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PREFACE 

The Pioneer-Venus Science Steering Group held a series of meet

ings during 1971 and 1972. The result of their deliberations was a 

document describing a variety of desirable experiments for investigating 

the planet Venus to be conducted by several entry probes and an orbiter. 

In the Fall of 1972, The University of Arizona received an Announcement 

of Flight Opportunity from the Ames Research Center of the National 

Aeronautics and Space Administration (NASA). Scientists from the Lunar 

and Planetary Laboratory and the Optical Sciences Center of the Univer

sity decided, after lengthy discussion, to propose an experiment to 

measure the deposition of solar flux density in the atmosphere of Venus, 

in order to explain the high surface temperature measured by the Russian 

Venera spacecraft. 

In the Fall of 1973, work began on a conceptual instrument de

sign, with the primary goal of resolving several first-order problems 

and proving the feasibility of the proposed design. The second year of 

work focused on design of a more detailed nature and refinement of the 

basic design. This dissertation documents the efforts of the first two 

years, when the author functioned as the chief instrument designer and 

was responsible for the optical, electronic, mechanical and thermal de

sign and development of the instrument. 

This work has been the product of the efforts of many hands and 

minds. Major contributors have been Dr. Martin Tomasko, Principal Inves

tigator, the late Dr. Arthur Clements, Science Co-Investigator, Project 
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iv 

Engineers Arthur G. DeBell and Charles Blenman, Jr., and co-workers 

Lang Brod, Alan Holmes, Roger Kinnard and Evan Rosen. The Pioneer 

Project Office at NASA/Ames, including Ed Tischler, Layton Yee, Tom 

Wong and Lou Polaski, have been especially helpful, not only in funding 

but in technical support. Special thanks must go to Instrumentation 

Co-Investigator, major professor and advisor Professor William L. Wolfe 

for his enthusiastic support and unerring guidance. I find it difficult 

to adequately express the debt of gratitude I owe my parents, James A. 

and Candace W. Palmer, without whose generous support the entire educa

tional experience would have been impossible. 
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ABSTRACT 

A radiometer for measuring solar flux density as part of the 

1978 Pioneer flight to Venus is described. The results are also given 

of the studies to determine its feasibility and expected performance. 

The experiment will determine where in the Venerian atmosphere the 

absorption of solar radiation takes place so that the extraordinarily 

high surface temperature can be explained. A measurement of the net 

flux density as a function of altitude will permit the calculation of 

the amount of energy absorbed in the various layers. The instrument 

follows a scheme by which the radiation field is sampled in several 

discrete directions, using the probe spin to provide azimuthal sampling. 

Data taken at known angles in elevation and azimuth are numerically 

integrated to yield the net flux. The discrete measurements in azimuth 

also permit assessment of the scattering properties of the atmosphere. 

This dissertation documents the preliminary design and proto

type development of the Solar Flux Radiometer. The program of investi

gation was divided into eight areas: (1) radiometry; (2) input optics; 

(3) detectors and filters; (4) analog electronics; (5) digital electron

ics; (6) logis and control electronics; (7) mechanical, thermal and 

electrical interfaces; and (8) calibration and ground support equipment. 

Each topic was considered in relation to the others, and the investiga

tion was guided by mission-imposed constraints on power, size, weight 

and bit rate. 

xv i 



XVI1 

Theoretical models developed by the science team were used to 

determine the upper and lower bounds of the atmospheric radiance and 

its expected value at each wavelength. The optics consist of five 

channels each with a sapphire window, fused silica equi-convex lens 

and a field stop evaporated on the end of a fused silica light pipe. 

Each pipe transmits the energy to two or three detectors of different 

spectral responsivity. One or two silicon and one germanium photovol

taic detectors per pipe are filtered to achieve uniform spectral re

sponsivity using computer-designed absorption filters. 

The preamplifiers which are used to amplify the small detector 

currents were chosen from two candidates. Since there are twelve, one 

for each detector, special emphasis was placed on low power consumption, 

size, weight and high reliability and stability. The final choice was 

a logarithmic design using matched silicon transistors as the log ele

ment . 

The analog-to-digital conversion system consists of a 16-channel 

multiplexer, a sample-hold and an 11-bit converter. Emphasis was placed 

on low power consumption, system compatibility and speed and accuracy 

consistent with data needs. 

The logic system includes a buffer to store the digital data 

from one sample for transmission at the spacecraft data rate and also 

controls the channel selection of the multiplexer and the timing of the 

sample-hold and A/D converter. A peak detector initiates the timing 

cycle when the solar azimuth is passed. The timing cycle is variable 

and is controlled by the period between adjacent peak detector pulses. 



XVI11 

Numerous mechanical, thermal and electrical interfaces were 

considered, including the method of holding the optical elements in a 

stable alignment while undergoing mechanical and thermal stress. 

Means are provided to control the temperature of the detectors with a 

capsule of a phase-change material. The package housing the electron

ics and the input and output circuitry were also considered. 

The final phase of the experimental program dealt with the 

design and prototype fabrication of the ground support equipment and 

the primary calibrator. A spectroradiometer was assembled and cali

brated for measurements of detector response, filter transmission and 

source spectral distributions. A solar radiation simulator and inte

grating sphere interface was designed. A calibration procedure was 

prepared and the special equipment designed. 



CHAPTER 1 

INTRODUCTION 

In August 1978, the Pioneer Multiprobe spacecraft will be launch

ed for a December encounter with Venus, with the objective of determin

ing the important atmospheric characteristics. Three small probes, a 

large probe and a probe bus all have a full complement of instruments. 

The small probes, which are 43cm diameter pressure vessels with fixed 

heat shields, include instruments for pressure, temperature, net radi

ant flux densities and atmospheric scattering. These three probes ex

plore different portions of the planet simultaneously. The large probe 

is a 78cm diameter pressure vessel carrying a mass spectrometer, a gas 

chromatograph, a cloud particle size spectrometer, a nephelometer, an 

infrared radiometer, a solar flux density radiometer and atmospheric 

pressure and temperature sensors. It has a removable heat shield and 

a parachute to control the first portion of the descent. It is targeted 

for entry near the equator and approximately 20° from the terminator. 

The bus, which supports and later targets and releases the probes, car

ries two mass spectrometers. It is targeted for a shallow entry for 

upper atmospheric measurements, and later burns up in the atmosphere. 

One instrument on the large probe is the Solar Flux Radiometer 

(LSFR), which will be used in the solar flux density experiment under 

the direction of Dr. Martin Tomasko, Principal Investigator, at The Uni

versity of Arizona. The experiment will determine where in the Venerian 
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atmosphere the absorption of solar energy takes place. Two widely di

vergent models have been proposed to explain the high (780K) surface 

temperature of Venus: (1) a greenhouse, wherein the upper layers of 

the atmosphere are transparent to solar radiation and opaque to the 

thermal infrared, and (2) a model in which the energy is transported to 

the surface by convection. A measurement of the net solar flux density 

(upward minus downward) as a function of altitude allows the calculation 

of the amount of energy absorbed in the various layers, thus providing a 

means of distinguishing between the different types of models. 

The initial concept of the instrument was to employ two cosine-

corrected receivers, one at the top and one at the bottom of the probe. 

The difference between the sensor outputs would yield the net flux den

sity directly. This scheme was discarded because the first portion of 

the descent is controlled by a parachute which would intercept some of 

the downward flux density and give erroneous readings. The telemetry 

transmitter was also in the way after the parachute was jettisoned. The 

design evolved to a scheme where the radiation field was inspected in 

several discrete directions, using the probe spin to provide the azimuth 

al sampling. If the data are taken at known angles in elevation and azi 

muth the integral can be reconstructed after receipt of the data. A 

bonus is received using this scheme in that discrete measurements in 

azimuth contain information regarding the scattering phase function of 

the atmosphere. 

The preliminary design and prototype development of the LSFR was 

accomplished in the time period that this dissertation documents. The 

program of investigation was divided into eight distinct areas: (1) the 
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radiometry, (2) the input optics, (3) the detectors, (4) the analog 

electronics, (5) the digital electronics, (6) the logic system, (7) the 

mechanical, thermal and electrical interfaces, and (8) the ground sup

port, including checkout and calibration. Each subsystem was considered 

in depth by itself and in relation to the other subsystems. The entire 

investigation was guided by the mission-imposed constraints on power, 

size, weight, and data transmission rate. 

The theoretical models developed by the science team were used 

to determine the upper and lower bounds of the source radiometric char

acteristics. In addition, the radiance as a function of descent profile 

was constructed to aid in final data analysis. 

The input optical system, which accepts the radiation from the 

target with specified fields-of-view and zenith and azimuth angles and 

transmits it to the detectors, was studied in detail to arrive at an 

optimized design. Several light-pipe configurations were considered. 

The effects of condensates and precipitates on the optics from the 

Venerian atmosphere, and means of controlling these contaminants, were 

studied. Rays were traced, and a cursory aberration analysis performed. 

Provisions for coupling to multiple detectors were studied, and the 

transmission characteristics of the elements measured. 

Various types of silicon detectors responsive in the 400-1000 ym 

wavelength range were studied to determine their applicability. A com

puter program was written to select the appropriate filters to achieve 

a nominally-flat response. A germanium detector for the 1000-2000 ym 

range was chosen from several candidates and a filter chosen to flatten 

its response. Spectral response, linearity and their temperature 
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variations were measured, and optimum operating points were determined. 

The preamplifier needed to amplify the minute detector currents 

underwent close scrutiny. Two candidates, both using operational tech

niques, were studied for their characteristics, particularly over 

temperature. They are auto-ranging current-to-voltage converters and 

log-response amplifiers. Since there are twelve detectors employed, 

special emphasis was placed on low power consumption, size and weight as 

well as simplicity for high reliability. 

Suitable analog-to-digital conversion techniques were studied, 

with the emphasis placed on using commercial off-the-shelf hardware. A 

simple system consisting of a 16-channel analog-to-digital converter was 

chosen over alternative methods. The emphasis was placed on low power 

consumption, system compatibility, and speed and accuracy consistant with 

the data requirements. 

Careful attention was paid to the logic system that controls the 

other elements of the circuit. A buffer is included to store all of the 

digital data in one sample for transmission at the spacecraft data rate. 

The logic system controls the channel selection of the multiplexer as 

well as the timing of the sample-hold and the A/D converter. Since data 

will be taken at specified azimuth locations as the probe spins, a peak 

detector to initiate the timing cycle when the solar point is passed was 

developed. The timing cycle is variable and is controlled by the period 

between adjacent peak detector pulses. Here again, low power consump

tion was emphasized. 

