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ABSTRACT 

The absolute calibration of remote sensing systems is based upon radiometric 

standards. The irradiance standards are currently 1000-watt quartz tungsten-halogen lamps 

that are traced to National Institute of Standards and Technology standards by a middle party 

at a significant cost. Lamp instability, short lifetime and calibration inaccuracy present 

problems. 

A detector-based absolute calibration technique is described here to replace the lamp 

calibration in the visible portion of the spectrum (approximately 400 to 700 nm). The system 

utilizes a quantum efficient QED-200 trap detector in an automated facility to absolutely 

characterize lamp spectral irradiances or reflectance panel spectral radiances. 

The measured irradiance of a directly-viewed standard lamp compared favorably 

(within 0.8%) to the original calibration. Standard-reflectance-panel radiance measurements 

could not be accurately compared (within 5%) to the illuminating standard lamp irradiance 

because of excessive stray light in the calibration facility. 
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CHAPTER 1 

INTRODUCTION 

Satellite-borne Sensor Absolute Calibration 

The absolute radiometric calibration of a remote sensing instrument involves relating 

a spectral radiance, in each band at the sensor's entrance pupil, to output digital counts. It 

is necessary for earth observing satellite-borne sensors in order to accurately determine 

surface radiances, since atmospheric correction is performed in terms of absolute spectral 

radiances. Knowing surface radiances, it is possible to ascertain ground reflectances, ocean 

pigment concentrations and inputs for energy balance models (Slater, 1988). 

Numerous preflight and in-flight approaches to absolute sensor calibration have been 

attempted. Preflight methods utilize an absolutely characterized artificial source to test sensor 

performance. They fail to account for degradation of the system's numerous optical 

components by either a hostile space environment or during launch. 

In-flight absolute calibrations use either on-board calibrators or viewing of the Earth, 

sun or moon. On-board calibrators are either internal sources or solar diffuser panels. The 

associated problems are that variations in internal sources and diffusers are difficult to 

monitor, the sun is too bright for full aperture viewing and the moon is not bright enough to 

provide a calibration high in the sensor's dynamic range. 

Ground-reference sites provide full aperture, full-field, end-to-end system 

calibration. The reflectance-based method basically involves measuring atmospheric 

properties and ground reflectance (Biggar et al., 1985). The ground reflectance is measured 

relative to durable high reflectance panels that are calibrated with respect to a pressed 

polytetraflouroethylene (Halon®, Allied Chemical trade name [the mention of any specific 
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product in this thesis does not imply endorsement]) reflectance standard in a laboratory. A 

radiative transfer code is then used to calculate the radiance in the sensor's spectral bands. 

With simultaneous data acquisition, the sensor can be absolutely calibrated. The accuracy of 

this method is limited by the measurements and computer modeling of the atmosphere. 

The radiance-based method of in-flight ground-reference calibration involves flying 

an absolutely calibrated radiometer above most of the atmospheric aerosols, (usually at least 

3,000 m above sea level). By reproducing the satellite viewing geometry with the radiometer, 

only a small and relatively error-free atmospheric correction needs to be made (Biggar et al„ 

1985). The accuracy-limiting factor is the radiometer absolute calibration and the ability to 

reproduce the satellite view geometry. The work described in this thesis reduces the 

uncertainties in the absolute calibration of these helicopter or aircraft-mounted radiometers. 

Absolute Calibration of Radiometers 

The irradiance standard for radiometer absolute calibration is a FEL-type 1000-watt 

clear-quartz-envelope, halogen-filled, coiled-coil tungsten lamp. Each lamp is individually 

specified by a third party to give a spectral irradiance, traceable to NIST standards, at a 50 

cm distance. Across the visible, the lamp calibration uncertainty is approximately 1.4% with 

respect to SI units (Walker, 1987). The lamps also exhibit 0.5% irradiance variation with each 

power-up and down and 0.02% spectrally dependent drift with each hour of use (Saunders and 

Schumaker, 1977). Additional errors are induced by incorrect lamp alignment or operating 

current. 

Recently, inversion layer photodiodes have been arranged in a multiple reflection trap 

configuration to achieve unit external quantum efficiency from 400 to 750 nm (Zalewski and 

Duda, 1983). The work described in this thesis involves applying this technology to lamp 

calibration so as to bypass many of the aforementioned error sources. A typical 1000-watt 

QTH lamp undergoes an absolute detector-based calibration that can be transferred to a field 
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radiometer without any lamp power-up and down, change in alignment, drift, or third party 

transfer. A secondary benefit is the avoidance of the $1,000 lamp-calibration fee assessed by 

the third party. 

Portions of this work are similar to that performed by Bruening (1987). Here, the 

application of absolute silicon photodetectors is extended to the calibration of lamps and 

reflectance panels. 

Thesis Outline 

This thesis covers the theory, design, construction and operation of an absolute 

radiometer for the visible portion of the spectrum. Chapter 2 addresses the physics of the 

inversion layer photodiode, the trap device concept and the construction of an absolute 

radiometer. Equations are given for relating output signal to measured radiometric quantities. 

Radiometric corrections are calculated to account for diffraction losses and imperfect panel-

illumination geometry. 

Chapter 3 describes the calibration facility that supports operation of the absolute 

radiometer. Included is a detailed analysis of signal electronics and detector temperature 

stabilization. 

The equations giving detector signal in Chapter 2 require previous knowledge of the 

source spectral distribution for integration purposes. By normalizing filter bandwidths, the 

need for integration can be eliminated. In Chapter 4, the selected method of bandpass 

normalization is described and the resulting data interpretation and interpolation equations 

are given. The errors associated with approximations made using this approach are calculated. 

Chapter 5 presents an analysis of the absolute radiometer and supporting facility 

performance. Measured characteristics of the radiometer are given including a comparison 

of its absolute radiometric measurement to a standard lamp. A complete error analysis 

follows, concluding with an overall percent uncertainty for each viewing configuration. 
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CHAPTER 2 

THE ABSOLUTE RADIOMETER 

Inversion Layer Silicon Photodiode Physics 

The mechanism by which silicon photodiodes generate a photocurrent is the 

photovoltaic effect. The P-N junction in the semiconductor creates a potential barrier and 

electric field. An absorbed photon will create a hole-electron pair if it possesses an energy 

greater than the energy gap, £*g. The electric field stops recombination, thereby permitting 

the external collection of photogenerated electrons to form a photocurrent. The condition for 

incident photon energy being greater than the energy gap is (Dereniak and Crowe, 1984) 

where h is Planck's constant, c the speed of light and A the photon wavelength. This gives 

1100 nm as the maximum detectable wavelength for silicon. 

The photodiode current in the absence of incident radiation is given by (Dereniak and 

Crowe, 1984) 

where iQ is the photodiode reverse saturation current, V the externally applied voltage, k 

Boltzmann's constant and q the fundamental electronic charge. The photocurrent is given by 

(Dereniak and Crowe, 1984) 

where t] is the quantum efficiency and <f> the absorbed optical power. This results in a total 

(2.1) 

w • U''V/kT-l]. (2.2) 

'p = r}(X)q<{>-L, (2.3) 



14 

signal current given by 

'« = i'otqV/kT ~ l] - »7(A)^ (2.4) 
he 

The ability to absolutely measure optical radiation at a specific wavelength is therefore 

dependent upon knowledge of the photodiode quantum efficiency, 17(A). A procedure for 

accurate (<0.05%) determination of this parameter has been developed based on characterizing 

recombination losses in specific regions of the photodiode (Zalewski and Geist, 1980). The 

regions where such losses occur are: (1) at the Si02-Si interface; (2) in the front volume 

between the interface and depletion region; (3) in the rear volume outside the depletion region 

(Zalewski and Duda, 1983). 

Recombination losses in region (1), characterized by the application of an oxide bias 

(Zalewski and Geist, 1980), and region (2), characterized by modeling (Geist, 1980a), were 

determined to be a result of trapped charge in the oxide (Geist et al., 1981). The use of an 

inversion layer type photodiode proved to completely eliminate these losses by utilizing the 

oxide trapped charge to induce a junction in the silicon. In the front region, minority carriers 

(holes) are repelled by the charge and collected by the junction depletion region field before 

recombination occurs (Zalewski and Duda, 1983). 

In region (3), recombination losses occur because the time it takes for minority carriers 

created here to diffuse to the depletion region is significant with respect to their lifetime. 

These losses can be reduced by increasing the width of the depletion region towards the rear 

of the photodiode by the application of a reverse bias. Eventually a point is reached whereby 

negligible radiation penetrates beyond the depletion region and the quantum efficiency 

saturates (Geist et al., 1980b). 

An inversion layer silicon photodiode, with the application of a reverse bias, therefore 

exhibits unit quantum efficiency over a certain spectral range. The lower spectral limit of this 
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behavior is given by losses in region (2) and impact ionization in the ultraviolet, and the upper 

spectral limit by the electrical breakdown of the photodiode by reverse biasing for region (3) 

at about 750 nm. The responsivity (photocurrent generated per incident radiation power) of 

the photodiode in this spectral region is then (Zalewski and Geist, 1980) 

*(A) = 4^[1 -P(A)], (2.5) 
he 

where p is the diode reflectance. The factor (1 -p(A)) gives the portion of incident radiation 

that is absorbed by the photodiode and changed to photocurrent, accounting for front surface 

reflection. A technique has been developed for eliminating the reflectance term and its 

associated uncertainty from the responsivity relation (Zalewski and Duda, 1983). Three 

photodiodes are arranged in a trap configuration, depicted in Figure 2.1, such that incident 

radiation undergoes five reflections before exiting. With the photodiodes electrically 

connected in parallel, the absorption factor is given by (1 -p(A)5), yielding losses due to 

surface reflections of less than 0.1% over the visible wavelength region. One of the two 

photodiodes inclined at 45° is rotated 90° with respect to the other, thereby minimizing any 

polarization sensitivity. 

