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ABSTRACT 

The design, construction and details of operation of an instru

ment for measuring Bidirectional Scattering Distribution Functions (BSDF) 

[i.e., Bidirectional Reflection Distribution Functions (BRDF) and Bi

directional Transmission Distribution Functions (BTDF)] at four wave

lengths from the visible to the far infrared (FIR) are presented. 

Hardware, software, theory, calibration, accuracy and performance are all 

addressed. The four major interacting subsystems--optical, electronic, 

mechanical and computer--are discussed in various degrees of detail. A 

BASIC language control program for running the system via the Z-80 micro

processor is included in the appendix. The origin of BRDF is traced, and 

a brief theoretical summary examines it from both a physical optics and a 

radiometric point of view. Modeling is performed to determine the effect 

of large radiometer collecting apertures on accuracy. Dynamic range and 

resolution are determined from experimental and theoretical considerations. 

Finally, new measurements of Martin Black at 118.8 ~m are presented along 

with measurements at 0.6328, 3.39 and 10.6 ~m. The FIR BRDF measurements 

covered 6 orders of magnitude and values as low as 6xlO- 4 sr- 1 have been 

recorded. 

xi 



CHAPTER 1 

INTRODUCTION 

The first section belolV discusses why this work has been carried 

out. The background section examines related instrumentation. The 

section on nomenclature traces briefly the name of the BRDF and includes 

a symbols table to be used as a reference when reading subsequent chapters. 

Purpose of Work 

The subject of radiation scattering from surfaces has, in the 

last few years especially, been receiving an immense amount of attention. 

The minimization and control of unwanted scattered radiation has been the 

desired end product for much of this work. The reason for the increasing 

concern in this area is a direct result of development in several fields 

of optical engineering, particularly low light level systems and high 

energy lasers. 

Low light level systems are concerned with the detection of a 

very small radiation signal flux, sometimes in the presence of more in

tense nearby unwanted radiation. Scattering from optical surfaces reduces 

the magnitude of the desired signal, while scattering from baffles and 

mechanical structures flood signal receptors with scattered radiation 

from off-axis sources. These undesired effects are minimized in the de

sign stage with modern stray light analysis tools such as the APART 

(Breault, 1979, 1980) and GUERAP (Likeness, 1977, 1978) computer codes. 

1 
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High-energy laser systems are concerned with maximizing irradi

ance at some point. Mirror coating imperfections that scatter radiation 

out of the specular beam not only act to reduce the irradiance directly, 

but optical surface contaminants in such high flux systems can lead to 

local absorptions and cause catastrophic mirror damage and system 

failure. 

The use of an instrument such as the one described here for the 

measurement of the distribution of scattered radiation contributes to 

problem-solving in both applications. Computerization of the measurement 

instrumentation allows data to be taken more quickly and reliably so that 

the stray light analysis codes, which accept such data as input, can be 

more effective. The capability to investigate surfaces over a large 

range of wavelengths not only provides data closer to the specific wave

length range of interest, but produces data useful for verifying 

wavelength scaling laws resulting from any scattering theory. This will 

aid in the selection of correct theories, which will help promote under

standing of true scattering mechanisms and in turn create better models. 

In addition, FIR imaging has also become important recently 

(Tomton, 1981). Thus there is definite need for an instrument that is 

capable of providing FIR scattering data for use in analyzing these sys

tems. 

The purpose of this work was to construct an instrument capable 

of obtaining scattering data under computer control from the visible to 

FIR, and then use it to measure the Bidirectional Scattering Distribu

tion Function (BRDF) of a particular material (Martin Black) at four 



wavelengths: 0.6328 ~m, 3.39 ~m, 10.6 ~m and 118.8 ~m. Following a 

brief theoretical presentation in Chapter 2, a detailed description 

of the facility, called AZSCAT (Arizona SCATte~ometer), is given in 

Chapter 3. Measurements and results are presented in Chapter 4, 

followed by a discussion of the conclusions in Chapter 5. 

Background 

3 

Although this is the only single instrument to have demonstrated 

a computer-controlled capability to make measurements of scattered radia

tion distributions over a wavelength range from the visible to far in

frared, systems presently exist with various degrees of lesser capability. 

Instruments for recording surface-scattered radiation as a function of 

angle include such features as clever goniometric arrangements, inter

ferometric techniques, multiwavelength capability and various degrees of 

computerization. A brief, by no means complete survey of this instrumen

tation is given below. 

The device built by Shack and DeBell (1974) and upgraded by 

Harvey (1976) and Thomas (1980) is characterized by having a moving de

tector, moving irradiating beam, and fixed sample. It utilizes synchro

nous detection, has polarization control capability, and has been operated 

at two visible wavelengths (0.6328 and 0.5145 ~m). One advantage of its 

mechanical design is that for out-of-plane measurements, polarization of 

the input beam can remain fixed with respect to sample orientation while 

the detector scans the hemisphere over two dimensions. For detectors 



cooled in a dewar, this arrangement becomes unattractive because as the 

detector moves vertically, coolant would be spilled. 

Scheele (1977) has reported on hardware very similar in design 

to several features of the instrument described in this dissertation. 

4 

In Scheele's hardware a converging beam from one of three lasers 

irradiates a sample mounted on a turntable. Synchronous detection, 

signal ratioing (to cancel variations in laser power), spatial filtering, 

and beam attenuation are all present. Differences exist in the choices 

of detectors for several of the wavelengths and the method of beam 

attenuation. The wavelength range is only from visible to 10.6 ~m, 

however, and no computerization is reported. 

Another reflectometer instrument capable of obtaining BRDF data 

has been built by the Instrumentation Research Technology (IRT) Corpora

tion (Neu, 1978). The same four laser types that are used in the Scheele 

system are used to make scattering measurements at 0.6328, 1.06, 3.39 and 

10.6 ~m. In addition, separate retardation plates are used for each 

wavelength to control polarization. Also described in the above refer

ence is a companion instrument for making "monostatic" (i.e., retro

reflection) scattering measurements. A clever interferometric arrangement 

is combined with doppler shift detection to make scattering measurements 

in a direction normal to a reflective surface. 

The instrument from which this dissertation work evolved was a 

device constructed at the University of Arizona called BRDFRI: Bi

directional Reflection Distribution Function Recording Instrument (Lytle 

and Morrow, 1977). BRDFRI was an excellent tool that provided immense 
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experience and performed well for many years. Among its disadvantages 

were a wavelength conversion procedure that required a complete inter

change of lasers, an optical design that was difficult to baffle, no 

ratioing feature to compensate for laser power fluctuations, and a time

consuming necessity to take all data manually (which was partially 

alleviated in 1980 with the incorporation of a PET Commodore Computer 

to input angle and detector data). Because of these disadvantages it 

was decided to construct a completely new and separate instrument that 

would extend measurement capability to the FIR, rather than attempt to 

upgrade BRDFRI and try to incorporate the FIR capability to its existing 

design. As a result only the sample and detector holder goniometric 

apparatus was retained for use on the new facility to be described later 

in Chapter 3. 

Advances in far infrared lasers and microprocessors have made 

these two areas natural ones in which to continue to expand the capa

bilities of instrumentation for measuring scattered radiation as a 

function of angle. Longer wavelength lasers permit the acquisition of 

data at new wavelengths of interest, and also provide information for 

verifying wavelength scaling laws. Computer control allows more data to 

be taken faster, for more extensive surface characterizations, potential 

speckle averaging techniques, greater repeatability, and operator ease. 

The instruments described next have 0ither computerized control or FIR 

measurement capability. 

The Optical Evaluation Facility at China Lake, CA (Archibald and 

Bennett, 1978), with five lasers operating at numerous operating 
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wavelengths between 0.35 and 10.6 ~m, is one of the better-kno\VTl facili

ties. It is computer-controlled and although designed primarily for 

measuring total integrated scatter (TIS), scattering distributions as a 

function of angle can also be measured (Archibald and Bennett, 1978). 

A very impressive, relatively compact instrument is operational 

at the Marshall Space Flight Center in Huntsville, Alabama. It has a 

visible wavelength capability from 0.6328 to 0.5145 ~m (using a helium

neon and argon ion laser combination), with microprocessor control for 

data acquisition and quick graph printout performance. The sample is 

irradiated with a small-diameter, collimated laser beam, limiting the 

minimum angle measurement capability. 

Erb (1980) has recently reported on a computer-controlled gonio

reflectometer which presently is located at the Physikalisch-Technische 

Bundesanstalt in the Federal Republic of Germany. The sample is 

irradiated from incoherent "sphere radiators" instead of lasers, and a 

stationary photomultiplier tube is the detector. The sample holder has 

five degrees of freedom, and the sphere radiators are moved on air 

bearings to minimize vibration effects. 

To date there has been only one other report of an instrument 

capable of making FIR BRDF measurements. This was reported recently by 

Smith (1980) of the NASA/Ames _Rese.~rc? C.ent«;;r who made measurements of 

various blacks at 12.5, 38, 240 and 365 ~m. A 1500 K blackbody was used 

as the source, with appropriate filters to select the desired wavelength 

range. 



Several other interesting systems (Bickel, 1979; Holmes, 1981) 

primarily designed for measuring scattered radiation from particles in 

7 

a medium will not be discussed, but the references are mentioned because 

of their contribution to scattering instrumentation. In addition it is 

assumed there are many other scattering instruments, both documented and 

undocumented, throughout the world. 

The common feature of all (except the last two) instruments 

described above is the ability to irradiate a sample at different angles 

of incidence and make measurements of the scattered radiation over a 

large range of angles using synchronous detection. Differences exist in 

the characteristics of radiation used to irradiate the sample, the de

gree of automation, choices of detectors, and whether or not the 

detector(s) move out of the horizontal plane. 

The instrument to be described here is capable of taking radia

tion scattering data under computer control (and then displaying the 

results with minimal operator control) for different angles of incidence 

upon a sample. It is presently capable of making measurements at four 

wavelengths from the visible to the FIR: 0.6328 ~m, 3.39 ~m, 10.6 ~m 

and 118.8 ~m. 

Nomenclature 

The BRDF was first explicitly defined by Nicodemus (1965). At 

this time the function was already referred to as the "reflection distri

bution function" (Edwards, 1961). Having recognized the four-dimension

ality of this function, Edwards and Bevans, in a Space Technology 
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Laboratories Report (9990-6343-RU-OOO: unobtainable) had allegedly 

formulated a four-by-four matrix of thermal radiation characteristics 

called "bidirectional reflection distribution elements" or "bidirectional 

transmittance elements," depending on whether the radiation was measured 

on the incident or transmitted side (Edwards, 1963). In 1970 Nicodemus 

renamed the BRDF as the "bidirectional reflection distribution function," 

with "fR" as the recommended symbol. The "bidirectional" modifier is 

used to indicate that consideration is being given to selected input as 

well as specific output (observation) angles. 

Throughout this diSSe~tation the term BSDF (bidirectional 

scattering distribution function) will be used where the discussion 

applies equally to either the BRDF (bidirectional reflection distribution 

function) or BTDF (bidirectional transmission distribution function). 

The symbols for these and other quantities are listed in Table 1-1. 



Symbol 

a 

D,P,Y 

E 

$ 

F 

F# 

fR(or 

fS(or 

fT(or 

L 

Ml 

M2 

M3 

M4 

M5 

M6 

M7 

M8 

BRDF) 

BSDF) 

BTDF) 

M9, MID, MIl 

M12 

M13 

9 

Table 1-1. Symbols. 

Units 

unitless 

cm2 

cm2 

cm 2 

cm 

degrees 

. -2 
watts·cm 

unitless 
-1 sr 

unitless 
-1 sr 

-1 sr 

-1 sr 

watts·sr- 1 ·cm- 2 

unitless 

uni tless 

unitless 

uni tless 

unitless 

uni tless 

unitless 

unitless 

unitless 

uni tless 

unitless 

Meaning 

optical attenuation factor 

detector area 

irradiation area upon sample 

radiometer entrance pupil area 

radius of sample irradiation area 
-7T (e point) 

machine angle coordinates of radi-
ometer, sample pitch, sample yaw 

irradiance 

fraction of energy scattered 

theoretical modeling function profile 

ratio of focal length to diameter 

bidirectional reflection distribution 
function 

bidirectional scattering distribution 
function 

bidirectional transmittance distribution 
function 

radiance 

spherical "primary" output mirror 

off-axis "secondary" mirror 

turning flat 

off-axis ratiometer focusing element 

kinematically relocatable wavelength 
detector 

off-axis collimator for 1.15 and 3.39 ~m 

turning flat for 1.15 and 3.39 ~m 

collimator for 118.8 ~m 

turning flats for 118.8 ~m 

turning flat for coalignment beam 

turning flat for 118.8 ~m 



Symbol 

M14 

m,n 

~1SF 

N 

PI 

P2 

P3 

P4 

p' ,e' 

v 

v 
w 
x,y 

xcp 

a, S, Y 

n 

10 

Table l-l.--Continued 

Units 

unitless 

unitless 
-1 sr 

uni tless 

uni tless 

unitless 

unitless 

uni tless 

cm,sr 

cm 

degrees 

volts/watt 
sr- 1 

uni tless 

volts 

radians 

cm 

degrees 

degrees 

watts 

sr 

degrees 

degrees 

Meaning 

turning flat for coalignment beam 

counters for numerical integration 

measured scattering function 

number of sampling rings for modeling 

final system pinhole: between Ml and 
M2 

pinhole for 0.6328 ~m system 

pinhole for 10.6 ~m system 

pinhole for 3.39 ~m system 

variables of integration in circular 
coordinates 

distance between sample and radiometer 

radius of sampling "aperture" for 
modeling 

detector responsivity 

Harvey scattering function 

% of full scale reading on lockin 

voltage 

Gaussian widths in sample plane 

sample plane coordinates 

modeling variable (equivalent to D) 

direction cosine variables 

direction cosine for specular direction 

sample space coordinates of azimuth and 
altitude 

flux 

solid angle subtended by radiometer 
from sample 

full field angle of radiometer 

half angle of converging sample irradi
ation beam at radiometer 



CHAPTER 2 

THEORY 

The BSDF is related to both classical radiometry and physical 

optics, and it is therefore appropriate to provide a brief theoretical 

outline from both points of view. Radiometry assumes a geometric rela-

tionship for incoherent radiation between a disturbance in one plane and 

a resulting flux distribution in another, while diffraction effects 

associated with quasimonochromatic radiation are best described using 

physical optics. In both cases a scalar analysis is considered here, 

which has proved useful in previous work (Harvey, 1976; Thomas, 1980). 

Radiometric Model 

Since the BSDF was originated from a radiometric analysis, that 

approach is examined first. The BSDF is defined after Nicodemus (1970) 

as a differential ratio of radiance to irradiance: 

BSDF f (6. ,~.;6 ,~ ) - dL (6 ,~ )/dE. (6. ,~.) s 1 1 S S S S S 111 
(2.1) 

Figure 2.1 shows the angle relationships for the case of BRDF measure-

ment. 

Approximations arise in measuring a BSDF because the differential 

quantities in Eq. (2.1) can only be approached in a measurement 

(Nicodemus, Richmond, and Hsia, 1977), and any direct measurement must 

11 



BRDF GEOMETRY 

.... 
............ 

Figure 2.1. BRDF angle relationships between incident beam and 
observation direction. 
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also include artifacts of the instrumentation. What is actually recorded 

is the measured scattering function (MSF) , which generally has 8. and ~. 
1 1 

as parameters, with 8 and ~ as variables. Another difference 
s s 

between MSF and BSDF is related to the "instrument function" (described 

later) and is a measure of the mea5urement accuracy of the instrumenta-

tion. 

To derive an expression for the MSF that can be measured it will 

be necessary to write Land E in terms of voltages. Let the total 

incident flux on the sample be given as 

<1>. = 
1 f 

sample 

E. (x,y)d d 
1 x Y 

(2.2) 

where we have accounted for the possibility of a nonuniform irradiance. 

Let the peak of Ei(x,y) be Ei and let G(x,y) be the spatial variations. 

If G(x,y) is Gaussian (as it is for this instrument) with a radius of b 

at the e- n point, then 

<il. = E. . b 2 
1 1 

(2.3) 

and 

E. = 
V(O,O) 

1 fR· b 2 (2.4) 

where V(O,O) is the signal voltage obtained if all radiation is collected. 

Thus we have an effective constant irradiance over a small area b2 . 

The procedure for measuring V(O,O) is to measure the focused 

energy on-axis with the same detector that is used for the BSDF 
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measurements. This excludes a negligible amount of scattered energy as 

long as the instrument scatter is low and the radiometer aperture is 

larger than the system spread function. 

Now consider the radiance term. By the transfer law of radio-

metry the flux on a detector for measurement angle 8,~ is 
s s 

= [L(x,y;8 ,~ ) dA dAO cos8 cos~]/R2 . s s s 

The voltage output from the detector will be (with dA = dxdy) 
s 

~ L (8 ,~ )cos8 nO s s s f G dxdy 

where nO AO/R2. Thus, with the same G(x,y) as above, 

VS(8,~) 
= 8r nO cos8 s • b2 

(2.5) 

(2.6) 

(2. 7) 

By defining the MSF similarly to the BSOF as the ratio of output radiance 

to input irradiance we obtain 

MSF (8 . , ~. ; 8 ,~ ) = 
1 1 S S 

(2.8) 

This is the desired result containing directly measurable quantities, 

and is the equation used for the measurements described later. 

Physical Optics Oescription 

In order to apply scalar diffraction analysis a diffraction 

integral is needed. This expression is the general Rayleigh-Sommerfeld 
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~iffraction formula (Harvey, 1976) 

II· ( A ) ZA i21T/A R, U(x' ,y' ;z') = Uo(x,y,;O) 21TR - i R2 e dxdy 

(2.9) 

Now impose the following conditions, 

1. R» A (i.e., the observation distance is much greater than the 

wavelength) . 

2. Illuminate the sample with a spherically converging, large F# 

beam of curvature R at the sample. 

3. Make the observation of scattered radiation over a hemisphere 

centered on the sample. 

4. Make the substitutions of direction cosines: a = xlr, B = y/r, 

Y = z/r. 

Harvey (1976) has shown that if these conditions are satisfied, 

the resulting expression for the complex field amplitude over the entire 

hemisphere is then proportional to the Fourier Transform of the aperture 

function T 
o 

U (a, 8; r) = 
n. 
i 

ei21T/A r /F { To (X,y)} . 