There were numerous mechanical, thermal and electronic interfaces 

to be considered. First, the method of holding the optical elements in 
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a precise and stable alignment while undergoing mechanical and thermal 

stress is paramount to the success of the experiment. Second, a means 

is provided to ensure that the detectors are maintained within reason

able operating temperature limits. A capsule of LiN02°3H20 will main

tain the detectors at a constant 30°C through its high heat of fusion. 

Since the spacecraft can absorb only a limited amount of energy without 

overheating, the instrument was designed such that it does not conduct 

excess heat to the interior. A temperature monitor was designed for 

inclusion in the instrument. Third, the package for the electronics 

' assembly was considered, both mechanically to withstand launch, cruise, 

and the high-g entry phases of the flight, and thermally, to conduct the 

heat generated in the electronics components to the equipment shelf in 

the spacecraft. And finally, the input and output circuits were designed 

to ensure compatability with the circuitry of the spacecraft. 

The final phase of the experimental program dealt with the de

sign and prototype fabrication of the ground support equipment (GSE) 

used to checkout and calibrate the equipment. A basic design layout for 

the entire GSE was made, and some of the specialized portions breadboard-

ed. A spectroradiometer was assembled and calibrated for measurements 

of detector response, filter transmission and source spectral distribu

tion. A solar radiation simulator using a xenon arc and a tungsten 

source, absorption filters and an integrating sphere was designed. The 

final calibration procedure was established, and the necessary special 

equipment designed. All calibrations will take place with NBS-traceable 

lamp standards and with standard solar cells traceable to NASA/JPL. 



CHAPTER 2 

THE EXPERIMENT 

Nomenclature 

Several of the concepts used by atmospheric scientists are not 

found in the working vocabulary of the electro-optical engineer, and 

some terms are in direct conflict. For example, in optics, the term 

used to describe the flow of energy per unit time is flux. However, 

the atmospheric scientist uses flux to denote energy per unit time per 

unit area, which is called flux density by optical engineers. Since 

the instrument is for use by atmospheric scientists, its official 

designation is the Solar Flux Radiometer, or LSFR (the L denotes that 

it is carried on the Large Probe). However, in the narrative, it has 

been replaced by flux density in conformance with accepted nomenclature 

in the electro-optical field. Similarly, the atmospheric scientist 

uses intensity where the electro-optical engineer uses radiance for 

energy per unit time per unit area per unit projected solid angle. 

Radiance is used throughout this work, as intensity is reserved for 

energy per unit time per unit solid angle. 

Several terms used here are frequently found in the atmospheric 

sciences which may not be familiar with those in the optics community. 

They are: 

(1) Albedo--a measure of the amount of sunlight reflected from 

a planet. It is the ratio of the total solar radiant power reflected 

by a planet to the total incident solar energy. 

6 
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by a planet to the total incident solar energy; 

(2) Spherical Albedo--a measure of reflectance: the ratio of 

the quantity of radiant energy reflected in all directions by a diffuse

ly reflecting surface of a sphere to the total amount of incident energy. 

The sphere may be a particle or a planet. Albedo as previously defined 

is identical in concept. A collimated incident beam is assumed. 

(3) Single Scattering Albedo a)0--the reflectance as defined 

above for a single particle. 

(4) Scattering Phase Function--a measure of the angular distri

bution of reflected energy. It is expressed as P(6) where 0 is the 

angle between the incident and the reflected beam. The simplest form 

is P(0) = const, for isotropic scatter. The expression P(Q) a(l+cos20) 

describes the angular distribution of Rayleigh scatter. 

(5) Zenith Angle--the angle with respect to the zenith (normal 

to the surface). The solar zenith 0O is the complement of the solar 

elevation, or the angle above the horizon. 

(6) Azimuth Angle <f>—the angle of rotation about an axis parallel 

to the zenith. The sun is at azimuth <f>0, and the relative angle with 

respect to the sun is <j>-<j>0. 

(7) Optical Depth x--a measure of the amount of scattering and/ 

or absorption in an optical path. It is the product of the amount of 

matter in the path and the absorption or scattering coefficients. The 

total optical depth t is the sum of the scattering optical depth t and 
O 

the absorption optical depth t . The scattering optical depth is also 

the product of the total optical depth x and the single scattering al

bedo a)0. The depletion of a direct beam in an atmosphere with unity 
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total optical depth is e"1. In a conservative atmosphere (to = 1), this 

energy is not absorbed but merely redirected. For high T, there is 

then no direct beam, only scattered radiation. 

The Surface Temperature of Venus 

A great deal of data has been accumulated over the past several 

years concerning the atmosphere of our nearest neighbor, Venus. Ground-

based and balloon measurements from earth have yielded information con

cerning the upper-atmospheric clouds, the bulk atmospheric composition, 

the vertical temperature structure and the existance of a 4-day atmo

spheric circulation. Mariner 2 and 5 fly-by spacecraft flown in 1962 

and 1967 have given additional information on the cloud layers, the 

vertical temperature structure, the exospheric temperature and atmospher

ic turbulence. The Venera 4-8 spacecraft which successfully penetrated 

the atmosphere of Venus on several occasions from 1967 to 1972 gave good 

results on the vertical temperature structure and the bulk atmospheric 

composition. Many questions remain unresolved, however. The surface 

temperature of Venus is extraordinarily hot, about 775K (NASA 1972a, 

1972b) and is extremely dense (-6.5E-02 gm/cc). The albedo of Venus is 

0.76 and with a solar constant of 2588 W-m~2, it absorbs less solar ra

diation than earth. 

Two models have been proposed to explain these phenomena. One 

requires that the solar energy penetrate the upper atmosphere and 

deposit near the surface (the greenhouse model). The other hypothesizes 

an absorption in the upper atmosphere and a dynamic transport mechanism 

(the Goody-Robinson model). 
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Models of the Venus Atmosphere 

The first of these models is a "greenhouse" model (Sagan 1960, 

1962), where the upper levels of the atmosphere are relatively trans

parent to the visible portion of the solar radiation which thus pene

trates to the surface where it is absorbed and converted to heat. If 

the atmosphere is opaque in the thermal infrared beyond about 3 ym, 

this radiation is trapped in the atmosphere and a high surface tempera

ture results from this continuing process. 

Further calculations by Pollack (1969) indicate that an atmo

sphere comprised primarily of CO2 along with several percent H20 would 

produce sufficient opacity in the infrared and transparency in the solar 

region to allow formation of a "greenhouse". Calculations have shown 

(Kalnay de Rivas 1975) that ratios of thermal optical depth T£ to solar 

optical depth xs greater than 200 will produce the observed surface tem

perature. For essentially non-absorbing particles, an optical depth on 

the order of 150 has been predicted for the solar range (Lacis 1975). 

Results from Venera 8 indicate that several percent of the solar flux 

density in the visible spectrum reaches the ground, contributing to the 

validity of the "greenhouse" model. 

By contrast, the Goody-Robinson model (Goody and Robinson 1966) 

proposed that the solar radiation is absorbed at high levels in the at

mosphere, producing a local temperature increase at the subsolar point 

and a consequent horizontal temperature gradient which would drive a 

large-scale circulation, which in turn would convect heat downward to 

the surface. A solar optical depth of greater than 50 in the upper at

mosphere is needed, coupled with absorbing particles. 
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The current consensus seems to be that the best model is the 

"greenhouse" model, based primarily on the amount of solar radiation 

reaching the ground as measured by Venera 8 (K£lnay de Rivas 1975, 

Pollack and Young 1975, Lacis 1975). 

In order to determine which model is most applicable, one must 

determine the net solar flux density as a function of altitude. The 

Venera spacecraft did not accomplish this task, as they were equipped 

only with visible photometers looking upward. The net flux density is 

the difference between the upward and downward flux densities, each of 

which is the integral of the radiance over a hemisphere (2ir steradians) 

and over wavelength through the solar region. Care must be taken to 

exclude the thermal infrared if the deposition of solar flux is desired, 

though data in the thermal infrared is indeed important in the deter

mination of the overall radiation balance. The structure of the upper 

atmosphere clouds is also important in the heat balance of the planet, 

and net flux density measurements as the spacecraft penetrates the 

clouds will be helpful in determining their optical properties. The 

known characteristics of the atmosphere, along with several assumptions, 

are useful in determining an optimum config nation for an instrument to 

measure the optical properties of the clouds. 

Absorption, Scattering and Spectral Characteristics 

The atmospheric structure of Venus is exceedingly complex, with 

the large pressure and temperature gradients and numerous constituents. 

The simplest model, shown in Fig. 1, has a high altitude cloud layer, 



Sun 

Forward-Scattering 
Cloud Layer 

Rayleigh-Scattering 
CO2 Gas Layer 

-;;̂ vT7- Lambert Ground 
(with Reflectance = 0. 

Fig. 1. Simplified Atmospheric Model. 
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extending from approximately 45 to 67 km in altitude, with a gaseous 

region below. Absorption of solar radiation takes place in the cloud 

layer from the aerosols and in the clear space from C02 and H20. Ray-

leigh scattering (possibly conservative) is extensive in the lower 

region as is Mie scatter in the cloud layer. In the lower atmosphere, 

thermal radiation from the hot C02 is significant. 

The composition of the cloud layer is not known in detail, nor 

is the precise location of the base of the layer nor its optical depth. 

Venera 8 data puts the base near 35 km, but other data (Hunten 1975) 

indicate a base nearer 45 to 50 km is more plausible. The composition 

of the clouds is most likely concentrated H2SO4, from polarimetry and 

index of refraction observations (Young 1975). The plot of spherical 

albedo vs. wavelength shown in Fig. 2 (Travis 1975) indicates that ab

sorption occurs in the blue and this is verified by the yellowish cast 

of the planet. The absorber is definitely not I^SO^, H20 or C02 (Young 

1975), but its identity still is unknown. 

There is considerable Rayleigh and Mie scattering in the clouds, 

due to the large abundance of molecules and to the condensation parti

cles of H2S04. Very little azimuthal structure is calculated for opti

cal depths greater than 8, although the variation in zenith distribution 

is still significant. 

There is also absorption in the near infrared taking place in 

the cloud, as is evident from Fig. 3. This curve also indicates that 

the cloud is primarily H2S0tt, but C02 absorption lines are apparent 

even in the uppermost atmospheric regions. 
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In the clear space, the attenuation factors are Rayleigh scat

tering and molecular absorption by the massive amount of hot C02. 

