight may be gained by comparing earlier results with 

those obtained using the smallest widths of the particles. Fig. 5.25a and 5.25b show 

the comparisons for 00=100 and -00=60°. respectively. The large-width particle 

distribution is given in Table 5.7. and the small-width particle distribution is given in 

Table 5.8. Fig. 5.25b uses the apparent particle size. Clearly. the difference is small. 

The best results are obtained with the largest-width distribution. but the smallest-width 

distribution gives a reasonable approximation. Thus. a method which determines the 

particle size to be between these limits is sufficient for predicting the scatter from 

them. 

Several assumptions are made in selecting the refractive index. so. the question 

of its variability arises. Due to lack of information concerning the refractive index of 

dust in laboratories. the findings of atmospheric scientists are employed as guidelines. 

Based on the findings of Lindberg and Gillespie (1977) and Jennings. Pinnick and 

Auvermann (1978). it is concluded that the real and imaginary parts of the refractive 

index may vary from the extreme values of 1.33 to 1.60. and from zero to 0.005. 

respectively. Fig. 5.26a compares the results when the imaginary component equals 

0.0005 and the real component varies between the extreme values. An insignificant 

difference results. and most of the variability occurs for the larger scatter angles. In 

Fig. 5.26b the real component equals 1.53 and the imaginary component varies between 

zero and 0.005. A noticeable difference results for angles beyond 100 of specular; the 



Table 5.8. Sample 3b: Small-Width Particle Distribution for Fig. 5.25. 

Particle 
Size (pm) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 
38.6 
44.1 
49.6 
55.1 

Quantity 
per cm2 

1006 
785 
160 
80 
167 
39 
32 
6 
21 
4 
18 
2 
8 
o 
4 
o 
1 
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Fig. 5.25. Comparison of the theoretical BRDF using the large-width and small-width 
particle distributions for sample 3b: }'=O.6328pm. The unmodified particle distributions 
are given in Tables 5.7 and 5.8 
(a) 00=100, ss-polarization. 
(b) 00=60°, ss-polarization. Used the apparent particle size. 
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Fig. 5.26. The change in BRDF due to the variability of the refractive index of dust 
for sample 3b: X=O.6328JLlll. 90=10°. The particle distribution is given in Table 5.7. 
(a) Varying the real component of the refractive index. ss-polarization. 
(b) Varying the imaginary component of the refractive index. ss-polarization. 
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difference being as much as a factor of five. For such extreme values. the difference 

is quite small. illustrating that the variability in the refractive index does not playa 

very large role. 

5.6. Infrared Scatter From Dust-Contaminated Mirrors 

As discussed at the beginning of the previous section. an assumption concerning 

the refractive index must be made. Again. the assumption is that the refractive index 

of room dust approximates that of atmospheric dust. 

In the infrared part of the spectrum. the real part of the refractive index varies 

slightly. but the imaginary component varies considerably with the particle size 

(composition). Based primarily on the findings of Jennings. Pinnick and Auvermann 

(1978) the index used for the A=1O.6JLm measurements is m=l. 70+0.2i. 

An s-polarized beam exits the laser. so the beam incident upon the sample is s­

polarized. or nearly so. and the detection is unpolarized. 

According to theory. the surface microroughness scatter scales in magnitude as 

1/A4 and in width as A. Scatter from particulates larger than those that Rayleigh scatter 

does not exhibit such strong wavelength dependencies; therefore. at infrared 

wavelengths. the scatter from these dust particles contributes more significantly to the 

total scatter. Fewer particles are required to significantly increase the particulate 

scatter beyond that of the surface microroughness scatter. Accordingly. size and shape 

variations may not be averaged out as compared to the A..().6328JLm measurements. 

which require many more particles to contribute substantially. Thus. in the infrared 

there exists an increase in the total scatter sensitivity toward particulate contaminants. 

This is primarily due to the strong wavelength dependence of the surface 

microroughness scatter. This makes it instructive to graph the scatter from the small­

width particle distributIOn along with the large-width distribution data. 
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The scatter from the clean mirrors is subtracted from the contaminated-mirror 

data so that the contribution from the particles which fell on the mirror during the 

contamination process is known. Similarly. the difference between the particle 

distributions for the clean mirrors and the contaminated mirrors is used as the 

contaminant fall-out distribution occurring during the contamination process. 

The clean mirror data for sample 4 is shown in Fig. 5.27. Part (a) is for 90=10° 

and part (b) is for 00.30°. Data for 00-60° are not available because scatter from the 

sample holder can not be controlled with these one-inch samples. 

Sample 4a was obtained by allowing sample 4 to collect dust for 17 hours. 

Tables 5.9a and 5.9b give the large-width and. small-width particle distributions for the 

contaminated mirror data presented in Fig. 5.28. Fig. 5.28a shows the results for 

00=100 and Fig. 5.28b the results for 00=30°. For 00=10°. the large-width particle 

distribution results predict scatter levels better than the following approximate limits: 

high by a factor of two for \T-To\~llo. low by a factor of two for 1l0<\T-TolS:25°. and 

high by a factor of five for \T-To\>25°. The small-width results predict scatter levels 

better than the following approximate limits: low by a factor of three for \ T-To \ S:300. 

and off by a factor of three for \T-Tol>300. For 00=30°. the comparisons are very 

similar except that the small-width results predict the experiment more accurately. For 

most angles the agreement is within a factor of three. 

After collecting dust for another 238 hours. sample 4b is obtained. Tables 

5.10a and 5.10b give the particle distributions for the scatter data shown in Fig. 5.29. 

Again. part (a) shows the results for 90-100 and part (b) for 90=300. The scatter has 

increased substantially over the previous data. and again. the theory agrees well with 

experiment. For 00=100• the large-width distribution predicts the scatter better than the 

following: high by a factor of four for IT-Tol~300. and in excellent agreement for IT­

To \>300. The small-width theory agrees excellently for \T-To\~300. and tends to 
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Fig. 5.27. Sample 4: Clean mirror BRDF with X=IO.6J,Lm. This mirror is used for 
contaminated samples 4a and 4b. 
(a) 60=10°. 
(b) 60=30°. 



Table 5.9a. Sample 4a: Large-Width Particle Distribution for Fig. 5.28. 

Particle 
Size (p.m) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
16.5 
27.5 
33.0 

Quantity 
per cm2 

235 
150 
30 
20 
15 
1 
1 
1 
1 

Table S.9b. Sample 4a: Small-Width Particle Distribution for Fig. 5.28. 

Particle 
Size (p.m) 

1.1 
2.2 
3.3 
5.5 
22.0 

Quantity 
per cm2 

255 
158 
15 
11 
2 

167 
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Fig. 5.28. Sample 4a: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: h=IO.6JLm. The particle distributions are given in Table 5.9. 
(a) 60=10°. 
(b) 60=300. 



Table 5.10a. Sample 4b: Large-Width Particle Distribution for Fig. 5.29. 

Particle 
Size (p.m) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 
38.6 
44.1 
55.1 

Quantity 
per cm2 

310 
230 
50 
20 
27 
9 
7 
5 
12 
9 
15 
5 
7 
2 
2 
2 

Table 5.10b. Sample 4b: Small-Width Particle Distribution for Fig. 5.29. 

Particle 
Size (p.m) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 

Quantity 
per cm2 

315 
232 
50 
15 
30 
12 
22 
I 
6 
5 
11 .. 
3 
2 
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Fig. 5.29. Sample 4b: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: h=1O.6JLm. The particle distributions are given in Table 
5.10. 
(a) 00=10°. 
(b) 00=30°. 
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underestimate the scatter for IT-Tol>300 by less than a factor of three. For 90=30° the 

large-width theory over-estimates the scatter but is within a factor of about 4 for IT­

Tol~Oo. and underestimates the scatter within a factor of three for IT-To 1>20°. The 

small-width theory is slightly low for IT-TolS:200. and is within a factor of four low 

for IT-To 1>200. Both distributions give excellent agreement for 100<IT-Tol<200. Again. 

the experimental data are within these approximate boundaries. 

Fig. 5.30 shows the clean mirror data for sample 5. After collecting dust for 

92 hours the mirror. sample Sa, had the particle distribution in Table 5.11. and the 

measured scatter in Fig. 5.31. Again. the scatter obeys the following rough limits. For 

90=10°. the large-width theory is in very good agreement for IT-Tols;;loo. is low by less 

than a factor of 2 for about 100<IT-TolS:25°. and is high for IT-To 1>250. The large 

angle backscatter is not predicted well. being high by roughly an order of magnitude. 

The small-width theory is very much the same except that it slightly underestimates the 

scatter for IT-TolS:300. The results for 90=30° are similar to those for 90=10°. except that 

the forward scatter beyond IT-Tol=IOo is underestimated by less than a factor of about 

5. 

After collecting dust for another 69 hours. the partide distribution in Table 

5.12 was obtained. sample 5b. The theory and experimental results are shown in Fig. 

5.32. For 90=10°, the large-width theory is high by less than a factor of about 4 for 

IT-TolS:9°, and is low by less than a factor of about 4 for most angles larger than this. 

The small-width theory is in poor agreement for all scatter angles. being nearly an 

order of magnitude low for some scatter angles. The results are nearly the same for 

90-300. 

The limits and values of IT-To I mentioned above are only approximate. but may 

be used as guidelines to state some rough, but general. conclusions. When using the 

large-width distributions. the scatter for IT-TolS:lO° is overestimated. but within a 
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Fig. 5.30. Sample 5: Clean mirror BRDF with A=1O.6JLm. This mirror is used for 
contaminated samples Sa and 5b. 
(a) 60=10°. 
(b) 60=300. 
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Table S.lla. Sample Sa: Large-Width Particle Distribution for Fig. 5.31. 

Particle 
Size (pm) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
16.5 
27.5 
33.0 

Quantity 
per cm2 

115 
140 
35 
30 
15 
3 
1 
1 
1 
1 

Table S.llb. Sample Sa: Small-Width Particle Distribution for Fig. 5.31. 

Particle 
Size (pm) 

1.1 
2.2 
3.3 
4.4 
5.5 
11.0 
13.8 
22.0 
27.5 

Quantity 
per cm2 

125 
152 
15 
20 
8 
1 
1 
1 
1 
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Fig. 5.31. Sample Sa: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: A=10.6/lm. The particle distributions are given in Table S.il 
(a) 90=100. 
(b) 90=300. 



Table 5.12a. Sample 5b: Large-Width Particle Distribution for Fig. 5.32. 

Particle 
Size (JLm) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
22.0 
27.5 
33.0 
44.1 
55.1 
60.6 
77.1 

Quantity 
per cm2 

200 
175 
35 
30 
18 
8 
3 
5 
2 
2 
2 
4 
4 
3 
2 
1 
2 

Table 5.12h. Sample 5b: Small-Width Particle Distribution for Fig. 5.32. 