What one actually observes is the irradiance, 

E(a,B) = U(a,B) U*(a,B) 

If this expression is calculated explicitly, the result is 

E(a,B) = PSF(a,B) ** 9(a,B) 

(2.10) 

(2.11 ) 

(2.12) 
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where PSF is the squared modulus of the amplitude spread function of the 

incoming wavefront, and ~ can be thought of as the spread function 

associated with the disturbance due only to the sample. The "**" opera-

tion denotes a two dimensional convolution (Gaskill, 1978). 

Because the radiometer that measures the irradiance has a finite 

circular aperture, the process of making a measurement over the hemi-

sphere is equivalent to cross-correlating an aperture function, repre-

sented as a "cylinder" function (Gaskill, 1978) with the irradiance 

distribution. Thus 

MSF = CYL ** PSF ** ~ (2.13) 

where "**" denotes a cross correlation operation (Gaskill, 1978). 

Since the first two quantities on the right half of the equation are 

associated with the instrumentation and not the sample, it is appropyiate 

to combine them and refer to the combination as the "instrument function." 

Thus the MSF is seen to be a convolution of an instrument function with a 

scattering function that contains both the specular and diffuse scatter-

ing characteristics of the sample surface. 

Harvey (1976) has shown that the scattering function can be 

written as a function of the radiant intensity, 

~= 
I (a, (3) 

4>. cos8 
l. s 

(2.14) 

By dividing the numerator and the denominator by the area of the irradi-

ation, this can be rewritten as 
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.9' = L(a, S) 
Ei 

(2.15) 

which is the desired BSDF ratio. 

Equation (2.13) suggests that removal of the instrument function 

effects may provide an MSF that would be a more accurate BSDF. Harvey 

(1976) and Thomas (1980) have argued that for certain cases a sub-

traction of measured scatter in the absence of any sample from the 

scatter measured with a sample would improve accuracy. This is equiva-

lent to removal of the PSF term. For systems with larger radiometer 

apertures of different sizes, the effects of the cylinder function are 

generally compensated for by using a multiplicative "lens factor." 

This correction factor is discussed in greater detail under Performance 

in Chapter 3, along with other considerations of the instrument function. 

Following standard convention for plotting scatter measurements, 

the two dimensional MSF wil~ be plotted but identified as the BSDF 

which is, strictly speaking, a function of four variables. In addition, 

the data will be plotted as a function of S-S (sine -sine.) following 
o s 1 

Harvey (1976), Stuh1inger (1981), and Thomas (1980). 



CHAPTER 3 

INSTRUMENTATION 

This chapter describes the instrumentation for making the 

scattered radiation measurement. An overall introduction is first given, 

and is followed by detailed descriptions of the optical, electronic and 

mechanical subsystems. Integration of these three interacting subsystems 

is considered in the final section. 

General Description 

Figure 3.1 is a block diagram of the complete instrument. The 

selected laser wavelength irradiates the sample material under test after 

first passing through a spatial filter, reflective chopper, an array of 

attenuators, and beam-forming optics. Scattered radiation is collected 

at selected angles by a radiometer that moves about the sample in a 

horizontal plane on a boom. The sample may be pitched or yawed in a 

controlled manner to provide combinations of irradiance and collection 

angles. A laminar flow bench directs a stream of filtered air across 

the sample to keep it clean during measurements. A photograph of the 

instrument is shown in Fig. 3.2. 

The chopped radiation collected by the radiometer is converted 

to an electrical signal, amplified, and directed to a lock-in amplifier 

at the "X" input. The radiation reflected from the chopper blade is de

tected, amplified, converted to a dc electrical signal with a 
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Figure 3.2. Photograph of BSDF measurement facility. 
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rectifier/filter circuit, and subsequently input to the lock-in amplifier 

at the "Y" input. Within the lock-in the "X/Y" data signal, which is 

relatively invariant to laser power fluctuations, is converted to digital 

form and output to the microprocessor. Data collected by the micro

processor are stored on floppy disks for eventual use by data processing 

and plotting programs. 

The data acquisition system is controlled through an electronics 

package called the controller interface. This unit directs stepper 

motors to position the radiometer and sample holder, and inserts or 

removes optical attenuators through the use of solenoids. The controller 

interface may respond directly from commands through a collection of 

switches (MAN mode), or fTom the human operator via a computer terminal 

(AUTO mode). In this latter mode a Z-80 microprocessor monitors and 

controls all functions. 

In the next section a description of the optical subsystem is 

given. This is followed by similar discussions of the electronic and 

mechanical systems. 

Optical Subsystem 

Any optical design is driven by system tradeoffs. In the dis

cussion below they will be identified where applicable because of their 

importance in forming the final system. 

Shared System 

A major design goal was convenience of wavelength conversion. 

This was achieved by using a single turning flat to select the desired 
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laser output and inject it (after beam conditioning) into a reflective 

optical train to be shared in turn by all of the other wavelengths as 

well. This train was designed with the following constraints as inputs: 

overall support structure dimensions, sample irradiation size require

ments, sample-to-radiometer spacing, and finite funds. 

The resulting optical train (the upper level of Fig. 3.2) is 

diagrammed in Fig. 3.3, and a photograph appears in Fig. 3.4. The common 

path for all wavelengths is from M5 to Dl, and will be identified as the 

"shared system." .The distance R was determined by the mechanical di

mensions of the boom on which the radiometer would ride. Once the layout 

was configured roughly, the distance MIS was determined by the table 

structure dimensions, based on experience with BRDFRI, as was the distance 

MlM2. 

The output sphere specifications resulted from an interaction of 

several considerations: a desired diameter of irradiation at the sample 

of 1 cm, a maximum F# for the off-axis parabola M2, and a collimated beam 

diameter of about 1.6 cm between M2 and M3 so that a 2.5 cm attenuator 

window could be tilted and still have enough clear aperture. The result 

was a 75 cm diameter F/8.3 sphere. For minimum aberrations an ellipse 

was required, but it was felt that a sphere would have a better surface 

polish and lower cost. Thus, high frequency scatter may have been re

duced at the expense of low frequency wavefront perturbations (i.e., 

spherical aberration, coma and astigmatism). The mirror was coated with 

aluminum with no overcoat to prevent scatter that such a coating would 

introduce. Thus stripping and recoating is the best procedure for 
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removing intolerable contamination on the mirror surface, although a 

dust-lifting substance like Opticoat can be used. That is a less-

preferred method, however, since some peelable coatings can leave a 

residue (Williams and Lockie, 1979). It is important to keep this 

surface clean because there is no direct way to filter its scatter from 

the measurement optics. 

A pinhole at PI spatially filters optical system noise that 

would otherwise be part of the measurement. This filter is a carefully 

drilled hole in a piece of aluminum (subsequently black anodized) that 

has been affixed to a small x-y-z stage. The diameter of the aperture 

is chosen small enough to be effective in preventing scatter introduced 

by earlier elements from getting to the radiometer, but not so small as 
1 

to scatter incide~t specular radiation that might itself be rescattered. 

A diameter of approximately 1 mm can be used for all wavelengths below 

and including 10.6 ~m; for the FIR a 6 mm diameter is used. Ml magnifies 

these diameters by 2.8 by imaging them onto the measurement hemisphere. 

The importance of using spatial filtering is demonstrated in Fig. 3.5, 

which shows no-sample runs at .6328 ~m with and without this component. 

Table 3-1 lists the instrument pinhole sizes for the various wavelengths. 

Position Al is conjugate to the sample and the Al aperture di-

ameter is magnified about 2.2 times at the sample. An aperture is located 

here to limit the maximum diameter of radiation that could irradiate the 

sample, although for most measurements the laser beam diameters were 

smaller than this aperture. 
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Wavelength 
(microns) 

0.6328 

3.39 

10.6 

118 

Table 3-1. Pinhole sizes for Pl. 

Pinhole Diameter Image in Detector 
(mm) Space (Degrees) 

0.84 ± 0.158 

1 ± 0.188 

1 ± 0.188 

6 ± 1.13 

An off-axis parabola is used at M2 to reduce aberrations. Un-

fortunately the desired specifications for this and the other off-axis 

parabolas were not achieved, and there are residual aberrations. By 

performing a star test at Dl and using the equation W222 = L/8 (F/#) 

(where L = length of the astigmatic line) about 4A of astigmatism was 
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measured with a sphere at this location, and 3A of astigmatism was mea-

sured for the off-axis parabola (for A = 0.6328 ~m). 

The attenuators, the chopper and radiometer are located between 

M2 and M3. The chopper blade is a butterfly chopper with one reflective 

side. The reflected energy is focused by an off-axis parabola at M4 into 

a pyroelectric detector that is part of the radiometer system that will 

be covered in Electronics. A detailed discussion of the attenuator 

optics is given in Attenuators. 
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The turning flat located at M3 is the last common element for all 

wavelengths. The turning mirror at MS is mounted on a kinematically re

locatable base. The A/IO (at visible wavelengths) flat is used to 

select the visible and near infrared wavelengths, and is shown simultane

ously in its three positions in Fig. 3.3. With it removed, the far 

infrared wavelengths can be admitted. 

A discussion of the beam conditioning optics required to make 

each laser output be compatible with the common system is given next. 

Laser Integration 

Four lasers are used with this instrument. The 0.6328 ~m source 

is a Hughes model 322H-C Helium-Neon laser with an unpolarized output of 

0.5 milliwatts. A Spectra Physics model l24A Helium-Neon laser with 

special mirrors is used for supplying 4 milliwatts at 3.39 ~m with 

vertical polarization. The 10.6 ~m radiation is from a water-cooled 

Sylvania model 941 CO2 laser with an output of 3 watts, and is also 

vertically polarized. The FIR laser is from Advanced Kinetics (Model 

ADKIN FIRWL-SO). With this type of laser a CO2 laser line is used to 

optically pump a low pressure polar gas to produce coherent FIR radia

tion when the pumping wavelength matches a vibrational-rotational level 

of the gas. Radiation at 41.7 and 118.8 ~m is produced by pumping methyl 

alcohol at 0.070 torr with the 9P32 and 9P36 lines respectively from the 

CO2 laser. Output powers of several milliwatts are available at 118 ~m 

with a pump power on the order of 10 watts, with less power achieved at 

41.7 ~m and many other lines out to about 500 ~m. 
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Laser integration involves transforming each laser output into a 

spatially filtered, collimated beam of approximately 15 mm diameter that 

can be input to the shared system. Spatial filtering is performed to 

reduce spatial noise commonly associated with the output beams of gas 

lasers. This noise generally arises due to scattering from within the 

laser tube and unclean optics, and will be part of a scatter measurement 

if not eliminated. These spatial filters have a lower spatial frequency 

cutoff than does PI, which only attempts to filter the scattering from 

the optical elements between the laser collimators and M2. 

It was desirable to design the spatial filters and collimators 

to utilize off-the-shelf and standard catalog items as much as possible. 

This minimizes cost, delivery time, and makes replacement easier should 

damage occur. The major constraint was that all outputs should be of 

the same nominal diameter with minimum divergence in the vicinity of the 

attenuators. 

Keplerian beam expanders for the CO 2 and HeNe lasers were designed 

so that less than 1% truncation of the TEMOO mode beam would occur for a 

16 mm diameter beam. A simple paraxial ray trace approach was used to 

derive an equation relating output diameter to required focal lengths and 

laser divergence. Those off-the-shelf components with focal lengths that 

yielded the output diameter closest in value to the one desired were 

selected. 

The YY diagram for the system is shown in Fig. 3.-6. Table 3-2 

has a listing of the coordinates. 
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Table 3-2. YY prescriptions for 0.6328, 3.39 and 10.6 !lm systems. 

The Lagrange invariant is 5/(17)(25.4). 

y/V Coordinate Separations 
Component Symbol Y V (mm) 

Radiometer D1 0 -1 

Sample S +5 0 431. 8 

Primary (f=635 mm) Ml +28.24 +4.65 2006.6 

Spatial Filter Fl 0 +0.35 858.6 

Stop Al -2.31 0 70.34 

Secondary (f-215 mm) M2 -7.07 -0.72 144.66 

Collimator 

.6328 Ll -7.07 -3.144 1447.8 

3.39 M6 -7.07 -4.109 2066.9 

10.6 L2 -7.07 -3.27 1552.58 

Spatial Filter 

.6328 P2 0 - .2866 175 

3.39 P4 0 .352 215 

10.6 P3 0 - .249 152.4 

Beam Expander 

.6328 MOl + .646 - .025 16 

3.39 L4 +1. 559 + .4769 47.4 

10.6 L2 +2.36 + .7607 50.8 



-? 
~-

Table 3-2.--Continued 

Y/Y Coordinate Separations 
Component Symbol Y Y (mm) 

Aperture Image 

.6328 AI' + .709 0 +1.53 

3.39 A2' + .662 0 -27.26 

10.6 A3' + .582 0 -38 

The beam expander/collimator design for the waveguide laser was 

somewhat more complicated. The wavefront leaving the 5-mm diameter out-

put coupling hole was found to have a very large divergence. In order to 

keep the rapidly increasing beam diameter as small as possible, a poly-

ethlyene lens was located as close to this coupling hole as possible. 

This was at a distance of 250 cm away, in the position for the vacuum 

window. Thus this lens served the purpose of vacuum window and beam 

diverger, and a higher transmission was realized than if two elements, 

one for the window and one for the lens, were used. 

In order to determine the optimum lens power and collimator focal 

length, the Y-Y diagram was again utilized. Because it was desirable to 

have a pupil plane near the laser output and because of distance con-

straints, only a small range of suitable focal length combinations would 

work. Following the design a 1188 mm spherical mirror collimator was 

ordered from a vendor. Several polyethlyene beam expanders were made in 

our machine shop, and by trial and error a lens was found that would 



focus the 4.17 ~m radiation near the desired location. However, the 

instability of the FIR laser at 41.7 ~m has prevented final alignment 

and measurements at this wavelength. 
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Because the 118 ~m radiation had a different divergence, a dif

ferent optical system was required for it. Since it was desired to have 

a relatively convenient change between wavelengths it was preferable to 

simply not replace the 41.7 ~m beam expander with one for 118 ~m. That 

exchange operation would require a subsequent 6-12 hour evacuation of the 

FIR waveguide laser. Therefore for 118 ~m operation a second lens was 

used in combination with the first. 

With this design a 75 mm radius of curvature plano convex poly

ethylene lens was placed at the laser vacuum window position, and an 

existing 295 mm radius of curvature plano convex polyethylene lens was 

located 610 mm beyond the laser output port. This lens combination 

caused a focus to exist about 300 mm outside of the focus of the 1188 mm 

focal length to mirror collimator M7. This caused only a slight con

vergence between the collimator and secondary. Since thin attenuators 

were used, negligible focus shift was introduced at the radiometer 

location. However, the beam in the vicinity of the attenuators is 

slightly oversized: 20 mm diameter instead of the desired 14-16 mm. 

Figure 3.7 shows the resulting optical layout including the 

visible coalignment beam, and a local detection scheme for monitoring 

direct laser output power. Figure 3.8 shows a photograph of the lower 
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level used to condition the FIR beam. Figure 3.9 reveals ho\\o the FIR 

system is integrated with the rest of the table structure and the common 

optical system. ! 

Since lasers were used exclusively in this system, it was anti-

cipated that the radiation would propagate according to the laws govern-

ing the propagation of Gaussian beams (Siegman, 1971). By analytically 

propagating Gaussian beams at the wavelengths of interest through the 

system any changes in first order properties resulting from a change in 

wavelength were uncovered. 

Table 3-3 lists resulting beam diameters at Ml, M2 and at the 

sample location. These values were obtained by starting with the beam 

waist of the YY diagram 524 mm before M2 in the vicinity of the attenua-

tors, and propagating to the final focal plane. Below 10 ~m no change 

-
in beam characteristics from the YY diagram were noted. Beginning with 

the 10.6 ~m radiation, slight, but insignificant changes began to be 

noticed. Finally at 41.7 and especially 118.8 ~m easily measurable 

changes are predicted. In fact, a larger beam diameter at the sample was 

actually measured for the 118.8 ~m beam, although partly due to the use 

of a beam expander that didn't focus in exactly the right position. Ml 

and M2 were never overfilled, however. 

It was also noted that the beam waist location shifted away from 

the focal point of M2 by 2 mm for 41.7 ~m, and 19 rom for 118 ~m. This 

requires a corresponding longitudinal shift of the pinhole when shifting 

to operation at these wavelengths. 
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Position yy 

M2 14.14 

M1 56.45 

Sample 10 

Table 3-3. Gaussian beam analysis results. 

Beam diameters (at e-
n 

point) in millimeters. 

0.6328 3.39 10.6 41.7 1l8~8 

14.14 14.14 14.16 14.49 16.86 

56.45 56.45 56.47 56.79 59.21 

9.96 9.97 10.04 11. 01 15.56 

V> 
00 
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In addition, corresponding shifts in the final focal plane were 

calculated for 41.7 and 118.8 ~m. For the former the plane of smallest 

beam waist was 448 mm behind the sample, for the latter, the smallest 

beam waist was 488 mm behind the sample. These should be compared with 

the design distance of 431.8 mm (in actual operation the radiometer 

location is adjusted for maximum signal). 

These conclusions show thal: although the YY diagram was useful 

as a baseline design for most of the wavelength its performance pre

dictions became slightly less accurate as the wavelength of the radiation 

increased beyond 10 ~m. 

Table 3-4 summarizes the laser integration optics. 

Radiometer Optics 

The radiometer consists of collection optics, a detector and a 

preamp. Only the optics are described here; the detector and preamp are 

described under Electronics. 

Two types of optical designs were considered: single element 

and mul tielement. The former would simply image the sample onto the 

detector, while the latter would image the entrance pupil of the radio

meter on the detector. While the single element design is cheaper with 

greater transmission (due to fewer elements), the multielement design 

yields a more uniform detector response as the sample is pitched and 

yawed. Although when the aperture is severely stopped down for near

axis measurements, less of the detector would be proportionally utilized 

for the multielement design. 
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Table 3-4. Spatial filter and laser characteristics. 

Laser Beam 
Wavelength Diameter* 

()lm) (mm) 

0.6328 0.81* 

3.39 3.2* 

10.6 5.1* 

U8 5 t 

-1T *e point 
toutput coupling aperture 
**see text 

Laser 
Divergence 
(28) (mrad) 

1.3 

1.8 

4 

Focal Lengths 

Beam Output Beam 
Expander Collimator Diameter* 

(mm) (mm) (mm) 

10 175 14 

47.4 215 14 

50.8 152.4 15 

** 1188 20 
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The maximum field requirement was determined by the irradiation 

area and sample orientation. For normal irradiance this patch is circu-

lar, but as the ~ample is pitched or yawed it becomes elliptical. In 

addition, because the irradiating beam is converging, the centroid of 

the patch shifts from the optical axis. Therefore the maximum full field 

specification is (see Fig. 3.10) 

-1 e (D) 
n = 2 tan 2R (3.1) 

where De is the size of the patch for a yaw or pitch of e and is given 

by 

De 
D {l + 2 sine sin~ } = cosS cos (e+S) '" 

= 

D 
cose 

D 
cose 

{l + 2 tane sin~} 

(3.2) 

Thus for a sample tilt of 70°, a field of 4.16 degrees is needed for 

D = 1 cm with an F/40 beam irradiating the sample where R = 43 cm. 