Trap Device and Throughput Adaptor 

The selected trap detector was the United Detector Technologies QED-200. It is 

comprised of three modified UDT UV-100 inversion layer photodiodes, arranged as 

previously discussed and shown in Figure 2.1. Photodiodes #1 and #2 are 1.4 x 2.0 cm so that 

their projected areas match that of the 1.4 x 1.4 cm photodiode #3. The original QED face

plate contained two selectable precision apertures, but no provisions for mounting. It was 

therefore replaced by an aperture holder from the Oriel 1.5"-series flange-mounted modular 
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component system. The aperture stop was aligned in the center of this holder, permitting the 

QED to be removed and replaced without affecting alignment. 

45 
Incoming Beam 

Reflected Beam 

Photodiode jf3 

Figure 2.1 Arrangement of the inversion layer silicon photodiodes in a trap configuration. 

A throughput adaptor was constructed of components from the same Oriel series as 

the aperture stop holder, as depicted in Figure 2.2. The eight-position filter wheel has a 

spring-loaded indent for duplication of position. It is separated from a mechanical shutter 

by a short section of rubber hosing to ensure that the tube alignment is not disturbed by 

vibrations. This modular component design has the advantages of reduced cost relative to 

custom machining and easily interchangeable stops and spacers. 

The entire system is secured to a 3/8" aluminum plate that mounts directly to the 

laboratory radiometer arm in either a lamp- or panel-viewing direction. The alignment 
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Figure 2.2 External view of the absolute radiometer. 

procedure is the same for both cases. With the shutter, rubber hose and QED temporarily 

removed, an Oriel pinhole aperture and reticule are used to align the tube to an optical-axis-

defining HeNe laser. 

The selection of aperture and field stop sizes was made with the assistance of 

Computer Program 1, listed in Appendix A. The optical throughput, a measure of flux 

collecting capability, was calculated for various combinations of stop sizes. As a result of 

system geometry, the feasible combinations were restricted. The viewed panel area diameter 

had to be kept under 5 cm because the Halon® standard reflectance panel, which has a 10 cm 

diameter, is to be viewed at an angle. In addition, each combination was checked to ensure 

that the collection beam cleared the shutter housing and filter edge, and remained within the 

active area of photodiode #1 upon the fifth reflection. Figure 2.3 gives the throughput for 

possible combinations of aperture and field stop sizes with a 27 cm separation. The lines 

terminate when one of the aforementioned restrictions is met. For versatility, a 6 mm 

diameter aperture stop was selected with interchangeable 7 and 1.35 mm field stops. The 
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Figure 2.4 Percent difference from average for microscope measurements of aperture 
diameters, showing degree of circularity. 
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central baffle was selected as the same size as the field stop so that it will reduce the amount 

of stray light that enters the aperture stop, but not be a critical stop itself. The stops were 

machined out of invar, minimizing the temperature dependence of area, with knife edges that 

were less than 0.005" thick to reduce reflection. Table 2.1 and Figure 2.4 summarize the 

microscope diameter measurements numerically and graphically respectively. The uncertainty 

in the aperture areas translates directly into a measurement uncertainty, making the degree 

of circularity important. 

Table 2.1 Aperture diameter measurements in mm. taken in five directions. 

1  6-mm Aperture 
Stop 

7-mm Field 
Stop 

13.5-mm Field 
Stop 

Average 5.994 6.918 13.491 

Standard 
Deviation | 

0.0084 0.0061 0.0059 

Radiometric Measurements 

Absolute calibration requires relating the optical power incident on the trap detector 

to a lamp spectral irradiance or panel spectral radiance. This is accomplished by a two 

aperture and baffle system that is pictured in Figures 2.5 and 2.6 in the lamp- and panel-

viewing configurations respectively. 

Point Source 
Field Stop 

I 
Baffle Aperture Stop 

If r 
— v  •  A  

d c 

Figure 2.5 Cut-away view of the throughput adaptor in direct-lamp-viewing configuration. 
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Figure 2.6 Cutaway view of the throughput adaptor in panel-viewing configuration. 

Measuring a Point Source 

In the simpler case of direct lamp viewing, the calibration is performed in terms of 

a spectral irradiance, E\(x), on a surface at a specified distance. The aperture stop, placed at 

this distance from the lamp, represents the effective detector area since all radiation passing 

through it is absorbed in the trap. With a bandpass filter for spectral discrimination, the QED 

output is given by 

where r0 is the aperture stop radius, Ex(X) the spectral irradiance at the aperture stop, K(A) 

the detector responsivity, r(A) the filter transmittance and AA the wavelength region over 

which the filter transmits. The field stop and baffle simply serve to limit the field of view 

and reduce stray light. 

Measuring an Extended Source 

When the radiometer is used to view a reflectance panel, the calibration is performed 

in terms of spectral radiance. With a bandpass filter, the detector output is related to this 

parameter by 

/S(AA) = 7rr0
2 J^£A(A)/?(A)r(A)rfA (2.6) 

j^Lx(\)R(\)r(\)d\ (2.7) 
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where r is the field stop radius, c the distance between the stops and Lx(\) the spectral 

radiance. A good approximation is that the reflectance panel is lambertian for small view 

angles, in which case 

L J j X )  - f W E * X ) , (2.8) 
r 

where Ex(X) is the spectral irradiance on the panel and p(A) the panel spectral reflectance. 

It has been assumed that the spectral radiance from the panel is spatially uniform. 

When the panel is illuminated by a free-standing lamp, however, there is a cos30 faltoff where 

6 is the angle measured from the optical axis. This was confirmed experimentally by scanning 

the panel with a radiometer. Vignetting of the panel between radii p0 and p must also be 

accounted for since it reduces the contribution to the signal from this region. The 

compensation factor is found by 

L a  f f  . x  f ( x )  v n ( x )  d x  
*meaa _ JO " 

L*oxial vn(:t) dx 
(2.9) 

where ^Ameafl 's the measured spectral radiance (by Equation 2.7), the spectral 

radiance on the optical axis, f ( x )  cos30 falloff, vn(x) the normalized vignetting factor and x 

the dimension that transverses the observed spot (see Figure 2.6). A reasonable approximation 

is that the vignetting is linear for p0< x < p (Gaskill, 1978), where from Steel et al. (1972), 

_  r ( c + d )  _  r o < 1  ( 2 . i o )  
c c 

and 

p  = r ( c + d )  +  [ o £  (2.11) 
c c 

where d is the field stop-to-panel distance. Table 2.2 gives compensation factor values for 
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various lamp-to-panel distances with the field stop 50 cm from the panel, a 6-mm diameter 

aperture stop and the two selected field stop diameters. The percent error given in the table 

applies to the measured radiance if no correction is made for panel illumination falloff. 

Table 2.2 Compensation factors to account for illumination falloff when a lamp-illuminated 
panel is viewed with the a jsolute radiometer. panel is viewed with the a 

1.35-cm Field Stop 0.7-cm Field Stop 

Lamp-Panel Distance 
(cm) 

C % Error C % Error 

50 0.9987 -0.13 0.9995 -0.05 

100 0.9997 -0.03 0.9999 -0.01 

150 0.9999 -0.01 1.0000 0.00 

Diffraction by the Apertures 

Diffraction, "or the deviation from rectilinear propagation that occurs when light 

advances beyond an obstruction" (Hecht, 1989), occurs at beam-defining apertures and 

baffles in an optical system. A correction must be made for the light that is diffracted either 

into or out of the solid angle of collection as defined by first-order optics. 

Referring back to Figure 2.6, the detector views a circular portion of an extended source 

of radius p emitting radiation at wavelength A at a distance d from the field stop of radius r. 

The ratio of the optical power that truly enters the aperture stop of radius r0, considering 

Fresnel diffraction by the field stop at a distance c, to the first-order calculation is given by 

(Steel et al., 1972) 

w + w' 

/^(ti.w, w') = i. j l { v , w , w ' )  J ( u , v ) d v y  (2.12) 

o 

where 
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u . 2 x r ' ( c * r f ) -  a n d  ( 2 . 1 3 )  
X cd X d Ac 

It is assumed in the derivation that u>w'-wt implying that all geometrical rays from the 

effective source area passing through the field stop will enter the aperture stop. J(u,v) is 

thedistribution of diffracted light in the receiver plane for a point source and I(v, w, w') is 

an autocorrelation function (Hengstberger, 1989). 

The error in a measurement due to diffraction is then defined as 

e(w, w\ iv') = Fy(uy w, «>') - 1, giving a correction factor of 1/(1 +£) (Hengstberger, 1989). 

For a pseudo-point source, or lamp, this is given as approximately (Blevin, 1970) 

g _ -2w1 _ ~^roc 

n ( w ' 2 - u 2 )  
tr2r 

-• Q15 

- 0  0 2  

in -O 025 
o 

c <u u 
(D -0 03 
a 

-0 035 

.0.04 
0.4 0 5 0 6 0.7 0.0 

Wavelength Cfntcrometers} 

—M_d - 50 cm ^ d = 100 cm d = 150 cm 

Figure 2.7 Percent loss versus wavelength due to diffraction in the lamp-viewing 
configuration. Three lamp-to-aperture stop distances are considered. 
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where r is now the radius of the aperture stop, r0 the width of the photodiode upon the fifth 

reflection, d the distance from the lamp to the aperture stop and c the distance from the 

aperture stop to the fifth photodiode reflection with an unfolded optical path (16.8 cm). 