I 

Particle 
Size (pm) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
13.8 
16.5 
22.0 
27.5 
33.0 

Quantity 
per cm2 

240 
178 
15 
5 
20 
7 
14 
1 
2 
3 
3 
2 
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Fig. 5.32. Sample 5b: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: A=1O.6JLm. The particle distributions are given in Tahle 
5.12. 
(a) 60=10°. 
(b) 60'"'30°. 
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factor of four. For 100<IT-ToIQSo the predicted scatter agrees to within a factor of 

five, and is typically low. For IT-Tol>2So the theory typically agrees to within a factor 

of five, and when the prediction is worse, it is too high. When the small-width 

distribution is applied, the scatter predicted for IT-Tol~300 is low, but typically within 

a factor of three for 90""100, and typically a factor of six for 90=300. For IT-Tol>300 the 

predicted scatter is usually within a factor of five for 90=100 and a factor of seven for 

90=300. When this isn't true, the predicted scatter is always higher than the actual 

scatter. Sample Sb is often beyond the limits specified here, but usually the theory 

predicts much better than the limits specified in this paragraph. The limits stated are 

very general and could be used as guidelines for predicting scatter levels and worst­

case situations. 

Inconsistent results make it difficult to state which particle width distribution 

gives the best predictions. In engineering a scatter-sensitive optical system, one 

frequently estimates the scatter from the optical components, and based on this 

estimation the system and its baffling are designed. Under such circumstances, one 

prefers to overestimate the system scatter, because an underestimate can result in a 

system malfunction. Since the scatter given by the large-width distribution is generally 

higher than that given by the small-width distribution, the large-width distribution is 

the better choice and is used throughout the remainder of this chapter. As a rule of 

thumb, the above data indicate that the agreement between the large-width results and 

experiment is within a factor of five. 

The apparent particle size concept employed for the X=O.6328J,Lm data will 

obviously not improve the agreement for the infrared measurements. This may result 

because the total scatter is affected by fewer particles than the visible measurements; 

thus, reducing averaging affects. In any case, the idea of an apparent particle size 

should only be used for visible wavelengths. 
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The theory and experiment agree quite well considering the irregular shape of 

dust and the simplistic theory being used to model scatter from it. The results indicate 

that one can use this theory to predict the scatter from particulate contaminated 

mirrors. if one knows the particle distribution. One may ask what the effect may be if 

the assumed refractive index for dust is incorrect, or varies. Again. based on the 

findings of Jennings. Pinnick and Auvermann (1978). the worst-case values for the real 

component of the refractive index are 1.19 and 2.18. and the worst-case value for the 

imaginary component is 0.02. Comparisons of the scatter resulting from particles with 

these worst-case values are made using the particle distribution given in Table 5.12a. 

Fig. 5.33a shows how the scatter changes when the real part of the refractive index 

varies from 1.19 to 2.18. while the imaginary component is held fixed at 0.2. The two 

scatter curves are nearly identical out to about 200 from specular. Beyond this angle 

the difference increases up to a factor of about five. This is a small difference for 

such a wide range of indices. and a worst-case situation. When the real component of 

the refractive index is held fixed at 1.7 and the imaginary component varies between 

0.02 and 0.2. the scatter curves in Fig. 5.33b are calculated. Again. the scatter results 

are nearly identical for IT-Tol~200. and beyond this the two curves are within a factor 

of about three. The small changes in the scatter curves for such large variations in the 

refractive index illustrate the nearly independent nature of the scatter with respect to 

the refractive index. So. assuming a typical refractive index should inflict little error 

in theoretical predictions. 

If one considers the particulate scatter as being caused by diffraction. 

geometrical external reflection. and geometrical transmission with refraction. some 

insight into the origin of the scatter may be gained. Hodkinson and Greenleaves (1 %3) 

show that the scatter determined in this manner agrees well with Mie calculations when 

the particie sizes are greater than three or four times the wavelength. This assumes 
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Fig. 5.33. The change in BRDF due to the variability of the refractive index of dust 
for sample 5b: A=1O.6/Lffi.80=1O°. The particle distribution is given in Table 5.12. 
(a) Varying the real component of the refractive index. 
(b) Varying the imaginary component of the refractive index. 
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that the particles are spherical. suspended in air. and that there exists a sufficient range 

of particle sizes to average out the phase effects. With this result. one might expect 

that this theory can be applied to the present situation using the same model employed 

with Mie theory. The geometrical terms use the Fresnel equations which depend on the 

refractive index. Since previous discussions indicate the presence of a small refractive 

index dependence. the primary contributor to the scatter must be diffraction. 

Figs. S.34a. and S.34b show the calculated theory and diffraction contribution 

for samples Sa and Sb respectively. The diffraction calculations assume that the 

particles resemble an opaque disk. Sample Sa has only one particle satisfying the size 

requirement mentioned above. and sample 5b has twelve. Each figure shows good 

agreement. with most of the difference being at the large scatter angles where the 

refractive index may play a larger role. For these larger contamination levels. 

diffraction is clearly the prime contributor to scatter. and can reasonably estimate the 

particulate scatter when several particles greater than the wavelength are present. 

Chapter 2. (2.11). gives the results for scatter from the microroughness of a 

typical mirror. According to these results. the measured clean mirror scatter. Figs. 5.27 

and 5.30. is higher than the mirror's surface microroughness scatter. Also. the slope of 

the scatter versus 10~-l3o) curve is -2 for a typical mirror. much steeper than the 

nearly flat experimental data. So. if these mirrors are typical. the measured scatter 

from them can not be due to the surface roughness alone. If these mirrors are assumed 

to be equivalent to those measured in the visible. and if the visible scatter 

measurements are limited by the surface microroughness. then the A=O.6328JLm clean 

mirror data may be rescaled for A=1O.6JLm according to the theory presented in chapter 

2: 1 fA 4 in height and A in width. This scatter level is also below that measured. and 

the slope of -1 does not agree with the data. Hence. the measured clean mirror scatter 

at A=10.6JLm is limited by a source other than the mirror microroughness. 
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Fig. 5.34. Comparison between theory and diffraction from dust particles on a mirror: 
A=IO.6JLm. 80=10°, 
(a) Sample Sa, particle distribution is given in Table S.lla. 
(b) Sample Sb. particle distribution is given in Table S.12a. 
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The particle distributions for the clean mirrors. samples 4 and 5. are given in 

Tables 5.13 and 5.14. respectively. and the corresponding data and theory are presented 

in Figs. 5.35 and 5.36, where the instrument profile is subtracted from the clean mirror 

measurement. In Fig. 5.35, good agreement between theory and experiment occurs 

beyond 8° from specular. For IT-ToIOOo the agreement is worse. In Fig. 5.36 the 

theory predicts the scatter well for IT-Tol>5°. The angles with poor agreement indicate 

that the source of scatter is something other than particulates. such as scratches. digs. or 

coating pinholes. For the angles where the theory is in agreement with the data, it may 

be concluded that the scatter from these clean mirrors is limited by particulate scatter. 

and not the scatter from the mirror microroughness. 

Fig. 5.37 shows the diffraction contribution to scatter for a clean mirror. sample 

5. The largest particle is 0.78>', which does not satisfy the size requirement stated 

above, but the agreement is still within a factor of three for most of the scatter angles. 

This indicates that diffraction. as opposed to reflection and refraction. does contribute 

substantially to scatter even when the particles are smaller than the wavelength. Also. 

the scatter predicted by diffraction alone is above that expected from surface 

microroughness, helping to substantiate the statement that the particulate contaminants 

limit the clean mirror scatter. 

The above results indicate that the scatter from dust particulates has little 

dependence on the refractive index. and may be reasonably predicted by diffraction 

from similarly sized opaque disks. Therefore. it is reasonable to assume that the scatter 

from digs and coating pinholes may also be reasonably predicted by diffraction (or Mie 

theory), and that the scatter from them effects the total scatter like dust particles. 



Table 5.13. Sample 4: Large-Width Particle Distribution for Fig. 5.35. 

Particle 
Size (JLm) 

1.1 
2.2 
5.5 
8.3 

Quantity 
per cm2 

40 
10 
5 
2 
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Fig. 5.35. Sample 4: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: A-IO.6pm. The particle distribution is given in Table 5.13. 
(a) 80=10°. 
(b) 80=30°. 



Table 5.14. Sample 5: Large-Width Particle Distribution for Fig. 5.36. 

Particle 
Size (JLm) 

1.1 
2.2 
3.3 
4.4 
5.5 
S.3 

Quantity 
per cm2 

135 
75 
30 
5 
13 
I 

IS5 



••••• Clean Minar (T-TD :. Q) 
00000 Clean Minar (T-TD c 0) 
-- Theory - Large Particle Width CI"-TD :. 00) 
---- Theory - Large Particle Width (T-TD c ) 

~ 10-4 
..­....... 

I.L. 
c 

1 0 -7~_--L._.J-...L....L..1..J...1...l:-'::--_...L----L---II.....L-1..u...,~_---l 
1 10 100 

IT - Tal (deg.) 

(a) 

.......... Clean Minar (T-TD :. 0) 
00000 Cleon Mirror (T-TO c 0) 
-- Theory - Large Particle Width (T-TO :. 00) 
---- Theory - Large Particle Width (T-TO c ) 

85 10 

1 0 -7!-_--L._.J-.J-.L...L..J...I""":-I:::--_...L...---L---I--L....L.J1...L.:I~:__--I 
1 1 0 100 

IT - Tal (deg.) 

(b) 

186 

Fig. 5.36. Sample 5: Comparison between theoretical and experimental BRDF from 
dust particles on a mirror: X-IO.61Lm. The particle distribution is given in Table 5.14. 
(a) 90-100. 
(b) 90-300. 
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Fig. 5.37. Comparison between theory and diffraction from dust particles on a mirror. 
sample 5: h=IO.6JLm. eo=lOo. The particle distribution is given in Table 5.14. 
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5.7. Results and Discussion of Scatter from Dust-Contaminated Mirrors 

5.7.1. Summary of Scatter Prediction Results in the Visible and the Infrared 

The two previous sections showed that the scatter from dust-contaminated 

optics could be predicted using a simple model and Mie theory. This subsection 

presents a summary of those results. 

Several observations regarding the 'A=O.6328p.m scatter from dust on mirrors 

were made. The ss-polarized scatter nearly equaled the pp-polarized scatter. and there 

existed no measurable cross-polarized scatter. The theory excellently predicted the 

slope and magnitude of the scatter. and did so for various angles of incidence when the 

apparent particle size. D(l +sin8O>. replaced the actual particle size D. Even without this 

size-modification. the agreement was still reasonable. The scatter was nearly 

independent of the real part of the refractive index. but clearly showed some 

dependence on the imaginary component. However. this dependence was not too 

substantial even for the extreme values chosen. Also. the scatter displayed little 

dependence on whether one used the large-width or small-width particle distributions. 