Note that this full field is required only when the radiometer axis is 

normal to the yawed sample. 

At present only single element systems are in use, half of them 

having been created for the previous BRDFRI system. These are dis-

cussed below along with a proposed first order optical design for a 

multielement lens system. 

The visible system uses a 2.5 cm F/l singlet. Since the detector 

is 1.3 mm x 1.3 mm, this radiometer has a field of 3°. Therefore the 

detector will be overfilled when viewing normal to a sample yawed beyond 
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approximately 62°. For near-specular measurements the lens is stopped 

down to one millimeter. A small tube with a tapered end into which was 

drilled a 1 mm diameter pinhole was also tried without a lens in place. 

Performance was comparable to the stopped down lens with voltage 

readings slightly greater due to the absence of Fresnel losses from the 

lens surfaces. 

The 3.39 ~m optics consist of a single 2.5 cm Fil lens of 

barium fluoride. The 1 mm square detector is masked by a 1 mm diameter 

aperture, giving ,a circular field of 2.2 degrees. 

The 10.6 ~m radiometer optical system used with BROFRI was a 

multielement design much as described above. However, it only had a 

fixed 2.5 mm pupil. Since the speckles were on the order of a millimeter, 

large signal fluctuations were observed as the radiometer moved small 

distances. In this new system the (larger aperture) singlet of barium 

fluoride used for 3.39 ~m measurements was coupled with a 1 mm square 

detector in order to better average over the speckles. The field is the 

same as above, or 2.2 degrees. 

For the FIR detection a singlet of TPX (polymethylpentene) is 

used. A 9.3 cm focal length (R = 43 mm) plano convex lens was machined 

on a mill and subsequently lightly polished. An index of NO = 1.463 

(Mitsui, 1980) was also assumed for the FIR, since the FIR and visible 

indices are reported as being similar (Chantry et al., 1969). The lens 

was fastened to the front of the dewar with double-stick tape. 

A simple experiment was performed to determine if this lens was 

overfilling the 3 mm x 3 mm detector when the specular beam was incident 
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upon the FIR radiometer. A translation stage was attached to the bolom

eter support and a separate mount with three degrees of translation was 

assembled that would support the lens. The bolometer was then translated 

with respect to the lens and incident beam. By performing this experi

ment 430 mm behind the sample holder, it was found that the signal de

creased to 1-2% of the peak for a single 3 mm translation. This 

suggested that over 90% of the total energy was being focused on the 

detector. In reflection over 80% of the energy was on the detector when 

imaging from rough (16 grit) sandpaper. Thus, when making BRDF measure

ments, this deficiency will partially cancel, since the on-axis (total 

power) reading will go into the denominator of Eq. (2.8), and the signal 

reading will go into the numerator. 

The only way to increase the field of a single lens radiometer, 

assuming the radiometer-sample separation is fixed, is to increase the 

detector size. Since this generally means more cost and higher noise 

for many detectors, the alternative is to use a multielement system that 

uses one lens to image the irradiation area to a relay lens that images 

the extreme pupil (generally the front lens) on the detector. In this 

way the field can be increased with no increase in detector area. 

A design for accomplishing this is shown in Fig. 3.11. The Y-Y 

prescription is given in Table 3-5. This design has a field of 3.7° which 

will permit measurements with a sample yaw of 68°. With slight variations 

this design may be used for wavelengths from the visible to 10.6 microns 

since their detectors range from 1 mm x 1 mm for the infrared wavelengths, 
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Figure 3.11. First order layout for multielement radiometer optics. 

(a) y'Y diagram. 
(b) Paraxial ray trace (not to scale). 
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Table 3-5. YY prescription for "universal" radiometer. 

Component Letter Y Y Separations 

Sample Irradiation 
Patch A 0 14 

Objective/Stop B 9 0 430 mm 

Relay Lens 
Combination C 0 3 114 mm 

Detector D .5 0 6.33 mm 

to 1.3 mm x 1.3 mm for the visible. The FIR detector lS 3 mm x 3 mm so 

the power required of its relay lens can be reduced. 

Attenuators 

Optical attenuation is needed when measurements of weak diffusers 

close to the specular beam direction are made. The total attenuation 

required is related to the detector sensitivity, system losses and avai1-

able laser power, while the number of attenuators required is related to 

the in-scale linear reading range capability of the lock-in amplifier on 

a particular sensitivity setting. 

Let 31 be the system responsivity in volt/watt at the chopping 

frequency, let ~L be the laser output power in watts, and let T be the 

fractional transmission of the optical system between the laser and de-

tector (no attenuators or sample in place). The minimum attenuation re-

quired is given as 
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1 
a = iJl • <I>L • T 

(3.3) 

for the input to 'the lock-in amplifier to be one volt. 

A series of attenuators was needed to make continuous measure-

ments through the specular beam. For q attenuators of nominally the 

same value, the attenuation factor of each is simply ai = ~T/q. This 

instrumentation can operate with up to 5 attenuators, although because 

of space limitations only 4 are in use. By having a value of approxi-

mately 20 for a. ,the lock-in can always be reading between 5 and 100 in 
1 

its scale. This is a maximum range for lock-in readings since accuracy 

is degraded beyond these values. The choice of 20 is only a preferred 

nominal value. The actual value is determined by considering a tradeoff 

between available material and total attenuation requirements. The 

computer software, which monitors the lock-in scale reading and signals 

when the attenuation is too low or too high, can be adjusted accordingly. 

Each attenuator module is a pair of tilted windows, as shown in 

Fig. 3.12. A pair was utilized to compensate for wedge effects in the 

material, and they were tilted to deflect the reflected radiation out of 

the main beam path into a beam dump. In this way unwanted radiation is 

accounted for and not left to scatter freely throughout the system. Such 

an instrument as this requires effective "photon management" (i. e. , 

control of scattered or unwanted radiation) to insure integrity and 

validity of readings. 

Both "reflective" and "absorptive" attenuator m0dules have been 

used. The fOL~er have a thin metal layer on the incident side of the 
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first window and function as neutral density filters. The absorptive 

types rely on bulk absorption to attenuate the beam. 

The required minimum diameter (with no tolerance for misalignment) 

is given by 

CA [. -1 (sine)] 8 D A = cose + L + t • tan SIn -n-!::<"7 CA + L + t/3 (3.4) 

where CA is the clear aperture, e is the angle of incidence (30°), L is 

the edge support thickness of the cell, t is the window thickness and n 

is the window index. As an example, for a window 3 mm thick with n = 1.5 

and L = 1 mm, DA is 23 mm for a clear aperture requirement of 18 mm. 

For the visible wavelength absorptive filters were chosen. At 

the present, Corning filters which have been cut into 28 mm diameter 

circles from two-inch squares are in use. Additionally, 2 mm and 3 mm 

thicknesses of Schott NG-5 appear to be excellent future candidates, with 

single windows yielding transmissions of 0.29 and 0.17 respectively. 

Neutral density filters are also possible candidates as reflective 

filters although they have not yet be~n tried. 

The 3.39 ~m beam uses absorptive attenuators of float glass which 

have also been cut into 28 mm diameter circles. This glass has a satis-

factory optical figure (two to four fringes in the visible), low wedge 

(less than 15 arc sec) and can be obtained locally at low cost. 

Both absorptive and reflective attenuators have been tried with 

10.6 ~m radiation. Calcium fluoride is used as a reflective attenuator. 

A reflective attenuator is desirable as the first attenuator since it is 

sUbjected to largest flux values. The absorber types can be used safely 



as subsequent attenuators. Heating effects resulting in inconsistent 

signal readings and time-varying fluctuations were observed for 

irradiance levels of 0.2 watts/mm2 on calcium fluoride on the BRDFRI 

system. 
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For the FIR several materials are available for use as attenua

tors. Polystyrene, quartz, and sapphire are all candidates since their 

transmission curves show an absorption trend at 118 ~m (Wolfe and Zissis, 

1978). In particular, a 1 mm thick piece of sapphire was measured to 

have a transmission of about 17% at 118 ~m. Aluminum oxide and TPX 

(polyethylpentene) are also candidates. A 0.635 mm piece of aluminum 

oxide has a transmission of about 14% at 118 ~m and an 8 mm piece of TPX 

transmits about 43% at 118.8 and 41.7 ~m. The attenuator values and 

types are summarized in Table 3-6. 

In order to trap the radiation reflected from the reflective 

attenuators small beam dumps are used. These were made from 25 mm diame

ter (ID) glass tubing with a curved tapered neck (sometimes referred to 

as "Wood's" or "Rayleigh" horns). The outside was dip-coated with gloss 

black paint. These traps are located underneath the attenuator insertion/ 

removal mechanism, and around the sample as required to trap sPecular 

radiation. 

Electronics 

The electronic system performs two functions: data acquisition 

control and data processing. Data acquisition involves all control 

functions required to obtain a set of BSDF data, while data processing 



Table 3-6. Attenuator materials and values. 

Attenuator 
Wavelength 

(11m) 

0.6328 

3.39 

10.6 

118 

Attenuation factors are in parentheses and are for pairs of materials (unless otherwise 
noted) separated by 60°, with a 30° angle of incidence (see Fig. 3.13). 

A 

Corning Fil ter 
#CS4-69 
(21. 5) 

3 mm Float Glass 
(22) 

ZnSe w/chrome 
(360) 

8 mm TPX 
(4 ) 

B 

Corning Fil ter 
#CS7-64 

(5.81 ) 

2 mm Float Glass 
(13) 

3 mm CaF2 
(10) 

.025" Aluminum 
Oxide 

(Single Piece) 
(7.5) 

C 

Schott Filter 
#FG-3 

(66.4) 

3 mm Float Glass 
(22) 

2 mm CaF 2 
(5) 

.025" Aluminum 
Oxide 

(Single Piece) 
(7.5) 

D' 

Corning Fil ter 
#CSl-57 

(7.2) 

2 mm Float Glass 
(13) 

2 mm CaF-, 
(5) W 

U1 
f--' 



transforms raw data into graphs of the final variables. This section 

describes the two interacting subsystems responsible for carrying out 

these tasks: th~ interface electronics and the computer system. 

Interface Electronics 
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The interface electronics consist of the "controller interface"; 

a lock-in amplifier; ratiometer electronics; and the different detectorl 

preamplifier combinations for each wavelength. A block diagram appears 

in Fig. 3.1. 

Controller Interface. The role of the controller interface is 

to act as a link between given commands and desired response of motors 

and- solenoids. It is capable of responding directly from the human 

operator by means of switches while in the MANual operating mode, or 

through the output ports of the microprocessor in the AUTOmatic mode. 

It consists of four physically separate subsystems: the driver panel, 

the resistor panel, a +28 volt dual power supply and a +24 volt open 

frame power supply. The +28 volt supply provides power for the 

attenuator-insertion solenoids and relay switches, and the +24 volt 

supply provides power to drive the stepper motors that position the sample 

and radiometer. The resistor panel houses low voltage sources for pro

viding "holding" voltages for the stepper motors when they are not in 

motion, as well as transistors to switch from the holding to driving 

voltage. This is done to minimize power consumption and permit operation 

with only one +24 volt supply instead of three. The driver panel con

tains an array of panel switches for direct manual control, three 
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translator cards for driving the stepper motors, three "relay/jog" cards 

for single step or continuous run operation for the motors, one digital 

logic board for selecting the stepper motor voltage supplies, another 

for selecting the proper attenuator solenoid(s), and a power supply to 

supply +5, and ±15 volts to the other circuits. 

Lock-in Amplifier. An Ithaco model 397EO lock-in amplifier is 

used for synchronous detection so that background radiation at the 

optical wavelength of interest will not be measured as part of the de-

sired BSDF signal. This lock-in is equipped with two special features. 

One provides a special input to permit the use of a built-in ratiometer 

circuit, and the other allows the lock-in to be conveniently interfaced 

to a microprocessor through a 24-pin MicroRibbon Amphenol connector with 

a BCD output. 

and 

The lock-in output is X/Y t' where ou 

x = V x 10(S-E) ~V (3.5) 

(3.6) 

V is the percent of full scale meter deflections without the ratio in-

put, S is the lock-in sensitivity and varies from 1(10 ~V scale) to 

6(lV scale), E is the expand indication (1 for xlO, 0 for xl), Y. is In 

the reference input (described below) to the lock-in, and GR is the 

reference input gain, controlled by a potentiometer on the lock-in 

front panel. The value of S is the decimal equivalent of the binary 



number GCGBGA. The lock-in adjusts its sensitivity according to which 

GIS are "high" and which are "low" on the input connector (see Table 

3-7). 
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Ratiometer. A detector-rectifier circuit was built to be inte

grated with the ratiometer of the lock-in. The combination is used to 

compensate for laser power fluctuations. The dc output of this circuit 

is the denominator for all data signals and is required by the lock-in 

"Y" channel in order for ratioing to occur. When in operation, low

frequency time-varying laser output power will be compensated for and 

will not be a significant source of measurement error. The circuit 

consists of a pyroelectric detector, a preamplifier, a gain stage, a 

full wave operational amplifier-rectifier, and a Butterworth active 

filter with a 3-db point at 2.5 Hz. Thus, the output of this circuit is 

a dc voltage proportional to the laser output power for a chopped input. 

The lock-in accuracy when using this unit is ±2% (Ithaco, 1979). Line

arity curves obtained with and without the ratiometer in operation are 

shown in Fig. 3.13. The curves were recorded at 0.6328 ~m. 

A slightly different ratiometer system was used when obtaining 

FIR data. Since the operation of the FIR laser uses a modulated optical 

pump, it is already ac and a chopper is unnecessary. Therefore, a fixed 

beamsplitter arrangement was used near the output of the FIR laser. 

Split-off radiation was collected by a polyethylene lens and focused 

into a pyroelectric detector without a window cover to permit detection 

of 118.8 ~m radiation. The resulting signal was directed to a second 
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Table 3-7. Relationship between "S" factor and lock-in parameters G
A

, 
GB, GC 

(Ithaca, 1979). 

S GC GB GA Lock-in Sensitivity 

1 0 0 1 10 J.lV 

2 0 1 0 .1 mV 

3 0 1 1 1 mV 

4 1 0 0 10 mV 

5 1 0 1 .1 V 

6 1 1 0 1 V 
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Figure 3.13. Linearity curves. 
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Ithaco lock-in which produced a dc output proportional to the input. 

This output was then the "Y" ratiometer signal for the radiometer 

signal lock-in. I 
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This arrangement increases the overall complexity of the system, 

and lowers signal through the use of a fixed beamsplitter. It would be 

much more desirable to use the original ratiometer system for the FIR as 

well. However, a severe loss in signal occurs if ·the FIR waveguide 

laser is pumped dc and subsequently chopped. It might be possible to 

chop the ac FIR signal, and use the original detector-rectifier. Any 

reduction in signal would possibly be compensated for by removal of the 

fixed beamsplitter. Before this could be implemented, however, a new 

pyroelectric detector would have to be obtained for the detector recti

fier. The existing Eltec 400 pyroelectric detector used in the detector

rectifier circuit has a KRS-5 window that has an optical cutoff beyond 

approximately 40 microns. 

Radiometer Detectors. The visible radiation detector is a 

Hammamatsu G-115 GaAsP diffusion type photodiode. The detector has a D* 

of l.4xl0 14 and a peak spectral response at 0.62 ± .03 ~m. The pre

amplifier consists of an FET/BJT combination input followed by an opera

tional amplifier gain stage. 

A lead sulfide photo conductor is used to detect 3.39 ~m radiation. 

The detector is cooled to 193 K by filling the dewar with a bath of dry 

ice and acetone to maximize its detectivity at these wavelengths (Harris, 

1976). The detector is biased at 90 volts by using two small 45 volt 
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batteries in series. The preamplifier is similar in design to that of 

the visible radiation detector, and has selectable gains of 10,100, and 

1000 (a gain of 100 is used for these measurements). 

For detection of 10.6 ~m radiation an arsenic-doped silicon 

extrinsic photo conductor cooled to 4 K is used. 

To detect the far infrared radiation a gallium-doped germanium 

bolometer (from Infrared Laboratories, Inc.) was cooled to liquid helium 

temperature (4 K). To provide for bandpass filtering for the 41.7 ~m 

beam a high pass crystalline quartz filter was available for use in 

combination with a low-pass KRS-S window. Crystalline quartz is also 

used as a high pass filter for the 118.8 ~m radiation to cut out the 

chopped room-temperature background radiation, along with a polyethylene 

window which blocks the 10.6 ~m pump radiation. The preamplifier is also 

from Infrared Laboratories and contains a two-st~ge FET arrangement 

followed by a single gain stage. 

Microprocessor 

A Z-80 microprocessor is used to automatically control data 

acquisition. A general description is given below; a much more detailed 

description is in the Appendix. The computer system is contained in 

three main components: a "mainframe," a floppy disk drive, and a termi

nal. Besides the chassis, the main frame contains a power supply, 

motherboard, seven STD bus module boards, and three dedicated six-segment 

position readouts. The floppy disk drive is an 8-inch unit that is used 

for storage of BSDF data and programs. The control terminal in use at 



this time is a Heathkit H19, and a Tektronix 4051 is used to plot the 

data. 

Mechanical System 
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The description of the mechanical subsystems can be conveniently 

divided into two categories: the main support structure and the posi

tioning systems. The main support includes the table, optical platforms, 

FIR laser support structure and vibration isolation. The positioning 

systems include the detector holders, the rotary boom, sample holder, 

stepper motor integration, attenuator module and the mounts for the 

optical components. 

Support Structure 

The main structure has been shown earlier in Figs. 3.2 and 3.10. 

As can be seen the table design has three levels. The uppermost level 

("upper optical platform") is a 16 cm x 81 cm x 1.37 m aluminum piece 

and is the support for most of the beam conditioning optics as well as 

support for all lasers but the FIR laser. The middle level, which is 

2.5 cm x 81 cm x 2.44 m aluminum, serves as a platform for the rotary 

boom and sample holder, and in addition, functions as a support for the 

laser power supplies (except for that of the FIR laser) as well as other 

small electronic instrument packages. (These signal electronics must be 

insulated from the table surface because of apparent ground loops in the 

metal structure.) The FIR laser beam expander, a coalignment laser plus 

optics, coalignrnent arm and turning flats are on the lowest-level, which 

is itself in two parts. The turning, beam conditioning and coalignrnent 
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optics are on a small platform mounted to the front of the vertical 

support legs. The FIR laser is mounted to a carriage framework made 

from steel angle~ron that is kinematically (i.e., with three-point sus

pension and precisely relocatable) located to horizontal supports and 

rests a few inches off the floor. The carriage is equipped with re

tractable wheels that can be lowered to wheel out the FIR laser with its 

resting place should it require major alignment, modification, or off

site testing. The coalignment laser is mounted to this carriage also. 