Figure 2.7 shows the percent loss versus wavelength for a lamp at 50, 100 and 150 cm from 

a 6-mm diameter aperture stop. 

When viewing a lamp, the field stop serves as a baffle only. It causes light to be 

diffracted into the aperture stop, resulting in a measurement value that is erroneously high. 

The error due to this effect is given by (Hengstberger, 1989) 

(2.15) 
7r2rr0 

where r is the radius of the field stop and r0 the radius of the aperture stop. This error term 

was calculated to be less than 0.03% for the absolute radiometer, making it negligible. 

When viewing an extended source, or panel, it is assumed that geometrically all light 

passing through the aperture stop reaches the photodiodes. This means that r is the field stop 

radius at a distance d from the panel and r0 is the aperture stop or effective detector radius 

at a further distance c. The error associated with diffraction is then approximated by (Steel 

el al.t 1972) 

efu.w.w') = —L_ In 
2 k w  

( w' + w)2 - u2 

(H>; -w)2 - uz 

(2.16) 

for ( w + w ' ) 2  -  u 2 > 6  x  103, as in the absolute radiometer case. Figure 2.8 gives the percent 

loss versus wavelength for a 6-mm aperture stop diameter and field stop diameters of 7 and 

13.5 mm. 
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Figure 2.8 Percent loss versus wavelength due to diffraction for the panel-view 
configuration. 
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CHAPTER 3 

CALIBRATION FACILITY AND METHODOLOGY 

The reflectance panel calibration laboratory at the Optical Sciences Center Remote 

Sensing Group has been in operation for four years. The facility configuration and 

controlling software were modified to accommodate the absolute radiometer. 

Measurement Methodology 

Reflectance panels are calibrated by measuring their radiance at various illumination 

and viewing angles (Biggar et al., 1988). This is achieved by two rotary stages: one that 

supports an L-shaped arm for the radiometer and one that supports the panel. The panel is 

illuminated by a free-standing FEL or DXW-type lamp that is supported by a variable mount, 

permitting six degrees of freedom for adjustment. A HeNe laser defines the optical axis for 

alignment. It is reflected back onto itself by a jig-mounted reticule and a mirror, temporarily 

replacing the lamp and panel respectively. The radiometer is centered by passing the laser 

beam through two pinhole apertures. 

Controlling Software 

Biggar (1990) has developed extensive controlling software to operate the calibration 

facility with an IBM PC via an IEEE-488 bus. Modifications were made for operating the 

absolute radiometer. The resulting algorithm is summarized in Appendix B. Basically, at each 

view angle a dark (shutter closed) reading is taken immediately before and after a light 

(shutter open) reading. The time-interpolated dark current is then subtracted from the signal. 
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Ten samples comprise each "reading", thereby increasing the signal-to-noise ratio. The 

change in dark current and detector temperature during the measurement process is monitored 

to assist in the rejection of bad data. The data file is compatible with the input format for 

software, also written by Biggar (1990), that characterizes panel reflectance. 
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Figure 3.1 Schematic of the calibration facility, including modifications for the absolute 
radiometer. 
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Equipment 

Previously existing equipment includes a HP3457A digital multimeter, an Aerotech 

UNIDEX 11 controller and two rotary stages, two HP6634A lamp power supplies and a Leeds 

and Northrup precision shunt box. Adapting the facility for the QED absolute radiometer 

involved adding several components. The modified system is pictured in Figure 3.1. A 

HP6625 remotely programmable power supply was added to reverse bias the QED. A 

remotely controllable relay in the HP3457A, with a simple protective circuit to reduce current 

load, is used to operate the absolute radiometer shutter. Two other additions are discussed in 

more detail because of their relative complexity. 

Detector Temperature Stabilization System 

It has been shown that the UDT UV-100 windowless photodiodes are adversely 

affected by temperature (Kohler et ah, 1990). Experiments determined that, at 476.2 and 

647.1 nm, changes in temperature cause the device linearity to deviate from unity for power 

levels of 0.7 and 0.4 mW respectively. As the power level was decreased, the temperature 

dependence was less significant, but still present. The QED responsivity also showed a 

significant temperature dependence. A detector temperature stabilization system was 

therefore developed. 

The QED housing is comprised of two aluminum boxes, as shown in Figure 3.2. The 

inside box houses the photodiodes and the outside box is simply a shell. By only controlling 

the temperature of the inside box, advantage is taken of the air gap between the two boxes 

as an insulator from the environment. Minco 20.2 fl Kapton heaters (part number 

HK53I2R20.2L12B) were glued to the outside of the photodiode housing. A Fenwal 

Electronics thermistor (part number 112- I03FAJ-B01, 10 Kfl at 25°C) and an Analog Devices 

AD590 temperature monitoring chip were sunk into the aluminum block that photodiode #2, 

as shown in Figure 2.1, is attached to. The controlling circuitry for the heater system is 
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Figure 3.2 QED-200 construction. 

shown in Figure 3.3 (Lind et al., 1977). It supplies proportionally ramped current to the 

heaters based on the resistance imbalance between the thermistor and two potentiometers, 

which provide course and fine temperature adjustment. The AD590 temperature readout is 

monitored by the HP3457A digital multimeter during the data taking process. 

Monitoring of the QED temperature showed stability to within 0.2°C within both one 

and twenty-four hours of operation at 40°C. A separate AD590 that was thermally secured 

to each of the photodiodes showed that their temperatures were maintained within 0.3°C of 

each other. Although this performance could be significantly improved with a more elaborate 

system, the cost was deemed unnecessary at the relatively low optical power levels under 

consideration. 
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Figure 3.3 Detector temperature stabilization system circuit diagram. 

Trans impedance Amplifier 

Output from a semiconductor photodiode operated in the photovoltaic mode can be 

measured either as an open-circuit voltage or a short-circuit current. Equation 2.4 can be 

solved for the open-circuit voltage giving (Dereniak and Crowe, 1984) 

ri(X)q<l>d\/hc + iQ j 

'o 

showing that the voltage output is nonlinear with respect to the incident power. A more 

desirable method is to operate the photodiode in short-circuit mode. When there is no voltage 

across the photodiode, equation 2.4 yields 

= r}{X)q4>^/hc (3.2) 

and so the current signal is directly proportional to the incident power. 

Short-circuit operation is achieved by using an operational amplifier, as shown in 

Figure 3.4, in a transimpedance amplifier configuration. The p end of the photodiode is kept 

at ground with the n end at an equivalent virtual ground. The effectively infinite input 

impedance of the op-amp inverting input causes all current from the photodiodes, ir to flow 

through the variable feedback resistor, Rft producing an ideal output voltage given by 
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V a  = - M .  (3.3) 

An Analog Devices AD549 monolithic electrometer operational amplifier was selected 

because of its low input bias current and low input offset voltage. DC error sources due to 

the non-ideal performance of the AD549 are a result of both an input bias current, /b, given 

by (Analog Devices, 1988) 

el 
(3.4) 

and an input offset voltage, V , given by 

Ve2 - 1 + — 
R. oa ' 

(3.5) 

where is the photodiode shunt resistance. Since photodiode shunt resistance drops by a 

factor of two for every 10°Ct Rt/RB has a strong temperature dependence. Temperature also 

affects Vos by 5 pV/°C (Analog Devices, 1988), requiring close monitoring of Ve2. The 

rWW-
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10 n 

10 A 

20pf + o 
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— 15V 
.33ijf 
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(On) 

Figure 3.4 Transimpedance amplifier circuit diagram. 
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AD549 draws a maximum quiescent supply current of only 700 (iA, keeping heating effects 

on input current and offset voltage to a minimum (Analog Devices, 1988). 

Actual output will therefore be the signal voltage combined with the two error 

voltages, Fel and Vt2, Combining equations 3.3, 3.4 and 3.5 yields 

The QED is comprised of three United Detector Technology UV100 photodiodes, with 

shunt resistances of 10 Mfl connected in parallel, making an effective Ra value of 3.33 MfJ. 

At 25°C, approximate specifications list /b and V0B at 75 Fa and 25 mV respectively (Analog 

Devices, 1988). For a typical small signal iB in amps, Rt is selected to 100 MH giving 

where the second term on the right-hand-side of the equation is K2 and the third term is Vel-

With a shutter covering the QED entrance aperture, it is removed and the two error voltage 

terms are isolated for measurement. 

Electronic noise is important in determining signal measurement accuracy. Since noise 

is the random fluctuation of the output signal, it cannot be canceled out by any mechanisms 

and so is the fundamental system accuracy limit (Dereniak and Crowe, 1984). The three main 

noise contributors are thermal or Johnson noise in resistors and photodiodes, shot noise in 

currents and inherent amplifier bias current and offset voltage noises (Analog Devices, 1988). 

Equations giving the individual noise contributions to the amplifier output are listed in Table 

3.1 (Analog Devices, 1988), where B is the electrical bandwidth and T the component 

temperature in Kelvin. 

Electrical bandwidth is set by.a single pole low-pass filler on the output, as depicted 

in Figure 3.4. The 3 dB rolloff frequency of the filter is given by l/(2ji7?pCp) which is 

(3.6) 

K0 = - 105/s - 7.8 -7.5.x 10"3 mV, (3.7) 
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normalized to an equivalent discrete cutoff by a */2 multiplication factor (Horowitz and Hill, 

1980). /?p is set by a 2% resistor at 750 Kfl and Cp by a low-leakage Teflon capacitor at 0.33 

/if, resulting in an effective bandwidth of 1.0 Hz. The time required for the filter to reach 

63% of its final value, the time constant, is given by RC in seconds (Horowitz and Hill, 1980). 