At A=10.6p.m an s-polarized beam irradiated the sample and the results were 

very similar. The theory estimated the experimental data to within a factor of roughly 

five. This is not as good as the agreement in the visible. This is because the surface 

microroughness scatter scales proportional to k4 and the particulate scatter does not 

exhibit such a strong wavelength dependence. Thus. at infrared wavelengths. the 

particulate scatter contributes a larger percentage of the total scatter; therefore. the total 

scatter is more sensitive to the particle distribution. Contrary to the visible 

measurements. the apparent particle size concept no longer improved the agreement 

between theory and experiment. The scatter showed little dependence on the complex 

refractive index up to scatter angles of about IT-To 1=200
• For IT-To 1>200 the 

dependence increased. but by an insignificant amount considering the extreme values 
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that were compared. This small dependence led to the result that the scatter from dust. 

digs and coating pinholes may be predicted by diffraction theory when a distribution of 

sizes larger than the wavelength is present. For angles beyond about 8° from specular. 

the Mie theory model predicted the scatter from the clean mirrors. verifying that the 

scatter was dominated by the dust on the mirrors and not the surface microroughness. 

Also. the clean mirrors' scatter not resulting from the dust must have originated from 

other irregularities such as scratches. digs. and coating pinholes. The result that the 

scatter may be limited by dust and other irregularities shall be the primary topic of the 

section that follows. 

5.7.2. Scatter from Clean Smooth Mirrors 

Chapter 2 presents the theory predicting the scatter caused by a mirror's 

surface microroughness. Wein's (1989) scalar empirical model. (2.11). has an optical 

factor equal to one and assumes a surface autocorrelation function that yields a BRDF 

with a slope of -2 when graphed on log-log axes versus f3-{30' The vector and scalar 

theories having a negative-exponential autocorrelation function are given by (2.10). and 

predict magnitudes similar to Wein's expression for small angles. The difference 

between this expression and Wein's expression occurs at large scatter angles where the 

slope is -3 instead of -2. Thus. it will predict lower scatter levels at these angles. 

Wein's model has been shown (Wein. 1989) to accurately predict visible scatter from 

clean mirrors. and is used here to represent t'1e clean mirror scatter. The forward 

scatter curve predicted by this expression is plotted as a solid line in Figs. 5.38a 

through 5.38d using wavelengths of O.6328JLnl. 1. 15JLm. 3.39JLm and 1O.6JLm. 

respectively. The following values are used: an incident angle of 10°. a surface 

roughness of 5 Angstroms. and an autocorrelation length of 10JLm. The scatter resulting 

from other mirror microroughnesses may be easily determined since the scatter is 

proportional to 0'2. The other curves in these figures represent the theoretical forward 



1 

10 

10 

~ 10 c::: 
CD 

10 

10 

10 

10 

1 

10 

....,.... 10 
~ 
rn 

-::::- 1 0 -
~ 10 c::: 
CD 

10 

10 

10 

10 

~ - O.e32B~ 
-- Surfac. Roughn... a 
-- On. 1#Uft partlcl./'cma ..-.... on. 5~ partlcl.'lcm 
--One 1 OJUTI partlcre~cm: 
....... On. 201'"1 partlcl."cm 
......... On. 40JUTI partlcl./'cma 

10 
IT - TOI (deg.) 

(a) 

" - 1.1!5.wn -- Surfac. Roughn... a 
--- On. 1#Uft parilcl./'cma ..-.... On. 51'1T1 partlcl.'lcm 
oeeee On. 1 D#Uft partlcr.~cm: 
0++++ On. 20#Uft partlcl.,.cm 
_ ......... On. 4O.wn partlcl./,cma 

10 
IT - TOI (deg.) 

(b) 

Fig. 5.38. BRDF dependence on particle size. 
(a) ~ = O.6328jlm 
(b) ~ - 1.15p.m 

190 



~ 

~ ..... ........ 
u.. 10 c 
c::: 
[Il 

10 

10-11 

10 

~ 
10 

~ 10 ..... ........ 
u.. 10 c 
c::: 
[Il 

10 

" - 3.391UT1 -- Surfac. Roughn •• /.. _ 
- On. 1#U'1 partlel. cm_ 
+++++ On. ~~ partlel.'lcm 
- On. 10#Ul1 partlar./.cm-
H++t On. 20#Ul1 partlel.Zem- ~ 
......... On. 4O#UI1 particle/em- / 

-------------~-----~--.--.-.~. 

10 
IT - TOI (deg.) 

(c) 

-------------+-----~--~-+-~+~~~~-

" - 10.8um --- Surface Roughn ••• 
a-. One 11UT1 particle/em: 
--One 5~ partlele'lem 
- One 1 O#U'1 parti~re/.cm: 
H++t One 20#U'1 partlel.Zem 
......... One 40#U'1 particle/em- , , 

~ 

-------------~-----~--.--.-.~./ 
10 

IT - TOI (deg.) 

(d) 

Fig. 5.38 (continued). BRDF dependence on particle size. 
(c) A = 3.39/Lm 
(d) A = 10.6/Lm 

191 



-------------

192 

scatter from particulates of various sizes with a density of one particle per square­

centimeter. or. in the case of the above scatter measurements. roughly one illuminated 

particle. The clean mirror curve scales in height as (12 A 4 and in width as X. The 

particulate scatter does not have such a strong wavelength dependence. and therefore 

contributes a larger percentage of the total scatter at the longer wavelengths. 

Particulate scatter is linearly proportional to the number of particles. so. the figures 

may be used to identify the cleanliness required for the scatter to be limited by the 

surface microroughness. Fig. 5.38d. X=10.6J.Lm. may also be used to specify the 

required dig and coating pinhole distributions since the scatter from these itl'egularities 

is similar to that from dust. For instance. at h=1O.6J.Lm a mirror having about 10.000 

one-micron particles/cm2 scatters the same amount at large angles as the surface 

microroughness. One 5J.Lm particle/cm2 produces enough scatter to dominate the surface 

microroughness scatter at large angles. and more of these particles have a rapidly 

increasing contribution. One lOjLm particle/cm2 scatters sufficiently to be the limiting 

source of scatter for angles greater than about 5° from specular. and it contributes 

significantly at smaller angles. The curves for particles 20jLm and 40jLm in diameter 

indicate that the scatter from these particles dominates over that from the surface 

microroughness. This illustrates that very few small particles are required to dominate 

the scatter profile of a smooth mirror at h=1O.6J.Lm. It is now less surprising that the 

clean mirrors measured here at X-1O.6J.Lm are limited by the scatter from dust. and not 

the surface microroughness. 

Others have also found that factors other than the surface microroughness limit 

infrared scatter. Elson. Bennett. and Bennett (1979) found that the total integrated 

scatter in the infrared was often considerably higher than that predicted by its surface 

microroughness. In their study. irregularities such as particulate contaminants. 

scratches. digs. and coating pinholes were observed to limit the infrared scatter. They 
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also indicated that the scatter from these large irregularities was relatively invariant 

with wavelength. and that the crossover from surface microroughness scatter dominance 

to irregularity dominance occurred at wavelengths greater than about 1 to 3JLm. 

Similar discrepancies are also evident in angle-resolved scatter measurements. 

The measured surface-microroughness BRDF at one wavelength is often used to infer 

the surface-microroughness BRDF at another wavelength. This commonly employs 

theories like those presented in chapter 2. and is referred to as wavelength scaling. 

Harvey (1976). Stover. et al. (1988) and Stover. et al. (1989) have proven this successful 

when the two wavelengths are within the visible part of the spectrum. However. when 

scaling from the visible to the mid- or far-infrared. the process often fails (Wang. 1983~ 

Wein. 1989; and Stover. et al .• 1989). Dust and other irregularities. not the surface 

microroughness. probably dominate the scatter. causing the theory to fail. as 

qualitatively expected by Elson. Bennett. and Bennett (1979) and Wein (1989). Because 

the surface microroughness theory agrees in the visible and not in the infrared. there 

must be a crossover wavelength where the scatter dominance passes from surface 

roughness to irregularities. 

Fig. 5.39 shows two graphs which give a good indication as to the crossover 

wavelength for the clean samples measured here. The solid lines represent the forward 

scatter due to the surface roughness. (2.1l). for the wavelengths indicated. a surface 

roughness of 5 Angstroms. and an autocorrelation length of IOJLm. The other curves 

represent the forward scatter caused by dust on the mirrors for the wavelengths 

indicated in the legend. The particle distributions for Figs. 5.39a and 5.39b are the 

clean-mirror distributions given in Tables 5.13 and 5.14. respectively. The refractive 

index used for A=O.6328JLm and 1O.6JLm are given earlier. and those used for 1.15JLm 

and 3.39JLm are 1.50+0.00li and 1.50+0.02i. respectively. The latter two values come 

from Jennings. Pinnick and Auvermann (1978) who give these as typical values for 
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nearly equivalent wavelengths. Fig. S.39a shows a crossover wavelength slightly larger 

than 3.39I.Lm. and Fig. S.39b shows that it occurs between 1.lSI.Lm and 3.39I.Lm. Of 

course. the crossover wavelength varies depending on the mirror's parameters and the 

contamination distribution. but it is interesting to note that the crossover wavelength 

found here is similar to that found in the total integrated scatter measurements of Elson. 

Bennett. and Bennett (1979). 

Figs. 5.40a and S.40b show the wavelength dependence of the particulate scatter 

for the clean-mirror particle distribution given in Table 5.14 and the contaminated­

mirror distribution given in Table S.I2a. respectively. The scatter from the particulates 

on the clean mirror do not exhibit wavelength independence. however. the scatter is 

roughly wavelength independent when particulates larger than the wavelength dominate 

the scatter. Fig. S.40b. 

The result that the A=1O.6pm clean-mirror scatter is limited in part by the 

particulate contaminants, and not the surface microroughness, has very profound 

implications. As mentioned throughout this discussion. numerous authors have 

experienced difficulties predicting infrared scatter. Because of this. many have focused 

on reducing the surface-microroughness scatter. Such efforts are useless if the scatter 

is dominated by particulates or surface irregularities. So. more attention needs to be 

directed toward determining typical contaminant and surface-irregularity distributions 

for various mirrors and then, if necessary. work toward improving them. It can not be 

assumed that the contaminants and surface irregularities contribute negligibly to the 

scatter of "nominally" clean optics, and it is essential that one follow good cleaning 

techniques to reduce the effects of contaminants. 