Vibration isolation is required to achieve the most stable signal 

during measurements. Vibration could cause microphonic noise at the de

tector, optical components to oscillate, as well as power fluctuations 

from the FIR laser to occur due to resonator mirror motion. Thick foam 

pads are presently used for vibration isolation, although air shock 

mounts have been acquired but not yet installed. 

Positioning Systems 

The sample holder and rotary boom are essentially the same as 

reported before (Lytle and Morrow, 1977; Bartell et al., 1976) except 

that the rotary boom motion and sample holder motion of pitch and yaw 

are now directed by stepper motors. This was accomplished by construct

ing gear boxes that interfaced between the existing shafts and the 

stepper motors. Table 3-8 below gives data on these motorized posi

tioners. 

The sample holder is actually in two parts: the moving structure 

and the removable 6" disk that the sample mounts to. Disks can be 
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Table 3-8. Resolution of stepper motor positioner systems. 

Detector Arm Sample Yaw Sample Pitch 
~ 

Motor Steps/Rev 400 400 400 

Gearing 180:1 90:1 90:1 

Angular Resolution .005 .01 .01 
(degrees) 



machined to accommodate specific samples, and can then be attached to 

the rest of the structure. A photograph of the sample holder and boom 

are shown in Fig.l 3.14. 

The optical attenuation insertion/removal mechanism is shown in 

Fig. 3.15. The array of five solenoids is mounted 15 cm above the table 

surface so that heating effects during operation would not cause pertur

bations to the wavefront due to index variations. A pivoting mechanism 

swings the attenuators out with the solenoid energized and in for the 

solenoid de-energized. Thus if power is accidentally lost in the control 

mechanisms, attenuation will be automatically inserted in the beam to 

protect the detector from damage. Air dash pots are used to dampen motion 

and prevent shock to the attenuator optics, and magnetic latches hold the 

attenuators securely when in the "in" position. Individual attenuator 

cells can be removed and replaced easily by removing and replacing a 

single screw. One channel of the circuit used for activating the sole

noids is shown in Fig. 3.16. 

Most optics were located in individual mounts that were fastened 

to the substrate by machine screws. The base mounts permitted x-y-z 

motion by direct hand adjustments, yawing and pitching via standard screw

spring-ball motion, and roll motion via slip fits between optics cells 

and the mount structure. 

Geometrical Relationships 

The BRDF is generally defined in terms of sample space angles e 

and ~ as shown in Fig. 2.1. This scattering machine performs a pitch (P) 
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Figure 3.15. Attenuator insertion/removal mechanism. 
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motion of the sample, a yaw (Y) motion of the sample, and a movement of 

the radiometer in a circular motion about the sample (D). These machine 

angles (P,Y,D) al;.e depicted in Fig. 3.17 where they are measured from 

the input beam direction. The relationships between these angle spaces 

have been previously derived (Bartell et al., 1976; Neu, 1978). For 

convenience, they are listed below. 

Sample space angles in terms of machine angles are: 

~. = cos- 1 [cosP cosY] 
J. 

~ = cos- 1 [cosP cos(D-Y)] 
s 

~ ~ _ -1 [Sin 2P cosY cos(O-Y) - sinY sin (O-Y)] 
't'.-'t' - cos I 

1 s [(1-cos2p cos 2y) (1-cos 2p cos2(O-Y)]~ 

Machine angles in terms of sample space angles are: 

0 
-1 [cose. cose + sine. sine cos(~.-~ )] cos 

1 S 1 S 1 S 

cose s 0 cose. - cos 

Y tan -1 1 

sin 0 

P cos- 1 
[

coseiJ 
cos Y 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11 ) 

(3.12) 

From Fig. 3.18, S-S = ±[sin(Y-O) - sinY] for BROF measurements 
o 

("+" for Y ~ 0, "_" for Y~O) and S-S = +[sin(O-Y) + sinY] for BTOF mea
o 

surements ("_" for Y ~ 0, "+" for Y ~ 0). The effective angular disp1ace-

ment of the specular beam introduced by the tilting of the plane parallel 

sample of index n and thickness t is given by 
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n cosY 
(3.13 ) 

sin2y 
I - n2 

The above equations can be utilized by a computer program to 

direct the motors to go to positions D, Y, and P as a function of inputs 

e., e , ~. and ~. In this manner programmed out-of-plane measurements 
1 s 1 s 

are achievable. 

System Integration and Operation 

In this section optical alignment and performance characteristics 

will be discussed. 

Alignment 

It was desirable that conversion from one wavelength to another 

be as simple as possible. For most wavelength changes this is now 

accomplished almost entirely by moving mirror MS to one of several pre-

aligned positions (additional required steps are discussed below). This 

convenience required complete alignment of each laser system to the 

common shared system. 

The general alignment procedure is to use the HeNe laser on the 

lower level (referred to as the "alignment IRser") to align each laser 

system to the common system. The sample holder is then aligned by retro-

reflection using a mirror in the sample holder. Finally, the radiometer 

is aligned to the focus of the beam (with no sample in the sample holder) 

by carefully adjusting for maximum signal using five degrees of freedom: 
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longitudinal motion, vertical and horizontal lateral motion, yaw motion, 

and pitch motion. 

All alignment was not carried out at once. Since each laser 

system became operational at different times (as components had become 

available) each had been independently aligned. As a result, all of 

the common system elements had to be realigned when switching from one 

wavelength to another during BRDF measurements. Thus at the beginning 

of the final alignment task the individual lasers had already been 

aligned to their beam expanders. This had been accomplished for each of 

the three laser systems on the upper table in turn by 1) making the laser 

beams 105 mm (4 1/8 in.) above, and parallel to the table surface, 2) 

aligning the center of each collimator to its laser beam, 3) aligning the 

beam expander to the beam, and 4) adjusting for a collimated output beam. 

The final alignment, described below, was eventually carried out to align 

everything together. 

Because the FIR laser had no fine positional adjustments, all 

systems were necessarily aligned to it. And because the FIR beam could 

not be seen or detected conveniently it was essential to first coalign 

it to the beam of the alignment laser. Once this had been accomplished, 

the visible beam could be used to align together the rest of the system. 

To observe the 10.6 ~m radiation a thermal imaging plate (available from 

Optical Engineering, Inc.) was used. This screen is coated with thermally 

sensitive phosphorous that decreases its fluorescence when heated by the 

laser beam. The 3.39 ~m radiation was observed indirectly by using a 

Kodak IR phosphor card. This phosphor has a peak excitation at 1 ~m and 
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a peak emission at 0.64 ~m. Since the 3.39 ~m and 1.15 ~m beams are 

coincident and lase simultaneously with this laser, locating the latter 

automatically locrates the former. 

The alignment beam and FIR beam were coaligned by using the 

germanium bolometer, a large vertical translation structure, and a pair 

of wire crosshairs. First the bolometer was positioned to the center of 

the FIR beam by scanning with the translation structure. This device 

had calibrated vertical and horizontal travel, as well as uncalibrated, 

but smooth, axial· motion on roller bearings (see Fig. 3.19). Then the 

crosshair was aligned to the center of the bolometer aperture. Next the 

bolometer was moved to a point approximately one meter away and the 

entire procedure was repeated using a second crosshair. Finally the 

alignment beam was "walked" into alignment with the two crosshairs. This 

was accomplished by making the beam appear at the center of the two cross

hairs by adjusting M12 and the relocatable beamsplitter. 

Because of the absence of any mode control in the FIR waveguide 

laser, the presence of other modes was always a possibility. Figure 3.20 

shows two beam profiles obtained with the translation apparatus of Fig. 

3.19. For alignment purposes the upper profile of Fig. 3.20 was obviously 

preferred. To achieve this profile it was sometimes necessary to adjust 

the FIR laser for different mode operation by tilting or longitudinally 

scanning the resonator mirrors. 

The visible alignment beam, now representing the position of the 

FIR beam, was next directed sequentially to the center of MIl, MlO, M9, 

MS, M3, M2, Ml, and the sample holder (see Fig. 3.3). By then positioning 



Figure 3.19. Germanium bolometer and translation structure for making 
FIR beam profile measurements. 
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a small mirror in the radiometer location this beam was reflected back 

through the same components. This reflected beam could have then been 

used to align eacp laser to its beam expander and finally to the common 

system. However, the collimators and beam expanders had already been 

individually aligned to the beams exiting from their respective lasers. 

Thus it was only necessary to align each collimated, expanded beam to 

the common system. This was accomplished by first positioning the 

pellicle in the MS "a" position and adjusting the mount supporting it 

until the alignment beam and the 0.6328 ~m system beam were coincident. 

The pellicle was then replaced by MS and the mount slightly readjusted 

so as to reposition the 0.6328 ~m system beam to the common system and 

through Pl. This procedure was repeated for the 10.6 ~m and the 3.39 

).lm system with first the pellicle and then the mirror MS in the "b" 

and "C" positions. Although tedious to carry out, this alignment step 

was necessary to make wavelength selection and rapid conversion as con

venient as possible for subsequent operation of the instrument. 

Proper collimation was achieved by first testing the 0.6328 ~m 

system beam with a lateral shear plate in the vicinity of the attenuators. 

Since the beam was Gaussian, it was desirable to position its waist (the 

most collimated region) at the attenuator location. This action would 

minimize a shifting of the focus at PI and the radiometer upon insertion 

of the attenuators. 

Next PI was positioned at the best focus of M2. This was ac

complished by first adjusting the pinhole so that the beam passed through 

it, and then finding the optimum longitudinal position by iteratively 
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performing a Foucault type test at different points along the optical 

axis. This test was performed by observing the transmitted radiation on 

a card (or appro~iate phosphor plate) while translating the pinhole so 

that its sides sliced through the caustic region of the beam passing 

through it. Noticing which way the shadow appeared across the trans

mitted radiation pattern would indicate which side of focus the pinhole 

was on. When the transmitted radiation extinguished suddenly as the 

pinhole was translated, a focal plane had been found. However, because 

M2 was not a perfect off-axis parabola some astigmatism was present. 

Because of this the desired location for the pinhole was at medial focus, 

since this was the position where the specular energy was contained 

within the smallest circle. A suspected medial focal position location 

could always be verified because it would be midway between the sagittal 

(vertical line) and tangential (horizontal line) foci. At the sagittal 

focal plane the transmitted radiation pattern extinguished quickly only 

for horizontal motion of the pinhole, while at the tangential focal 

plane the transmitted radiation pattern extinguished quickly only for 

vertical motion. 

The collimators of the other laser systems were adjusted to 

posi tion the focus of each of their wavelengths to this pinhole plan,e. 

To accomplish this the beam expanders were refocused as the pinhole 

translation procedure was performed. For greater sensitivity, the 

radiometer signal in the on-axis position was sometimes used to deter

mine how quickly the transmitted radiation extinguished. By insuring 

that the best focus of each wavelength passed through the same plane, 
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all beams of wavelength 10.6 ~m and below would have collimated beams in 

the vicinity of the attenuators since the 0.6328 ~m beam had been aligned 

that way and the ~inhole had been aligned to its focus. Because of this 

alignment only minimal adjustment of PI would be necessary when switching 

wavelengths during operation. Collimation of the 118.8 ~m beam was 

checked by measuring the beam diameter at several points between M3 and 

M2. That is because the analytical Gaussian beam propagation predicted 

a slight focal shift at PI for collimated radiation at this wavelength 

(see Table 3-3) .. 

The attenuator insertion assembly was next inserted and aligned 

to the visible beam. It was positioned on its four leg supports and ad

justed until no vignetting of the collimated beam occurred. Checking for 

vignetting was done by first slowly inserting a card into the beam and 

watching the radiometer signal for any changes. A final check was made 

by inserting and slowly removing a windowless attenuator cell while 

observing the radiometer signal. 

The sample holder was aligned by placing a mirror in it and 

retroreflecting the 0.6328 ~m system beam. The return beam was observed 

on the MI side of the PI pinhole. This side is blackened to absorb most 

of this return energy to avoid stray radiation during BSDF measurements. 

Alternate ways of controlling this stray radiation are discussed later. 

During operation the radiometer was typically aligned at the 

beginning of a series of runs for each wavelength. The radiometer lens 

(if it was to be used) was first aligned to the detector by observing 

the radiation from a strong diffuser in the specular direction (for near 
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normal incidence) and focusing for maximum signal. With the sample re

moved and radiometer in the specular (0=0) position, the radiometer was 

aligned to the b~m by making height and tilt adjustments until the 

signal was a maximum. 

Much care was required in making these adjustments. Since a 

single element radiometer lens was used, for the adjustments to be 

sufficient two conditions had to exist: (1) the aperture must have been 

coaligned with the detector, and (2) the image of the sample irradiation 

patch must have been smaller than the active area of the detector chip. 

The first condition was verified by translating the aperture (where 

possible) with respect to the detector chip. The second condition was 

checked by moving the irradiation patch across a strong diffuser sample 

by slightly tilting MI. An immediate drop in signal indicat.ed the de

tector was misaligned or overfilled. 

Calibration 

For any newly-built instrument a calibration procedure is needed 

which generally requires some sort of standard reference. This procedure 

is particularly essential for instrumentation which has complex computer

ized algorithms for automatically taking data and calculating and display 

results. The properties of.the reference are ideally known by careful 

measurements with a more familiar instrument or from well-understood 

theory. Depending on how one wishes to use the reference, the MSF can 

be calculated in one of three ways, described below. 
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The "no reference" method is utilized for this work. It depends 

heavily on the calculation of the MSF from directly measurable quantities. 

The equation is I" 

V 
MSF = ~~ ____ ~~s~~=-~~ 

VoQD cosP cos(D -Y ) s s s 
(3.14 ) 

which is Eq. (2.8) with the substitution cose = cosP cos(D -Y ), and s s s s 

where 

v = measured signal s 

V = total (on-axis, no sample) signal 
0 

Q
D = solid angle of radiometer aperture 

D detector angle position for sample 
s 

Y yaw angle of sample 
s 

P = pitch angle of sample 
s 

Comparison with the results of a measurement upon a known material gives 

a measure of accuracy. The problem in using this equation arises from 

difficulty in measuring Vo and knowing the effective solid angle of QD' 

V is measured by letting the focused radiation fall upon a detector chip 
o 

and recording the resulting voltage. Because of the large intensity 

variations across the focused beam a non-uniform spatial responsivity of 

the detector can make this measurement unreliable. Because of edge 

effects, the true effective solid angle may not be simply geome.:trically 

calculated. Both of these measurements may be made precisely, but can 

be inaccurate. 



The "single reference" method utilizes a single measurement on 

the known reference material at one point CD , P , Y ) and uses the r r r 

measured value VI in the equation (Bartell, Oereniak and Wolfe, 1980) 
r 

V cosP cosCD -Y ) 
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MSF = f s r r r 
r V cosP cosCO -Y ) C3. 15) 

where 

r s s s 

f = known BSOF value of reference at 0 
r r 

V = measured signal at unknown at 0 s s 

V = measured signal of reference at 0 
r r 

o = detector angle position for reference measurement 
r 

o = detector angle position for unknown sample s 

P = pitch angle for reference 
r 

P = pitch angle for unknown sample s 

Y = yaw angle for reference 
r 

Y = yaw angle for unknown sample s 

For the desired case where the reference has Lambertian scattering 

characteristics, fr = PH/n, where PH is the hemispherical reflectance of 

the sample. The values of f and V will generally be taken as close as 
r r 

possible to the specularly reflected direction (Dereniak, Stuhlinger and 

Bartell, 1980). 

The difference between the two methods is ~ignificant and the 

choice is important. The "no reference" method relies on being able to 

determine V , while the "single reference" method depends on the cali
o 

brat ion material having a known characteristic, usually nearly Lambertian. 



The tradeoff can be summarized as follows: if V is known with more 
o 

confidence than PH and the reference scattering characteristics, then 

the "no referenc~" method is preferred. If the converse is true, the 

"single reference" method is preferred. 
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A comparison of the two equations reveals that for agreement to 

occur one must have 

f 
r 

= - = 
7T 

V 
r 

V ~D cosP cos(D -Y ) orr r 
(3.16) 

or, the material must be measured as Lambertian using the "no reference" 

method. Comparison of Eqs. (3.14) and (3.16) also shows that 

(3.17) 

indicating that making this substitution into Eq. (3.14) will convert 

-the "no reference" method into the "single reference" method. 

A third method involves making a reference measurement at every 

point the unknown sample is measured (Scheele, 1977; Neu, 1978; Bartell, 

Dereniak and Wolfe, 1980). This method of measurement is implemented 

using the equation 
V 

MSF = f s 
r V 

r 
(3.18) 

and has the advantage of providing a reference over the entire measure-

ment field. However, besides being more time-consuming it requires a 

reference material whose properties are also well known over the entire 

field. 
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The successful application of any reference method depends on 

having a reliable reference material. Although any material whose BSDF 

is known can function as a reference, attention has been focused on a 

search for a material exhibiting Lambertian properties because its BSDF 

is a constant given by fr = PH/no Whatever material is used for a refer

ence, it is important that extreme care be taken in its measurement, and 

results should be compared with measurements taken with other instrumen-

tation (Bartell, Dereniak and Wolfe, 1980). 

In the visible wavelength range some success has been found with 

MgO, BaS04 and more recently Halon (Grum and Saltzman, 1976; Weidner and 

Hsia, 1981) as nearly Lambertian materials. These materials depart from 

ideal behavior only at large observation angles, and for various angles 

of incidence. Attention has also been directed to finding a good 

Lambertian reference in the infrared. Gold sandpaper is a leading candi-

date, but it has limitations (Dereniak, Stuhlinger, and Bartell, 1980). 

Less success has been achieved with two other materials: aluminized, 

ground fused silica, and crushed BaF2 (Neu, 1978). An excellent summary 

of calibration candidates is given by Stuhlinger (1981). 