Fig. 4 shows the transmission for two reduced thicknesses of CO2 at 

300K (Plass and Stull 1963). The 100 atm, 750K conditions encountered 

on Venus are more severe than those shown so that the atmosphere can 

be assumed to be totally black for wavelengths longer than about 1200 

nm. The Rayleigh scatter is also considerable for this amount of CO2, 

with an attendant depletion for wavelengths shorter than 600 nm if any 

absorption occurs. 

Curves of the spectral dependence of transmitted solar flux 

density in the Venus atmosphere are shown in Fig. 5 after Lacis (1975). 

These curves show the absorption and scattering effects quite clearly 

in the given spectral range. Unfortunately, similar curves have not 

been constructed for wavelengths longer than 1000 nm, although the CO2 

absorption will allow little penetration. 

Radiance Profiles 

The radiance distribution of the Venerian atmosphere is exceed

ingly complex, even taking into account just the known factors. Since 

little is known, models must be constructed to obtain a reasonable esti

mate of the radiance as a function of zenith angle 0, solar zenith angle 

0Q, relative azimuth angle with respect to the solar azimuth angle 

<j>0 and altitude. For this work, the scope was limited to those values 

useful for defining instrument performance, and more comprehensive data 

may be found in Tomasko, Wolfe and Blenman (1972) and Tomasko et al. 

(1974). 
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The model atmosphere that was chosen to determine the range of 

instrument operation was shown in Figure 1 (Tomasko et al., 1972). 

Level 1 corresponds to the base of the assumed cloud layer with an 

optical depth t = 64. Level 2 is the ground with an assumed reflectance 

of 0.1 and with a total CO2 atmosphere of 510 km-atm. The cloud layer 

was assumed to have relatively large scattering particles, and the re

gion from the cloud-layer base to the ground was assumed to have only 

Rayleigh-scattering particles. The single scattering albedo of the 

particles in the cloud layer was assumed to be 0.997, while two values 

of single scattering albedo were chosen in the Rayleigh-scattering re

gion. They were 1.0 and 0.995, corresponding to totally reflective and 

slightly absorptive particles. The solar zenith angle 0Q used was 68.6 

degrees, corresponding to the targeted landing area on Venus. 

A computer program for radiative transfer in planetary atmo

spheres was prepared and run by the late A. E. Clements (Tomasko et al., 

1972) to determine the radiance of the atmosphere for the above condi

tions as a function of zenith angle and azimuth angle. Table 1 shows 

the calculated radiances at several optical depths in the cloud layer 

for four zenith angles and two azimuth angles. These radiances are 

integrated over the 400 to 2000 nm spectral interval. The detailed com

puter printout showed the results for several spectral bands, and in

dicated that approximately 77% of the radiances shown in Table 1 lie in 

the 400 to 1000 nm interval. 

Table 2 shows radiances calculated in the Rayleigh-scattering 

region below the cloud for the model Levels 1 and 2. Inspection of the 

computer printout showed no azimuthal structure, but some variations 



Table 1. Radiance Distribution in Cloud Layer. 

Zenith (look) Tc= :2 It o
 8 Tc= 32 

angle (deg) <f>-<i)0=:18O cp - <j) o = 18 0 cj)=(j)0 (()-(()0=180 

30.1 .285E-1 .608E-2 .213E-• 1 . 144E-1 . 747E-2 .747E-2 

76.1 „ 123E+0 . 194E-1 .177E-• 1 . 145E-1 .641E-2 .641E-2 

103.9 .338E-1 . 194E-2 .140E-•1 .132E-1 .554E-2 .554E-2 

139.4 .170E-1 .165E-1 .118E-1 . 119E-1 .487E-2 .487E-2 

Table 2. Radiance Distribution in Rayleigh-Scattering Region. 

Wavelength uo = 1.0 coo = .995 

interval (nm) Level 1 Level 2 Level 1 Level 2 

400-450 .207E-3 .769E-6 . 151E-3 .411E-7 

450-500 .226E-3 .129E-5 . 173E-3 .260E-6 

500-600 .383E-3 .387E-5 .318E-3 . 199E-5 

600-700 .276E-3 .517E-5 .249E-3 .406E-5 

700-800 .182E-3 .562E-5 .172E-3 .507E-5 

800-1000 . 192E-3 .105E-4 .187E-3 .101E-4 

1000-1500 .156E-3 .166E-4 .154E-3 . 164E-4 

1500-2000 .451E-4 .743E-5 .448E-4 . 742E-5 

Total 1.93E-3 5.17E-5 1.63E-3 4.53E-5 

400-1000 1.73E-3 2.77E-5 1.43E-3 2.15E-5 

1000-2000 .20E-3 2.40E-5 .20E-3 2.38E-5 
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with zenith angle due to absorption by the ground is apparent. The 

radiation here is thus nearly isotropic, and thus these data are not 

shown here as they were not considered important for the definition of 

instrumental performance. The data presented are for various spectral 

regions. The zenith angle having the maximum radiances at Level 1 were 

chosen for presentation, as were the zenith angle having minimum radi

ance at Level 2. All radiance values are in units of watt cm-2 sr-1 in 

the indicated wavelength range. 

Inspection of Tables 1 and 2 show the range of radiances that an 

instrument must be capable of processing. The radiances at an optical 

depth t = 2 in the cloud layer are assumed to be the maximum values, 

corresponding to an estimated altitude of 68 km, where the parachute is 

scheduled to pull the probe from the aeroshell, permitting the first 

data point to be taken. Level 2 at the ground has somewhat pessimistic 

radiance values in light of the results from Venera 8 photometry. 

Since it is not known whether the Venera 8 instrument functioned proper

ly or not, these values at Level 2 were used to define the minimum ex

pected radiances. The maximum radiance, at t = 2 in the cloud layer 

for a zenith angle of 76.1 degrees and an azimuth angle -<f>0 (the solar 

point) is 0.123 watt cm-2 sr-1, with 0.095 watt cm-2 sr-1 (77%) in the 

400-1000 nm region and the remainder in the region from 1000 to 2000 nm. 

The minimum radiance at Level 2 in the Rayleigh-scattering region with 

single scattering albedo toQ = 0.995 is 2.15 x 10-5 watt cm-2 sr-1 in 

the 400-1000 nm wavelength region and 2.38 x 10~5 watt cm-2 sr-1 in the 

1000-2000 nm region. These figures indicate that a dynamic range ap

proaching 5000 is required from the instrument. A typical profile of 
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radiance as a function of azimuth angle as calculated from the cloud 

models is shown in Figure 6 (Tomasko et al., 1974). 

Measurement Requirements 

The solid curve in Figure 7 is the solar flux density at 1 A.U. 

(astronomical unit, the earth-sun distance). If this curve is multi

plied by the reflectance of Venus (1-A where A is the absorbed energy), 

the result is the dashed curve, which has been normalized to have the 

same maximum value as the solar flux density curve. Further processing 

results in the cumulative distribution of absorbed energy shown in Fig. 

8. This curve shows that an instrument must respond to a wavelength of 

2100 nm to measure 80% of the absorbed energy and to 3200 nm if 90% of 

the energy is to be received. The indication is that the further the 

instrument responds in the infrared, the better the measurement. 

As the probe drops lower in the atmosphere, the thermal emission 

from the hot CO2 will encroach on the solar radiation measurement. 

Fig. 9 shows the upward thermal emission as a function of altitude for 

two spectral regions, roughly corresponding to two different possible 

detector types. The net flux densities are the difference between the 

upward and downward flux densities as a function of altitude in the two 

spectral bands. In order to record the deposition of 90% of the net 

flux density to an accuracy of 1%, the thermal curve must be two orders 

of magnitude below the net flux density curve at the altitude where the 

net flux density is 10% of its maximum value. The application of this 

criterion allows a choice of long-wave cutoff as great as 2.45 ym. 

Other considerations (such as detector-amplifier interface and the high 
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thermal background of the instrument itself) dictate the use of a shorter 

wavelength cutoff. These factors will be described in later sections. 

The net flux density is the difference between the upward and 

downward flux densities, and is typically 0.3 of the average of the 

two. Each must be measured to within 1% to achieve a 3% knowledge of 

the net flux density. This is satisfactory, because the exoatmospheric 

bound is quite accurately known and can be used to adjust a relative 

value. 



CHAPTER 3 

SPACECRAFT CONSTRAP""'" \ND INSTRUMENT APPROACH 

Spacecraft Considerations 

The Solar Flux Radiometer, known hereafter as the LSFR, is one 

of several experiments on the large probe of the Pioneer-Venus Multi-

probe Mission (NASA 1974a). The spacecraft, which will be launched in 

August 1978 by the Atlas/Centaur vehicle, consists of 5 separate pay-

loads: a bus which carries the entry probes and contains several upper 

atmospheric experiments; three small entry probes, which are dispersed 

to gather simultaneous data at several entry points; and a large entry 

probe, containing several significant sounding instruments including 

the LSFR. The spacecraft is launched in an appropriate window and is 

separated from the launch vehicle 35 minutes later. Mid-course correc

tions are made at 5,20 and 100 days after launch. Entry occurs 125 days 

after launch and is defined as 150 km altitude from the surface of Venus. 

Instruments are turned on 22 minutes prior to entry by a timer. The 

large probe uses a separable aeroshell and heat shield, which is jetti

soned at 68 km by the deployment of a parachute. Data taking is initiat

ed at 66 km. When the probe reaches 44 km, the parachute is jettisoned, 

allowing a more rapid descent into the lower atmosphere. Probe descent 

velocities range from 10 to 46 m/sec, and spin vanes drive the probe to 

rotate at rates from 5 to 23 rpm. The last part of the descent is free 

fall, with an estimated impact point 19 degrees into daylight from the 
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morning terminator and at the equator. The descent profile is shown 

in Fig. 10. Figures 11a through 11c show several views of the large 

probe. 

The probe pressure vessel is fabricated from titanium and is 

73.2 cm inside diameter. The internal insulation is 2.5 cm thick fiber

glass, and there are penetrations for optical and electrical access. 

Internal systems are supported on two beryllium instrument shelves. 

An aerodynamic fairing is used to enclose various parts as well as aid 

in providing flight control and stability. The pressure vessel has a 

volume of 0.02 m and encloses the power, data and communication systems 

and 34 kg of scientific instruments. Instruments are mounted to the 

shelves for thermal purposes, and windows (heated to provide contamina

tion control) are provided for optical instruments. 

Electrical power is furnished at 28VDC from silver-zinc primary 

batteries and is distributed through interlocks and fuses. 120 watt-

hours is available for the scientific instruments. Instrument data is 

accepted in either analog or serial digital form. The probe furnishes 

timing and command signals as required by the instruments. 