This result also effects the use of scatter data assisting in the design of optical 

systems. Infrared scatter. from optics in scatter-sensitive optical systems, is normally 

measured prior to the construction of the system. Computer programs such as 
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APART/pADE and ASAP use this data as input, and calculate the system scatter. 

which aids in the design and baffling. Because infrared scatter from particulates can 

be so detrimental, the mirror cleanliness at the time of deployment must be at least as 

good as when its BRDF was measured. Again, this emphasizes the necessity to obtain 

the optimal cleaning techniques and personnel who have mastered its process. And, it 

stresses the importance to be able to predict the expected contaminant distribution prior 

to the instrument's construction. 

A h=1O.6/Lm BRDF round robin was made by Leonard, Pantoliano and Reilly 

(1989). The BRDF values of several samples were measured at several facilities around 

the country and the results were compared. The agreement between the facilities often 

varied by one to two orders of magnitude for the same sample. Although each facility 

used the same cleaning procedure. similar end results should not be expected. Cleaning 

optics well takes practice and patience, and particle distributions vary from cleaning to 

cleaning. It is very likely that some of the observed differences resulted because of 

varying particulate distributions. This variable must not be overlooked if the current 

push toward BRDF standardization is to succeed. In spite of this, the poor agreement 

in the round robin should not be overlooked. because similar results occurred for a 

round robin done at X-o.6328/Lm (Leonard. Pantoliano, 1988), where the effects of these 

large contaminants should not have contributed significantly to the scatter. 

Most of the infrared optics which carry low-scatter requirements are 

manufactured to meet rms-roughness specifications. The above results indicate that the 

surface roughness may not dominate the scatter; so, the rms-roughness specifications 

and the low-scatter requirements do not necessarily correlate. Therefore. the 

specifications must include information concerning the scatter from contaminants and 

other irregularities. Stover. et al. (1989) suggest that an appropriate specification may 

be: ''The BRDF at 10.6 microns will be less than lO-4sr-l at one degree from specular 
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with an incident angle of ten degrees." Calculations based on Wein's (1989) work. 

which predicts small-angle scatterometer perfonnance at various wavelengths. indicate 

that making such low infrared scatter measurements at an angle so near specular is not 

at all trivial. It is suggested here that the specification be an easily measured quantity 

requiring no special instrumentation. thus minimizing the chance of error. Measuring 

low levels of scatter at two degrees from specular is much simpler. and knowing the 

BRDF at several larger angles roughly defines the scatter curve. The angles from 

specular at which specifications may be required are 20. 100• 300• and 600• 

Evidence indicates that even visible scatter from clean. smooth mirrors may be 

limited by contaminants and other irregularities. As discussed in Chapter 2. Elson and 

Bennett (1979a) have found that many optical surfaces polished by conventional 

techniques have surface autocorrelation functions that are well approximated in the 

visible by a negative-exponential function. Such surfaces have BRDFs with large-angle 

slopes of -3 when graphed versus {3-{30 on a log-log plot. However. in the visible. most 

mirrors scatter with a slope closer to -2. and some near - 1. Also. Thomas (1980) points 

out that Harvey's (1976) corrected scalar theory does not show the appropriate incident­

angle invariance for their visible clean mirror data. The vector theory presented in 

Chapter 2 also does not indicate incident-angle invariance. but some samples do exhibit 

this phenomenon. Each of these results indicate that the clean mirror scatter in the 

visible may be limited by sources other than surface microroughness. 

If these discrepancies resulted from other sources of scatter. the author feels 

that they originated from surface defects. which were not examined here. or 

contaminants which were smaller than those measured here. This would correspond to 

scratches. or other irregularities less than a micron in diameter. The small-sized 

particulates. digs. and coating pinholes would exhibit the broad scatter characteristic 

required to decrease the slope of the scatter curve. Also. particles which Rayleigh 
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scatter. do so with a wavelength dependence of k4. This was the same wavelength 

dependence as surface microroughness scatter. so wavelength scaling in the visible 

would go as k4 regardless of whether the scatter was dominated by the microroughness 

or Rayleigh-sized particles. Such particles produce a flat scatter profile. so the small­

angle scatter would not be effected much by their presence. Thus. (J and R could still 

be determined from the BRDF data as observed by Wein (1989) and Wang (1983). 

Finally. the contamination result.. raise question about the cryogenic-scatter 

measurements discussed earlier. There was no measurable difference in the BRDF due 

to the temperature change. but the possibility existed that the measured scatter resulted 

from particulate contaminants or surface defects. rather than the surface 

microroughness. At the time of those measurements this was not expected or 

investigated. so one should use those results with caution. 

5.7.3. Incident Angle Invariance of Oean and Contaminated Mirrors 

The scalar surface-roughness scatter theory presented in Chapter 2 indicates 

that. when plotted versus (3-{30. the scatter due to a random surface roughness shows 

shift-invariance with respect to the incident angle. The vector theory does not predict 

this. Shift-invariance has been observed by Harvey (1989). but as he states. it does not 

hold true for all samples. 

Fig. 5.41 plots the X=O.6328pm. clean mirror data, for sample 3 with 90=10°. 300. 

and 60°. Part (a) is for ss-polarization and part (b) is for pp-polarization. Notice that 

the BRDF is plotted versus {3-{30: this is the case throughout this subsection. Except for 

a small portion of the forward scattered radiation for 90-060°. the clean mirror's scatter 

illustrates shift-invariance with respect to the incident angle. 

The X=O.6328pm scatter due to particulates on sample 3b is shown in Figs. 

5.42a and 5.42b for ss- and pp-polarization. respectively. Again. the scatter is 

invariant. and sample 3a yields similar results . 
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The X-IO.6p.m scatter data for the clean mirrors are shown in Figs. 5.43a and 

5.43b for samples 4 and 5, respectively. The scatter is nearly invariant. 

Data for the contaminated samples 4a and 5a at X=IO.6JLm are presented in Figs. 

5.44a and 5.44b, respectively, and that for the more contaminated samples 4b and 5b in 

Figs. 5.4Sa and S.4Sb, respectively. These figures indicate that the scatter is nearly 

shift-invariant with respect to the angle of incidence. 

S. 7.4. The Shape of the BRDF Curves 

Fig. 5.38 shows typical surface roughness scatter curves and scatter curves for 

various sized contaminants on the mirror. From this and diffraction theory, it is 

observed that irregularities greater than about a wavelength produce a high surface 

spatial-frequency slope and a small surface spatial-frequency plateau region, and 

smaller irregularities yield a flat scatter profile. 

From experiment and surface roughness theory, (2.11), the low surface spatial­

frequency scatter rolls-off into a plateau region and a high spatial frequency BRDF 

slope of about -2 occurs when graphed versus 10g(f3-{3o>, although slopes as low as -1 

are sometimes observed. The visible measurements made here illustrate that the scatter 

due to the contaminants alone has a slope of roughly -1.3, Fig. 5.42. In Fig. 5.43, the 

clean mirror data for X=1O.6JLm shows a high frequency slope which is nearly flat. 

This is clearly different from the slope predicted by the surface roughness theory. In 

Fig. 5.44 the low-frequency region displays a plateau, and the mid-frequencies a very 

steep slope. The higher contamination level shown in Fig. 5.45 exhibits a low 

frequency plateau and a high frequency slope of about -2. Only the most contaminated 

samples at X .. I0.6p.m and the samples at X=O.6328p.m exhibit similarly shaped BRDF 

curves as a mirror limited by surface roughness; the lower contamination levels differ 

greatly. Thus. dust and irregularities mayor may not change the shape of the BRDF 

curve. This depends on the contamination distribution. 
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Using the surface roughness scatter theory and the measured BRDF. one can 

determine the surface's autocorrelation length 1 and the rms roughness (J when the 

mirror scatter is limited by surface microroughness (Wang. 1983). This is done by 

drawing two asymptotic lines: one for the high surface spatial frequencies. and one for 

the low surface spatial frequencies. where the scatter rolls off into a plateau region. 

The intersection of these two asymptotic lines gives the autocorrelation length and the 

plateau level yields the rms surface roughness. Wein (1989) compared his measured 

values with those made with a WYKO optical profilometer. and observed that this 

method worked quite well for A=O.6328JLm. However. the rms roughness values 

obtained for X ... IO.6JLm were high by as much as a factor of 6.6. 

As pointed out by Wein (1989). the large discrepancy between the visible and 

the infrared. based on predictions of rms surface roughness. were due to the 

predominance of contamination effects in the infrared. The data presented in section 

5.7.3 show that some of the contaminated-mirror data display a high surface spatial­

frequency slope and a low surface spatial-frequency plateau. This can easily be 

misinterpreted as scatter from the surface roughness. If so. one will calculate incorrect 

values for 1 and fT. 

5.7.5. Relationships Between Surface Cleanliness Level. Cleanliness Class. and BRDF. 

To reduce the number of particulate contaminants on optics. many optical 

systems and components are manufactured and kept in clean rooms. The cleanliness of 

a clean room is defined in terms of cleanliness classes as given in Federal Standard 

209D (1988): "The statistically allowable number of particles equal to or larger than 0.5 

micrometer in size per cubic foot of air." For example. a class 100 clean room implies 

that there exists no more than 100 particles 0.5JLm or larger in size per cubic foot of 

air. Federal Standard 209D allows for the cleanliness class to be determined with 

reference to other particle sizes. but in doing so the airborne particle distribution is 
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assumed to follow a basic size distribution. Muscari (1986) fits a straight line to the 

log-log graph given in Federal Standard 209D. and finds the following approximate 

equation: 

10gNv - -2.19710gX - 0.662 + 10gXc 

where X - the particle diameter in p.m - limited to O.S-IOOp.m 

Xc - the clean room cleanliness class 

Nv = the number particles/ftl ~ diameter X 

(5.1) 

Although specifying the class of a clean room may be useful for many applications. the 

interest here lies in knowing the number of particles which fall onto a surface. So. one 

would like to know the relationship between the clean room cleanliness class and the 

surface cleanliness level. 

Military Standard l246B (1987) defines the surface cleanliness level based on the 

particle size distribution and count. The definition is given as 

(5.2) 

where X = the particle size in p.m 

Xl - the surface cleanliness level 

Na - the number of particles/ft2 ~ X 

Although particle distributions have been found to be of the general form given in 

(5.2). evidence indicates that the scaling factor of 0.9260 is much too high. Buch and 

Barsh (1987) claim that Hamberg and Shon (1984) find that the form of (5.2) holds for 

cleaned surfaces. but that the factor 0.9260 becomes 0.383 for deposited contaminants. 
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According to this. the particle fallout does not agree with the distribution defined in 

Military Standard 1246B. However. because (5.2) is the standard being used today. it is 

used here as the definition for the surface cleanliness level. 