If a reference does not exhibit perfect Lambertian characteristics 

it can still be used for reference measurements (Stuhlinger, 1981). If 

the directional-hemispherical reflectance of the reference is known to be 

PH' then (Nicodemus, Richmond, and Hsia, 1977) 

PH = J fr(ei'~i;es'~s) coses dws 
2n 

where dw = sine de d~ (using the geometry of Fig. 2.1). s s s s 

(3.19) 
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If 

f = f • f'" 
r 0 r (3.203 

where f is the value of f in the specular direction and f'" is the orr 

normalized BRDF, then 

21T 1T/2 

PH = f f f f; cose sine de d<p 
0 s s s s (3.21) 

0 0 

1T/2 

= 21Tf f f'" (e. ,cp.;e ,cp ) cose sine de 
0 r 1 1 S S S S S 

(3.22) 

0 

Thus, if the normalized profile of the BRDF of the reference is measured, 

multiplied by cose sine at each point and integrated, the value of f s s 0 

can be determined and used in Eq. (3.15). Note that for a Lambertian 

material, fr = 1 everywhere and therefore fo should equal PH/1T. However, 

when Eq. (3.22) was numerically integrated with f = 1, then because of 
r 

the approximate nature of the numerical integrated algorithm used, it 

was found that fo was PH/.981T for a perfect diffuser. Thus using this 

algorithm one would have 

f = o 
(e.,cp.;e ,cp ) 

1 1 S S 
cose sine de ]-1 

s s s 

Equation (3.16) was used to measure the BRDF of two nearly 

(3.23) 

Lambertian materials to provide an instrument check at two wavelengths. 

Measurements of Halon were made at 0.6328 ~m, and measurements of #180 
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grit gold coated sandpaper were made at 3.39 ~m. For both cases, which 

were measured using a single lens radiometer, the BRDF f values of the o 

materials were measured to be approximately 20-25%. below what would be 
I 

expected based on their hemispherical reflectances and the previous 

equations. It was also observed that when the same Halon sample was 

measured with the same detector with only a 1 mm diameter pinhole aper-

ture on a tube (no lens), the measurements were only 13% low. This 

suggested that there may have been a slight lens misalignment contri-

buting to about half of this error. It is interesting to note that 

Williams and Lockie (1979) also report a low BRDF reading at 0.6328 ~m 

on a calibration material (BaS04 powder) using the no-reference method 

equation and a single lens radiometer. However, their measurements were 

reported to be only 6.3% below what a Lambertian material would have 

measured. 

Performance 

Quality factors associated with BSDF measurement instrumentation 

include accuracy, precision, resolution and dynamic range. BSDF 

accuracy can be thought of as consisting of two parts: distortion and 

bias. Distortion is the smoothing that may occur to the curve due to 

the use of a large radiometer aperture, and bias errors are inaccuracies 

in the measurements of the values used in the BSDF equation. Precision 

is a measure of repeatability, or uncertainty in any single curve or 

data point. Resolution is a measure of how closely spaced the data 
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points can be. Dynamic range specifies the maximum and minimum values 

of the angles and BSDF values. 

Distortion 

The full aperture of the radiometer in this instrument subtends 

approximately 3~ degrees at the sample. This size could have a dis

torting effect on certain BSDF measurements, particularly on weak 

diffusers which scatter radiation at small angles. The distorting 

effects of variously sized circular apertures on beam intensity profile 

measurements has previously been reported (Bass, 1978). To determine how 

the size of the presently used radiometer apertures would affect these 

BSDF measurements, a simple modeling study was carried out. A scattering 

function was first synthesized by fitting a function to a BTDF curve 

from typical float glass. The curve that provided a good fit is plotted 

wi th the data and is given by (log D > 1) 

F2 = 5/(.5 + 100 D2) (3.24) 

where D is the detector angle. Assuming rotational symmetry, the two

dimensional function can be written as 

F2(X,Y) = 5/(.5 + 100 (x 2+y2)) (3.25) 

Two other curves created for comparisons were 
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Fl(X,Y) (3.26) 

and 

(3.27) 

The MSF results from cross-correlating the two-dimensional 

scattering function with a cylinder function representing the radiometer 

aperture. Therefore 

MSF(X~) = F(x,y)**CYL(x,y;X~) 

00 

= 1T;2 f I F(x,y) CYL (x-rx~ , ~ ) dxdy (3.28) 
_00 

where r is the radius of radiometer aperture and normalization to the 

lens areas has been done. Because the height of the cylinder is a 

constant, 

MSF(X~) = 
1 

1TV 2 J f F(x,y) dxdy 

area cyl 

(3.29) 

Because of the analytical difficulty in carrying out the inte-

gration with some of the above functions, a numerical approach was1used 

for all. The grid of Fig. 3.21 was used to sample the function, and a 

two-dimensional trapezoidal integration routine was performed over the 

region of integration defined by the area of the grid. The volume was 

then normalized by grid area. 
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The above integration was equated to a double summation 

MSF(X</» '" F (X</» • A 
00 0 

i 

N-l n 
+ Al L L F (X</» 

n=l m=l nm 

N 
+ A2 L FNm(X</» (3.30) 

m=l 

where 

F (X</» = 5/ (.5 + 100 (X2 + y2 )B) (3.31) nm nm nm 

X = R cose + X</> (3.32) nm n m 

y = R sine (3.33 ) nm n m 

R = ~ • Y (3.34) n N 

A 
7TV2 

(3.35) = 4N2 0 

Al 
7Ty2 

(3.36) = 3N2 

A2 
7Ty2 4N-l (3.37) =w 4N 

and 

B = .5 for F=Fl 

1 for F=F2 

1.5 for F=F3 (3.38) 
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The above equations were converted to the BASIC programming 

language and were run on the Tektronix 4051. As a means of checking 

the program and. algorithm, Table 3-9 shows the excellent comparison of 
J 

_np2 
the numerical integration of e using the program, with the analyti-

cal solution: 

2n p 

J J e-n(p~)2 p~ dp~ de~ = 1 - (3.39) 

o 0 

The results of the modeling are shown in the graphs of Figs. 

3.22 and 3.23. The first shows negligible distortion for apertures out 

to 3.5 degrees (50 mm diameter) as long as the signal is properly 

normalized and the aperture does not collect the on-axis peak. The 

second shows that an erroneously high reading may occur only for 

scattering profiles that have extremely high slopes. 

Instrument Profile 

Because the final output mirror Ml itself scatters, only measured 

scattering function is composed of both the sample scatter and this 

mirror's scatter. This can be compensated for by subtracting the "no-

sample" scatter (Thomas, 1980; Harvey, 1976). However, an investigation 

into the inaccuracies introduced by subtracting or deconvolving this 

data [as Eq. (2.13) suggests] as opposed to not performing any post-

processing to the data is beyond the scope of this work. However, 

through the use of baffles in the final output beam, primary scatter 

from Ml is minimized for this system. A 25 mm aperture at the sample 

location totally vignettes Ml beyond approximately 4.5°. A second, 
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Table 3-9. Comparison of numerical integration of e- TIP with analyti-

x 

"8 
8.1 
8.2 
9.3 
8.4 
8.5 
9.6 
9.7 
8.8 
8.9 
1 

cal integral. 

9 
8.9399275736952 
9.118088621702 
9.246286788944 
9.395977437236 
0'.544961872234 
8.677281816733 
9.785486926939 
0.8660942786 
9.921502621481 
9.956786081736 

Numerical Integration 

e 
0.0309251950976 
0.118954551667 
9 .. 246143833213 
0.394732863767 
0.543478925935 
0.676539980776 
0.784793562702 
9.865732756241 
9.921751079592 
9.957853846882 
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fixed, 45 mm aperture 493 mm from ~1l cuts off scatter from ~l only beyond 

approximately 11°. Any remaining system scatter beyond the cutoff angle 

will be due to s~condary scattering. 

Figure 3.24 is a graph predicting the angle where the irradiated 

portion of MI will be vignetted as a function of sample holder and 

radiometer aperture diameters. Figure 3.25 shows measurements of the 

"no sample" (instrument function) scattering profiles of ~l using an 18 

mm radiometer diameter (beyond D=2°) with a 25 mm aperture in the sample 

plane and the 45 mm diameter aperture 493 mm from MI' Thus for scatter

ing samples where most of the scattering data is taken beyond 5° (8-8 ~ 
o 

.1), no significant inaccuracies are introduced by ignoring the instrument 

function. 

Precision and Bias 

Precision is a measure of uncertainty in a recorded value. The 

uncertainty in the measured scattering function, 8MSF, can be written as 

(Baird, 1962) 

8MSF 
--ax (3.40) 

where the X are the measurable variables, each with its own uncertainty 
m 

dX .. 
1 

From Chapter 2 the general equation for the measured scattering 

function is 

MSF = 
v 

s (3.41 ) 
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where e is defined in Fig. 3.19 in terms of machine angles for in-plane s 

measurements r. 

where 

v o,vs = 

S = 

a o,as = 

A = p 

R = 

e = s 

• a 
s 

% deflection of full 

lock-in sensiti,:,ity 

optical attenuation 

scale on 

(1~S~6) 

radiometer pupil area 

sample-to-radiometer distance 

lock-in reading 

angle between radiometer and sample normal. 

(3.42) 

By performing implicit differentiation one obtains the effect of 

changes in each directly measurable term. These changes are just the 

bias Dr precision error associated with each measurement. 

d(MSF) MSF(EI + E2 + E3 + E4 + E5 + E6 + E7) (3.43) 

where 

El 
dv = v (3.44) 

dv 
E2 

0 = v (3.45) 
0 

da 
E3 

s = a (3.46) 
s 

da 
E4 0 = --a (3.47) 

0 

dA 
E5 = --E. 

A (3.48) 
P 
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E6 dR = R (3.49) 

~ine de 
E7 s 

= cose (3.50) 
s 

El is the error due to dv, the voltage measurement by the lock-

in at each data location. If N values of v are recorded and averaged, 

then 

dv = (3.51) 

where 
N 

v =! L v. (3.52) 
N i=l 1 

For this system N=lOO and typically dv/v ~ .01 when large signal-to-

noise (SIN) conditions existed. 

E2 is the precision error in measuring v , the total irradiance 
o 

signal. This signal is measured with the same radiometer that measures 

the scattering profile by making a single on-axis reading with full aper-

ture at the system focus. Negligible error is introduced by excluding 

the small amount of scattered flux not reaching the detector as long as 

Ml is clean. By considering the size of the detector chip and inte

grating the no-sample BTDF curve it can be shown that less than 1% of 

the total energy does not reach the detector. Thus the total error is 

similarly given as 

dv = 
o 

(3.53) 
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E3 is the error contribution due to measurement of the attenua-

tion factors of the optical attenuators used at each location. For an 

arbitrary number pf attenuators, p, inserted at anyone time, 

da = aP- 1 
s L (da.)2 

i=l 1 

(3.54) 

Since individual attenuation factors are repeatably measurable within 

five percent, let da. = .05 a .. Then 
1 1 

E3 '" . 1 (3. 55) 

Generally one will have E3=0, however, since attenuators will not be 

used for taking most scattering data beyond 1 degree. 

E4 is the error due to attenuator measurement upon the on-axis 

reading, and is similar to that of E3. Thus 

da = .05 a 
o 0 

(3.56) 

and 

E4 = .1 (3.57) 

However, for some measurements E3 and E4 will partially or completely 

cancel, thus E3 + E4 ~ .1 always. 

E5 is the bias error contribution from measurement of the radio-

meter area. Since the area is given as 

A = 7Tr 2/4 p 

where r is the diameter of the pupil in millimeters, one has 

(3.58) 



and 

and 

dA /A = (2dr/r) 
p p 

Since r can be measured to within .025 mm (.001"), 

ES = (.05/r) ~ {.05 for r = 1 rnrn 
.003 for r = 20 rnrn 
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(3.59) 

(3.60) 

(3.61) 

(3.62) 

E6 is the bias error contribution from a measurement of the 

sample-radiometer distance. Since that can be measured within approxi-

mately 2 mm, 

dR = 2 mm (3.63) 

and 

E6 = (*) :< • 01 (3.64 ) 

E7 is the error contribution due to the cosine squared term, 

arising from an error in angle. Thus 

d(cose ) = sine de s s s (3.65) 

It has been experimentally observed (using an encoder) that 

de ~. 005 lie s s 
(3.66) 



where ~e is the distance traveled and is just e when measurement runs 
s 

are begun from zero. Thus 
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E7 ~ (.005 e ) (Sines) 
s cose (3.67) 

s 

Thus "best case" total precision errors should run from just over 

20% with a pinhole aperture to about 15% with a large aperture. ~Radio-

meter misalignment or signal drift can increase these uncertainties 

another 10%. Using the ratiometer to compensate for laser power changes 

causes more signal noise fluctuations which increases El to at least .03. 

In addition, in the range where SIN ~ 1 El can be 100%. Thus the pre-

cision of any measurement data point will change from point to point de-

pending on the conditions. 

Vertical error bars can now be assigned to the BSDF graph to 

indicate experimental uncertainty. The length of a bar will be 

IIMSF = ±MSF J it E12 (3.68) 

which is a less pessimistic measure of uncertainty than oMSF. 

Horizontal "error" bars can also be computed but they will have 

a different meaning. Each horizontal bar represents the pupil diameter 

of the radiometer at that data point. Thus the horizontal bars do not 

represent an error in angle location (such a bar would not be resolvable 

on the graph) but rather an indication of the range over which an aver-

aging has taken place. These horizontal bars will have the value 

±tan-l(~) where r comes from Eqs. (3.61) and (3.62). 
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Dynamic Range 

Dynamic range is determined by several factors, including avail

able optical power, detector responsivity, radiometer design, sample 

characteristics, and system F/#. One is generally interested in the 

dynamic range of values over which the BSDF can be measured, as well as 

the range of angles over which the data can be taken. Table 3-10 lists 

the ranges for BSDF measurements using this instrumentation. The ranges 

can be increased with more laser power and larger collection apertures 

on the radiometers, or through noise reduction. 

The maximum measurable angle is determined by physical con

straints, as long as the BSDF minimum value has not been reached. For 

Y=P=O, D is limited by the sample holder shape to about ±800 for BRDF 

measurements, and ±70° for BTDF measurements. The maximum pitching and 

yawing permitted is limited by the radiometer field, as discussed in 

Chapter 3, to about 70°. When yawing, the detector angle range is in

creased on one side and decreased on the other by approximately the yaw 

value. 

The minimum measurable angle CMlMA) is the smallest angle from 

the specular beam that a meaningful BSDF measurement can be made. The 

minimum measurable angle can be considered from both theoretical and 

practical points of view. For the theoretical determination of MlMA, 

two cases are considered below: aperture less than the size of the 

point spread function diameter; and aperture greater than the point 

spread function diameter. Finally, practical limitations are considered. 



Table 3-10. Dynamic range summary for BSDF measurements. 

0.6328 

3.39 

10.6 

118.8 

Min. Value 
(experimentally 
ob"tained) 

~ 

Max. Value = n- 1 Range 

2.5xl04 2.5xl0 11 

4xl04 
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For the case where the aperture is smaller than the spread func-

tion the theoretical MIMA is determined by the magnitude and size (and 

shape) of the specular beam as well as the distribution of scattered 

radiation. The pOiIL where the two functions describing these two are 

equal will correspond to a "signal-to-noise" of one, where the specular 

radiation is considered noise and the scattered radiation measurement is 

the desired quantity. This point is depicted in Fig. 3.26, where one-

dimensional Gaussian functions are used for illustration purposes. (Note 

that this definition only will hold for those functions that intersect 

somewhere. ) 

Let F be the fraction of the total energy scattered, and l-F be 

the fraction remaining in the specular beam; 2W is the width of the sp 

specular beam at the e- TI point and 2W is the width of the profile of sc 

the scattered radiation at the e- TI point. By using Fig. 3.26 the theore-

tical minimum measurable angle can be shown to be 
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MIMA = 
w sc (3.69) 

by solving for the intersection of the two functions. In this case, the 

radiometer aperture is assumed to be less than to W ,and it is also sp 

required that 

W sc 
W sp 

F 
~ -l-F (3.70) 

This last condition means the on-axis specular energy is greater than or 

equal to the scattered energy on axis. The S/N=l condition is not de-

fined for other cases. 

sample. 

For a numerical example, let 10% of the energy be scattered by a 

Let W be the value for the 0.6328 system, which is 4).. WZ22 F# sp 

(medial focus) or about l2xlO- 5 ra., and take W as 9xlO- 3 rad. For sc 

this case MIMA becomes 0.22 degrees. 

Generally, as with this instrument, the radiometer aperture is 

larger than the focused specular beam diameter. In that case the MIMA 

would be expected to be just the sum of the half angle of the spread 

function with the full angle of the aperture, assuming one could ignore 

or compensate for the scatter from the instrumentation. 

However, pinhole PI is a low pass filter and passes system 

scatter below a certain angle as listed in Table 3-1. Thus unless the 

instrument scatter is subtracted or deconvolved, the MI~~ is the sum of 

the full angle of the radiometer aperture with the half angle of the pin-

hole image or specular beam, whichever is larger. Table 3-11 lists 
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Table 3-11. Minimum measurable angles. 

MUlA (deg) 
Wavelength Beam Radius Aperture Oia. PI Image BTOF BROF 

(microns) (mr) (mr) Rad. (mr) 0>0 0<0 

.6328 .06 mr 3 mr 2.8 mr .33 6 17 

3.39 .32 mr 2.5 mr 3.3 mr .33 10 17 

10.6 1.0 mr 9 mr 3.3 mr .7 12.6 12.6 

118.8 11.1 mr 9 mr 20 mr 1.7 12.6 17 

expected minimum measurable angles for this criterion which applies for 

BTOF measurements only. For BROF measurements the width of the radiometer 

must be considered because for near retroreflection measurements the 

finite size of the radiometer mount would block the incident beam. BROF 

minimum measurable angles are also listed in Table 3-11, using the radio-

meter mount size as the limiting criterion. 

Because of another consideration the above MIMA's may not be 

achievable in some systems. When a sample is irradiated, some radiation 

is reflected back into the system and irradiates the Ml side of PI after 

being reflected by MI. If the sample is a weak diffuser radiation 

scattered by the PI substrate can be reimaged by Ml to the measurement 

hemisphere where, for this system, it will cover a spread of approxi-

mately 1.6 degrees in diameter. For strong diffusers no reimaging to 

the measurement location takes place and the reflected radiation adds 

coherently to the original beam. 
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This unwanted radiation can be minimized in several ways. One 

way is to coat the Ml side of PI with a specular black, tilt PI, and 

direct the retroreflected radiation into a beam dump. If the PI aperture 

is large enough and spatial filtering is done at sagittal focus, no 

clipping of the original specular beam being filtered will occur. The 

second method is to coat PI with an absorbing flat black. At present 

the second solution is in effect. As a result, measurements of weak 

diffuser materials may be slightly higher inside 0.8 degrees. However, 

by slightly yawing and/or pitching the sample, the reflected specular 

energy can be conveniently directed into a beam trap, and the problem 

averted. Also, as mentioned in the accuracy section, the scatter of Ml 

exists out to at least 4-5 degrees, at which point a 25 mm aperture in 

the sample plane will cause vignetting of Ml and leave only secondary 

scatter. 