Shelf-mounted instruments must be capable of operating with shelf 

temperature between -40 and 55°C, whereas externally mounted parts must 

operate between -70 and 500°C. Dissipated power will be removed by con

duction to the instrument shelves up to 120 watts. The probe interior 

is filled initially with dry nitrogen. As the probe descends, the mass 

spectrometer adds helium and the temperature rises due to convective 

coupling with the insulation. Figure 12 shows the various temperatures 
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encountered during the entry phase of the mission (Hennis, 1974). The 

atmosphere, in addition to being hot and dense, contains numerous mater

ials, some of which are hostile. Included are CO2 (>95% of the atmo

sphere), O2 (<.1%), H20 (-1%), N2 and other inert gasses (<2%), CO, HC1, 

HF, CH4, NH3, N2O, HCN, O3, H2S, H2SO4 and several others including 

heavy compounds of Hg (NASA, 1972b; NASA, 1972c). During the entry 

phase, deceleration of about 375g is anticipated. Specific initial 

allocations for a solar flux radiometer, given in Table 3, were derived 

by the committee that chose the complement of instruments for the 

mission (NASA 1972b, 1972c). 
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Table 3. Allocations for LSFR. 

Weight 

Power 

Volume 

4.0 lb 

4.0 IV 

120 in.3 

2.6 bits/sec Data rate 

General Approach 

The primary goal of the experiment is to measure as a function 

of altitude the amount of solar energy absorbed by the atmosphere of 

Venus. The amount of solar energy absorbed within a given atmospheric 

layer is the difference in the net solar flux density entering through 

the top of that layer and the net flux density leaving through the 

bottom of the same layer. The net flux density is given by 

where h is the altitude above the surface, L is the radiance, y is the 
cosine of the zenith angle 0, is the azimuth angle measured from 

the solar azimuth <j>Q, and A is wavelength. This expression can also be 

written as the difference between the local downward and upward hemi

spherical flux densities, or 

,1 2ir 

Fn(h) CD 

Fn(h) = Fd(h) - Fu(h) (2) 

where 

1 27T 

Fd(h) 
1 \ 3 0 1 0 

y L(h}$-§Q JUJAJ <5<j) d\i dX (3) 
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and 

Fu(h) = 
'2ir 

y L(h> 4>-4>o j  y > X) d§ d\i dX (4) 

X -1 o 

and the terms are as before. 

The conventional method of measuring hemispherical flux density 

is to use a sensor with a field of view of 2tt steradians (one hemi

sphere) and an angular response proportional to the cosine of the inci

dence angle (measured from the normal to the sensor). An instrument 

with these characteristics performs both the tj) and y integrals in the 

above equations and is relatively easy to realize. There are four rea

sons that this approach is not feasible for the Pioneer-Venus large 

probe experiment. First, in the upper atmosphere (above 44 km) the 

parachute is deployed and subtends a portion of the total field. Sec

ond, there is no freedom in mounting hemispherical sensors; one must be 

directly on top with the other diametrically opposed on the bottom. 

These locations were not available on the baseline spacecraft design. 

Third, most designs for hemispherical sensors require that the detector 

element be in relatively close proximity with the optical elements. The 

extreme temperatures encountered in this application prohibit this type 

of mounting, since there would be no way to cool the detector elements 

to their desired operating temperatures. Finally, the calibration of 

hemispherical sensors is difficult; the spectral distribution of the 

solar flux density is dependent on zenith angle, so the calibration de

vice must likewise have a graded spectral distribution to achieve an 

accurate calibration. 
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An alternate approach makes use of several discrete detectors, 

each with a relatively narrow field of view and looking in a different 

direction. The integrals in the flux density equations can be evaluated 

on the ground with only a small loss in accuracy over essentially the 

entire range of measurement. The zenith angle data are acquired by 

providing several sensors looking in various zenith directions and the 

azimuth data is provided by sampling as the probe spins. A bonus is 

realized with this scheme as the azimuth sampling provides information 

on the angular scattering properties of the atmospheric particles as 

well. In addition, the use of several individual sensors allows the 

use of detectors having varying spectral responsivities in a somewhat 

simpler fashion than could be obtained with hemispherical sensors. The 

inclusion of even a coarse degree of spectral resolution will aid in the 

determination of the scattering vs. absorptive properties of the atmo

sphere and will aid in achieving the lowest errors in the wavelength 

integral. 

The wavelength integral is performed on board the probe. This is 

achieved by providing detectors whose response is flat with wavelength 

over the wavelength region of interest. This region extends from about 

400nm in the near ultraviolet to about 2000nm in the near infrared and 

encompasses better than 80% of the solar flux density in free space. 

As the probe descends through the atmosphere, the C02 absorbs in the 

long-wave regions and also emits from the pressure-broadened hot gas 

below. The long-wave cutoff must be shifted to a shorter wavelength 

to avoid this thermal radiation as discussed earlier. 
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Inspection of Fig. 6 reveals that a 5° (full angle at half-max) 

field of view is a reasonable compromise bet een resolution and avail

able energy. A narrower field would have a poor signal-to-noise in the 

lower atmosphere while a wider field would not permit an accurate deter

mination of the azimuthal dependence of the solar flux density in the 

upper atmosphere. 

The zenith and azimuth integrals are performed using the Gaus

sian quadrature methods of numerical analysis. Extensive calculations 

have been made (Tomasko et al., 1972; Tomasko et al., 1974) to deter

mine the errors expected with various sensor arrangements and sampling 

plans. For the zenith (y) integral, schemes using four, five and six 

sensors were compared as a function of optical depth for an assumed 

solar zenith angle 0Q = 68.6 degrees). These results, shown in Table 4, 

indicate that a scheme using 5 sensors, three looking upward and two 

looking downward, allows reconstruction of the integral to within 2% 

for all optical depths except in the vicinity of t = 2. Note however 

that the net flux density in the solar region must be monotonic as a 

function of optical depth, as we assume there are no solar-like sources 

within the atmosphere. Then if measurements are taken at optical depths 

less than 2 where the measurements are again accurate, an interpolation 

will circumvent the somewhat larger error at t = 2. Even if no measure

ments are made for smaller optical depths, the knowledge of the solar' 

constant and the albedo of Venus allow calculation of the value for 

t = 0 and a reasonable interpolation can again be made. These results 

were achieved by utilizing sensor locations corresponding to independent 
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upward and downward Gaussian distributions. The Gaussian mesh points 

for optimum integration for a solar zenith angle 0Q = 68.6 degrees are 

shown in Table 5. (Tomasko et al., 1974, Lanczos 1964). 

Table 4. Error in Net Flux Density 
from Different Sampling Schemes 

T 4(5)* 4(2/2) 5(3/2) 6(4/2) 

1/2 -11.6 -11.1 -1.2 -2.9 

1 -14.5 -24.1 -0.8 

(M 0 
(N

J 

! 

2 -1.8 -28.8 +3.6 -1.6 

4 -2.8 -7.1 + 1.7 -0.6 

8 -0.4 + 2.9 -0.1 +0.1 

16 -0.3 1 o
 

• h-
J 

-0.4 1 o
 

1—
' 

32 1 o
 

• h-
» 

-0.5 -0.3 -0.3 

64 +0.3 -0.9 +0.1 -0.2 

*NOTE: 4(5) denotes four detectors in zenith angle at mesh 
points of five point Gaussian quadrature on interval -1 < y < 1 
except at p = 0, For other columns, the number outside the 
brackets indicates total number of detectors, with the first 
numbers inside the brackets giving the number of Gaussian mesh 
points on the interval 0 < y < 1 (looking upward) and the 
second giving the number on the interval -1 < y < 0 (looking 
downward). Solar zenith angle - 68.6°« 

Table 5. Zenith Angles Selected. 

Sensor 
Zenith angle 0 

(deg) 

1 27.46 

2 60.00 

3 83.53 

4 102.20 

5 142.06 
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The analysis for errors in this scheme corresponding to the actual 

entry point will be made in the post-flight analysis. 

Similarly, for the azimuth integral, data is taken at fixed 

angles referred to the solar azimuth. The errors encountered using the 

models presented earlier for the five selected zenith angles and for an 

optical depth x = 1 (the worst case) are shown in Table 6. As can be 

seen, using only 2 data samples per revolution enables computation of 

Table 6. Errors in Approximating Azimuth Integral 
by Gaussian Quadrature at r = 1. 

n 0=30.1 6=60 0=82.2 6=103.9 0=139.4 

1 75.08 19% 59% 47% 19% 5.0% 

2 25.00 20 0% 2„6% 0.1% 0.5% 0.8% 

118.80 

3 12.16 0.1% 2.1% 0.1% 0.03% 0.003% 

60.98 

137.05 

the integral to better than 3%. This is due in part to the symmetry of 

the integral around the solar azimuth, allowing two samples to be equiv

alent of four over the interval 0 to 2ir. In the interest of providing 

as much resolution in altitude in the upper atmosphere, the azimuth 

sampling scheme shown in Table 7 was adopted. In the lower atmosphere, 

there is no azimuthal dependence of the flux density, so sampling can 

be done as often as the data rate permits. 
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Table 7. Azimuth Sampling Scheme. 

Detector Spectral Zenith Azimuth angle 

I.D. response angle 12.16 25.00 60.98 118.80 137.05 

60.0 XX X 

27.S X X 

8 3 . 5  X X 

102.2 X X 

142.1 X X 

VIS = "visible" (400-1000 nm); IR = infrared (1000-2000 nm); 
NB = narrowband (550-570 nm) 

Detailed Requirements 

Three volumes of specifications totaling 154 pages have been 

generated that apply directly to the LSFR, its ground support equipment, 

its calibration and the spacecraft interfaces (NASA 1974a, 1974b, 1974c). 

Some of the specifications are generalized to apply to all instruments 

and the spacecraft and were provided by NASA early in the program. The 

remainder were generated by The University of Arizona, NASA and the 

spacecraft contractor during the study phase. Most of the: ave 

evolved through several iterations. A few important specifications, 

particularly in the area of detailed spacecraft interfaces, have not 

been defined, as the design is still evolving. Selected requirements 

are given in Appendix A. 

1 
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CHAPTER 4 

BRIEF INSTRUMENT DESCRIPTION 

This section describes the general features of the LSFR and 

associated equipment which was designed to meet the detailed require

ments in Chapter 3. A full description of the development leading to 

the various choices will follow in subsequent chapters. A diagram show

ing the location of the major components of the instrument is shown in 

Fig. 13. The instrument has two distinct parts, an optics head which 

is attached to the spacecraft pressure vessel, and an electronics pack

age which is located on the forward instrument shelf and is connected 

to the optics package by a cable. 