The cleanliness of clean room air is used as the primary specification for clean 

room requirements. As stated above. the primary concern is the particle fallout onto 

surfaces of interest. Hamberg (1982) analyzes fallout data obtained from various 

sources and develops a rough expression to predict particle fallout for known classes of 

clean rooms. The expression is given as 

N _ pN 0.773 
t c (5.3) 

where N = the number of particles > 5/Lm settled/ftZ 

t 0= the exposure time (in 24 hours) 

Nc = the number of particles/ft3 of air > 5/Lm in diameter. 

p equals 2851 for conventional type clean rooms with 15 - 20 air changes per hour and 

equals 1000 for laminar flow type rooms. The data determining (5.3) are very widely 

spread and the 95% confidence limits are roughly an order of magnitude above and 

below the curve given by this equation. So. the values given for p yield basic rules of 

thumb for different types of clean rooms. 

Combining (5.3) with (5.2) one can obtain a relationship between the surface 

cleanliness level and the air cleanliness for particles greater than 5/Lm in size. 

However. the cleanliness classes are specified with reference to particles 0.5/Lm in 

diameter. So. by combining (5.1). (5.2) and (5.3) an expression which relates the surface 

cleanliness level to the clean room cleanliness class may be obtained: 



logX1 = .Jl.080(log,o + logt + O.77310gXc - 1.248) 

209 

(5.4) 

where Xl is the surface cleanliness level. p equals 2851 for conventional type clean 

rooms and 1000 for laminar flow type dean rooms. t is the exposure time in days and 

Xc is the clean room class. This is the desired relation. and Figs. 5.46 and 5.47 show 

the surface cleanliness level versus time. from 0.1 days to 1 year. for various classes of 

clean rooms. Fig. 5.46 shows the case for a conventional type clean room and Fig. 

5.47 for a laminar flow type room. Part (a) in each figure corresponds to a 

horizontally oriented sample and part (b) corresponds to a vertical sample. The vertical 

sample data is obtained by using a fallout rate equal to one-tenth the horizontal rate. 

Buch and Barsh (1987) indicate that data from TRW shows this to be a conservative 

estimate. These graphs may be used to chart the surface cleanliness level of an optic 

over time. 

Fig. 5.48. parts (a) through (d), shows the BRDF for various surface cleanliness 

levels, assuming that the distribution follows (5.2). The distributions used to determine 

the scatter are given in Tables 5.15 through 5.18. In these tables. the particle densities 

occasionally oscillate as the particle size decreases. This results because the particle­

size range which is being integrated over is changed. Using Fig. 5.48 in conjunction 

with Figs. 5.46 and 5.47. one may estimate the scatter from dust fallout on a mirror for 

a given clean room exposure time. This scatter may then be summed with the surface 

roughness scatter and the scatter due to other irregularities to obtain the total scatter. 

To help justify that the samples measured here were not further contaminated 

during their measurement. two similar samples were placed face-up in the clean room 

to collect dust: sample A behind. and sample B in front of the sample being measured. 

The samples remained there throughout the dust-contaminant measurements so that the 

effectiveness of the clean room could be determined. The total exposure time was 58 
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days (1392 hours). and the total exposure time in which activity occurred in the room 

was about 3.5 days (84 hours). The particle distributions obtained for sample A and 

sample B are given in Tables 5.19 and 5.20. respectively. These few small particles 

would obviously have little effect on the visible contamination measurements. which 

had much higher contamination levels and were exposed in a vertical position for less 

than 8 hours each. For the infrared measurements, the samples were exposed for only 

about an hour. and most of that time they were in the vertical position. Hence. it is 

not likely that they would collect enough contaminants to affect the measurements 

either. According to these particle counts. the worst-case particle fallout on a sample 

having its BRDF measured was about 1.3 particles greater than 5JLm in size per cm2 

per 24hours. Therefore. the one hour exposure time for the infrared measurements was 

short enough so that additional contamination was. on the average. negligible. 

Using these particle counts. the surface cleanliness level and the clean room 

cleanliness class may be estimated from the results given above. The number of settled 

particles/ftZ greater than 5JLm in size is Na=22296 and Na=42734 for samples A and B. 

respectively. Assuming that the particle distribution obeys (5.2). the surface cleanliness 

levels are about 190 and 220 for samples A and B. respectively. The clean room 

cleanliness class may then be obtained using ,0-1000 and (5.4). The average class for 

the total exposure time is about 47 and 106 for samples A and B. respectively. The 

worst-case is if all of the particles were to fall when there is activity in the room. For 

samples A and B. this would yield cleanliness classes of about 1777 and 4000. 
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Fig. 5.46. Surface cleanliness level versus time for a conventional type clean room. 
(a) Horizontal Sample. 
(b) Vertical Sample. 
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Table 5.15. Particle distribution for a surface cleanliness level of SO. 

Particle 
Size (pm) 

52.5 
47.5 
42.5 
37.5 
32.5 
27.5 
22.5 
17.5 
12.5 
7.5 
4.5 
3.5 
2.5 
1.5 

Quantity 
per cm2 

1.0764E-03 
4.1644&04 
6.3632&04 
1.012SE-03 
1.694OE-03 
3.0214E-03 
S.8663E-03 
1.2826E-02 
3.3SS2E-02 
1.1874E-Ol 
5.5162E-02 
7.7941E-02 
1.058SE-Ol 
8.9053E-02 
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Table 5.16. Particle distribution for a surface cleanliness level of 100. 

Particle Quantity 
Size (JLm) per cm2 

102.5 1.0764E-03 
97.5 2.2385E-04 
92.5 2. 8290E-04 
87.5 3.6130E-04 
82.5 4.6677E-04 
77.5 6.1081E-04 
72.5 8.1080E-04 
67.5 1.0937E-03 
62.5 1.5024E-03 
57.5 2.1072E-03 
52.5 3.0274E-03 
47.5 4.4736E-03 
42.5 6.8357E-03 
37.5 1.0877E-02 
32.5 1.81 97E-02 
27.5 3.2457E-02 
22.5 6.3019E-02 
17.5 1.3778E-OI 
12.5 3.6043E-Ol 
7.5 1.2756E+00 
4.5 5.9258E-Ol 
3.5 8.3728E-Ol 
2.5 1.1371E+00 
1.5 9.5664E-Ol 



Table 5.17. Particle distribution for a surface cleanliness level of 200. 

Particle 
Size (jLm) 

205 
195 
185 
175 
165 
ISS 
145 
135 
125 
liS 
105 
97.5 
92.5 
87.5 
82.5 
77.5 
72.5 
67.5 
62.5 
57.5 
52.5 
47.5 
42.5 
37.5 
32.5 
27.5 
22.5 
17.5 
12.5 
7.5 
4.5 
3.5 
2.5 
1.5 

Quantity 
per cm2 

1.0764E-03 
2.61S7E-04 
3.4097E-04 
4.4992E-04 
6.0179E-04 
8.1711E-04 
1.1283E-03 
1.5878E-03 
2. 2832E-03 
3. 36S5E-03 
5.1055E-03 
3.S391E-03 
4.4727E-03 
5.7121E-03 
7.3796E-03 
9.6568E-03 
1.2819E-02 
1.729 1 E-02 
2.37S2E-02 
3.3314E-02 
4. 7862E-02 
7.0727E-02 
1.0807E-OI 
1.7196E-Ol 
2. 8770E-O1 
S.1314E-Ol 
9.9632E-Ol 
2. 1 782E+OO 
5.6984E+00 
2.0167E+Ol 
9. 3686E+OO 
1.3237E+Ol 
1.7977E+Ol 
1.5 1 24E+0 1 

217 



Table S.IS. Particle distribution for a surface cleanliness level of SOO. 

Particle 
Size (urn) 

Quantity 
per crn2 

SOS 1.0764E-03 
495 1.1419E-04 
485 1.2859E-04 
47S 1.4512E-04 
465 1.6414E-04 
455 1.8607E-04 
445 2.1144E-04 
435 2.4087E-04 
425 2. 751 OE-04 
41S 3. 1504E-04 
405 3.61S0E-04 
395 4. 1674E-04 
385 4.8151E-04 
375 5.5811E-04 
365 6.4912E-04 
355 7.5769E-04 
345 8.8770E-04 
335 1.0442E-03 
325 1.2333E-03 
315 1.4632E-03 
305 1. 7440E-03 
295 2.0890E-03 
285 2.51S5E-03 
275 3.0459E-03 
265 3.7104~03 
255 4.5489E-03 
245 S.61S0E-03 
235 6.9821E-03 
225 8.7513E-03 
215 1.I064E-02 
205 1.4118E-02 
195 1.8199E-02 
185 2.3723E-02 
175 3.1304E-02 
165 4. I 870E-02 
ISS S.68SIE-02 
145 7.8503E-02 
135 1. I 047E-O I 
125 1.5886E-O I 
liS 2.3416E-OI 
105 3.5523E-OI 
(continued on next page) 
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Table 5.18 (continued). Particle distribution for a surface cleanliness level of 500. 

Particle Quantity 
Size (p.m) per cm2 

97.5 2.4624E-Ol 
92.5 3.11 19E-Ol 
87.5 3.9742E-Ol 
82.5 5. 1345E-Ol 
77.5 6.7189E-Ol 
72.5 8.9188E-Ol 
67.5 1.2030E+OO 
62.5 1.6526E+OO 
57.5 2.3179E+00 
52.5 3.3301E+OO 
47.5 4.9209E+OO 
42.5 7.5192E+00 
37.5 1.1 964E+Ol 
32.5 2.0017E+Ol 
27.5 3.5703E+Ol 
22.5 6.9320E+OI 
17.5 1.5156E+02 
12.5 3.9647E+02 
7.5 1.4031E+03 
4.5 6.5183E+02 
3.5 9.2100E+02 
2.5 1.2508E+03 
1.5 1.0523E+03 



Table 5.19. Sample A: large-width Distribution. 

Particle 
Size Otm) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
16.5 

Quantity 
per cm2 

116 
84 
34 
12 
20 
1 
2 
1 

Table 5.20. Sample B: large-width Distribution. 

Particle 
Size Otm) 

1.1 
2.2 
3.3 
4.4 
5.5 
8.3 
11.0 
13.8 
16.5 
19.3 
33.0 

Quantity 
per cm2 

184 
126 
36 
10 
30 
6 
2 
1 
5 
1 
1 
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CHAPTER 6 

CONCLUSIONS 

The work completed for this dissertation and the conclusions are: 

(1) A >"=IO.6pm cryogenic scatterometer (CRYOSCA1) was designed and constructed. 

and the calibration of CRYOSCA T with the room-temperature laboratory workhorse 

scatterometer (AZSCA 1) indicated that the system could accurately measure BRDF's as 

low as about 1O-Ssr-1• A few simple modifications would allow even lower BRDFs to 

be measured. Several scatter measurements from three types of cryogenic (85K) mirrors 

displayed no measurable change in the scatter as compared to room-temperature data. 