For the selected bandwidth, the time constant is therefore 0.255 seconds requiring at least a 

1.75 second pause to permit the full signal value to be reached after opening or closing the 

shutter. Specifications for the AD549 list peak-to-peak values for the input current and 

offset voltage noises. Conversion to rms noise is achieved with less than 0.1% error using 6.6 

units p-p/units rms (Analog Devices, 1988). The converted rms values for input bias current 

and offset voltage noises are 75.8 aA and 0.91 /iV respectively. 

Using the equations given in Table 3.1, the noise contributions are calculated for two 

conditions. The first is for a relatively strong signal in the lamp viewing configuration at 700 

nm with a feedback resistance of 10 Kfl and the second is for the weakest signal case of panel 

viewing at 425 nm with Rf  at 100 MO. Since the amplifier is operated in the laboratory only, 

component temperatures of 300 K are assigned for the noise calculations. The temperature 

of the photodiodes is operator controlled, but a nominal value of 315 K is used. Signal 

magnitudes were estimated by Computer Program 2, listed in Appendix A, where individual 

photodiode contributions are based on 30% reflectance (Zalewski and Duda, 1983). The rms 

noise contributions to the output signal are summed in quadrature (Dereniak and Crovve, 

1984): 

^Totrm« 
V ?  +  K ?  +  . . ,  .  < 3 - 8 >  

Armfl Arnu °rms 

Finally, the signal-to-noise ratio is found by V0/VTat and the associated percent 
1 rms 

uncertainty in signal measurement by 100 times the inverse. The results are summarized in 

Table 3.2. 
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Table 3.1 Contributions of the individual noise sources to amplifier output. 

Contributor Noise 
Type 

Output 
Contribution 

photodiode #1 Johnson 
/4kTBR,tl  (Rf/R,j) 

photodiode #2 RtZ Johnson 
jAkTB^ (Ri/R,2) 

photodiode #3 
** 

Johnson 
f t k T B R a  { R f / R , 3 )  

feedback resistor Johnson 
^ k T B R f  

filter resistor Johnson 
f t k T B R p  

amplifier current 
noise 

fn inherent 'n*f 

amplifier voltage 
noise 

K inherent 
V n  f  * £ „  +  l l  

*'e« J 

photodiode #1 
'al 

shot 
fainB Rf 

photodiode #2 'i2 shot 
pqi%zB 

photodiode #3 
'«3 

shot 
q 'g3 & 

The transimpedance amplifier is also limited by the uncertainty in the feedback 

resistance. Precision 0.1% resistors, supplied by Caddock Electronics, with a drift of 15 

ppm/°C from 25°C are used. Since the transimpedance amplifier is only to be operated in a 

laboratory, thermal effects on the feedback resistance are negligible. 

Performance of the transimpedance amplifier was verified with a Keithley 261 

Picoampere Source and Keithley 619 Digital Electrometer. Table 3.3 shows the agreement 

between electrometer and transimpedance amplifier current readings to be well within the 

limiting electrometer accuracy of 0.3%. For this experiment, the output of the 

transimpedance amplifier was measured by the Keithley 619 in voltmeter mode. 



Table 3.2 Amplifier noise contributions and signal-to-noise ratios for lamp and panel 
viewing configurations. 

Panel View 
Configuration 

Lamp View 
Configuration 

Contributor Type 
rms noise 

(volts) 
percent 
of total 

rms noise 
(volts) 

percent 
of total 

photodiode #1 Johnson 4.07E-07 12.35 4.07E-07 0.02 

photodiode #2 Johnson 4.07E-07 12.35 4.07E-07 0.02 

photodiode #3 Johnson 4.07E-07 12.35 4.07E-07 0.02 

feedback resistor Johnson 1.29E-08 0.01 1.29E-06 0.21 

filter resistor Johnson 1.11E-07 0.93 1.11E-07 negl. 

amplifier current inherent 7.58E-13 negl. 7.58E-09 negl. 

amplifier offset inherent 9.12E-07 62.01 2.82E-05 99.73 

photodiode #1 shot 4.99E-12 negl. 1.06E-14 negl. 

photodiode #2 shot 1.57E-12 negl. 3.35E-15 negl. 

photodiode #3 shot 4.97E-13 negl. 1.06E-I5 negl. 

RMS Noise Total: 28.2 /iV 1.16/iV 

S/N ratio: 1375 743,560 

Percent Uncertainty: 0.073% 0.00013% 

Table 3.3 Results of transimpedance amplifier performance verification. 

Keithley 619 
(t* A) 

QED Amplifier 
(/iA) 

% Difference 

0.9988 0.9983 -0.050 

2.0098 2.0065 -0.164 

3.0075 3.0045 -0.100 

4.0057 4.0023 -0.085 

5.0042 5.0005 -0.074 

6.0023 5.9988 -0.058 

7.0005 6.9968 -0.053 

10.0057 10.0016 -0.041 
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DATA INTERPRETATION AND INTERPOLATION 

Data reduction by fitting to a Planckian curve requires knowledge of lamp irradiance, 

or panel radiance, at discrete wavelengths. In practice, however, discrete wavelengths are not 

achievable without the sacrifice of optical throughput and so finite bandpass filters are used. 

In addition, there is the problem that photocurrent Equations 2.6 and 2.7 require prior 

knowledge of the source spectral distribution for integration. By normalizing the filter 

spectral transmittances, an effective discrete central wavelength is found and the need for 

integration is eliminated. The data points can then be fitted to a curve for interpolation 

purposes. 

Filter Spectral Bandwidth Normalization 

The most accurate method of bandwidth normalization is the moments method (Palmer 

and Tomasko, 1980). The effective bandwidth center wavelength is given by 

(4.1) m 

The variance is found by 

j^'rtWA 

which is then used to find the cut-on and cut-off wavelengths, 
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A l = A m - V ^ f f  a n d  * 2 B X m +fia 

respectively. The normalized filter transmittance is 

r _ L'W"X (4.4) 
»n /— * 

ifio 

Equation 2.6, giving the photocurrent for direct lamp viewing, can then be rewritten 

as 

y AA) = Jrr0
2(A2-A1)i?A(Am)7?(Am)rn, (4-5) 

where it is assumed that E^(A) and J?(A) are constant over the narrow bandpass. Equivalently, 

Equation 2.9 for panel viewing is now 

_  2  _ 2  2  t rn r 
..(AW - —° (A2 -A^LAnWVn • (4'6) 

c2 

or, in terms of lamp spectral irradiance on the panel, 

f,<AA) - l^(A2-A1)£1(A„,)p(Am)R(Am)rn. W.7) 
c 

Complete lamp characterization requires at least six filters, spaced evenly from 400 

to 750 nm. As a result of monetary restrictions, however, only four filters were available. 

Figures 4,1 through 4.4 show the spectral transmittances as measured by a Cary 2415 digital 

spectrophotometer at 0.1 nm resolution and after moments method normalization. The 

normalization results are summarized in Table 4.1. 

An assessment of the error induced by using normalized bandwidths is made by 

comparing the results of calculations using Equations 2.6 and 4,5. This was performed for all 

four filters and standard lamps F-196 and F-197. The lamp spectra were found by the curve 
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fitting technique described in the following section on data interpolation, using calibration 

data supplied by Optronic Laboratories. Integration for Equation 2.6 was performed using 

the trapezoidal technique with 0.1-nm resolution. The condition of direct lamp viewing at 

50 cm from an aperture stop of radius 3 mm was assumed, although the range of percent error 

results also pertain to panel viewing. Table 4.2 gives the results of the calculations and the 

percent errors, showing that agreement is within 0,1%. 

Table 4.1 Summary of filter bandpass normalization. 

Number Ac (nm) Ai (nm) A2 (nm) Bandpass (nm) 
rn 

1 425.60 421.02 430.19 9.17 0.561 

2 530.42 525.87 534.97 9.10 0.621 

3 711.18 706.49 715.87 9.38 0.658 

4 771.71 766.64 776.78 10.14 0.598 

Table 4.2 Calculation results showing the errors induced by using normalized filter 
bandwidths. Equation 2.6 gives exact results and Equation 4.5 includes the approximations 
associated with bandwidth normalization. 

Filter Number (from Table 4.1) 

1 2 3 4 

Lamp F-196 

iB(AA), Eqn 2.6 (/iA) 1.6355 6.3481 19.456 22.943 

i„(AA), Eqn 4.5 (/iA) 1.6350 6.3478 19.471 22.938 

Percent Error -0.031 -0.005 0.077 -0.022 

Lamp F-197 

i„(AA), Eqn 2.6 (/iA) 1.7242 6.5889 19.960 23.473 

i8(AA), Eqn 4.5 (/iA) 1.7238 6.5886 19.976 23.468 

Percent Error -0.023 -0.005 0.080 -0.021 

The filters were selected from the Omega Optical Discriminating Filter Series. They 

are specified as having an out-of-band rejection of 10"8 across the silicon photodiode region 
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of sensitivity, 300 to 1150 nm, which is well beyond the Cary's resolution and so could not 

be confirmed. Even an out-of-band rejection of 10"6, however, induces less than 0.1% error. 