Radiation from the Venerian atmosphere passes through heated 

sapphire windows, which are brazed into tubes fitted to the outer seal 

assembly. These tubes provide for thermal decoupling to minimize the 

electrical power needed for window heating. The primary seal for the 

100 atm external pressure takes place at these windows, which maintain 

their transparency and integrity when subjected to the 500°C temperature 

encountered in the presence of the known atmospheric constituents. The 

spacecraft contractor now has the design and fabrication responsibility 

for the window assembly, although extensive earlier work proved their 

feasibility and laid the groundwork for the current design. 

35 
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OPTICAL HEAD 

ELECTRONICS PACKAGE 

LOWER INSTRUMENT SHELF 

PRESSURE VESSEL 

Fig. 13. Radiometer Configuration. 
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The internal optics are fabricated from fused silica. Five 

lenses are fitted, each with a focal length of 11.4 mm and a clear ap

erture of 3 mm. Located at the focal points of the lenses are five 

quartz light pipes, each 2 mm in diameter and approximately 70 mm in 

length. A field stop 1 mm in diameter is placed over the end of each 

light pipe to define a 5 degree half-angle field of view. The geomet

ric arrangement of the lenses, light pipes and field stops were selected 

to provide the specified "look" angles. The receiving ends of the light 

pipes are optically worked with bevels to align the optical axis of 

each pipe with its mechanical axis and to provide a surface normal to 

the lens axis on which to place a circular field stop. Thin metal 

baffles prevent adjacent-pipe crosstalk. 

The detector assembly consists of the detectors, the filters, 

and the mount for the detectors and filters. In view of the wide vari

ation in source radiance, photovoltaic detectors which are linear over 

several orders of magnitude were chosen. Because of the weight and 

power restrictions, only detectors which will operate satisfactorily 

at temperatures less than 50°C were chosen. Silicon and germanium de

tectors are satisfactory in this application, although the low shunt 

resistance of the Ge detectors causes some problems in the subsequent 

electronic^ Glass absorption filters have been designed to adjust 

the spectral responsivity of the detectors such that they are nominally 

flat. Interference filters are used to define the cut-off wavelength 

for the germanium detector. The filters are coupled directly to the 

heat sink and are adjacent to the detectors. 
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The detector array consists of two detector chips with one 

silicon and one germanium, fabricated using thick-film hybrid circuit 

technology into a 16-pin ceramic integrated circuit dual in-line pack

age. A transistor chip which functions as a temperature monitor for 

post-flight determination of detector temperatures is mounted in the 

same package. Baffles are included here as well, again to attenuate 

crosstalk. 

Mechanically, the entire optics head is attached by means of a 

flange to the pressure vessel. The heat loading, not only from the 

pressure vessel but also from the insulation retainer, is rather large. 

To keep the detector temperature at a reasonable level, the detector 

package is thermally coupled to an insulated capsule of a phase-change 

material located on the rear of the optical head. This phase-change 

material is LiN03°3H20 with a melting point of 30°C and a heat of 

fusion of 70.7 cal/gm. The detector package is thermally decoupled 

from the remainder of the optical head consistent with the necessary 

structure to survive the 469g qualification test acceleration and main

tain satisfactory alignment. 

Figure 14 shows a block diagram of the electronics portion of 

the ARIZ/LSFR, The electronics are divided into three separate sub

sections: (1) the analog preamplifiers, thermometers and calibration 

circuits; (2) the data circuits, including the analog multiplexer, the 

sample-hold, the analog-digital converter and the data buffer; and (3) 

the logic, control and power electronics, including the clock, timing, 

peak detector, control and switching circuits and the power supply. 
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Fig„ 14. Electronics Block Diagram. 
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The analog preamplifiers have a transfer function given by the 

equation 

e0 = -K logiQ ~~ . (5) 
ref  

K is selected such that the six orders of magnitude of input voltage 

are spread over an output range of about 18 volts, and Iref is chosen 

to be in the middle of the anticipated range of Therefore as I^n 

varies from 10~9 to 10~3 amps, with Ipej? selected to be 10~5 amps, eQ 

will vary from + 9 to - 9 volts. The preamplifier is designed to en

sure that each photovoltaic detector has a dc bias level of essentially 

0 volts such that their linearity over a wide range of input currents 

is maximized. The bandwidth of the preamplifier will be adjusted so 

that noise is minimized in the lower atmosphere and so that the azi-
muthal variation in signal can be tracked to within 0.1% in the upper 

atmosphere. Two thermometers utilize silicon transistor sensors and 

measure the temperature of the detector package and the critical area 

of the electronics package. Their outputs are analog voltages and are 

transmitted directly to the spacecraft data processing unit. The cali

brator circuit, used for in-flight checkout, injects a known current 

somewhere in the middle of the expected range of input currents, or 

approximately 10-6 amps, into each preamplifier. 

The data electronics sample the analog preamplifier outputs, 

convert them to digital format and store and transmit the digital data 

to the spacecraft data processing unit. The analog multiplex assembly 

has 16 binary-addressed channels and is constructed using low-power 

CMOS circuits. The mutiplexer is followed by a sample-and-hold 
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amplifier to track the time-varying signal until the proper azimuth 

angle is reached and then hold the signal until the converter has 

finished digitizing the signal. The sample-and-hold also allows multi

plexer change of address while the converter is functioning. The ana

log-digital (A/D) converter is a low-power successive-approximation 

design using CMOS hardware. The data buffer is an asynchronous first-

in, first-out (FIFO) register with a capability of 544 bits. It allows 

loading at the rate governed by the serial output clock of the A/D con

verter and dumping at the rate of the spacecraft clock. 

The remaining circuits are logic, control and power. The power 

supply is a high-efficiency DC-DC converter using switching regulators 

to provide balanced and tracking ± 15 V DC from the spacecraft 28 V DC 

power bus. It also includes the on-off logic and full isolation. The 

digital multiplexer selects the data to be loaded into the FIFO buffer 

from either the A/D converter or the logic assembly to properly inter

sperse sync and identification signals with the data. The peak detec

tor is an analog and digital device. Analog signals from three ampli

fier outputs are differentiated and the zero-crossing is detected. 

Digital shaping is then applied to produce a pulse at each peak. A 

coincidence circuit then determines if the peak was true or false. A 

false peak may be due to noise in the electronics or a bright patch in 

the cloud deck. Two simultaneous peaks will occur if the sun is the 

source. 

The peak detector is used to control the azimuth sampling logic. 

The number of clock pulses counted between adjacent peaks is divided 

into fractions corresponding to the angles desired. The output from 
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this divider is applied to the control line of the sample-and-hold 

circuit to "freeze" the data at the desired angle. The spin rate is 

updated every revolution of the probe. In the lower atmosphere where 

the solar peaks no longer occur, this circuitry is disabled and data 

are taken at a regular rate. The remainder of the electronics control 

the A/D converter, the FIFO buffer, the multiplex address sequencing 

and the sync and identification signals, as well as providing the in

terface levels required by the spacecraft. 

The calibration of the LSFR, which will be done both at The 

University of Arizona and the spacecraft contractor's facility, falls 

into two categories: angular and radiometric. The relative angular 

calibration uses a goniometer to measure fields of view of each channel 

and the acceptance angles of each channel from a common reference. A 

check of this alignment over temperature is also done to aid in post-

flight data reduction. The absolute angular calibration is done after 

the radiometer head is integrated with the spacecraft and uses the com

mon reference, a small optically-flat area on the head visible through 

a window from the outside of the spacecraft. A measurement done with 

a laser autocollimator determines the relation of the reference flat 

to the spin axis of the spacecraft. The effect of window wedge and 

tilt are also done at this time. 

The radiometric calibration will be performed on the optical 

head prior to spacecraft integration. The windows will be previously 

certified for transmission by the spacecraft contractor to enable their 

effect to be determined. A solar radiation simulator, consisting of 
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filtered xenon and tungsten lamps, attenuators and a diffuse integrat

ing sphere, is used to irradiate the detectors. This will approximate

ly simulate the Venus atmosphere both spectrally and spatially. The 

filters can be changed to alter the spectral distribution so that space 

sunlight, sunlight depleted by scattering and sunlight depleted by C02 

absorption can all be achieved. Calibration of this source will be 

done using an NBS high-accuracy standard of spectral irradiance, a 

quartz-prism double monochromator and a NASA-JPL balloon flight trace

able standard silicon solar cell. The use of this solar cell frees 

us from a detailed knowledge of the absolute solar spectral irradiance. 

Ground-support equipment (GSE) is an integral part of this work. 

This instrumentation is designed to: 

(1) provide means for powering and operating the scientific 

instrument in all its modes and operating conditions for lab testing; 

(2) provide accurate simulation of the Pioneer Spacecraft as 

to power and signal interface, providing realistic signal characteris

tics for timing, gating, command, and status inputs, including rise 

times, fall times, pulse duration, overshoot and undershoot; 

(3) stimulate the scientific instrument either directly at 

the sensor or by means of electronic simulation applied to the instru

ment's processing circuitry, to duplicate to the extent possible the 

physical phenomena to be encountered and detected or measured in flight; 

(4) provide means for interrogating the scientific instrument 

during lab tests by performing the readout functions of the spacecraft's 

telemetry system; 
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(5) provide convenient means for observing and for recording 

instrument output during lab tests; 

(6) provide other exercise, operational and test capabilities 

as required to check out and evaluate performance of the instrument; 

and 

(7) provide self-test capability to permit quick evaluation 

of GSE status. 



CHAPTER 5 

OPTICS 

Requirements Review 

The optical system is required to sample the radiation field at 

five discrete zenith angles: 27.46°, 60.00°, 83.53°, 102.20°, and 

142.06°, all ±0.5°. The field of view is nominally Gaussian with a 

full-field at half-max of 5 degrees ±20%. The transmission of the opti

cal system shall be maximized and shall be spectrally flat between 400 

and 2000 nm. All five fields of view shall be in a plane containing the 

probe axis. Baffling shall be provided to minimize stray radiation and 

adjacent channel interference. The system shall be as small, light and 

simple in design as possible consistent with the performance requirements 

and system cost, and shall survive the descent without significant deg

radation 

Comparison of Schemes 

The initial concept for achieving the specified field of view 

and viewing angles involved the use of five sapphire light pipes bent 

such that their input axes were coincident with the appropriate viewing 

angles. The configuration is shown in Fig. 15. The detector is located 

at the transmitting end of the light pipe as shown in Fig. 16, such that 

its diameter subtends a 5° angle from the end of the pipe. 