It would be too general to state that the scatter properties of all mirrors are independent 

of temperature. However. the indication is that the BRDF of mirrors has no 

measurable temperature dependence. 

Later results showed that the clean. smooth mirror scatter at >"-1O.6pm was 

often. if not always. limited by irregularities present on the surface. These 

irregularities could have been in the form of particulates. scratches. digs. or coating 

pinholes. The dominating scatter source depends on the rms surface roughness. and the 

contaminant and defect distributions. Therefore. some of the cryogenic measurements 

may have been limited by sources other than the surface microroughness. Hence. the 

cryogenic scatter data should be applied with caution. 

(2) Some interesting cryogenic scatter measurements were made on oil contaminated 

mirrors. Strong temperature dependencies indicated that in order to correctly evaluate 
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scattering properties. the sample. the contaminants. and their respective temperature 

dependencies must each be considered. 

(3) Distributions of I to 85tLm diameter polystyrene spheres randomly contaminated 

room-temperature mirrors. and the resulting scatter from them measured at >"::O.6328tLm. 

These data were compared with a modified Mie theory and showed excellent agreement 

for the forward scattered radiation. The theory predicted the slope and magnitude of 

the forward scatter very accurately. and did so for various angles of incidence when 

the apparent particle size. ])(1 +sineo). was used in place of the actual particle size. D. 

Even without using the apparent particle size the agreement was still reasonable. 

Theory and experiment. showed that the ss- and the pp-polarized scatter were nearly 

equivalent; thus. implying that the scatter from the spherical particles was independent 

of polarization. 

The backward scattered light was predicted well for only the small and large 

scatter angles. In the mid-angular region. the experimental backward scatter was much 

higher than the forward scatter. and much higher than that predicted by theory. 

Several attempts to explain this phenomenon proved unsuccessful. Measurements from 

dust-contaminated mirrors had already begun and this interesting effect did not appear 

in any of these measurements. Since the scatter from spherical particles served as a 

stepping stone for the more pertinent dust-contaminant measurements. the attempts to 

explain this phenomenon were abandoned. This phenomenon was also observed in the 

sp- and ps-polarization measurements. indicating some depolarization. The theory. of 

course. is in disagreement with this because it predicts no cross-polarization scatter. 

(4) The theoretical and experimental scatter from dust contaminated mirrors at 

>..=O.6328/Lm was independent of ss- and pp-polarizations. and displayed no measurable 

cross-polarization scatter. which agrees with theory. The theory predicted the slope 
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and magnitude of the scatter very accurately. and did so for various angles of incidence 

when the apparent particle size. D(l+sinOO>. was used in place of the actual particle size. 

D. Again. without using the apparent particle size the agreement between experiment 

and theory was still reasonable. but the modification provided an enhanced agreement. 

The scatter was nearly independent of the real part of the refractive index. but showed 

some dependence on the imaginary component; however. the dependence was not too 

substantial even for the extreme values. The large-width particle distribution was used 

for the above analysis. but slight differences occurred when using the smallest widths. 

(5) At A=IO.6JLm. the results from dust-contaminated mirrors were very similar to 

those for A=O.6328JLm. An s-polarized beam irradiated the sample. and again the theory 

predicted the scatter well for both the small- and large-width particle distributions. 

The surface microroughness scatter is much lower in the far-infrared as compared to 

the visible. whereas the particulate scatter is not as heavily dependent upon wavelength. 

Therefore. at far-infrared wavelengths. the scatter from particulates contributes more 

significantly to the total scatter. Fewer particles are required to significantly increase 

the particulate scatter beyond that of the surface microroughness. Accordingly. size 

and shape variations may not be averaged out as compared to the ~"().6328JLm 

measurements. which require many more particles to contribute substantially to the total 

scatter. Thus. in the infrared there exists an increase in the total scatter sensitivity 

toward particulate contaminants. which reduces the level of agreement between 

experiment and theory as compared to the visible data. Again. this sensitivity results 

primarily because of the strong wavelength dependence of the surface microroughness 

scatter. In spite of this. the level of scatter was predicted quite well. and 

approximately followed the upcoming rules of thumb. The large particle width 

distributions overestimated the scatter for IT-To I::::: I 00. but was within a factor of four. 

For lOo<IT -Tol:::::25. the scatter was typically predicted low. but within a factor of five. 
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For larger scatter angles the predictions were typically within a factor of five. and 

when they weren't. the scatter was overestimated. For most of the samples measured 

here. the predicted scatter agreed much better than stated. For X .. IO.6/Lm. the apparent 

particle size concept. which was so effective for X-o.632SJLm. did not provide an 

enhanced agreement. The scatter was roughly independent of the complex refractive 

index up to scatter angles of about 1 T-To 1=200
• The dependence increased for larger 

angles. but not significantly considering the extreme values that were examined. Based 

on this result. the scatter from the dust was determined to be dominated by diffraction 

effects. as opposed to reflection and refraction effects. when the particle distribution 

included several particles larger than the wavelength. 

Finally. the Mie theory model predicted the scatter from what were thought to 

be the clean mirrors. verifying that. for angles beyond about So from specular. the 

scatter was dominated by the dust on the mirrors and not the mirrors' surface 

microroughness. The above conclusions indicated that similar effects would occur for 

other irregularities like scratches. digs. and pinholes in coatings. and that the scatter 

from similarly sized digs and pinholes could be predicted by diffraction since this was 

the dominant source of scatter. 

(6) The theoretical microroughness scatter was plotted along with the theoretically 

predicted scatter resulting from various sized particles on a mirror. Fig. 5.3S. The 

particle density was one particle/cm2• and various wavelengths were plotted. The 

microroughness scatter is proportional to u2• so. the scatter from various 

microroughnesses is easily obtained from this figure. Since the scatter from particulates 

is linearly proportional to the number of particles. the figure may be used to identify 

the cleanliness required for the scatter to be limited by the surface microroughness. 

Also. the X=1O.6/Lm graph may be used to specify the required dig and coating pinhole 

distributions because the scatter from these irregularities is similar to that from dust. 
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This graph also shows that very few small particles on a mirror could dominate the 

scatter at 10.6ILm. For instance. one 10ILm particle/cm2 scatters sufficiently to be the 

domimLit ::murce of scatter for angles beyond 5° from specular. and the scatter from it 

contributes significantly at smaller angles. One 5ILm particle/cm2 contributes to the 

large angle scatter, and the contribution increases and moves to smaller angles as the 

particle density increases. 

The effects of contaminants and other irregularities could be used to explain the 

discrepancies observed in the infrared. People have often assumed that the surface 

microroughness dominates the scatter. and this has usually led to a gross underestimate 

of the scatter at the long wavelengths. The data presented here indicated that the 

dominant source of scatter at A=10.6ILm was contaminants. and that surface defects 

could contribute similarly. Since the contaminants contribute so significantly. more 

emphasis needs to be placed on cleaning techniques. Low-scatter infrared optics must 

be smooth. have a minimal number of defects, and be very clean. One of these 

without the others is not adequate for low-scatter infrared mirrors. 

This result emphasizes the necessity to modify specifications for low-scatter 

infrared optics. Low-scatter infrared optics are often manufactured to meet rms 

roughness specifications; however. there is no correlation with scatter if the dominant 

source of scatter is something other than the rms surface roughness. The author 

suggests that a scatter specification be required on all low-scatter infrared optics. Such 

a specification may be: for X ... IO.6ILm and an incident angle of 10°. the BRDF will be 

less than lO-4sr-l at two degrees from specular. Also. considerations should be given to 

sr.-<!Cify scatter limits at larger angles because the scatter curve can not be determined 

from one measurement. The author suggests that specifications at 2°,100
• 30°, and 600 

will reasonably define the scatter. and give a sufficient specification. 
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(7) Evidence indicates that even the visible scatter from clean mirrors may be limited 

by dust or other irregularities. If this is true. the author believes that the scatter results 

from contaminants and defects smaller than a few microns in size. many of which 

satisfy Rayleigh scattering. These are difficult to detect under a microscope. but they 

can give the required flatter scatter profile. The Rayleigh scatterers have the same 

wavelength dependence as surface microroughness scatter: k4. So. visible wavelength 

scaling does not necessarily prove that the observed scatter results from surface 

roughness. Also. such small defects or contaminants can insignificantly affect the 

small-angle scatter. so that the autocorrelation length and the rms surface roughness 

may still be determined with good accuracy. and can agree with profilometer 

measurements. 

(8) The scatter displayed wavelength dependence for the clean mirrors. but when the 

scatter was dominated by particles larger than the wavelength. the scatter was nearly 

independent of wavelength. 

The crossover wavelength. where the dominant scatter mechanism changed from 

surface microroughness to particulates. occurred between 1.15JLm and 3.39JLm for one 

sample and slightly beyond 3.39JLm for a second sample. This agreed with another 

source. but really depends on the surface microroughness and the irregularity 

distribution. 

(9) The clean-mirror data and the contaminated-mirror data indicated that the BRDF 

was nearly shift-invariant for 0.6328JLm and 10.6JLm when plotted on a log-log axis 

versus (3-f3o. 

(10) Whenever irregularities greater than about a wavelength dominate the scatter. the 

scatter curves present a nonzero high surface spatial frequency slope. and a small 
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surface spatial frequency plateau region. When irregularities smaller than this exist. 

the scatter profile is flat. Often the scatter profiles of contaminants can disguise 

themselves as surface roughness profiles. particularly in the infrared. Determining the 

autocorrelation length and rms roughness from such profiles obviously yields incorrect 

values. so caution should be observed when performing these calculaHons. 

(11) The surface cleanliness level was graphed versus time for various clean room 

conditions. and the BRDF was plotted for various surface cleanliness levels and 

wavelengths. Using these graphs. the BRDF due to contaminant fallout on a mirror in 

a clean room. for a given length of time. could be approximated. 

6.1. Suggestions for Future Research 

(1) The cryogenic scatterometer described here is a first generation instrument. and 

therefore. a number of improvements may be made. A complete set of measurements 

on one sample takes two to three days. depending on the sample. and the operator's 

ambition. The majority of time is spent evacuating the system. This time may be 

shortened by installing a nitrogen purging system which will keep the system cleaner. 

The instrument profile can be improved by reducing the NEBRDF and reducing 

the near-specular instrument scatter level. Methods for improving the NEBRDF are: 

use detectors with a higher D* value. use a more powerful laser. or place collecting 

lenses in front of the detectors. To lower the near specular scatter level. focusing 

optics can be introduced to reduce the beam size at the detection plane. This will also 

reduce the large angle stray light. 