The presence of the specular beam is the ultimate limitation for 

the minimum measurable angle for direct scatter measurement. There are 

two ways to exceed this limitation. One way is to deconvolve the com

plete system instrument function from the scattering function. The other 

way would be to cancel the specular beam, leaving the scattered beam 

intact. This could be accomplished using a Michelson type interfero

metric arrangement with a cube beamsplitter in the sample plane location. 

One arm would be a highly polished reference, the other would be the 

sample. For BTDF measurements, a Mach-Zehnder arrangement could be used. 

The path differences could be adjusted so as to cause out-of-phase 



interference of the specular components. A detailed investigation of 

this method is left as a suggestion for further work. 
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CHAPTER 4 

MEASUREMENTS 

Whereas the previous chapter was concerned with the instrument 

description and alignment, this chapter describes its operation, with 

particular attention to obtaining measurements of Martin Black at 0.6328 

~m, 3.39 ~m, 10.6 ~m and 118.8 ~m. 

System Operation 

Data acquisition deals with obtaining measurements and placing 

them onto some sort of storage medium (floppy disk, magnetic tape, note

book, etc.). Data processing involves those steps necessary in convert

ing measurements to graphs. 

Data Acquisition 

Prior to operation the system electronics and the appropriate 

laser must be energized and allowed to warm up at least one hour before 

any measurements are to be made. In the case of FIR measurements several 

hours of warm-up are necessary. The following components located on the 

instrument rack (Fig. 4.1) must be operational before any data can be 

taken. 

1. Microprocessor 

2. Floppy Disk System 

3. Controller Interface 

107 
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Figure 4.1. Electronics rack. 

The left rack contains the system electronics. The right 
rack is used only for operating· the FIW' laser. Refer to 
Table 4.1 for identification of the specific pieces of 
equipment. 
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Table 4-1. Key for Figure 4.1. 

A Lock-in 

B Microprocessor 

C Controller Interface 

D Variable DC Supply 

E Floppy Disk Drive 

F Dual 28 V Supply 

G Resistor Panel 

H Fan 

I Readout; Modulation Control 

J CO2 Voltage Control 

K CO2 Cavity Control 

L Waveguide Laser Cavity Control 

M CO2 Gas Flow Control 
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4. Resistor Panel 

5. Lock-in Amplifier 

6. 28 Volt Supply 

7. 24 Volt Supply 

8. Variable DC power supply 

9. Fan 

Items 1 through 7 are activated simultaneously by turning on a 

single power strip. The fan is usually left to run continuously. Al

though its primary job is to cool the large stepper motor power resistors 

directly above it (it has a vertical exhaust), it also helps keep the 

room clean by filtering its intake. Item 8 is required only for use with 

the sample spin motor. 

In addition to the above the following must be turned on: Heath

kit terminal, chopper, detector bias supply, and laser(s). The terminal 

is located on a table near the electronics rack, while the other three 

items are located on the table structure. The visible and near IR HeNe 

lasers have a single switch on their power supplies. The 10.6 laser in 

addition requires a water flow and heat exchanger for the laser to be 

operational. The FIR laser's operation is extensive, as illustrated by 

the turn-on and turn-off procedures (see Table 4-2). 

The desired wavelength is selected by positioning the kinemati

cally relocatable mirror MS. As was shown in Fig. 3.5, position "a" 

selects 0.6328 )Jm, position "b" selects 10.6 )Jm, position "c" selects 

3.39 )Jm, and removing Ms permits the 118.8 )Jm beam to be admitted. Also, 
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Table 4-2. Turn on/off procedures for FIR system. 

Turn On Procedure 

1. Turn on water flow to 20 gallons/hour. 

2. Turn on pump laser vacuum pump. (FIR vacuum should run 24 hours.) 

3. Admit FIR gas. Optimum is 70 ± 5 millitorr. 

4. Admit CO2 gas (a combination of 13% carbon dioxide, 22% nitrogen, 

65% helium). Adjust pressure to 10. 

5. Turn on main power breaker. 

6. Preset current, adjust to 1 rna. 

7. Energize the high voltage. 

S. Increase current to 10 rna. 

9. Increase current and pressure together to 20 rna and 20 millitorr, 

respectively. 

10. Turn on modulation. 

11. Open the intracavity shutter on the CO2 pump laser. 

12. Turn on piezoelectric and stepper motor driver cavity controllers. 

Scan the cavity mirrors of both sides--waveguide and pump-

together and watch for a strong signal from the pyroelectric 

detector. Optimize by jogging. 

Shut Down Procedure 

1. Intracavity cavity shutter closed. 

2. Lower current and pressure to 10 rna and 10 millitorr on the 

pump laser. 

3. Turn off the high voltage. 
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Table 4-2.--Continued 

4. Wait for high voltage capacitors to discharge (several minutes) 

then turn off power. 

5. Shut off gas to waveguide side. 

6. Shut off gas to CO2 laser. 

7. Open CO2 laser vent and turn off vacuum pump. 

8. Turn off water after it is cool. 

adjustment of the laser pinholes (if used) may be necessary for maximum 

transmission. The attenuators are then attached to the attenuator 

insertion mechanism and checked for beam obstruction. Next the pinhole 

PI (see Table 3-1) is inserted and aligned using a Foucault test as de

scribed in Chapter 3. Final alignment of the pinhole must await the 

acquisition of a signal at the radiometer. 

Once the beam is prepared it must be inspected at the sample 

location for shape and position. If the beam is not circular and in the 

center of the sample holder realignment of some component may be neces

sary. (Usually adjusting MI or'PI or one of the laser pinholes will 

correct any discrepancies.) The sample holder can be aligned at this 

time by installing a reflective sample and retroreflecting the beam back 

to Pl. 

The final preparation is to install the radiometer, whose align

ment was discussed earlier also. The 0.6328 ~m beam uses a GaAsP photo

diode whose preamp requires ±IS volts from a small voltage supply. The 
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3.39 ~m PbS detector is inside a dewar that must be cooled to 193 K with 

dry ice and acetone; the preamp supply and 90 V detector bias are pro

vided with batteries. The Si:As detector for 10;6 ~m detection must be 

cooled to 4 K; its dewar has an outer jacket that is cooled to 77 K 

with liquid nitrogen, while the inner enclosure is kept at 4 K with 

liquid helium. (Hold times are approximately 12 hr. and 24 hr. 

respectively.) The germanium bolometer for detecting the FIR radiation 

must be also cooled to 4 K and is located inside a similar dewar. 

The first· step in preparing a helium dewar is to evacuate the 

system, then fill both chambers with liquid nitrogen and allow them to 

cool about 30-60 minutes after which the liquid is poured out. Finally, 

the outer chamber is refilled with liquid nitrogen and the central 

chamber is filled with liquid helium from a helium storage tank using an 

evacuated transfer tube. 

Once the optical and detector systems are ready the computer sys

tem is prepared. The computer is initialized by pushing a blue rocker 

switch on the front of the panel. This will cause the system to initialize 

a screen message and request floppy disk insertion. The floppy disk con

tains the "ZBASIC" language and the operation program. "ZBASIC" is called 

first, then a file is opened and the operation program (usually a "BSDF" 

type) is loaded. This program currently occupies about 8 k byte worth of 

memory. 

The program asks for a series of inputs (described in Appendix A) 

and directs the operator to carry out the procedure of obtaining the BSDF 

values over a range of angles. Once the desired data points are recorded, 
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the data is either transferred for immediate plotting (if desired), 

eGited (if desired), and finally put onto the floppy disk for storage 

(if desired). Tne quantities stored are the BSDF values, yaw, pitch, 

and detector angles, sample identification, wavelength, date and opera

tor. 

One major difference between operation at 118.8 ~m and the other 

wavelengths is the complexity of the FIR waveguide laser system. This 

source requires constant monitoring and attention during a data ac

quisition run. Because of suspected mirror drift and lack of mode 

control, large changes in measured output power can be observed. As 

discussed in Chapter 3 a ratiometer system exists to compensate for pure 

power fluctuations. However, if mode changes occur, beam characteristics 

change, and measured beam profiles may change. 

To maintain mode and power stability, a human is required in a 

feedback loop that constantly repositions resonator cavity mirrors in 

both the CO2 pump and waveguide lasers. The former has a piezoelectric 

transducer while the latter uses a stepper motor connected to a differ

ential micrometer to perform mirror positioning. Controls on the FIR 

electronics rack permit the remote operation that must often be done 

during a run to keep the signal steady. Laser instability appears to be 

aggravated by the action of the motion of the detector arm, although it 

seems independent of whether or not the laminar flow hood is operational. 

The steps required for obtaining a computer plotted BSDF graph 

are described next. 
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Data Processing 

Data from the floppy disk are transmitted to a Tektronix 4051 and 

put on magnetic t,ape for subsequent plotting. The detail s for doing 

this are given by Tektronix (1976), and are summarized below. 

To transfer data the Tektronix is prepared by typing three lines 

of commands: 

CALL "RSTRIN", " ", "J", "STOP" 

CALL "RATE:, 2400, 0, 0 

CALL "TERMIN" 

Then user definable key #1,3 (Find Fi~~) ~s pressed, and the computer 

asks for a file number. The response by the operator should be a pre

viously marked data file number. Next key #11 (printed control charac

ters) is pressed, and finally key #3 (data receive) is hit. For more 

detail on the above see the Appendix and Tektronix (1976). Data is now 

ready to be received and fed onto tape. 

The data can be read off the floppy disk in the opposite manner 

in which it was put on, i.e., with a READ statement. A program to do 

this and then print the data to the Tektronix is called "TXFR-nn". When 

activated data flows onto the Tektronix, and, since it is in a data 

receive submode, onto tape. Once on tape the data is read off by another 

Tektronix Basic program and plotted in the desired format. 

Data Presentation 

In this section the BRDF curves of Martin Black are given along 

wi th "no sample" Ci. e., instrument function) curves from each operational 

wavelength. Although it is primarily the 118.8 ~m measurements that are 
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new and of interest here, measurements of Martin Black at each of the 

other operational wavelengths were also taken. By comparing the results 

(where applicabl~) to previously-reported measurements from other experi-

menters, accurate operation of this new instrumentation was given addi-

tional verification. 

Figure 4.2a shows the forward scatter BRDF of Martin Black at 

0.6328 ~m for an angle of incidence of 10 degrees. There is no specular 

component and the material scatters with a near-zero slope on the BRDF 

plot. As S-S approaches the maximum value, however, the curve begins 
o 

to turn up sharply. Both of these characteristics have been previously 

reported (Bartell et al., 1976). Figure 4.2b shows the "no sample" 

(instrument function) run. Because of the low specular reflectivity of 

Martin Black at visible wavelengths, the instrument function is not 

apparent in the Martin Black curve. 

Figure 4.3a shows the 3.39 ~m measurement of the BRDF of Martin 

Black, also at an angle of incidence of 10 degrees. Once again a normal 

value of 10- 3 and an upturned edge were observed in the data. Figure 

4.3b shows the "no sample" run for 3.39 ~m. 

Figure 4.4a shows the forward scatter measurement run at 10.6 ~m 

for an angle of incidence of 10 degrees. Once again the curve is some-

what flat with an upturned edge, but the values are all higher for this 

wavelength. The data are in good agreement with earlier measurements by 

Smith (1982) on the same material and Gunderson (Bartell et al., 1976) on 

an older sample of Martin Black. As with the other "no sample" curves, 

the 10.6 ~m curve in Fig. 4.4b shows a cutoff near S-S =.1 (~ 50). 
o 
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BSDF curves at 0.6328 ~m. 
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(a) Martin Black at 10 degrees angle of incidence. 
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The series of curves in Fig. 4.sa,b,c show the 118.8 pm forward 

and back scatter BRDF measurements ofrMartin Black for different angles 

of incidence; a ."no sample" run was also made and its curve is in Fig. 

4.sd. As with the previous wavelengths the Martin Black curves turn up 

as S-S reaches a maximum, although not as severely. Unlike the other 
o 

curves, there is a definite slope present, as well as a highly specular 

component. Despite this the scattering measurements suggest that a 

linear shift invariant modeling can be used with this material since the 

curves for different angles of incidence superimpose when plotted as a 

function of S-S. However, most curves do show that large fluctuations 
o 

in the data exist beyond S-S = 0.05. The lack of smoothness in these 
o 

plots is believed to be due to the low signal-to-noise ratio as well as 

the presence of speckle. Since the speckle correlation length is 

approximately the wavelength multiplied by the ratio of R/2b (where R 

is the sample-to-radiometer distance and 2b is the approximate diameter 

of the irradiation patch) the speckles for these measurements were about 

3-4 mm in diameter. The use of a 19 rnrn aperture on the ratiometer 

helped to minimize the speckle effect by averaging over several speckles. 

But despite the speckles and time-varying signal variations of ±sO% near 

S-S = 0.07 to ±100% near S-S = 0.7 during the taking of the data, the 
o 0 

same general sloping trend in the BRDF plots repeated for all measurements. 

Because of a computer programming error (that was later corrected) 

involving the attenuation values, the data points near the midpoint of the 

specular slope (i.e., S-S = 0.02) may be a factor of 4 low for the 20 and 
o 

40 degree angle of incidence plots. Although the other data points on 
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Figure 4.5. BSOF curves at 118.8 ~rn. 

(a) Martin Black at 10 degrees angle of incidence. 
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Figure 4.5.--Continued 

Cc) Martin Black at 40 degrees angle of incidence. 
Cd) No sample. 
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these plots were corrected, those near the midpoint of the specular 

slope were not because it was not known at exactly which point the 

attenuation values were changed. 

Figure 4.6 shows the Martin Black BRDF measurements for 10° angle 

of incidence plotted together for all four wavelengths: 0.6328 ~m, 3.39 

~m, 10.6 ~m and 118.8 ~m. It can be seen that the diffuse reflectivity 

increases and the scatter distribution remains nearly flat from the 

visible to 10.6 ~m. In the FIR however, somewhere between 10 and 118 

microns, the scatter distribution loses its flatness. Since the 

dendritic microstructure of Martin Black is on the order of 10-20 ~m, one 

would expect different effects between wavelengths smaller and larger 

than that dimension. That has been demonstrated. 

Below 20 ~m there is virtually no specular reflectance from 

Martin Black and the scattering distribution is nearly flat with an up-

turned edge as 8-8 approaches 1. Somewhere in the FIR the reflected 
o 

specular component begins to become significant; and the scatter distri-

but ion acquires a slope. 

The shapes of the far infrared (118.8 ~m) BRDF curves show the 

presence of a significant specular component. To investigate this 

further the specular reflectance of the Martin Black sample was measured 

at several angles of incidence, and Table 4.3 summarizes the results. 

These values represent the ratio of the maximum signal in the specular 

(8 ) direction to the maximum signal in the on-axis direction with no 
o 

sample in place. These measurements were taken with the radiometer 
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Table 4-3. Martin Black specular reflectivities. 

Irradiation patch < 11 mm max for 100% energy. 

Run # It 2 3 4 5 6 7 

Date 18 Aug 18 Aug 19 Aug 19 Aug 19 Aug 19 Aug 19 Aug AVG .22 cos Y 

Yaw 

10° .218 .20 .192 .204 .264 .246 .244 .22 .22 

20° .21 .189 .186 .213 .255 .244 .247 .22 .21 

30° .192 .180 .17l .193 .239 .236 .218 .20 .19 

40° .164 .157 .140 .164 .203 .207 .189 .18 .17 

50° .126 .116 .101 .113 .145 .154 .132 .13 .14 

60°* .07 .064 .054 • OS .074 .08 .067 .07 .11 

System 
Stop Al 3 mm 2mm 3 mm 3mm 3 mm 2mm 2mm 
Diameter (7) (?) 

t 9 mm irradiation patch confirmed. 
* Some clipping of beam by sample holder. 

Note: At least runs 5, 6 and 7 were peaked for each measurement. Most of the others were not. 

f-' 
N 
til 



equipped with the 19 mm aperture and 43 mm radius of curvature plane

convex TPX lens. 
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In order ;to permit the sample to yaw to at least 50 degrees, the 

6 mm system aperture stop (located between Ml and M2) was reduced first 

to three, and then eventually to 2 mm for different runs. This produced 

a smaller irradiation patch at the sample and permitted the 25 by 25 mm 

square sample to be yawed out to 50 degrees before it became overfilled. 

Overfilling would occur because as the sample was tilted the "footprint" 

of the beam on the sample became elliptical and eventually the major 

axis of the ellipse exceeded the width of the sample area. 

The value of 20% for the specular reflectance is in close agree

ment with total reflectance measurements of Martin Black made in the FIR 

by other experimenters. Grammer et al. (1980) has presented a graph 

showing a 15% reflectance for Martin Black at about 118 ~m, and Noll 

(1980) has presented a graph showing a value of 18% for the reflectance 

of Martin Black at about 118 ~m. 

The measured reflectances of runs 5 through 7 in Table 4-3 are 

noticeably higher. This is believed to be due to more attention to 

technique during the recording of the reflected power (and not simply 

less care in measuring the total power) since the radiometer was more 

carefully positioned to maximize the signal for these runs. To deter

mine if erroneous reflectance values were possibly being recorded due to 

overfilling of the detector, during one of the specular measurements at 

10 degrees angle of incidence the 3 mm by 3 mm detector chip was trans

lated with respect to the lens and beam ±3 mm in a horizontal direction 
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(controlled vertical translation was not possible). It was estimated 

from this experiment that a maximum of 10% of the incident power entering 

the radiometer CQuld have been lost due to overfilling of the detector 

since less than 2% of the initial (before translation) signal was still 

being measured after 3 mm of .travel. A similar experiment for the total 

power measurement configuration demonstrated that even less power was 

lost for that measurement. 

The right most column of Table 4-3 was added to show that the 

specular reflectivity tends to decrease as the cosine of the angle of 

incidence. The mechanism for this is unknown, but it may be due to an 

area or depth effect because of this angle dependence. 

Because of the potential (although improbable) presence of 170 ~m 

radiation when pumping ethyl alcohol with the 9P36 line of the CO2 laser, 

the FIR beam had to be tested to see if only 118.8 ~m radiation was being 

recorded by the germanium bolometer. This test was accomplished by 

utilizing a #60 wire mesh screen as a diffraction grating in the sample 

location. This mesh had a wire spacing of about 0.4 mm (1/60 in.), but 

because of its woven construction it had a grating period of 0.8 mm. 