Data Interpolation 

It is often necessary to know the lamp spectral irradiance at any wavelength within 

the measurement range. The data points are therefore used for a curve fit over the QED 

region of quantum efficiency (400 to 750 nm). The interpolation formula is given by 

(Saunders and Schumaker, 1977) 

= (^o +A2X2 + ... + /45AB)A~5exp |a + -jj* (4*8) 

Here, exp(o) is the effective emissivity and b gives a lamp distribution temperature by 

-1000C2 ^ ̂  
rdi.t g . 

where C2 is 0.014388 m K. The data were initially fit to (Saunders and Schumaker, 1977) 

ln[£A(A)AB] = a + - , (4.10) 
A 

to determine the values of a and b. The fifth-order polynomial coefficients were then found 

by a least squares fit. A computer program was adapted from subroutines supplied by Palmer 

(1990), to carry out this curve fitting procedure. 

To confirm the accuracy of the NBS data interpolation procedure, the aforementioned 

computer program was used to fit the spectral irradiance scales, specified at a 50 cm distance, 

for standard lamps F-196 and F-197 from 400 to 800 nm. Table 4.3 summarizes the results 

and Table 4.4 compares the original data with the same points given by the interpolation 

equation, showing agreement to within 0.2%. Figure 4.5 contains the fitted curves for lamps 

F-196 and F-197. 
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Table 4.3 Summary of the curve fit of two characterized lamps. 

Coefficient Lamp F-196 Lamp F-197 

a 7.7377 7.7288 

b -4604.1 -4579.6 

AQ 0.78989 0.72347 

Ai 0.95122 I.39580 

A2 -I.34979 -2.36823 

A3 0.62658 l.46647 

A4 -0.05261 -0.04658 

AS 0.02092 -O.I 9023 

Distribution Temp. 3125.0K 3141.8 K 
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Figure 4.5 Spectral irradiance curves for standard lamps F-196 and F-197, fitted from 
supplied characterization data. 



Table 4.4 Comparison of original standard lamp data with the results of a curve fit. 

Lamp F-196 Lamp F-I97 

A 
(nm) 

Ea actual 
( W / m 2  f i m )  

Ea fitted 
(W/m2 nm) 

% 
error 

Ea actual 
(W/m2 /im) 

Ea fitted 
(W/m2 nm) 

% 
error 

400 22.3 22.31 0.045 23.5 23.51 0.042 

450 44.8 44.77 -0.067 46.9 46.87 -0.064 

500 73.8 73.82 0.027 76.8 76.84 0.052 

550 106 106.0 0.000 110 109.8 -0.181 

600 138 137.8 -0.145 142 142.2 0.141 

650 166 166.3 0.181 171 171.1 0.058 

700 190 189.9 -0.053 195 194.9 0.051 

750 208 207.8 -0.096 213 212.9 0.047 

800 220 220.1 0.045 225 225.1 0.044 
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SYSTEM PERFORMANCE 

Experimental Characterization 

Standard Lamp Stability and Repeatability 

The lamp stability was checked by measuring its output at regular time intervals, 

beginning immediately after power-up. Figure 5.1 contains a plot of the results for standard 

lamp F-196, viewed directly at 530 nm. It is apparent that the lamp takes approximately ten 

minutes to stabilize. After that period, the small fluctuations in output cannot be 

distinguished from radiometer noise. 
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Figure 5.1 Change in lamp output, relative to final stabilized value, with time from power-
up. 
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Guenther et al. (1990) reported observing variations in lamp output when cold air 

currents flowed through the measurement facility. In order to duplicate this effect, lamp F-

196 was measured in both stationary and moving air. A heat gun and air conditioner blowing 

on the lamp caused drops in lamp output, relative to the stationary air measurement, of 0.64% 

and 0.21% respectively. Since both the heat gun and air conditioner produce air currents with 

temperatures much lower than that of the lamp envelope, it is not surprising that both caused 

a decrease in output. The heat gun blew air at a greater velocity, explaining its more 

significant effect. It is therefore necessary to operate the lamp in the absence of air currents 

for maximum stability. 

Variations of lamp output with a power-up and down have been reported as high as 

0.5% (Saunders and Schumaker, 1977). The existence of this anomaly was checked by 

operating standard lamp F-196 until it was stable, measuring its irradiance, and turning it off 

for a period of time. The lamp was then powered and permitted to stabilize for a few minutes 

before being measured again. For off times of one minute and then five hours, the changes 

in lamp output, relative to the initial measurement, were -0.03% and 0.02% respectively. This 

indicates no significant problem with lamp repeatability for this lamp and these tests. 

QED-200 Reverse Bias Characteristics 

As discussed in Chapter 2, the QED-200 requires a reverse bias in order to retain unit 

external quantum efficiency at wavelengths beyond 550 nm or high power levels. The 

appropriate amount of reverse bias is determined by a gradual increase until the signal is 

saturated. With the reverse bias switch, as shown in Figure 3.4, in the off position, the power 

supply is completely disconnected. When the switch is turned on and the power supply is set 

to zero volts, the signal current reads zero. It then increases gradually to a plateau, as shown 

in Figure 5.2 for directly viewing a DXW-type lamp at 770 nm and a lamp-to-aperture stop 
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distance of 80 cm. This plot was not made for data from a standard FEL-type lamp because 

it is time-consuming to measure the numerous data points and the lamps are expensive to 

operate. 

At wavelengths below 550 nm, it was determined that in either the lamp- or panel-

viewing configuration the power levels were too low to necessitate a reverse bias. When 

viewing the lamp directly at a distance of 100 cm, wavelengths 711 nm and 770 nm required 

reverse biases of 50 V and 65 V respectively. Since there is an increase in dark current and 

associated noise with reverse bias, as shown in Figure 5.3, it is desirable to operate at the 

lowest reverse bias possible. The dark current noise makes it impossible to measure in the 

panel-viewing configuration at wavelengths requiring a reverse bias, since the signal is as low 

as 0.15% of the dark current when the lamp-to-panel distance is 50 cm. 
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Figure 5.2 QED signal versus reverse bias for a DXW-type lamp at 770 nm and a lamp-to-
aperture stop distance of 80 cm. The signal measured with the QED reverse bias switch off 
is shown for comparison. 
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Figure 5.3 QED-200 dark current as a function of applied reverse bias. 

Absolute Radiometer and Calibration Facility Linearity 

The ability of a calibration facility to obey the inverse-square law (7/r2, where r is 

the distance from the lamp to measurement plane), is a measure of the amount of stray light 

present. This was tested by leaving the radiometer fixed in either a lamp- or panel-view 

mode and incrementally changing the lamp distance, measuring at each step. With the 

radiometer directly viewing the lamp, the inverse-square law was obeyed. This shows that 

the radiometer output is linear with respect to the incident power and that there is essentially 

no stray light being detected in that configuration. 
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When the radiometer was used to view an illuminated panel with the lamp-to-panel 

distance being varied, however, the inverse-square law was not obeyed. The deviation as a 

function of distance is plotted in Figure 5.4. This indicates that there is a significant amount 

of stray light being reflected from parts of the calibration facility onto the panel. This effect 

is discussed in more detail later. 
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Figure 5.4 Deviation from the inverse-square law in panel-view configuration. 

Comparison of the Absolute Radiometer to a Standard Lamp 

The absolute radiometer was used to characterize standard lamp F-196 that was 

calibrated by Optronics Laboratories, Inc. Although this original calibration was performed 

in June, 1986, the lamp had been operated for less than the specified 50 hours of calibration 

lifetime. Table 5.1 shows the results when the lamp was viewed directly at a distance of ll2 
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cm, where the inverse-square law has been applied to the calibration table spectral 

irradiances. The results agree favorably, especially considering that the original lamp 

calibration was to an accuracy of 1.4% and 0.02% drift has occurred with each hour of use 

(approximately 40 hours). The 771 nm measurement was taken for investigative purposes only 

since the QED-200 is not is not quantum efficient beyond about 650 nm (Geist, 1989). The 

711 nm measurement indicates that this is not a significant problem in this range. Table 5.2 

gives the results of measuring a standard reflectance panel that was illuminated with the same 

lamp. The discrepancy in the measurements indicate a stray light problem exists. 

Table 5.1 Comparison of the direct-view measurement of standard lamp F-196 by the 
absolute radiometer to the original calibration. The lamp-to-aperture stop distance was 112 
cm and so the inverse-square law has been applied to the original calibration data that was 
specified for a 50 cm distance. The radiometer is not quantum efficient at 770 nm, which 
explains the low measurement. 

Wavelength 
(nm) 

Ea (W m~2 /im"1) 
Optronic Labs. 

Ea (W nT2 /im"1) 
Measured 

Measurement 
Std. Devtn. 

Percent 
Difference 

425.6 6.618 6.6562 0.00064 0.57 

530.4 18.811 18.879 0.00075 0.36 

711.2 39.216 38.898 0.00327 -0.81 

771.7 43.125 42.481 0.00568 -1.49 

Table 5.2 Comparison of the spectral radiance from a Halon reference panel as measured 
with the absolute radiometer to the calculated value based on the illuminating standard lamp's 
(F-196) original calibration. The lamp-to-panel distance was 50 cm, the same as the specified 
distance for the original calibration by Optronic Laboratories, Inc. 

Wavelength 
(nm) 

LA(W m"2 sr"1 

/im"1) 
Optronic Labs. 

Lx (W m"2 sr"1 

Measured 

Measurement 
Std. Devtn. 

Percent 
Difference 

425.6 10.382 11.218 0.0222 8.05 

530.4 29.513 31.078 0.0394 5.30 
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Laboratory Stray Light 

The aforementioned deviation from the inverse-square law and relatively high 

absolute measurement percent errors in the panel-viewing configuration indicate that there 

is significant stray light in the calibration laboratory. This deviation from optimal behavior 

was further confirmed when the absolute panel measurement percent errors increased to 

12.9% and 9.28%, for wavelengths of 425.6 nm and 530.4 nm respectively, when the lamp-to-

panel distance was increased to 130 cm. 