The fluctuating scatter levels from data point to data point result from speckle 

in the reference measurement. Reduction of these fluctuations may be achieved by 

spinning the reference. thus. averaging over more speckle. This requires a vacuum 

compatible motor. but will improve calibration accuracy. 
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Considerations have been made to incorporate two additional wavelengths: 

O.6328JLm and 3.39JLm. Implementation of these wavelengths will extend the range of 

measured surface spatial periods to less than O.6JLm. This better enables the instrument 

to evaluate the surface structure of the sample. 

The system is presently being used to study the affects of space contaminants 

on optics (including non-volatile residue). and mirror degradation resulting from 

ultraviolet radiation. The scatter from outgassed contaminants on mirrors can not be 

measured with the present system unless one uses an alternate method for depositing 

the contaminants. The system's achievable pressure is much too high for a significant 

amount of outgassing to occur. and too much water exists in the system. A different 

pump is required. along with other high vacuum equipment. 

Other projects of interest include measuring the reflectivity and the scattering of 

high temperature superconductors. transmissive optics. and low temperature detector 

arrays. 

(2) The ability to make 5 Angstrom mirrors and better exists. The infrared scatter 

from these mirrors may be easily dominated by particulate contaminants and surface 

defects. Efforts to determine the contribution of various surface defects. and methods 

to minimize the size and number of the them needs to be investigated. 

The particulate contaminant problem will always be present and can only be 

minimized through the use of good cleaning techniques. Existing cleaning procedures 

should be carefully examined to determine the best available methods. and new methods 

should be investigated. Some of the items to consider are: types of chemicals. types 

and proportions of soap and water. aerosol cans. strip coatings. types of lens tissues. 

drag wipe method. soaking method. and spin drying. 
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(3) Evidence exists indicating that visible scatter from mirrors is partially limited by 

particulates or surface defects smaller than a micron in size. The sources of visible 

scatter should be investigated, and methods for minimizing their contribution should be 

determined. 

(4) The definition of surface cleanliness level should be examined to determine if a 

new definition is required. It has been found by at least one author that the definition 

in Military Standard 1246B does not represent typical distributions for clean-room 

fallout. If this is the case, a new definition will be more meaningful. and the revisions 

of the graphs at the end of Chapter 5 will better predict the BRDFs of samples exposed 

to clean room environments. 
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APPENDIX A 

FORTRAN PROGRAM USED TO CALCULATE 
TIlE SCA TIER DUE TO PARTICULATES ON A MIRROR 

<: ******~****************************************************~* 
e MIE SeA TIERING PROGRAM (pBHMIEDA.FOR) 
e 
<: This is a modified version of Bohren and Huffman's program which 
<: is given in Appendix A of "Absorption and Scattering of Light 
<: by Small Particles." John Wiley and Sons (1983). 
<: 
<: This program calculates the size parameter (X) and relative 
<: refractive index (REFREL) for a given sphere refractive index 
<: (REFRE + I * REFIM). medium refractive index (REFMED). radius 
<: (RAD). and free space wavelength (W A VEL). It then calls BHMIE. 
<: the subroutine that computes amplitude scattering matrix 
<: elements and efficiencies. It then computes the BRDF. 
<: 
C The particle distribution is read in from an existing file. 
<: The program calculates the BRDF versus T-TO and B-BO. The BRDF 
<: is the sum of the backscattered and forward scattered radiation. 
<: and is averaged over three degrees to take into consideration 
<: the finite size of the detector. 
<: 
<: Saved on disk are: T-TO. B-BO. and BRDF. 
<: 
<: 
<: fn - output filename 
<: fname - particle distribution input filename 
<: 
<: Sl - an amplitude scatter matrix element. 
<: 52 - an amplitude scatter matrix element. 
<: 
<: density - particle density (particles%/cm-squared). 
e rad - particle radius (in microns). 
C diam - particle diameter (in microns). 
<: wavel - wavelength of the incident light (in microns). 
C number - number of particle diameters to be entered. 
<: refmed - medium refractive index. 
<: refre - real part of particle's refractive index. 
<: refim - imaginary part of particle's refractive index. 
<: refrel - relative refractive index. . 
e realk - magnitude of the wavevector (in inverse microns). 
C pol - selects polarization (s. P. or u) 



C brdf - version of BRDF. but not the final value 
C brdfback - backscattered BRDF 
C brdffor - forward scattered BRDF 
C brdffin - final value for BRDF 
C 
C thetaO - angle of incidence in degrees 
C thetab - angle for backscattered radiation in degrees 
C nthetab - angle for backscattered radiation if> 180 degrees 
C thetaf - angle for forward scattered radiation in degrees 
C solang - angle for solid angle in degrees 
C rsolang - solang in radians 
C ang - scatter angle - measured from the incident direction (deg). 
C rang- scatter angle measured in radians. 
C rd - conversion factor from degrees to radians 
C nang - number of angles between 0 and 90 degrees. 
C nan - number of angles at which matrix elements are calculated. 
C dang - angle increment in radians 
C ttO - theta-thetaO (the angle from specular in degrees) 
C bbO - beta-betaO 
C **************************************************************** 
C **************************************************************** 
C PARAMETERS AND INPUTS 
C **************************************************************** 

integer thetaO.thetab.nthetab.thetaf 

C 

CHARACfER FN*30.fname*30.pol 
COMPLEX REFREL.Sl(200).S2(200) 
real density(2000).rad(2000).brdf(200).ang(200).brdff(200) 
real brdffin(200).ttO(200).bb0(200) 
WRITE(*.*) 'Enter the output file name' 
READ(*:(A30),)FN 

5 write(* ,*) 'Which polarization do you want (s, p, u)?' 
read(* ,50)pol 

50 format (al) 
write(*,*) , , 
if «pol .ne. 's') .and. (pol .ne. 'p') .and. (pol .ne. 'u') .and. 

+ (pol .ne. 'S') .and. (pol .ne. 'P') .and. (pol .ne. 'U') goto 5 
WRITE(*.*) 'Enter the wavelength in microns' 
READ(*,*)WA VEL 
write(*.*) 'Enter the angle of incidence: ' 
read(*, *)thetaO 
write(*,*) 'Real part of refractive index?' 
read(* ,*)refre 
write(*.*) 'Imaginary part of refractive index?' 
read(*. *)refim 
REfMED..I.O 
REFREL=CMPLX(REFRE.REFIM)/REFMED 
realk=3.141592653*2./wavel 
nang ... 91 
dang=I.570796327/float(nang-l) 
rd - 3.141592653/180 
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c ****************. • • • • • • • • ... • ************************************ 
C PARTICLE DISTRIBUTION INPUT 
C ********** ••••••••• 1 •••••••••••••••••••••••••••• **************** 

write(*.·) 'Enter the particle distribution filename:' 
read(*:(a30),)fname 
open(6.file:-f name.status-' old,) 
do 30 i-1,2000 

read(6.*.end-3S)number.diam.density(i) 
rad(i) - diam/2 
density(i) .. density(i) * le-8 
write(·.*)number.diam.density(i)/1e-8 

30 continue 
35 close(unit=6) 
C **************************************************************** 
C CALCULATE TIIE BRDF (CALL SUBROUTINE BHMIE) 
C 
C This section calculates the BRDF (neglecting the cosine factor) 
C for the given particle distribution suspended in air. The range 
C of angles is from 0 to 180 degrees. 
C ****************.***************.*********************.**.*****. 

C 

C 

OPEN(6.FILB=FN,sr A rus..'NEW') 

write(*.*)' , 
write(*.·) 'Total number of data points: '.number 
write(*.*)' , 
write(*.*) 'BRDF CALCULA nON IN PROGRESS' 

do 356 i=l.number 
diam .. 2*rad(i) 
write(*.·) 'Calculating scattering from particle '.i. diam 
X-2. *3.141592653·RAD(i)*REFMED/W A VEL 

C ******.********* •• *** •• *************** •• ******.**.*.***********. 
CALL BHMIE(X.REFREL.NANG.Sl.S2.QEXT.QSCA.QBACK) 

C ** •• * •• ****************.***.***********.*********.*.***********. 

C 

C 

NAN=2*NANG-l 

DO 355 J=l.NAN 
if «pol .eq. 'u') .or. (pol .eq. 'U'» then 

s...S·(CABS(Sl(J»**2+CABS(S2(J»**2) 
elseif «pol .eq. 's') .or. (pol .eq. 'S1) then 

S - cabs(SlU)**2 
else 

S = cabs(S2U)**2 
endif 

ANG{JpDANG*(J-l.)*57.2958 
RAND=DANG*(J-l.) 
brdf{JFbrdfU)+(density(i»*s 

355 continue 
356 continue 
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c ******** 1 1 1 1 1 ** 1 1 1 ******""*********""***************** 1 1 1 1 1 ************ 
C This section adds radiation which 'is forward and backscattered 
C from the particle and calculates the resulting BRDF. The angle 
C information is rewritten in terms of T -TO and B-BO. This is saved 
C on disk along with the corresponding BRDF values. 
C **** 1 1 1 1 1 1 1 1 1 1 1 1 1 ************ 1 1 1 1 1 1 ******************'*"*1::6::1 ~I 11<************* 
C 

......... 

399 

400 
C 
C 
C 
C 
C 
C 
C 

412 

413 

i-o 
do 400 thetab=90-thetaO.270-thetaO 

nthetab=thetab 
if (nthetab .gt. 180) nthetab=360-nthetab 
brdfback = brdf(nthetab+ I) 
thetaf - abs(180-2*thetaO-thetab) 
brdffor - brdf(thetaf+l) 
salang - 180-thetaO-thetab 
rsolang ... rd*solang 
if (abs(cos(rsolang» .It. 0.001) then 

i=i+1 
brdff(i)= I 000 
goto 399 

endif 
i-i+l ' 
brdff(i)=(brdfback+brdffor)/(realk**2*abs(cos(rsalang)) 
ttO(i) - 180-2*thetaO-thetab 
bbO(i) '" sin(rsolang)-sin(rd*thetaO) 

continue 

**************************************************************** 
This section averages the BRDF over three degrees to 

account for the finite size of the radiometer. Then the BRDF. 
T -TO. and B-BO are saved on disk. 
**************************************************************** 

do 413 .i-l.i 
if (U .eq. 1) .or. U .eq. i» then 

brdffinU) .. brdffU) 
goto 412 

end if 
if (ttO(]) .eq. 0) then 

goto 413 
endif 
brdffin(j)=(brdffU-l)+ brdffU)+brdffU+ 1 »/3 
write(6.IOO)abs(ttO(]).abs(bbOU).brdffin(J1 
write(*.IOO)ttO(J).bbO(]).brdffinU) 

continue 
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<: **** ••••••••• , ••••• "II.****~********************** 
<: FORMAT STATEMENTS AND PROGRAM END 
<: * •••••• , ............. ************** •••••••• ***** ..... 1 •••••••• ,.* 
<: 
100 format(lx.f7.1.5x.f8.4.5x.lp.eI3.5.5x.eI3.5) 

75 FORMA T(lX.F6.2.2X.EI3.6.2X.EI3.6) 
11 FORMA T(lHI./ 'SPHERE SC:A TIERING PROGRAM,) 
12 FORMA T(5X:REFMED-'.F8.4.3X.'REf'RE,. '.F8.4.9X 

* :REFIM-'.F8.4) 
13 FORMA T(5X. 'SPHERE RADIUS='.F7 .3.3X:W A VELENGTH=' .F7.4) 
14 FORMA T(5X:SIZE PARAMETER-'.F8.3) 

write(*.*) 'Program is complete' 
94 STOP 

END 
<: 
<: ********************************************************************** 
<: SUBROUTINE BHMIE 
<: 
<: 
<: 
<: 
<: 

Calculates amplitude scattering matrix elements and 
efficiencies for extinction. total scattering and 
backscattering for a given size parameter and 
relative refractive index. 