45 
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27.5° 

60 

83.5 
Detectors 

1 0 2 . 2  

142.1 

Fig. 15. Initial Light Pipe Concept. 

J/. /% 

I Det 

Fig. 16. Light Pipe-Detector Arrangement. 

An experiment was conducted to study the concept rather than 

employing skew ray tracing. The arrangement used is shown in Fig. 17. 

The source used was a microscope illuminator mounted behind a variable 

iris diaphragm, which was approximately 600 mm from the center of a 

calibrated turntable. The optical element under test was placed direct

ly over the center of rotation. A silicon detector was coupled to the 

end of the light pipe with a small adaptor, and the detector signal was 
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Rotation Transducer 

Device Under Test 

Source 
Aperture 

Turntable 
Preamplifier 

Fig. 17. Experimental Arrangement. 

fed to an operational amplifier operating in the current-to-voltage con

verter mode and then to the y-axis of an X-Y recorder. A batrery and 

potentiometer coupled to the turntable provided an x-axis signal propor

tional to rotation. 

24° bend some 30 mm behind the receiving end is shown in Fig. 18. This 

characteristic shows four distinct peaks with the 50% points subtending 

an angle of 66°. All but 10% of the energy is contained within 75°, and 

a certain symmetry around the center is noted. This characteristic is 

totally unacceptable. The behavior is partially explained by tracing a 

meridional ray through a light pipe as shown in Fig. 19. Inspection of 

the light pattern behind the light pipe when the detector was removed 

showed a circular pattern, and the origin is apparent when skew rays are 

considered, but the details are not explained. 

results are shown in Fig. 20. The four peaks are again evident, and the 

50% points subtend an angle of about 10 degrees. All but 10% of the 

The angular acceptance characteristics of a light pipe with a 

The next test was performed on a straight light pipe, and the 
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Fig. 18. Angular Acceptance Characteristics—Bent Pipe. 

Fig. 19. Ray Trace—Bent Pipe. 
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energy is contained within 33°. Again a circular pattern due to the 

skew rays was observed with the detector removed. While superior to 

the bent light pipe, this is still unacceptable. 

a. 
r> 
o 
UJ 

Ui 

-30 

DEGREES 

Fig. 20. Angular Acceptance Characteristics—Straight Pipe. 

If a lens is added to the system such that the receiving end of 

the light pipe is located at the focal point of the lens and a field stop 

is placed over the receiving end of the light pipe to define the field 

of view, the curve shown in Fig. 21 is obtained. With a nominal 5° field 

stop, a width at half-max of 3.16° was measured, with 90% of the energy 

falling in a range of 8°. The curve is quasi-Gaussian, and can reason

ably be presented as a Gaussian in the energy deposition programs. 
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Fig. 21. Lens/Pipe Angular Acceptance Characteristics. 

In choosing this lens/light pipe scheme, several tradeoffs were 

made. The size and weight of the optical head is greater when using an 

additional lens. Since the budget can tolerate a reasonable volume and 

weight in the head, the lenses can be made larger than straight or bent 

rods to increase the radiometric input to the detectors. In view of 

the higher radiometric input and the well-defined field of view, the 

lens/light pipe scheme is the clear choice. 
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Lenses and Light Pipes 

The lenses were designed to provide a 5° full-field at half-

maximum with a reasonably large clear aperture to maximize the signals 

from the detectors. The focal length f of the lens is given by 
•p - d/2 
1 " tan (0/2) 1 J 

where d is the field stop diameter and 0 is the full field angle. The 

field stop diameter was arbitrarily chosen to be 1 mm, so that f = 11.45 
mm. An overall diameter of 5 mm was chosen for the lens, the largest 

diameter that will allow sufficient material between adjacent lenses. 

If a 1 mm seat width is used, then a clear aperture of 3 mm is achieved. 

The focal ratio F, the ratio of the focal length to the diameter, is 3.8. 

The angular blur for a lens with spherical surfaces bent for min

imum spherical aberration with an index of refraction n = 1.45 is approx
imately 1.5*10"3 rad (Smith 1965). By contrast, the diameter of the 

Airy disc for a diffraction-limited F = 3.8 system at X = 1 ym using the 

equation Z. - 2.44AF is .0093 mm compared to the blur circle of .017 mm. 
This calculation demonstrates that the contribution of spherical aber

ration is small, and that additional spherical aberration introduced by 

utilizing different bending can be tolerated. To simplify both manufac

ture and assembly, an equi-convex lens bending was chosen. 

A thin lens calculation for the radius of curvature using 

R = 2(n-1) f (7) 

gave a radius of 10.3 mm. Several thicknesses were added to locate a 
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lens with sufficient edge thickness to withstand manufacturing and mount

ing stresses. The results, along with the calculated back focal dis

tances (bfd) are shown in Table 8. The value of 0.86 mm was chosen as 

this E corresponded to a readily available test plate. 

Table 8. Lens Characteristics. 

t(mm) R(mm) bfd(mm) t edge (mm) 

0 10.305 11.45 

0.5 10.227 11.276 neg 

1 10.147 11.100 0,38 

1.5 10.067 10.927 0.88 

2 9.985 10.738 1.38 

2.5 9.901 10.553 1.88 

3 9.816 10.364 2.38 

1.86 10,0076 10.790 1.24 

The Rayleigh depth of focus is ±2A(F)2. For F = 3.8 and A = .001 

mm, the maximum defocus is ±0.29 mm, and the corresponding change in 

power A<j> (<j> = 1//) is then .00022. 

The tolerance on thickness corresponding to the Rayleigh limit, 

is determined using 

, 2 (n-1) (n-l)2t 
* " — nE2 C8) 

= fo-1)2 

nR2 • 

For E = 10 mm and n - 1.45, = .0014. Then using the A<f> calculated 
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above for d$, dt = +°q q i^ = ±.158 mm. Similarly, solving for , 

it - 2(n-l) ( (n-l)t \ dR ~ r2 \ nR ) C10J 

• rlA\ 
and using the above parameters with t = 1.86, = 0.0085. Then dR = 
00022 
— V." v- = ±.026 mm. The surface characteristics of the lens are not 
±.0085 

critical as the lens is located in a pupil plane rather than an image 

plane. A satisfactory lens specification is: 

n = 1.45 

R = 10.008 ±.026 mm 

t = 1.86 ±.16 mm 

clear aperture = 3 mm 

surface finish <. 1 jjm r.m.s. 

The optical axis between the lens and the light pipe is not co

axial with the optical axis between the light pipe and the detector. If 

the ends of straight pipes are normal to the axis of the pipe, the field 

stops must be made elliptical, and the rays traversing the pipes are in

cident on the walls at a small angle to the local normal, with attendant 

losses and a longer optical path. The pipes can be bent, but this is 

not only a difficult operation but increases the overall size of the 

optical head. The chosen solution is to facet the ends of the light 

pipes such that the receiving surface is normal to the lens-light pipe 

optical axis. This allows circular field stops and a compact arrange

ment. These angles, measured with respect to the light pipe axis, are 

73.5, 41, 17.5, 1.2 and 41.1 degrees for the five light pipes. The 

intermediate angles, 1.2 and 17.5 degrees, do not force extreme angles 
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within the pipes and the path length is not noticeably increased. 

These pipes can simply be faceted such that their ends are normal to 

the incoming axial ray. The other three have the problem of steep an

gles and sharply increased paths when the normal faceting is done. If, 

however, an additional facet is placed on the other side of the pipe 

from the incoming facet, the axis can be deviated by total internal re

flection straight down the pipe. This faceting is not critical, and the 

second and fifth pipe can be treated identically. The four pipe config

urations are shown in Fig. 22. Note that the angles given in the above 

list are offset 11.0 degrees from the specified zenith angles. This 

offset is due to the location of the LSFR optical head in the space

craft, 11.0 degrees below the equator. 

A test was conducted using the apparatus described in the pre

vious section to determine if the aneular acceptance characteristics 

were modified with a faceted pipe. A 2 mm diameter Pyrex light pipe 

was faceted at 45° and a 1 mm diameter field stop was placed over the 

receiving end of the pipe. Fig. 23 shows that the angular acceptance 

characteristics are essentially the same as the results previously ob

tained. The small side lobes are due to reflections in the test fixture 

and will not occur in the finished LSFR. 

Two additional tests that were conducted are documented in Fig. 

24. Curve A is a conventional lens-pipe angular acceptance character

istic. If a small (0.5 mm) gap is introduced between two pipes in 

series, curve B is obtained. This is simply a scaled version of curve 

A, showing a loss in light but no geometry change. Curve C shows the 
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results of a crosstalk test. A second pipe was fastened adjacent to 

the irradiated pipe with Scotch transparent tape such that the pipes 

were in line contact for 77 mm. 

25mm 

1 6 . 1 6  

36.92 

Pipe #1 

. 4mm 
48.92 

Pipe #2 
Pipe #5 

72.53° Pipe #3 

8 8 . 8  

1mm 
Pipe #4 

Fig. 22. Pipe End Configurations. 
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Fig. 23. Angular Acceptance Characteristics—Bevelled Pipe. 

With this mutual coupling, a light transfer of less than 1% was observed. 

This degree of coupling is far in excess of any conceivable in the 

LSFR, and it is estimated that the actual crosstalk rejection will be 

in excess of 4 decades (80 db). 

A cross-sectional view of the optics assembly through the detec

tor is shown in Fig. 25. The lenses are held against the machined seat 
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Fig. 24. Angular Acceptance Characteristics—Gap and Crosstalk. 
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Fig. 25. Assembly Dxawing--LSFR Optical Head. 
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with a threaded retainer and a wave washer. This fastening scheme was 

chosen to allow for differential thermal expansion and for ease in as

sembly and disassembly. The light pipes are bonded into the top light 

pipe support plate with a ceramic adhesive (Sermetel PBX). The light 

pipes are aluminized in this area to prevent light losses. The exit 

ends of the light pipes are constrained by the lower light pipe support 

plate, but no adhesive is used to allow axial motion due to differen

tial thermal expansion. The light pipes extend slightly into recesses 

in the filter mounting block to suppress crosstalk due to reflections. 

The mounting of the filters and detectors is described in the next chap

ter. 

Materials for Windows, Light Pipes and Lenses 

The choice of materials for the LSFR optical elements is depen

dent upon a number of factors, and these factors are different for each 

element. The windows must be able to withstand a pressure difference 

of 106 kg-m-2 at a temperature of 800K without excessive size, weight 

or flexure; they must not change their transmissive properties upon ex

posure to the various corrosive constituents of the Venus atmosphere 

(including H2SO4, HC1, HF, etc); they must be optically transparent to 

wavelengths between 0.4 and 2.0 vim, and must have a relatively high 

thermal conductivity to minimize strain induced by the external heating 

needed to prevent condensation. Secondary considerations included 

availability in the sizes required, cost, ease of working to prescribed 

specifications, thermal expansion compatible with supporting materials, 

no fluorescence and a moderate-to-low index of refraction to minimize 
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reflection losses. Table 9 shows comparative properties of several 

candidate materials (Wolfe 1965). 