With this grating in place, the presence of several grating orders were 

found by slowly scanning the radiometer manually in search of local 

maxima. By applying the grating equation to the angle locations of the 

signal peaks, pure 118.8 ~m was confirmed by verifying only the existence 

of the second through the sixth orders (the first order was reflected too 

close to the incident specular beam to be measured). Table 4-4 summa

rizes the results. 
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Table 4-4. Location of grating orders to confirm 118.8 l1m operation. 

Lock-in Readings Predicted Angle 

Order (mi11ivo1 ts) Observed Angle (for pure 118.8 
l1m operation) 

1 obscured 8.48 

2 2.06 17.4° 17.16 

3 0.66 27° 26.26 

4 18 35.5° 36.16° 

5 0.51 48° 47.52° 

6 33 60.5° 62.25 



CHAPTER 5 

CONCLUSIONS 

In the first section below the results of this work are summar

rized. Some suggestions for continuing the development of this instru

ment are presented in the second section. 

Summary 

This work has demonstrated that a relatively compact facility to 

measure scattered radiation as a function of angle under computer control 

over a wavelength range from the visible to the far infrared can be built 

and operated. By integrating four different laser systems wjth a commonly 

shared beam train, it has been possible to achieve the compactness and 

permit the use of a single sample holder/detector boom for all wave

lengths. This required the building of a catadioptric optical system 

that directed the FIR radiation over a path of almost six meters before 

it irradiated the sample under test. 

The system is presently operational at four wavelengths. 

Problems remain in obtaining 41.7 ~m scattering data due to massive 

signal instability, possibly because of the FIR cavity design or lack of 

mode control. However, the success of the longer-wavelength 118.8 ~m 

operation shows that coherent measurements at 41.7 ~m should be feasible 

with this system. Measurements with 1.15 ~m radiation have yet to be 

made with this system. 
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During the course of this work the perfected development of an 

elaborate attenuator mechanism made it unnecessary to insert and remove 

optical attenuators manually. Various attenuator materials' were sug

gested and evaluated in a search for low-cost and readily-available 

materials. Changing of the apertures on the radiometer is still done 

manually and prevents the instruments from being fully automatic. An 

upgrade is considered in the next section. 

Insight into the error tolerancing of BSDF data was provided. 

The differences between accuracy and precision were discussed as applied 

to these measurements. It was found that measurement uncertainty is 

rarely smaller than 20 percent. Electronic drift, optical misalignment, 

and non-linearities are errors that will make the total uncertainty even 

greater. Inaccuracies due to the use of a 3~ degree radiometer aperture 

are negligible beyond a certain distance for most measurements. Possible 

inaccuracies due to a non-collimated irradiation beam and a finite-sized 

irradiation area were recognized, but were kept to a minimum by design 

and were ignored as being small. 

A comparison of two commonly-used BSDF measurement equations was 

made. It was found that the "single-point" reference method should be 

used whenever high confidence rests with a material whose BSDF properties 

are known. The "no-reference" method has greater measurement errors 

associated with it, but must be used when no calibration material is 

available. A significant difference in the BRDF (.26 to .32) between 

the two methods was observed when each was applied to a measurement of 

the BRDF of Halon, with the "no-reference" method consistently producing 
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a lower reading. Although not proven, it is expected that errors in 

recording total power, misalignment, or recording the effective radio-

meter aperture (or all) may be contributing to this occurrence. 

Forward scatter BRDF measurements were made on Martin Black at 

an angle of incidence of 10 degrees at the four operational wavelengths: 

0.6328, 3.39, 10.6 and 118.8 ~m. Additional BRDF measurements were made 

at 118.8 ~m for angles of incidence of 20 and 40 degrees. For 0.6328, 

3.39 and 10.6 ~m the plots were flat, but they turned upward sharply as 

(3-(3 approached the maximum value. The 118.8 ~m plots also turned up 
o 

sharply as (3-(3 approached the maximum, and had slightly negative slopes. 
o 

However, when the 118.8 ~m curves for different angles of incidence were 

overlayed they superimposed, suggesting linear shift invariance. 

The specular reflectivity of Martin Black at 118.8 ~m was also 

measured. It was found to be surprisingly high (approximately 20%), and 

decreased as the angle of incidence increased by the cosine of the angle 

of incidence. 

Suggestions for Further Work 

Convenient polarization control for all wavelengths should be 

incorporated. Control of the sort described by Thomas (1980) and Neu 

(1978) using retardation plates work, although the possibility of using 

a mirror arrangement (Chraplyvy, 1976) would be attractive and inter-

esting because of its broad wavelength applicability and expected lower 

cost. 
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For HR measurements several upgrades are needed. The first is 

mode control for the FIR waveguide laser. Additionally, a more sophisti-

cated stabilizati,on system would be desirable. Both the waveguide and 

pump laser need this. A better cavity configuration in the waveguide 

side could also improve stability. A dither system using motor mikes 

on the cavity mirrors is intriguing, but perhaps not necessary if the 

other upgrades are sufficient improvement. Once a large, stable signal 

is achieved for 41.7 ~m, the beam could be characterized, the appropriate 

optics could be identified, and the final optical design implemented. 

Finally, a bandpass filter should be installed to isolate the 118.8 ~m 

radiation. A candidate could be a Fabry-Perot mesh filter of conven-

tional FIR design (Gallagher, 1981; Saleh, 1974; Renk and Genzel, 1962). 

Measurement capability at 1.15 ~m should be established. This 

can be accomplished by either using the PbS detector with appropriate 

filters to block out the 3.39 laser line, or use a detector such as 

germanium that essentially has no response at 3.39 ~m. 

Techniques for making scatter measurements through the specular 

direction should be pursued. As suggested in Chapter 3, this could be 

accomplished by using an interferometric arrangement near the present 

sample location to "extinguish" the specular beam by out-of-phase addi-

tion of a similar wavefront. For BRDF measurements a Twyman-Green 

interferometer could be used where the sample would be the mirror. For 

BTDF measurements and large angle of incidence measurements a Mach-

Zehnder arrangement could be used. For very smooth samples the scatter 

would probably be dominated by scattering from the interferometer 
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components. One solution would then be to spin the sample, causing its 

resulting focal plane speckle field to similarly spin. Since the focal 

plane speckle field of the interferometer would be stationary, a time 

varying signal proportional to the scattering from the sample would be 

achieved if the radiometer aperture were small enough. 

Experimental observations support the above suggestion. In an 

experiment with a scatterplate interferometer, an out-of-phase wavefront 

was introduced via an interferometric arrangement to control the bright

ness of the "hot spot" commonly associated with the scatterplate inter

ferometer. Also, speckle variations have been observed at 10.6 ~m using 

a 2.5 rnrn aperture in the old BRDFRI system as the sample was spinning. 

Similar effects have been observed with the large speckles from the 118.8 

~m radiation in this system. 

A natural hardware extension is to incorporate an ultraviolet 

source. Some scattering measurements at 0.12 ~m have been published 

(Johnson, 1968) but in general very little BSDF data exist at this wave

length. An excimer laser is a possible source, but an incoherent source 

could be spatially and tempora~ly filtered. There is very little space 

on the upper optical level for a source (unless stilts were employed), 

but mounting underneath is a possibility. Acquisition of a super smooth 

Ml mirror may be necessary, since there should be more scatter from the 

shorter wavelength. 

An interesting task would be to replace the lock-in amplifier 

with an analog-to-digital converter and use computer software to improve 

signal-to-noise through synchronous detection and signal averaging 
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(Sargent and Shoemaker, 1981). If a ratio scheme could then be incorpo

rated it would permit the lock-in to be used elsewhere in the laboratory. 

Additional automation safety features can be incorporated. Auto

matic aperture changing on the radiometer can be accomplished by using 

a rotary solenoid to which is fastened a long arm containing the aperture 

at its end. The detector-rectifier of the ratiometer system could have 

automatic gain control (Woo, 1980) to adjust its gain by computer control. 

"Closed loop" operation for the detector arm positions can be achieved 

through the use of an optical encoder; data lines were reserved for this. 

The addition of microswitches to indicate "in" or "out" for the solenoids 

would imp~ove reliability, and limit switches on the yaw, pitch and de

tector arm might prevent an accident someday. 

It would be useful to have a device that would help align the 

foci of each wavelength to the same distance behind the sample holder. 

This "tool" would be like that of Brooks et al. (1978) or Bareket (1979) 

in that it would be basically a chopper that slices the system focus at 

different locations. By using a pyroelectric detector on the chopped 

side, the best focus could be found by watching for a maximum peak with 

an oscilloscope. 

Finally, better clean room procedures should be incorporated. 

Thomas (1980) has shown the importance of surface contamination in ob

taining a BSDF measurement, and cleanliness is even more essential for 

the measurement of strongly specular samples. A ceiling of plastic, 

sticky floor mats by the door (available from Controlled Environment 

Equipment Corporation, Massachusetts, or Advanced Purification Systems, 



Inc., New York), and continuous room filtering through the use of the 

laminar flow bench should be everyday features. 
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APPENDIX A 

COMPUTER SYSTEM 

Hardware 

The computer system consists of a mainframe, floppy disk, control 

terminal and a Tektronix 4051 Graphics System for plotting. 

Mainframe 

The mainframe chassis enclosure measures 17 in. x 7 in. x 16.7 

in. and is kit model VIP-1707l6-ll-PX of the Zero Mfg. Company. A sketch 

of the completely assembled mainframe is shown in Fig. A-I. A block 

diagram is shown in Fig. A-2. The internal sections are discussed below. 

A paTts list is given in Table A-I. 

Power Supply. The power requirements for the microprocessor were 

met by the Power-One model #HDBB-l05W, which supplies ±12 volts dc (at 

1.7 amps) and +5 volts dc (at 12 amps). The -5 volts dc supply was pro

duced by connecting a LM302T-5 voltage regulator to the -21 volt supply. 

A schematic is shown in Fig. A-3. 

Computer Modules. Seven modules are presently in use. These are 

the central processing unit (CPU) board, the serial input-output (SlO) 

board, a dynamic random access memory (RAM) board, three parallel input

output (PlO) boards, and one floppy disk controller. Each 56 pin card is 

4.5 x 6.5 in. and utilizes the STD BUS whose pinouts are shown in Table 

A-2. The cards are plugged into a motherboard that has a total capacity 
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Table A-I. Mainframe parts list. 

Item Description Quantity 

Mainframe: 

enclosure (Zero VIP-170716-11-PX) 
motherboard, 16 slot, ha1frack (Prolog 7102) 
guides (Scanbe T311-60-T) 
bars (Scanbe TXS-B02-17.00) 
Ribbon wire, 50 conductor (Ansley 171-50) 
Ribbon wire, 26 conductor (Ansley 171-26) 
Connector (Ans1ey-609-2600M) 
Connector (Ansley 609-5030) 
Connector (Ansley 609-25S) 
Clamp (Ansley 609-5031) 
Connector (Winchester PGB 26A) 
Connector (Winchester PGB 15AS) 
Pin strips (Winchester 100-71-126-S) 
Power supply, +5v. ±12v (power one HDBB-105W) 
Modules: 

CPU (Mostek MDX-CPUl-4) 
S10 (Mostek MDX-S10-4) 
PIO (Mostek MDX-PIO-4 
RAM (Mostek MDX-DRAM32-4) 
Disk Controller (App. Micro Tech FD100-STD) 

Regulator, -5v (National, LM320-T5) 
LED (Texas Inst. TIL 308) 
Decoder, BCD to decimal (~exas Inst. 74145-N1) 
Line Filter (Corcom 6EF1) 
Fuseho1der (Litt1efuse 345001) 
Miniature fan (Pamotor 4BOOX) 
Illuminated switch, 3 pos, DPDT, Green 

(cutler-hammer SC2BX-El-93-93) 
Illuminated switch, momentary, blue 

(cutler-hammer SC2GX-El-97-96) 
Sockets, type 22464-07 (lEE 1750-51) 
Bezel (Radio Shack) 
Power Cord (Belden) 

1 
1 

32 
4 
1 meter 
2 meter 
1 
1 
1 
1 
3 
3 

100 
1 

1 
1 
3 
1 
1 
1 

18 
3 
1 
1 
1 

1 

1 
3 
3 
1 
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PIN MNEMONIC 

LOGIC 1 +5V 
POWER 3 GND 

BUS 5 -5V 

7 D3 
DATA 9 D2 
BUS 11 Dl 

13 DO 

15 A7 
17 A6 
19 AS 

ADDRESS 21 A4 
BUS 23 A3 

25 A2 
27 Al 
29 AO 

31 WR" 
33 IORO" 
35 10EXp· 
37 REFRESH" 

CONTROL 39 STATUS 1" 
BUS 41 BUSAK' 

43 INTAK· 
45 WAITRC' 
47 SYSRESET" 
49 CLOCK' 
51 PCO 

POWER 53 AUXGND 
BUS 55 AUX·V 

·Low Level ActIve IndIcator 

Table A-2. STD BUS pinouts. 

STD BUS 

COMPONENT SIDE 

SIGNAL 
FLOW DESCRIPTION PIN MNEMONIC 

In +5 Volts DC (Bussed) 2 +5V 
In Digital Ground (Bussed) 4 GND 
In -5 Volts DC 6 -5V 

InlOut Low Order Data Bus 8 D7 
InlOut Low Order Data Bus 10 D6 
InlOut Low Order Data Bus 12 D5 
InlOut Low Order Data Bus 14 D4 

Out Low Order Address Bus 16 A15 
Out Low Order Address Bus 18 A14 
Out Low Order Address Bus 20 A13 
Out Low Order Address Bus 22 A12 
Out Low Order Address Bus 24 All 
Out Low Order Address Bus 26 Al0 
Out Low Order Address Bus 28 A9 
Out Low Order Address Bus 30 A8 

Out Write to Memory or I/O 32 RD· 
Out I/O Address Select 34 MEMRQ· 

InlOut I/O Expansion 36 MEMEX· 
Out Refresh Timing 38 MCSYNC· 
Out CPU Status 40 STATUS O· 
Out Bus Acknowledge 42 BUSRO' 
Out Interrupt Acknowledge 44 INTRO' 
In Wait Request 46 NMIRO' 

Out System Reset 48 PBRESET" 
Out Clock from Processor 50 CNTRL' 
Out Priority Chain Out 52 PCI 

In AUX Ground (Bussed) 54 AUXGND 

I In AUX PosItIve (+12 Volts DC) 56 AUX-V 
-- -- -

CIRCUIT SIDE 

SIGNAL ." 
FLOW 

DESCRIPTION 

In +5 Volts DC (Bussed) 
In Digital Ground (Bussed) 
In -5 Volts DC 

InlOut High Order Data Bus 
InlOut High Order Data Bus 
InlOut High Order Data Bus 
InlOut High Order Data Bus 

Out High Order Address Bus 
Out High Order Address Bus 
Out High Order Address Bus 
Out High Order Address Bus 
Out High Order Address Bus 
Out High Order Address Bus 
Out High Order Address Bus 
Out High Order Address Bus 

Out Read to Memory or 1/0 
Out Memory Address Select 

InlOut Memory Expansion 
Out CPU Machine Cycle Sync 
Out CPU Status 
In Bus Request 
In IntE::rrupt Request 
In Non-Maskable Interrupt 
In PuSh Button Reset 
In AUX Tlmmg 
In Priority Cham In 

In AUX Ground (Bussed) 
In AUX Negatove (-12 Volts DC)i 

~ ..,. 
~ 
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of 16 sockets. This motherboard is attached to a card cage made from 

Scanbe guides and bars. Each board is briefly described below along 

with individual preparation required. 

a. CPU Module, Mostek MDX-CPUl-4: This card contains the 2-80 CPU 

chip, a 4-MHz clock and the counter/timer circuit (CTC). For 

on-board memory there is 4K of EPROM ROM (two EPROMs at 2K each) 

plus 256 bytes of "scratchpad" RAM (located at FFOO-FFF). 

Card preparation involved several steps, which exercised 

jumper options. First pin 13 was wired to pin 14 of UIO. This 

causes the insertion of one wait state each time memory is 

addressed, and must be done for a 4-MHz system. 

Wires were also inserted to properly decode the EPROM 

(i.e., to designate what address space the EPROM will respond 

to). Memory addresses EOOO-E7FF (2 Kbytes) have been assigned 

to a single EPROM, physically located in socket U6. This EPROM 

memory is divided approximately equally between a primitive moni-

tor control and disk drive control: sufficient instructions to 

allow us to reinitialize the system each time it is reset. 

The following jumpers were made to prepare the board to 

work with the initialization software: 

pin 6 to 8 of UlO: 

pin 9 to 10 and pin 
2 to 3 of UlO: 

pin 5 to 13 of US: 

causes executions to begin at EOOOH following a reset 

picks memory block COOO-FFFF for EPROM 
to select memory from 

selects the specific 2K of memory 
EOOO-EFFF in above block for EPROM 
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Finally, pin 36 was wired to ground. This allowed oper

ation with a Prolog memory board. This was done only as an aid 

for initial setup troubleshooting. This jumper does not affect 

operation with the Mostek memory board. For more information 

on this module, see Mostek (1978a). 

b. SIO Module Mostek MDX-SlO: This is the module that communicates 

directly with the terminal. It has two independent, full-duplex 

channels (ports A and B), independent programmable band rate 

clocks, programmable addresses, synchronous or asynchronous 

operation, and can operate under either RS-232 or 20 Ma current 

loop serial I/O conventions. For other features, and a detailed 

schematic, see Mostek (1978b). 

Jumpers were made on the board to select several oper

ational modes. A 2400/Baud rate (asynchronous) was chosen, since 

this is the maximum rate for the Tektronix 4051. This rate was 

selected by grounding straps E66, E68, E70, and E72 on J8 and 

using a X16 serial clock rate (under software control). The 

transmit and receive clocks of both ports were all made the same 

rate by jumping pins E7, E9, and Ell of J7. The port addresses 

were selected by strapping El through E6 of J9, thus setting 

address bits 7 through 2 to zero. Bits 0 and 1 are predefined, 

resulting in the port addresses as shown in Table A-3. Port A 

is assigned to the Heathkit terminal for control operations 

relating to data acquisition. Port B is the "listing" port 

assigned to the Tektronix 4051 for data plotting purposes. 
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Table A-3. SIO port addresses. 