<: ********************************************************************** 
<: 

<: 

SUBROUTINE BRlV1IE(X.REFREL.NANG.SI.52.QEXT.QS<:A.QBACK) 
DIMENSION AMU(200).THET A(200).PI(200).T AU(200). 

* PI 1 (200).PI0(200)AMI(200) 
<:OMPLEX D(3000).Y.REFREL.XI.XIl.XIOAN.BN.Sl(200).52(200) 
DOUBLE PRECISION PSIO.PSIl.PSI.DN.DX 
DX-X 
Y .. X*REFREL 

<: ********************************************************************** 
<: TERMINATING SERlE'S AFTER NSTOP TERMS. 
<: ********************************************************************** 
<: 

XSTOP=X+4. *X**(1./3.)+2. 
NSTOP .. xsrOP 
YMOD-CABS(Y) 
NMX.-AMAX1 (xsrOP.YMOD)+15 
DANG-1.570796327/FLOA T(NANG-l) 
DO 555 J .. l.NANG 
THET A(JHFLOA T(.J)-l.)*DANG 

555 AMU(.J)=COS(THET A(J» 
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<: **************** ••••••• ********* ••••••••• ******* ••••••• **************** 
<: LOGARInIMl<: DERIVATIVE OF D(J) 
<: 
<: Ollculated by downward recurrence beginning with initial 
<: value 0.0 + I * 0.0 at J D NMX 
<: **************** •••••• **-****************************************** 
<: 
560 

120 

666 

777 
C 

D(NMX)=C:MPLX(O.O.O.O) 
NN-NMX-l 
DO 120 N-l.NN 
RN-NMX-N+l 
D(NMX-N)=(RN/Y)-(I./(D(NMX.-N+ 1 )+RN/Y) 

DO 666 J=I.NANG 
PIO(J)=O.O 
PIl(.J)=l.O 
NN ... 2*NANG-l 
DO 777 J~l.NN 
SI(.J)=C:MPLX(.O •. O) 
S2(.J)=C:MPLX(.O •. O) 

<:************************************************************************ 
C RI<:<:A TI-BFSSEL FUNcrIONS 
C 
<: With real argument X calculated by upward recurrence. 
C *********************************************************************** 
C 

PSIO=OCOS(DX) 
PSII ... DSIN(DX) 
CHIQ-SIN(X) 
<:HIl=COS(X) 
APSIO= PSIO 
APSI1=PSII 
XIO==C:MPLX(APSIO.-<:HIO) 
XI I=CMPLX(APSII.-<:HI 1) 
QSc::A=O. 
N-I 

200 DN-N 
RN-N 
FN-(2.*RN+ l.)/(RN*(RN+ I.» 
PSI-(2.*DN-l.)*PSIl/DX-PSIO 
APSI::aPSI 
CHI...(2.*RN-I.)*<:HIl/X-CHIO 
XI-CMPLX(APSI.-CHI) 
AN-(D(N)/REFREL+RN/X)* APSI-APSII 
AN-AN/«(D(N)/REF'REL+RN/X)*XI-XI1) 
BN-(REFREL*D(N)+RN/X)*APSI-APSII 
BN-BN/«(REFREL*D{N)+RN/X)*XI-XI I) 
QSc::A-QS<:A+(2. *RN+ I.)*(CABS(AN)*CABS(AN)+CABS(BN)*<:ABS(BN» 
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DO 789 J=l,NANG 
JJ-2*NANO-J 
PI(.J)-PII (J) 
TAU(.J)-RN*AMU(J)*PI(.J)-(RN+ 1.)*PIO(J) 
P-(-l.)**(N-I) 
Sl(J}-SI (J)+FN*(AN*PI(J)+BN*TAU(J) 
T-(-l.)**N 
S2(.J)-S2(J)+FN*(AN*T AU(J)+BN*PI(J» 
IF(J.EQ.JJ)GOTO 789 
Sl (JJ}-Sl (JJ)+FN*(AN*PI(J)*P+BN*T AU(J)*T) 
S2(JJ)0rS2(JJ)+FN*(AN*T AU(J)*T +BN*PI(J)*P) 

789 CONTINUE 
PSI()uPSIl 
PSll .. PSI 
APSIl.PSIl 
CHIO-CHII 
CHII-CHI 
XII-CMPLX(APSII.-CHII) 
N .. N+I 
RN .. N 
DO 999 J=I.NANO 
PI I (.J)=(2. *RN-I.)/(RN-I.»* AMU(J)*PI(J) 
PI I (J)=PI 1 (J}-RN*PIO(J)/(RN-I.) 

999 PIO(J)=PI(J) 
IF (N-I-NSTOP) 200.300.300 

300 QSCA=(2./X**2)*QSCA 
QEXT ..(4./(X*X»*REAL(SI (l» 
QBACK=(4./X**2)*CABS(SI(2*NANO-I»*CABS(SI (2*NANO-I» 
RE11JRN 
END 
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APPENDIX B 

BRDF OF A LAMBERTIAN SURFACE 

The differential power transferred from a differential Lambertian area, dA I • 

into a differential area, dA2• on a hemisphere is given by 

(B.i) 

where U91• rpl) is the emitted radiance of the Lambertian source. R is the distance from 

dAl to dA2• 91 is the angle between the normal to dAl and the line connecting dAI and 

dA2• 92 is the angle between the normal to dA2 and the line connecting dA2 and dAI 

and equals zero. Fig. B.1. If R is greater than 20 times the largest dimension of dA I 

and dA2 then AI~I' Since dA:FRd9tRsin9tdrpl=-R2sin9td9tdrpl and 9rfj° the total 

power emitted into the hemisphere is 

(B.2) 
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--c:S>=-r----T----y 

Fig. B.I. Geometry for the power transfer from a Lambertian surface dAl to an area 
dA2 on a hemisphere. 
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A Lambertian surface is independent of angular coordinates so L=L(0I.IPI) and 

«P 211' 11'/2 

t ... Al Io dIP, Io sinO,c0s6ldO, 

11'/2 

= 211'AI Io [! sin201] dOl 

_ [-COS281] 111'/2 
- 1TAI 2 0 

(B.3) 

If the power incident upon the Lambertian surface is «Po then the total scattered 

power is «pu.=p«Po=pEA,• where p is the hemispherical reflectance and E is the irradiance 

incident upon AI' Substituting this result into (B.3) one gets 

(BA) 

which may be rewritten as 

BRDF = 1- = E (B.5) E 1T 

Hence. the BRDF has no angular dependence. It should be remembered that the 

intensity varies as the cosine of the scatter angle for a Lambertian surface. 
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APPENDIX C 

DERIVA nON OF SPECKLE DIAMETER 

Speckle is the random distribution of intensity when a coherent beam interacts 

with a rough surface. The rough surface causes the superposition of a random phase 

term on the amplitude distribution of the coherent wave. A simple way to think of a 

rough surface is to consider it to be a diffraction grating whose principal diffraction 

maxima are separated by small angles. Consider a one dimensional diffraction grating 

with N equally spaced slits of separation d. Fig. C.l. The optical path difference 

(OPD) between rays coming from adjacent slits is d(sin8s-sin80 )=d(.6-i30 ) which 

corresponds to a phase difference of cP=kd(sinas-sinao)' where k is 2rr/'A. as is the 

scattered angle from the surface normal. and 80 is the angle of incidence. The OPD 

between the first and the Nth slit is (N-l)d(sinas-sin80 )' so the electric field at a distant 

point is 

E' = Ae-ikr (l + e-icf> + e-2icf> + ... + e-{N-l)icf» 

= Ae-ikr [I -e-i~cf>] 
I - e-1cf> 

(C.l) 

where A is the amplitude of the electric field. Factoring e-iN#2 from the numerator 

and e-icf>/2 from the denominator. the electric field may be rewritten as 

E' A -ikr ( -i(N-I)cf>!2) [eiNcf>/2 - e-iNt/J/2] 
= e e eJ.cf>/2 _ e-icf>/2 

.. Ae-ikr (e-i(N-I)cf>/2) [Si~(NtI>I2)] 
sm(¢/2) 

(C.2) 
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Fig. C.l. Diffraction grating geometry for non-normal incidence. 
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The irradiance at a distant point is then given as 

(C.3) 

A principal maximum occurs when both the numerator and the denominator are zero. 

For large N the numerator determines the angular width of the maximum because it 

varies more quickly. Increasing the numerator's argument causes the irradiance to fall 

rapidly to zero. This zero occurs when 

[~ ] d (sinOs - sinOo) = 1T (C.4) 

If .6.(J is the angle through which the beam is diffracted and the principal maximum is 

considered. then (C.4) may be rewritten as 

sin(Oo)cos(A9) + cos(Oo)sin(A9) - (~] + sin(9o) 

Since the diffraction angles are very small cos(A8)~1 and sin(.6.0~AO. so 

(C.S) 

(e.G) 

(C.7) 

where Nd is the illuminated width of the grating, D. s is the speckle radius. and rs is 

the diffraction grating to detection plane distance. Solving for s one gets 
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speckle radius .. s ... Xr s 
Dcos(80 ) 

(C. 8) 

This is simply the radius of the central lobe of the Fourier Transform of a one-

dimensional rectangle function. Extending this one-dimensional approach to two-

dimensions one finds that the speckle radius equals the radius of the central lobe of the 

Airy disk: 

s-
1.22Ars 1.22Xrs 
Dcos8o - Do 

(C.9) 

where Do is the diameter of the illuminated spot on the grating (sample) at normal 

incidence. 

'-, ----. 
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