The reasons for the stray light problem are readily apparent. First, the laboratory is 

too small. When the lamp is set-up 50 cm from the panel, there are two black walls 60 cm 

from the lamp. One is oriented to the side of the lamp and perpendicular to the panel, and 

the other is oriented behind the lamp and parallel to the panel. The lamp therefore 

illuminates these walls with approximately the same irradiance as it does the panel. As the 

lamp-to-panel distance is increased, the irradiance on the panel decreases and the irradiance 

on the rear wall increases by the inverse-square law. The percent error in making an absolute 

panel measurement therefore increases and the panel irradiance does not obey the inverse-

square law. 

The second reason for poor stray light suppression is the reflectance of the black paint 

on the walls. It was measured to have approximately 8% reflectance in the visible. This 

cannot be characterized more specifically because several different types of paint have been 

used, resulting in spatial variations of spectral reflectance. In addition, a paint reflectance 

properties depend on the under-surface type and roughness. The use of a paint with lower 

reflectance would improve conditions considerably, but elimination of the stray light problem 

necessitates utilizing a larger facility or an elaborate baffling system. 
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Field-of-View Characterization 

When measuring an extended source, the contribution to the signal by stray light 

scattered from outside the field-of-view by the throughput adaptor must be removed. This 

can be achieved by characterizing and normalizing the field-of-view. The technique for 

characterizing the field-of-view involves rotating the radiometer about its entrance pupil. 

By illuminating the entrance pupil with a uniform collimated beam and taking signal 

measurements as a function of angle, the radiometer angular response can be measured 

(Palmer, 1990). Figure 5.5 shows this set-up for the absolute radiometer. 

Pseudo—Collimoled Beam 
Small Mirror 

(8mm X 8mm) 
Aperture Stop Field Stop + 

QED 

Center of 
Rotation Lomp 

Sphericol 
Mirror -

Oriel 66072 
Lomp 

Housing 

Figure 5.5 Set-up for characterizing the absolute radiometer field-of-view. 

A well-collimated beam requires a point source at the focal length of a lens, but as the 

source dimension is reduced so is the optical power. Since it is necessary to measure over four 

or five magnitudes of signal as the radiometer is rotated, a relatively high power level is 

necessary. With a 20-cm focal length collimating lens and 8-mm "point source", providing the 

minimum permissible power, the pseudo-collimated beam had approximately a 5-degree 

divergence. 
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Normalizing involves determining a cylinder with a volume equivalent to that of the 

measured field-of-view, assuming that the radiometer is rotationally symmetrical (Palmer, 

1990). The volume of the measured function is given by 

V = 2jt JV?(0)0<20, (5.1) 

where R(0) is the normalized measured response and the integration is performed over the 

measured range of 6. The equivalent normalized cylinder has a radius given by 

K = < 5 - 2 > 

resulting in a measured solid angle of flux collection given by 

fl = irsin2fln (sr). (5-3) 

This can then be compared to the geometrical solid angle. Figure 5.6 shows both the measured 

and normalized field-of-view for the absolute radiometer with the 13.5-mm field stop. The 

measured solid angle was 11% higher than the geometrically calculated one. This 

measurement could not be performed with the 7-mm field stop because the 0.25 degree 

resolution of the rotary stage was too coarse. 

The calculated 11% stray light correction is obviously erroneously high. It is believed 

that this is a result of the lack of collimation, and probably uniformity, in the illuminating 

beam and the poor angular resolution. It is therefore proposed that the experiment be 

repeated more accurately with relatively sophisticated equipment. With a stabilized laser, 

spatial filter and shear plate, a high power well-collimated beam can be produced. Prior to 

spatial filtering, the laser beam should be passed through a fiber-optic submersed in an 

ultrasonic water bath to effectively remove the speckle pattern (Anderson et al., 1991). 
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Figure 5.6 Measured and normalized field-of-views for the absolute radiometer with a 13.5-
mm field stop. 

Assessment of Errors 

In order to determine the level of uncertainty in an absolute radiometric measurement, 

it is necessary to address all possible sources of error. Since certain errors are systematic, such 

as in measuring lamp-to-measurement plane distance, and others are random, such as 

amplifier noise, it is difficult to accurately assess the total measurement percent uncertainty. 

An approximate technique is to assume that all errors are random and independent and then 

sum them in quadrature (Fox and Martin, 1990). 

Throughput Adaptor Errors 

The throughput adaptor aperture areas and aperture separation distance are measured 

at a certain temperature. A change in temperature will cause the aperture areas to change to 

(Hengstberger, 1989) 
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A' = /«To[i +a(r-r0)]2, (5.4) 

where TN is the temperature at which the area was measured, a_ the measured area, a the 
u T(j 

linear coefficient of expansion and T the operational temperature. For the invar apertures, 

a = 0.566 cm/cm K (Wolfe and Zissis, 1985), resulting in area changes of less than 0.004% for 

a 10 K change in temperature. Since the direct lamp view measurements are only affected 

by a change in the aperture stop area, they are effectively unaffected by temperature. In the 

panel viewing configuration, however, both apertures and the 27 cm aluminum spacer tube 

are affected by changes in temperature. For the aluminum spacers, a = 24 cm/cm K (Wolfe 

and Zissis, 1985) and the dependence on temperature is more significant. The effect on the 

panel measurement has been calculated as a function of temperature change and is plotted in 

Figure 5.7. 

0) U 
0» 

Q. 
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Figure 5.7 Panel-measurement error induced by a temperature change from that at which the 
throughput adaptor was characterized. 
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Figure 5.8 The induced error in a panel radiance measurement due to tilts of the field stop 
and aperture stop, arbitrarily named stop #l and stop #2. For a direct-view lamp 
measurement, assign a tilt of zero degrees to stop #]. 

Since the throughput adaptor is modular in construction, there is the possibility of an 

induced error due to a tilt or displacement of the apertures relative to the optical axis. It was 

calculated that for a displacement of as much as l mm between the centers of the apertures, 

the induced error in a panel measurement would be less than 0.003%. Figure 5.8 shows the 

error induced in a panel measurement for various tilts of the two apertures, arbitrarily named 

stop #l and stop #2. The tilt-induced error in a direct-lamp view measurement can be found 

by assuming zero tilt for stop #l. 

Measurement Precision 

The absolute radiometer precision is dependent upon several randomly fluctuating 

uncertainties. Attempts to calculate this measurement variability are approximate and limited 

by a lack of knowledge of the lamp fluctuations and electronic noise, which is a function of 

reverse bias. A measurement precision percent uncertainty, therefore, is assigned according 

to three standard deviations as recorded in Tables 5.1 and 5.2 for five samples. 
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Filter Characterization Error 

In Chapter 4, the error associated with the moments method of filter passband 

normalization is calculated. There are also uncertainties, however, associated with the spectral 

transmittance measurements made by the Cary 2415 spectrophotometer. In order to determine 

the repeatability of the measurements, the 530 nm filter was scanned twice in rapid succession 

at 1 nm resolution without being moved. The percent difference in the two scans is plotted 

in Figure 5.9 as a function of wavelength, showing that at best the transmittance measurement 

precision is 0.2% and so the accuracy cannot be any better, contradictory to the 

manufacturer's claims. 

There is also a filter characterization wavelength uncertainty. This is mostly limited 

to the spectrophotometer's spectral uncertainty since differing measurement and operation 

beam geometries and temperature effects on the filters passbands are negligible for the 

operating conditions under consideration. The Cary 2415 has a specified wavelength 

uncertainty of 0.2 nm in the visible portion of the spectrum which is negligible. 

An attempt was made to determine the uniformity of the filters by measuring their 

spectral transmittances as a function of position in the spectrophotometer. The variation 

observed could not be distinguished from the instrument's aforementioned precision 

uncertainty. It is therefore assumed that any filter spatial variations are insignificant. 

Summary of Errors 

Table 5.3 lists error sources that are independent of the filter wavelength, electronic 

noise and source fluctuations. The uncertainty is presented first as a percent uncertainty with 

respect to itself, and then as a percent uncertainty in the lamp and panel measurements. 

These values are then summed in quadrature in Table 5.4 with the measurement precision 

uncertainties for overall uncertainties associated with lamp- and panel-viewing configurations 

at each wavelength. 
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Figure 5.9 Percent difference as a function of wavelength for two transmittance 
measurements of a passband filter by the Cary 2415 spectrophotometer. 

Table 5.3 Uncertainties associated with the absolute radiometer and calibration facility that 
are independent of measurement precision and wavelength. 

Radiometric Measurement 
Uncertainty (%) 

Contributor Uncertainty 
(%) 

Panel-View 
Radiance 

Lamp-View 
Irradiance 

Filter transmittance ±0.2 ±0.2 ±0.2 

Amplifier feedback resistance ±0.1 ±0.1 ±0.1 

Aperture area measurement ±0.1 ±0.2 ±0.1 

Aperture separation measurement ±0.1 ±0.2 N/A 

Lamp distance measurement ±0.2 ±0.4 ±0.4 

Aperture tilts ±0.015 ±0.03 ±0.015 

Trap quantum efficiency +0.1 ±0.1 ±0.1 

Data interpolation ±0.2 ±0.2 ±0.2 

Radiometer/Lamp Alignment ±0.1 ±0.1 ±0.1 

Filter bandwidth normalization ±0.1 ±0.1 ±0.1 

Thermal: throughput adaptor ±0.03 ±0.06 N/A 
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Table 5.4 Measurement precision uncertainty (3a from Tables 5.1 and 5.2) for lamp- and 
panel-viewing configurations, with the overall uncertainty given by summing with the 
pertinent values from Table 5.: in quadrature. 