The window material chosen is an ultraviolet-grade (Linde CZ) 

sapphire, as it is as resistant to the assumed atmospheric constituents 

as any tabulated material and meets or exceeds all of the other require

ments as well. 

The lens material is not particularly critical. It should not 

appreciably change its figure with temperature and should be transmissive 

over the wavelength range of interest. It should be free of fluorescence, 

relatively low in cost, available and workable. Corning 7940-UV grade 

fused silica was chosen as it meets all requirements and is quantitative

ly better than the other materials with no serious deficiencies. 

The light pipes must have essentially a zero absorption over 

their length (~7cm) over the spectral range of interest and must have 

low thermal conductivity to maximize thermal isolation between the hot 

areas and the detectors. They should have a high index of refraction 

for maximum signal retention due to internal reflection, a moderate 

coefficient of expansion to match the expansion of the metallic hous

ing, should be readily available at modest cost and be easily worked. 

They must also have high strength to maintain their integrity during 

the high "g" entry phase with a minimum of support, and must not flu

oresce. In spite of its low index of refraction, fused silica was 

chosen because of its availability at reasonable cost and low thermal 

conductivity. 

The possibility of losses due to reflection losses can be les

sened with a coating of a material with lower index, such as MgF2 (n = 



Table 9. Properties of Optical Materials. 

Property 

Transmission range (>80% internal) 

Strength Youngs modulus (10s psi) 

Melting (or softening) 
point (°C) 

Chemical resistance 

Thermal conductivity 
(10-Lf cal-sec_1-cm~2) 

Availability 

Cost 

Workability 

Thermal expansion (10~6 era/cm) 

Index of refraction (1 ym) 

Fluorescence 

Fused 
silica 
SiO? 

Sapphire 
MgO Spinel 

Strontium Titanium 
titanate dioxide Diamond 

0.3-2.6 -- — -- -- — 0.2-2 

10.6 50 36.1 — -- — 100 

1710 2030 2800 2045 2080 1825 3500 

Fair Good Good Good — — Very gocd 

28.2 575 600 330 — 255 4000 

Good Good Fair Poor Poor Poor Fair 

Low Low Med. High High High Very high 

Very good Fair Good Good 9.4 Good Poor 

0.5 5.8 13.8 5.9 — 8.2 1.05 

1.450 1.756 1.723 1.74 2.316 2.45 2.4 

No No — — - - — — 
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1.38). In an unbaffled area, however, it is more important to elimi

nate crosstalk than gain maximum efficiency. Hence the pipes are coated 

with an evaporated A1 film. This film has high reflectance with only 

a minor dip near 0.8 ym, particularly at grazing angles, and is not 

measurably transmissive in a moderate (< 10 ym) thickness. 

There are several possible methods for treatment of the trans

mitting ends of the light pipes to maximize the radiation into the 

detectors. Bifurcation or even trifurcation will yield the most effi

ciency, but it is difficult to fabricate on this small scale. The use 

of fused fiber optics with small diameter fibers was considered and 

discarded because of the difficulty in manufacture and the need for 

proper scrambling of the fibers such that each detector views the same 

target area. Since the detectors are mounted adjacent to each other, 

as described in the next chapter, the possibility of elongating the 

cross-section of the transmitting end to achieve better detector cover

age was considered. Fig. 26 shows various cross-sections achievable by 

flattening the end of a pipe while it is heated; the cross-section 

remains constant. Using the detector layout shown in Fig. 46, calcula

tions were made to determine the amount of increased coverage that could 

be expected, and the percentage increase over a 2 mm diameter round 

light pipe is shown in Fig. 26. The gains are not considered sufficient 

to warrant the additional labor and tooling required to alter the light 

pipe ends and install them in the optical head. 
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1.50 mm 1.25 mm 1.0 mm 

-\ t 

J  (  ° - 7 5 m m -  J  

r "T 
7.8% 11.8% 15.8% 19.6% 

Fig. 26. Flattened Light Pipe Ends. 

Losses from Reflection, 
Transmission and Degradation 

Losses in the optical system can occur from three factors; ab

sorption in the optical elements, surface reflections, and environmental 

degradations. In this design, the reflection losses are the most sig

nificant . 

Absorption can occur in the AI2O3 windows, the Si02 lenses and 

light pipes and the glass absorption filters. The glass filters have 

been optimized for high transmission consistent with the desired spectral 

characteristics. The AI2O3 (Linde CZ) used for the windows has negli

gible absorption in the thickness used (In™)• Similarly the Si02 (Cor

ning 7940 UV) in the lenses has no measurable absorption for this thick

ness. The Si02 (Suprasil) used for the light pipes has a very small 

(<0.01cm-1) absorption coefficient. The effective length of the light 

pipe d is 

d = L(1 - — sin 2e (11) n e 
where L is the actual length, d is the effective length, 0£ is the ex

treme angle, n\ = 1.45 and n - 1. The extreme angle can be visualized 
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from Fig. 27 

C.A. 

3 mm 

Fig. 27. Extreme Light Pipe Angle. 

and is equal to tan-1 (• 
1.5 + .5 
11.4 

-) = 9.95 degrees. Therefore the effec

tive length is 51.12 mm, or 2.2% greater than the nominal length of 

50 mm. The transmission (neglecting reflection losses) for an absorp

tion coefficient of .01 cm-1 and a length of 51.12 mm is 0.95. The 

maximum loss due to absorption in the sapphire and quartz elements is 

thus 5%. 

The reflection from a single surface in air at normal incidence 

is given by 

and for quartz (n = 1.45) is 0.034, for sapphire (n = 1.75) is 0.074, 

for filter glass (n ~ 1.52) is about 0.043, for germanium (n = 4) is 
0.360 and for silicon (n - 3.4) is 0.298. The system responsivity cal

culations have used detector D* values that include the reflection los

ses, so these need not be considered further for the germanium detector. 

The silicon detectors have a layer of glass (n = 1.52) carrying the 

narrow-band filters, and the resultant reflection loss is reduced some

what to 0.189. This gives a gain in responsivity of (l-.189)/(l-.298) 

or 15.5% for the silicon detectors. An additional reflection loss 

P (12)  
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arises from the reflections at the sides of the light pipes. This is 

a difficult factor to determine. Where there is only a gas in contact 

with the light pipe, there is essentially no loss, as total internal 

reflection occurs. Where another material is in contact, the light 

pipe is coated with aluminum and is then quite reflective. The number 

of wall reflections in the light pipe is given by 
nL sin0 

m = p (13) 

2r(n2 
- n2sin20) 2 

where r is the radius of the pipe. For the dimensions used m = 3. It 

can be assumed that the reflectance for each bounce is .99 or greater. 

Thus the total transmission, neglecting the detectors, is (.99)3 x 

(l-.034)lt x (1-.074)2 x (1-.043)2 and is .664. The total transmission 

including absorption and reflection losses is then 0.63. These losses 

could be reduced over a narrow range of wavelengths by anti-reflection 

coating, but would then be higher at other wavelengths. To ensure 

maximum uniformity of spectral response, it was decided not to attempt 

improvement in this area. 

Very little degradation is expected in the losses of the mate

rials over the duration of the mission. Between launch and encounter 

ultra-violet radiation cannot reach the optics due to the presence of 

the aeroshell structure. There is insufficient time for degradation 

during the descent. Similarly, these materials are virtually immune 

to hard-pa.ticle irradiation and additionally are shielded by the 

spacecraft. During descent, there may possibly be some loss due to 

atmospheric etching of the AI2O3 window. This material was chosen 
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for maximum resistance to known atmospheric constituents, but this 

unknown remains. 

One additional factor must be taken into account. At the sur

face the atmospheric pressure is on the order of 105 millibars, and 

this density significantly alters the index of refraction of the at

mosphere (Lorah and Rubin 1965). Assuming predominately CO2, we can 

use the Lorentz-Lorentz expression 

"2 " 1 = kp (14) n2 
+ 2 

and solve for the index of refraction near the surface. For n ~ 1, this 
expression reduced to n = 1 = kp, and if we take n = 1.00045 at kp = 1, 
then at kp = 100, n = 1.045. The reflection loss for a single surface of 
AI2O3 (n = 1.75) at n = 1 is .074, while n = 1.045 is .064. Therefore 

a 1% increase in transmission is found from the start to the finish of 

the descent. 

Baffling and Field Stops 

It is apparent that if lenses and light pipes are arranged as 

shown in Fig. 28, some of the radiation transmitted by a given lens 

may find its way into adjacent light pipes. This crosstalk can be pre

vented by placing baffles between the optical systems to block unwanted 

radiation. The baffles must be non-reflective such that the only radi

ation entering the light pipe comes directly from its associated lens. 

The baffles are made of 36 gauge stainless steel and are mounted on 

the side plates to simplify the main lens housing. These side plates 

are fabricated from 20 gauge stainless steel. All of these parts are 



67 

Typical 
Baffle 

Fig. 28. Baffling for Crosstalk Suppression. 

treated by etching in an acid solution to produce a matte surface and 

subsequently heated in air or oxygen to around 500°C to form an oxide 

blackening. This treatment will reduce the reflection to less than 20% 

over the solar region. Lower reflectances can be achieved (Harris 1967), 

but their performance is suspect at the high operating temperature. 

The field of view is determined by the diameter of the field 

stop and the focal length of the lens, and is given by 

Q p  =  T a n ( 1 5 )  

where d is the field stop diameter, f is the focal length of the lens 

and Qp is the half-field at half-maximum. To achieve the specified 5° 

full field with d an arbitrary 1 mm diameter, f must be 11.45 mm. Two 

methods were considered for fabrication of the field stop. The first 
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was to place small metal pieces among the baffles. These pieces had 

1 mm diameter holes drilled through them and were positioned with the 

baffle assembly. This idea was discarded as being too imprecise and 

subject to variation with temperature. The method adopted was to use 

an evaporated aluminum coating over the pipe with a 1 mm diameter area 

left uncoated. To define the precise area, a metal mask of 1 mm diameter 

is adhesively bonded at the predetermined location prior to the alumini-

zation. After coating, the mask is removed with a solvent to expose the 

desired area. Other methods borrowing techniques from the semiconductor 

industry (photo-resist and etching, etc.) were considered but discarded 

as being more complex than needed. 