Address Channel 

0000 00002 = OOH Port A Data 

0000 0001 2 = OlH Port A Control/Status 

0000 00102 = 02H Port B Data 

0000 0011 2 = 03H Port B Control/Status 

Finally, J3 (Port A) was left strapped as DCE (Data 

Communications Equipment). This selected the RS232 voltage con

figuration, which is compatible with the Tektronix terminal. 

c. Dynamic RAM Module, Mostek MDX-DRAM32-4: This memory board has 

32 kbytes of random access memory (RAM) and operates at 4 l1Hz. 

It was soon discovered, however, that once operation was begun 

with the "BSDF" series of programs, that this was insufficient 

memory to permit the error analysis features of the program to 

be operational, and still be able to take and store the required 

amount of data. As a result this unit will eventually be re

placed with a 65 kbyte memory board from Applied MicroTechnology, 

Inc. The use of the ST4203 dynamic RAM circuit card will pro

vide sufficient memory for even greater expansion of programming 

capability. For more information on this board see Mostek 

(1978c) . 
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d. PIO, Mostek Parallel Input-Output Controller MDX-PlO: Three of 

these boards were utilized for interfacing to the stepper motor 

controll~r, position readouts of the sample holder and detector, 

attenuator insertion mechanism, and lock-in amplifier. On each 

module are two parallel I/O controllers. There are two ports 

Data 

Control 

per controller, yielding a total of four (A, B, C, D) independent 

8-bit ports per board. Each port has two addresses: one for 

data and one for control. The address assignments per board are 

listed in Table 1\-4. For more information see Mostek (1978d). 

Table A-4. PIO initial address assignments. 

PIO 1 

A B 

XXXX XOOO 

XXXX XOOI 

XXXX XOIO 

XXXX XOlI 

PIO 2 

A B 

XXXX XIOO 

XXXX XIOI 

XXXX XlIO 

XXXX XlII 
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The x's were selected to differentiate between similar 

channels on different boards. The procedure for doing this, 

along with all other strapping and jumping performed, will be 

described next. 

The three boards will be designated PIO I, II, and III. 

The specific address assignments for these boards is shown in 

Table A-S. In order to achieve these addresses, the following 

strapping was carried out. For Board I, E4 was open, and El-E3 

and ES were strapped on J3 (strapped = 0, unstrapped = 1). For 

Board II, E3 (bit 5) was open, and El, E2, E4, and ES were 

strapped. For Board III, E4 and E3 were open, and El, E2, and 

ES were strapped. 

Table A-S. Specific PIO address assignments. 

(Hexadecimal Notation) 

PORT 

BOARD A B C D 

I Data 10 12 14 16 
Control 11 13 15 17 

II Data 20 22 24 26 
Control 21 23 25 27 

III Data 30 32 34 36 
Control 31 33 35 37 
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Next, jumpers were made to select input, output, or 

bidirectional status for each port. Before this could be done, 

the port ·and bit assignments were required. These are shown in 

Tables A-6, A-7, and A-8 for boards I, II, and III, respectively. 

Ports A and C on each board differ from Band D as reflected by 

the next strapping procedure. Band D have the ability of 

letting data direction (input vs. output) be selected in four

bit sections, while A and C ports must be treated completely as 

input or output. However, for our application we designated an 

entire port as either input or output. 

To make IA an output port, E12, E13, and E17 of J3 are 

open, EIS of J3 is strapped. To make IB an input port, E7 and 

E9 of J3 are open. To make IC an input port, ElO, Ell, E14, and 

E16 are strapped. To make ID an input port, E6 and E8 are open. 

To make IIC an output port ElO, Ell and E16 are open and E14 is 

strapped. To make lID an output port, E12, E13, and E17 are open, 

EIS is strapped. To make IIIB an output port, E7 and E9 are 

strapped. To make IIIC an output port, ElO, Ell and E16 are open; 

E14 is strapped. This information is summarized in Table A-9. 

e. Floppy Disk Controller, ST430l: This module has been specifi

cally designed for use on Z-80 based systems, and in fact cor

porates a Z-80-PIO circuit and supports mode 2 interrupts. The 

unit has a maximum clock rate of 4 MHz and is compatible with 

the IBM 3740 diskettes. For more information on this module see 

Applied Microtechnology (1979). 
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Table A-6. Specific data bit assignments for PIO board 1. 

Port (I/O) 

I A (output) 
(control address: llH) 
(data address: 10H) 

I B (input) 
(control address: l3H) 
(data address: l2H) 

I C (input) 
(control address: ISH) 
(data address: l4H) 

I D (input) 
(control address: l7H) 
(data address,: l6H) 

Bit 

o 
1 
2 
3 
4 
S 
6 
7 

o 
1 
2 
3 
4 
S 
6 
7 

o 
1 
2 
3 
4 
S 
6 
7 

o 
1 
2 
3 
4 
S 
6 
7 

Assignment 

CW, detector drive 
ccw, detector drive 
cw, sample yaw drive 
ccw, sample yaw drive 
cw, sample pitch drive 
ccw, sample pitch drive 
cw, sample roll drive 
ccw, sample roll drive 

cw limit, detector drive 
ccw limit, detector drive 
cw limit, sample yaw drive 
ccw limit, sample yaw drive 
cw limit, sample pitch drive 
ccw limit, sample pitch drive 
Drive Enable 
Remote Status (Lock-in) pin 23 

LSB, lockin 

} BCD "tenths" of % of full 
scale, lock in 

} BCD "ones" of % of full 
scale, lockin 

} 

BCD "tens" of % 
scale, lock in 

MSB, lockin (full scale = 100%) 
overload 
Expand status 
No Lock 

of full 

,---"---"'-----------------
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Table A-7. Specific data bit assignment for PIO board II. 

Port (I/O) 

II A (input) 
(control address: 2lH) 
(data address: 20H) 

II B (input) 
(control address: 23H) 
(data address: 22H) 

II C (output) 
(control address: 25H) 
(data address: 24H) 

II 0 (output) 
(control address: 27H) 
(data address: 26H) 

Bit 

o 
1 
2 
3 
4 
5 
6 
7 

o 
1 
2 
3 
4 
5 
6 
7 

o 
1 
2 
3 
4 
5 
6 
7 

o 
1 
2 
3 
4 
5 
6 
7 

Assignment 

Port Not Assigned 

Port Not Assigned 

Gain GA 
Gain GB 
Gain GC 
Expand control 

Attenuator A 
Attenuator B 
Attenuator C 
Attenuator 0 
Attenuator E 
Attenuator F 

(H = Attenuator "in") 
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Table A-8. Specific data bit assignments for PIO board 111. 

Port (I/O) Bit Assignment 

III A (output) 0 bit 0, detector position readout 
(control address: 3lH) 1 bit 1, detector position readout 
(data address: 30H) 2 bit 2, detector position readout 

3 bit 3, detector position readout 
4 bit 4, detector position readout 
5 bit 5, detector position readout 
6 bit 6, detector position readout 
7 bit 7, detector position readout 

III B (output) 0 bit 0, sample yaw position readout 
(control address: 33H) 1 bit 1, sample yaw position readout 
(data address: 32H) 2 bit 2, sample yaw position readout 

3 bit 3, sample yaw position readout 
4 bit 4, sample yaw position readout 
5 bit 5, sample yaw position readout 
6 bit 6, sample yaw position readout 
7 bit 7, sample yaw position readout 

III C (output) 0 bit 0, sample pitch position readout 
(control address: 35H) 1 bit 1, sample pi tch position readout 
(data address: 34H) 2 bit 2, sample pitch position readout 

3 bit 3, sample pitch position readout 
4 bit 4, sample pitch position readout 
5 bit 5, sample pitch position readout 
6 bit 6, sample pitch position readout 
7 bit 7, sample pitch position readout 

IIID 0 Port Not Assigned 
(control address: 37H) 1 
(data address: 36H) 2 

3 
4 
5 
6 
7 
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Table A-9. Summary of PIa jumper options. 

Port Strapped Open 

Board I EI, E2, E3, E5 E4 

I A (output) EIS E12, E13, El7 
I B (input) E7, E9 
I C (input) El6 EIO, Ell, El4 
I D (input) E6, E8 

Board II EI, E2, E4, ES E3 

IIA (unassigned) 
II B (unassigned) . 
II C (output) El4 ElO, Ell, El6 
II D (output) E6, E8 

Board III El, E2, ES E3, E4 

III A (output) EIS E12, E13, E17 
III B (output) E7, E9 
III C (output) E14 EIO, Ell, E16 
III D (unassigned) 
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No board pr~paration was required, other than connecting 

a 50-conductor ribbon line from the output to the floppy drive 

(to be discussed next). There is a DIP switch for selecting the 

eight consecutive I/O address at which the controller will be 

located. This has been satisfactorily preselected at the fac

tory for the range E0=E7 by setting Sl, S2, on; and S3, S4, S5 

off. 

f. Position Readouts: Three six-digit position readout displays 

were incorporated to permit real-time indication of the detector 

position, sample yaw position, and sample pitch position. These 

readouts are depicted in the block diagram of Fig. A-2. 

The detailed wiring schematic is shown in Fig. A-4. The 

basic chips used are a 74145 decoder and the TIL 308 displays. 

Table A-lO shows the relationship between input and display. 

Although not shown on the schematic, pin 9 of 74145 is 

disabled. This is so that when E0H is addressed, blacking will 

not occur. (A dummy port E0H is addressed during operation for 

time sequencing purposes so that the display runs smoothly.) 

Floppy Disk Drive FDD 100-8 

This unit is a random access storage device that uses a floppy 

disk as the storage medium. The IBM System 3740 format is used, which 

allows for storage of 1.94 megabits per disk. 

A stepper motor positions the read/write head at the track of 

the disk being accessed. During write operations, a flux reversal is 

recorded on the disk for each data pulse received. During read operation, 



FROM 
PIO 

PORT 

+5v > TO PIN 16 ALL CHIPS 

GNO)---- TO PIN 8 ALL CHIPS 

..... 

..... 

'" ."., 15 12 15 12 1 2 1 

>- 10 6 9 !. 10 6 9 10 6 9 10 69 

13 1'" 15 

r-
74145 TIL 308 TIL 308 TIL 308 TIL 308 

8 '- #1 #2 #3 #4 

~ 4 

5111 13 5 11 13 S\l1 13 5 11 

I 
7 

Figure A-4. Wiring diagram for displays. 

, 1 , 
10 69 

TIL 308 
#5 

13 
5 III 13 

1 . 
10 6 9 

TIL 308 
#6 

5 1111:> 

I 

~ 

f-' 
til 
tN 



154 

Table A-lO. Display output control. 

DISPLAY DECIMAL DECIMAL OUTPUT 
SEJ.,ECT SELECT DIGIT SELECT EFFECT 

PORT BIT 7 6 5 4 3 2 1 0 

HEX VALUE 

o 0 0 0 0 0 0 0 0 0 digit "0" 

0 1 0 0 0 0 0 0 0 1 "1" 
0 2 0 0 0 0 0 0 1 0 "2" 

o 3 0 0 0 0 0 0 1 1 " 3" 

o 4 0 0 0 0 0 0 0 0 "4" 

o 5 0 ·0 0 0 0 1 0 1 "5" 

o 6 0 0 0 0 0 1 1 0 "6" 

o 7 0 0 0 0 0 1 1 1 "7" 

o 8 0 0 0 0 1 1 0 0 "8 11 

0 9 0 0 0 0 1 0 0 1 "9" 

0 B 0 0 0 0 1 0 1 1 minus sign 

1 0 0 0 0 1 0 0 0 0 decimal point 

0 0 0 0 0 0 0 0 0 0 display #1 

2 0 0 0 1 0 0 0 0 0 #2 

4 0 0 1 0 0 0 0 0 0 #3 

6 0 0 1 1 0 0 0 0 0 #4 

8 0 1 0 0 0 0 0 0 0 #5 

A 0 1 0 1 0 0 0 0 0 #6 

C 0 1 1 0 0 0 0 0 0 test select 
(all displays) 

E 0 1 1 1 0 0 0 0 0 dummy location 
(no display) 
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the flux reversal is sensed, converted to a data pulse, and set to the 

controller. 

The floppy disk recording medium is a magnetic-oxide-coated 

flexible Mylar disk sealed within an B-in. square plastic protective 

envelope. The disk contains 77 tracks (with track 00 being the outer

most) and 26 sectors. Index and sector holes punched into the disk 

sensed photoelectrically to produce sector and index pulses that permit 

accessing of individual sectors on a track. 

Control Terminal 

A Heath model H19 Video terminal is used as the system controller 

for data acquisition. The terminal communicates to the microprocessor 

across an RS232 interface to Port A of the SIO board. The terminal is 

configured for 2400 baud with full duplex and no parity by the setting 

of dip switches per manual instructions. 

Tektronix 4051 Graphics System 

The Tektronix 4051 originally was used as the system terminal, 

but is presently used only for plotting BSOF graphs. 

The Tektronix 4051 has a 25-pin, RS-232 compatible communications 

interface that connects to port B of the SIO of the microprocessor con

troller and communicates in ASCII. This interface can operate in three 

modes: BASIC I/O mode, terminal mode, and tape communication mode. In 

the terminal mode the keyboard becomes simply a character transmitter for 

the interface. While in this mode the magnetic tape unit and RAM are 

disabled, but display is not. One attractive submode of the terminal is 
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Graph. In Graph submode, the 4051 responds to interface input by con-

structing straight lines on the display. This mode is entered manually 

or when an ASCII. "GS" lines on the display. This mode can be used for 

plotting real-time BSDF data. 

In tape communications mode, data receive submode, data can be 

received across the interface from the microprocessor and stored direc,t1y 

on tape. This mode is entered by pressing user-definable key 3 or exe-

cuting a call "DTRECV." 

The 4051 .is configured by calling the "TERMIN" routine. Prior 

to this two other routines are called to initialize for proper communica-

tion. These are "MARGIN" and "RATE." Prior to entering data receive 

submode the additional routine, "RSTRIN," must be executed. The four 

call executions, with explanations, are listed below. For more informa-

tion see Tektronix (1976). 

To enter terminal mode: 

Type: CALL "MARGIN", 1, 0, 0 

where first "1" gives a page filling format 

"0" is for full-duplex communication mode 

second "0" permits a screen echo from an ex
ternal source 

Type: CALL "RATE", 2400, 0, 0 

where "2400" is Baud Rate 

first "0" is for serial data with 7 data bits, 
2 stop bits, even parity 
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Type: CALL "TERMIN" 

This causes the system to enter the Terminal model, 

Alpha submode. 

To enter data receive submode from terminal mode: 

Type: CALL "RSTRIN", " ", ";!.", "STOP" 

The first parameter is the data string received 

(then suppressed) to begin recording a tape record. 

The record is closed on receipt of the second parame

ter. On receipt of the third, the tape file is 

closed. These particular parameters are used in this 

system; others could also be utilized (see Tektronix, 

1976). 

Software 

The CP/M monitor control program is used for this computer system. 

This monitor is divided into four parts: BIOS (Basic Input/Output Sys

tem), BOOS (Basic Disk Operating System), CCP (Console Command Processor), 

TPA (Transient Program Area). The BIOS provides the "primitive opera

tions" to access the disk drive and permit terminal control. It must be 

tailored for a specific system and is "burned in" to the EPROM in socket 

U6 of the SID module. 

The BOOS provides for disk management and includes the following 

operations: 

SEARCH - look for a particular file by name 

OPEN - open a file for further processing 
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CLOSE close a file after processing 

RENAME - change the name of a file 

READ - read a record from a particular file 

WRITE - write a record onto disk 

SELECT - select a particular disk drive for operations. 

The user interacts with the monitor primarily through the CCP, 

which is responsible for reading and interpreting console commands, and 

performing disk addressing. The CCP has "built in" and "transient" 

commands. Built··in commands are actually part of CCP, and are the fol-

lowing: 

ERA - erase specified files 

DIR - list file names in the directory 

REN - rename the specified file 

SAVE - save memory contents in a file 

TYPE - type the contents of a file on .the logged disk. 

Transient commands (also called non-resident system commands) are loaded 

from the disk and executed in the TPA (to be described next). Some 

examples of transient commands are: 

STAT list the number of bytes of storage remammg on the 
currently logged disk, provide statistical information 
about particular files, and display or alter device 
assignment 

ASM - load the CP/M assembler and assemble the specified 
program from disk 



LOAD load the file in Intel "hex" machine code format 
and produce a file in machine executable form which 
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can be loaded into the TPA (this loaded program becomes 
a new command under the CCP) 

DDT - load the CP/M debugger into TPA and start execution 

PIP - load the Peripheral Interchange Program for subsequent 
disk file and peripheral transfer operations 

ED - load and execute the CP/M text editor program 

SYSGEN - create a new CP/M system diskett 

SUBMIT submit a file of commands for batch processing 

DUMP - .dump the contents of a file in hex 

MOVCPM - regenerate the CP/M system for a particular memory size. 

The TPA "holds" programs that are loaded from the disk under CCP 

command. It is the area of memory where transient and user programs are 

executed. For more information about the CP/M system see Digital 

Research (1978a, 1978b). 

Two computer programs are required in this system. A data acqui-

sition program is used to obtain the BSDF data, and a separate data plot-

ting program is used to display the data in a graph format. Both programs 

are in the BASIC language. 

The data acquisition program is written using Technical Design 

Labs (TDL) 12K BASIC and operates under a CPM disk operating system with-

in the Z-80 microprocessor. At the present, two different generations of 

programs exist, with slight variations occurring from program to program 

within each generation. 
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The first generation of programs to be developed was the "GOGOnn" 

series. This program was created to position the stepper motors and then 

take a reading a~tomatically. The screen displayed the attenuation fac

tors, lock-in scale, angular position of the detector and signal voltage. 

Hardcopy was made so that data could be subsequently entered by hand into 

an existing Tektronix plotting program, which was developed much earlier 

in support of the older BRDFRI machine. 

The more recently developed data acquisition programs of the 

"BSDF-nn" series.have a capability for making nested yaw-pitch-detector 

arm motions, such as might be used for out-of-plane measurements. As 

with the "GOGOnn" series, real-time display and computer-directed attenu

at or insertion are features although in addition, calculations of labora

tory measurement error are made for each data point and displayed. 

(Presently this capability is suppressed because of a lack of computer 

memory with only a 32K memory board. Memory will eventually be expanded 

to 65K.) Additionally, however, data can be edited and/or put on disk 

for storage, and transmitted out the listing port of the SID board to the 

Tektronix 4051 for plotting. A flow chart for program "BSDF-5x" appears 

in Figure A-5. 

Data shipped across the RS232 interface from the microprocessor 

to the Tektronix is stored immediately on tape. This is accomplished 

using the Tektronix call "RSTRIN" command (Tektronix, 1976) which places 

it in the data receive submode. Once on tape the data is read by the 

data plotting program, and the graph generated. 
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