Wavelength (nm) 

425.6 530.4 711.2 771.7 

Direct-Lamp-View Configuration 

Precision uncertainty (%) ±0.03 ±0.01 ±0.025 ±0.04 

System uncertainty (%) ±0.55 ±0.55 ±0.55 ±0.55 

Overall uncertainty (%) ±0.55 ±0.55 ±0.55 ±0.55 

Panel-View Configuration 

Precision uncertainty (%) ±0.6 ±0.4 

System uncertainty (%) ±0.61 ±0.61 

Overall Uncertainty (%) ±0.86 ±0.73 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

The intention of the work described in this thesis was to provide absolute calibrations 

of lamps and reflectance panels for wavelengths from 400 to 700 nm. This was achieved for 

the direct viewing of lamps where the measurement of the irradiance of a standard lamp 

compared favorably (< 0.8%) to the original calibration. This is well within the uncertainty 

of the comparison which is the quadrature sum of the lamp calibration uncertainty (1.5%) and 

the estimated uncertainty of the absolute radiometer (0.55%). The system can therefore be 

employed for monitoring the change of spectral irradiance with time of standard lamps in the 

visible wavelength region. 

When reflectance-panel radiances were measured, the results could not be compared 

to the illuminating standard lamp because of excessive stray light in the calibration facility. 

In addition, attempts to characterize the contribution of out-of-field stray light to the signal 

failed and the reverse bias-induced dark current noise restricted measurements to wavelengths 

below 550 nm. 

In pursuing this work, three tests of lamp stability were conducted. It was 

demonstrated that air currents over the lamp envelope affect stability and that ten minutes are 

required for the lamp to stabilize after power-up. Attempts to reproduce the reported 0.5% 

variation in lamp output with a power-up and down showed that higher levels of repeatability 

are possible. 

The continuation of this detector-based calibration of lamp irradiances and panel 

radiances is recommended. Proposed methods for accurately characterizing the throughput 

adaptor's field-of-view and controlling the stray light in the calibration facility were 
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described in detail in Chapter 5. In addition, by constructing a second trap device utilizing 

Hamamatsu S-1337 photodiodes the dark current noise would probably be reduced and the 

spectral range of both lamp and panel absolute calibration could be extended (Geist, 19S9). 

Since the S-1337s are quantum efficient from approximately 600 to 900 nm,a flange-mounted 

trap device constructed with them could be interchanged with the QED-200 to achieve an 

absolute calibration from 400 to 900 nm. 
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APPENDIX A 

COMPUTER PROGRAMS 

Computer Program 1 

Function: Calculates optical throughput for any specified throughput adaptor 
configuration. Also indicates any physical violation, such as collection 
beam being larger than Photodiode #1 on the fifth reflection, or 
viewed spot on the panel being too large. 

CLEAR 
TL#=27. 'DISTANCE (CM) BETWEEN APERTURES 
D#=50. 'DISTANCE FROM FIELD STOP TO PANEL 

FILEOPEN: 
A$="APERT" 'OUTPUT FILE NAME 
OPEN A$ FOR OUTPUT AS #1 
PRINT #1, "QED APERTURE SELECTION PROGRAM OUTPUT' 
PRINT #1, "" 
PRINT #1, "FSD'V* ";HASD";" ";HT";" V'SPOT";" ";"FOV" 
PRINT #1, "" 
LOOPING: 

FOR ASD#=.4 TO 1.1 STEP .05 
PRINT #1, "" 
FOR FSD#=.6 TO 2.5 STEP .05 

FINDINGF: 
R1 #=FSD#/(2*TL#):R2#=ASD#/(2*TL#) 
X#= 1 +((I +R2#*R2#)/(R 1 #*R 1 #)) 
ZF#=.5*(X#-SQR(X#*X#-(4*(R2#*R2#)/(R I #*R 1 #)))) 
'ZF=CONFIGURATION FACTOR 

THROUGH: 
'USING: CONFIG. FACTOR = SOLID ANGLE / PI 

A1 #=3.14159*(FSD#/2)A2 'AREA OF FIELD STOP 
PHI#=ZF#*A 1 #*3.141593 'THROUGHPUT 

FOV: 
'FINDS FOV 

XX#=(ASD#/2.)+(FSD#/2.) 
FO#=ATN(XX#/TL#) 'HALF FIELD OF VIEW IN RADIANS 
FOV#=FO#* 180./3.14159 'HALF FIELD OF VIEW IN DEGREES 
RR2#=D#*XX#/TL# 
RR1 #=(FSD#/2) 
RRR#=RR1#+RR2# 'RADIUS OF SPOT ON PANEL 
DDD#= 2*RRR# 'DIAMETER OF SPOT ON PANEL 

DIMS: 
'TRANSVERSE DIMENSION AT FIFTH PHOTODIODE: 

TDIM#=ASD#+(16.8*TAN(FO#)) 
IF TDIM#>1.3 THEN PRINT #1, "TRANSVERSE VIOLATIONM:GOTO LOOPCONT 
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'VERTICAL DIMENSION AT FIFTH PHOTODIODE: 
VDIM#=(ASD#/2+(9.1 *TAN(FO#))) 

IF VDIM#>.65 THEN PRINT #1, "VERTICAL VIOLATION": GOTO LOOPCONT 
'LIMIT ON PANEL SPOT SIZE: 

IF DDD#>6.5 THEN PRINT #1, "SPOT VIOLATION": GOTO LOOPCONT 
'FILTER CLEARANCE: 

DIAMFIL#=FSD#+(TAN(FO#)*6,l) 
IF DIAMFIL#>1.8 THEN PRINT #1, "FILTER VIOLATION":GOTO LOOPCONT 

'WHEEL CLEARANCE: 
WHEEL#=FSD#+(TAN(FO#)*9.6) 
IF WHEEL#>2.3 THEN PRINT #1, "WHEEL VIOLATIONn:GOTO LOOPCONT 

'RUBBER TUBE CLEARANCE: 
TUBE#=FSD#+(TAN(FO#)* 17.8) 
IF TUBE#>3.4 THEN PRINT #1, "TUBE VIOLATION": GOTO LOOPCONT 

'SHUTTER CASING CLEARANCE: 
SHUTTER#=FSD#+(TAN(FO#)*24.4) 
IF SHUTTER#>3.4 THEN PRINT # 1, "SHUTTER VIOL ATlON":GOTO LOOPCONT 

OUTPUT 1: 
PRINT #1, USING "#.##";FSD#; 
PRINT #1, It H. 

» 

PRINT #1, USING "#.##";ASD#; 
PRINT#!, n n. 

PRINT #1, USING -#.###-; 10000*PHI#; 
PRINT #1, H H, 

9 

PRINT #1, USING "#.##M;DDD#; 
PRINT #1, H 

> 

PRINT #1, USING "#.##";FOV# 
NEXT FSD# 

LOOPCONT: 
NEXT ASD# 

CLOSE 
END 

Computer Program 2 

Functon: Calculates the photocurrent out of the QED-200, given a lamp 
irradiance. Can be used to model either lamp or panel viewing 
configurations. Checks physical violations, as discussed in Program l's 
function description. The routine that writes to the output file has 
been reduced due to space limitations. A reverse program was also 
written that calculates the spectral irradiance given a photocurrent. 

CLEAR 
AX-0 
INPUTV: 

' ROUTINE INPUTS THE VARIABLES, HITTING RETURN RETAINS 
' THE PREVIOUS VALUE 

CLS: PRINT "INPUT ROUTINE: ":PRINT 
INPUT "ENTER THE APERTURE STOP DIAMETER (CM) ";ASD1$ 
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IF ASDl$oHH THEN ASD#=VAL(ASDI$) 
INPUT "ENTER THE IRRADIANCE AT THE LAMBDA (MICROWATT/CM A2 NM) 

";E1$ 
IF EI $<>"" THEN E#=VAL(E1$) 
INPUT "ENTER THE FILTER DESIGN WAVELENGTH (NM) ";DWAV$ 
IF DWAVSo"" THEN LAMBDA#=VAL(DWAV$) 
INPUT "ENTER THE FILTER BANDPASS (NM) ";BP1$ 
IF BP1$<>"" THEN BP#=VAL(BPI$) 
INPUT "ENTER THE FILTER TRANSMISSION (TAU) ";T1$ 
IF T !$<>"" THEN T#=VAL(T1$) 
INPUT "ENTER THE DISTANCE FROM PANEL/LAMPTO APERTURE STOP (CM) 

";D1$ 
IF Dl$o"" THEN D#=VAL(D1$) 
INPUT "ENTER THE OUTPUT FILE NAME: ";P$ 
IF P$<>"" THEN A$=P$ 
PANELL: 
INPUT "ARE YOU VIEWING A PANEL (P) OR LAMP (L) ";AAA$ 
IF AAA$="P" OR AAA$="p" THEN FLAG = 1 : GOTO CONTT 
IF AAA$="L" OR AAA$=T THEN FLAG = 0 : GOTO CHECK 

GOTO PANELL 
CONTT: 

INPUT "ENTER THE FIELD STOP DIAMETER (CM) M;FSDI$ 
IF FSDl$o"H THEN FSD#=VAL(FSD1$) 
INPUT "ENTER THE PANEL REFLECTANCE (RHO) M;RI$ 
IF Rl$<>"" THEN R#=VAL(R1$) 
INPUT "ENTER THE TUBE LENGTH (CM) ";TL!$ 
IF TLl$own THEN TL#=VAL(TL1$) 

CHECK: 
CLS 
IF FLAG - I THEN PRINT HYOU ARE VIEWING A PANEL":PRINT 
IF FLAG = 0 THEN PRINT "YOU ARE VIEWING A LAMP":PRINT 

IF FLAG=1 THEN PRINT "TUBE LENGTH (CM): ";TL# 
IF FLAG = 0 THEN PRINT "FIELD STOP DIAMETER (CM): ";FSD# 
PRINT "APERTURE STOP DIAMETER (CM): M;ASD# 
PRINT "SPECTRAL IRRADIANCE (MICROWATTS/(CMA2*NM)): ";E# 
IF FLAG = I THEN PRINT "FANEL REFLECTANCE (RHO): ";R# 
PRINT "FILTER DESIGN WAVELENGTH (NM): ";LAMBDA# 
PRINT "FILTER BANDPASS (NM): ";BP# 
PRINT "FILTER TRANSMISSION (TAU): ";T# 
PRINT "PANEL TO APERTURE STOP (CM) (END OF TUBE): ";D# 
PRINT:PRINT "OUTPUT FILE NAME: ";A$ 
PRINT 
IF AX=1 THEN AX=0: RETURN 
PRINT:PRINT "IS THIS OK?" 

100 JJ$=INKEY$: IF JJ$="N" OR JJ$="n" THEN GOTO INPUTV 
IF JJ$="Y" OR JJ$="y" THEN GOTO CONTINUED 
GOTO 100 

CONTINUED: 
CLS: IF FLAG = 0 THEN GOTO LAMPVIEW 
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FINDINGF: 
R1 #=FSD#/(2*TL#):R2#=ASD#/(2*TL#) 
X#= 1+((1 +R2#»R2#)/(R 1 #*R 1 #)) 
ZF#=.5*(X#-SQR(X#*X#-(4*(R2#*R2#)/(R1#*R1#)))) 
•ZF=CONFIGURATION FACTOR 

FINDINGL: 
REM FINDS RADIANCE FROM THE PANEL, ASSUMES PANEL LAMBERTIAN 
L#=R#*E#/3.14159265 

FILTER: 
'IRRADIANCE WAS SPECTRAL, BANDPASS AND TRANSMISSION USED 
L#=L#*BP#*T# 

LA MP VIEW: 
IF FLAG » 1 THEN GOTO POWER 
PHI# = E#*BP#*T#*3.14159*(ASD#/2) A2 
GOTO RESPONSE 

POWER: 
'CALCULATES THE POWER AT THE DETECTOR 

'USING: CONFIG. FACTOR = SOLID ANGLE / PI 
A1 #=3.14159*(FSD#/2)A2 
PHI#=L#*ZF#* A1 #*3.14159 

THROUGH: 
'CALCULATES THROUGHPUT 
THRU#=ZF#*A 1 #*3.14159 

RESPONSE: 
' CALCULATES THE CURRENT PRODUCED BY THE DETECTOR USING 
' THE DETECTOR RESPONSE AND THE CENTER WAVELENGTH OF THE 
• BANDPASS FILTER 

RESP#=L AMBDA#/1239.5 
'UNITS OF RESPONSE ARE MICROAMPS PER MICROWATT 
DETOUT #=RESP#*PHI# 
'UNITS OF DETECTOR OUTPUT (DETOUT) ARE MICROAMPS 

IF FLAG =0 THEN GOTO VOLTAGE 
AREA: 

' FINDS THE OBSERVED AREA OF THE PANEL 
XX#=(ASD#/2.)+(FSD#/2.) 
FO#=ATN(XX#/TL#) 
FOV#=FO#* 180./3.14159 
'NOW USING THIS FIELD OF VIEW TO FIND THE AREA OBSERVED: 
RR2#=D#*XX#/TL# 
RR1 #=(FSD#/2) 
RRR#=RR1#+RR2# 
' WHERE RRR IS THE RADIUS OF THE OBSERVED AREA 
AREAOBS= 3.14159*RRR#A2 
DDD#= 2*RRR# 
'NOW FINDING THE PERCENT VARIANCE IN THE PANEL IRRADIANCE 
•DUE TO THE COSA3 LAW FALLOFF 
THETTA#=ATN(RRR#/50.) 
V ARI AT #=COS(THETT A#)A 3* 100. 

THETTA#=THETTA#* 180./3.14159 
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'DIMENSIONS: 
'TRANSVERSE DIMENSION AT FIFTH PHOTODIODE: 

TDIM#=ASD#+( 16.8*TAN(FO#)) 
CTDIM#=.7-TDIM#/2 'CLEARANCE ON ONE SIDE ONLY 

'VERTICAL DIMENSION AT FIFTH PHOTODIODE (CRITICAL SIDE ONLY): 
VDIM#=((ASD#/2) + (9.1 *TAN(FO#)))* 1.414 
C VDIM#= IVDIM# 

'FILTER DIMENSION: 
DI AMFIL#=FSD#+(TAN(FO#)*6.1) 
CDI AMFIL#= 1.01 -DIA MFIL#/2 

'WHEEL DIMENSION: 
WHEEL#=FSD#+(TAN(FO#)*9.6) 
CWHEEL#=1.27-WHEEL#/2 

'RUBBER TUBE CLEARANCE: 
TUBE#=FSD#+(TAN(FO#)* 17.8) 
CTUBE#=1.9-TUBE#/2 

'SHUTTER CASING CLEARANCE: 
SHUTTER#=FSD#+(TAN(FO#)*24.4) 
CSHUTTER#=I.9-SHUTTER#/2 

OUTPUT1: 
IF FLAG = 0 THEN GOTO CON NT 
CONNT: 
PRINT #1, " *•* POWER AT THE DETECTOR: 
PRINT #1, USING "##.######";PHI#; 
PRINT #1, " MICROWATTS'1 

PRINT #1, H DETECTOR OUTPUT: 
PRINT #1, USING "###.######";DETOUT#; 
PRINT #1, " MICROAMPS" 
PRINT#I," •; 
IF FLAG = 0 THEN GOTO CONNTT 

CONNTT: 
CLOSE #1 
SCREEN1: 

AX-1: GOSUB CHECK 
IF FLAG = 1 THEN PRINT:PRINT "HALF FIELD OF VIEW (DEGREES): ";FOV# 
IF FLAG = I THEN PRINT "OBSERVED PANEL SPOT DIAMETER (CM): ";DDD# 
IF FLAG = I THEN PRINT "PERCENT FALLOFF OVER SPOT STZE: 

";100.-VARIAT# 
IF FLAG = 1 THEN PRINT "THETA FROM LAMP DUE TO SPOT SIZE: ";THETTA# 
PRINT " *** POWER AT THE DETECTOR: ";PHr#;" MICROWATTS" 
PRINT "DETECTOR OUTPUT: ";DETOUT#;B MICROAMPS" 
IF FLAG - 1 THEN PRINT "TRANSVERSE: ";TDIM#;" VERTICAL: ";VDIM#;B CM" 

PRINT:PRINT "DO YOU WISH TO RUN AGAIN?" 
200 JK$=INKEY$: IF JK$="Y" OR JK$="y" THEN GOTO INPUTV 

IF JK$="N" OR JK$="n" THEN END 
GOTO 200 

END 
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CONTROLLING SOFTWARE 

Table B.l Summary of the calibration facility controlling software algorithm. The code is 
written in C programming language. 

STEP FUNCTION 

A. Initialization 

A1 Initializes HP6625 power supply 
- confirms communications link 
- sets specified reverse bias 

A2 Initializes HP3457A digital multimeter 
- confirms communications link 
- sets integration time and memory size 
- downloads detector and lamp current reading programs 

A3 Initializes Aerotech UNIDEX 11 stage controller 
- moves both stages to home and then starting position 

A4 Opens data file 
- formulates filename 
- writes header to file 

B. Data Taking 

B1 Checks lamp current is within range (+/- 0.001 amps) 

B2 Takes dark reading 1 
- closes shutter, pauses 4 seconds 
- digitizes system time, dt1 

- takes 16 readings 
- uploads last 10 readings 
- opens shutter, pauses 4 seconds 

B3 Takes data reading 
- reads detector temperature 
- digitizes system time 
- takes 16 readings 
- digitizes system time, averaging with previous for tt 

- reads detector temperature, calculates difference from previous 
- uploads last 10 readings 

B4 Takes dark reading 2 
- see step B2 

B5 Checks lamp current is within range (+/- 0.001 amps) 
- repeats last view angle if not, after adjustment 
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STEP FUNCTION 

C. Program Control 

CI Calculates means and standard deviations 
- dark reading 1 mean, dv and standard deviation, dax 

- data reading mean, xr, and standard deviation, ar 

- dark reading 2 mean, d2, and standard deviation, da2 

C2 Checks if any more view angles need to be measured 
- no: moves on to step D 
- yes: repeats step C 

D. Data Reduction (for each view angle) 

D1 Includes DMM uncertainty in standard deviations 
- computes based on range and integration time 
- sums in quadrature 

D2 Computes difference in dark reading times 

dtAm = tdz - idi 

D3 Computes difference in dark readings 
d6\U = d2 -

D4 Computes signal by subtracting time interpolated dark reading 

*. w* - y-
'diff 

D5 Computes signal standard deviation 

tr = <7r + (rftTj + da2)f2 

E. Output 

El Prints to output file 
- for each view angle: 

view angle; signal x; standard deviation err detector temperature; 
change in detector temperature; difference in darks rfdiff 

- panel hemispheric reflectance; wavelength; lamp current; gain 

F. End 

F1 If another wavelength is selected, repeats steps Al, and B1 through El 

F2 Terminates operation 
- returns stages to home positions 
- resets devices, closes data file 
- exits 
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