Window Contamination and Control 

During the descent through the atmosphere of Venus, the thermal 

mass of the probe causes a lag in the probe temperature behind the local 

ambient. If certain atmospheric conditions prevail and the temperature 

lag is great enough, some of the atmospheric constituents could condense 

upon the pressure vessel which is cooler than the surrounding atmosphere. 

Calculations performed by the spacecraft contractor have showed that 

this lag is typically a few degrees. Since the atmospheric conditions 

are unknown, means must be provided to ensure that condensation does 

not impair the instrument function or alter the calibration. To effect 

this insurance, the windows are maintained at least 5 degrees above the 

calculated local ambient by electrical heating. 

The 1 mm thick AI2O3 windows are brazed into thin cylinders of 

Inconel above the lens mounts as shown in Fig. 29. The cylinder wall 
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Heater 

Inconel Tube 

Inconel Shell 

Fig. 29. Window Mounting. 

thickness and diameter were chosen by the spacecraft contractor to mini

mize thermal conduction while providing the minimum field of view speci

fied and also providing enough rigidity to prevent distortion under the 

expected pressures. The windows are heated by electrical wires around 

the upper ends of the tubes, and a constant power of approximately 12 

watts (Hennis 1974) is applied from the probe battery. The armor section 

is to prevent any possible contact with the somewhat fragile window 

structure by the aeroshell during parachute release. 



CHAPTER 6 

DETECTORS 

Requirements Review 

The detectors must cover the wavelength range from 400 to 2000 

nm in two segments; from 400 to 1000 nm and from 1000 to 2000 nm. Each 

segment must have a uniform spectral responsivity to within ±10% over 

the specified range. In addition, a narrow-band detector must be in

cluded, having a nominal 20 nm passband centered at 560 ±25 nm. The 

output of the detectors must be linear with irradiance over a minimum 

of 5 order of magnitude and must operate at 20°C in a dc mode. Three 

detectors (one visible, one infrared and one narrow-band) will be fitted 

to the light pipes at 60° and 142.1° zenith angles. Two detectors (one 

visible and one infrared) will be fitted to the remaining light pipes. 

Detector Types 

For the Pioneer-Venus radiometer, power, weight and volume re

strictions prohibit detector cooling. The same power and weight consid

erations restrict the design to dc operation, as motors or other mecha

nisms for choppers consume too much power and are fairly large. The 

desire to respond to the incoming radiation non-selectively led to an 

initial consideration of thermal detectors, which are flat in wavelength 

response if properly blackened. Pyroelectric detectors operate only in 

an AC mode, however, and both thermoelectric and thermoresistive detectors 

70 



require that either the cold junction or compensator temperature be 

known. Their responsivities are dependent upon temperature as are the 

spectral characteristics of the blocking filters needed to limit their 

response. A more fundamental deficiency is their inability to operate 

linearly over more than a decade or two of irradiance. It is not fea

sible to include additional movable neutral density filters to achieve 

this range. In addition, their responsivity and detectivity are low in 

the shorter wavelength portions of the solar spectrum compared to other 

available detectors. 

While photon detectors do not have a uniform spectral responsivi

ty, they can have the required linearity and detectivity. The linearity 

over many orders of magnitude can be achieved with photovoltaic p-n 

junction detectors operated at zero-bias. The required spectral flat

ness can be achieved with absorption filters with some loss in detectiv

ity. 

The spectral region of interest is from 400 to 2000 nm. This is 

too broad for coverage with a single flattened photon detector type, and 

additional information concerning the atmospheric properties can be 

gained by using two or more detector types. For the shorter wavelength 

region, from 400 to 1000 nm, silicon is the best choice. It is easily 

fabricated in various forms and has demonstrated reliability in the 

space environment. Its linearity over 7 decades is demonstrable, and 

interfaces are uncomplicated. For the region longer than 1 ym, the 

selection of types is limited. Only InAs, InSb, Ge and HgCdTe axe photo

voltaic. The characteristics of these detectors are given in Table 10. 



Table 10. Detector Characteristics. 
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Detector type 

Characteristic In As InSb HgCdTe Ge 

Peak wavelength A^ 3.6 pm 5 ym 4.6 ym 1.6 ym 

Wavelength coverage .4-3.8 ym .6-5.5 ym 1.5-6 ym .3-1.8 ym 

5 x 109 Low 1 x 109 5 x 1010 

(>10% of Ap) 

D*(Ap) @ ?00 K 
(cm Hz2 W1} 

Dynamic impedance 20 0. <10 20 104 £2 
at 0 V, 300 K 

Responsivity (peak) 10 V/W Low 15 V/W .4 A/W 

As can be seen, InSb does not function at room temperature. HgCdTe has 

a shunt impedance less than 100fi, and will therefore not function at DC 

in the desired range with state-of-art electronics. It is also a recent

ly developed detector at these wavelengths and therefore expensive and 

somewhat difficult to obtain. InAs is readily obtainable and reasonably 

inexpensive, but also must be disqualified as it has a shunt impedance 

less than 100 ohms. Germanium responds to almost 2.0 ym, has a shunt 

impedance of 10^ ohms, and needs no separate filter to define the long

wave cutoff as do the other detectors. 

The choice of Ge was made based upon the radiometry, the probable 

errors encountered with the electronics and the stray radiation from the 

hot portions of the optical head. 
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Detector Calculations 

The power P incident on the field stop is given by 

P 
T ZkLA 

4 F2 
(16) 

where t and x» are the transmittances of the window and the lens, A is 
w JC 

the field stop area and L is the source radiance. For the optical system 

employed, x^ = .857, x^ = .933, A = .00785 cm2, F = 3.82 so that P = 

3.378xlO-1+L. As given in the previous chapter, the transmission due to 

reflection and absorption losses in the light pipes along with the re

flection losses in the filters is 0.63. The power incident on the de

tector plane is then = 0.63x3. 378xlO-ttL. Half of this power (1.067x 

lO-^L) is incident upon the germanium detectors and the full silicon de

tectors and one quarter (5.34xlO_5L) is incident upon the narrow-band 

detectors and the shared silicon detectors. In each case L is evaluated 

as an integral using the equation 

where L(X) is the spectral radiance of the source, R{\) is the spectral 

responsivity of the filtered detector, and and are ^he wavelength 

limits between which the detector responds. To arrive at worst case 

conditions, i?(A) is defined as 0.1 a/w and the wavelength limits are 

400 to 1000 nm for the wide-band silicon detectors, 1000 to 2000 nm for 

the germanium detectors and 555 to 565 nm for the narrow-band silicon 

detectors. Using the limiting values of source radiance for x = 2 and 

x = 150 given in Chapter 2, Table 11 was constructed. 

L L(_X)-R(X)d\ (17) 



Table 11. Radiances and Detector Power. 
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Optical depth 

L (400-1000 ym) 

L (1000-2000 ym) 

L (555-565 ym) 

Pd (WB silicon) 

Pd (germanium) 

Pd (NB silicon) 

.095 W cm"2 sr 1 

.029 IV cm-2 sr-1 

.0016 W cm"2 sr"1 

5.07*10~6 W 

3.1*10"6 W 

8.54*10~8 W 

2.15*10"5 

2.38*10~5 

3.58*10~7 

1.15*10"9 W 

2.54*10"9 W 

1.91*10_11 W 

The detector currents in amperes are then derived by multiplying the 

detector power in watts by the responsivity R of 0.1 A/w as shown in 

Table 12. 

Table 12. Detector Currents. 

Germanium 2.54*10"10 A 3.1*10"7 A 9.8*10~5 A 

NB silicon 4*10"12 A 1.6*10"8 A 2.2*10"6 A 

WB silicon 1.15*10"10 A 5.07*10"7 A 1.32*10"^ A 

If we assume that the detector may look directly at the sun, the maximum 

currents are higher. These current levels are also given in Table 12. 

As can be seen, linearity is needed over a range of 120dB for the wide

band silicon detectors, 115dB for the narrow-band silicon detectors and 

HOdB for the germanium detectors. 

As the probe descends through the Venerian atmosphere, the area 

of the optical head surrounding the lenses and the light pipes assumes 

the same temperature as the outside atmosphere and is thus a thermal 
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source. This source can be detected as a background by the germanium 

detectors and sets a lower limit on the radiance of the atmosphere to 

which the germanium detector can respond. Calculations were made of this 

background as a function of altitude to determine the approximate loca

tion where the desired signal equals the signal from the background. 

The background radiance is given by 

kea m ^ 
it a 

T H (18) 

where e is the source emittance (assumed unity), a is the Stefan-

Boltzmann constant, T is the atmospheric temperature and k is a 

spectral weighting factor given by 

rX 2  

k = Ai 
P(X)dX 

(19) 
gT4 

and P(A) is the Planck function. The wavelength limits Ax and A2 are 1 

and 2 ym respectively, corresponding to the limits of the germanium 

detector response. The results of the calculations are shown in Table 

13. The power P^ on the detector includes an additional factor of it to 

account for the cosine-weighted view factor of the interior of the head. 

Inasmuch as the radiance as a function of altitude is not well 

known, a rough estimate of the altitude where the signal and background 

detector powers are equal must be made. An altitude of 40 km has been 

assumed after inspection of Tables 11 and 13. Referring to Figure 9, it 

is apparent that the thermal flux density from the atmosphere equals the 

desired solar flux density at about 40 km for the wavelength region from 

1 to 2 ym. Thfcce altitudes are equal; the reason is clear if the emit-

tances of the atmosphere and the interior of the optical head are equal. 



76 

Table 13. Background Calculations, 

Altitude 
(km) 

Temperature 
k (W cm-2 sr-1) Pd (IV) 

40 

48 

24 

32 

16 

0 

8 

575.3 

506.8 

433.0 

371.4 

705.2 

641.2 

767.5 

.000055 

.000006 

.016 

.0087 

.004 

.0014 

.00043 

1 x 10"2 3.35 x 10"6 

3.88 x 10"3 1.30 x 10"6 

1.22 x 10"3 4.09 x 10"7 

2.77 x 10"4 9.29 x 10"8 

5.12 x 10-5 1.72 x 10"8 

3.48 x 10"6 1.16 x 10~9 

2.06 x 10"7 6.9 x 10~n 

In this case, the interior of the head and the exterior temperature are 

indistinguishable. 

The noise-equivalent power NEP of the detectors can be calculat

ed using the expression 

where A is the detector area and B is the electrical bandwidth. At the 

lowest signal currents encountered, B is 10 Hz. The calculated NEP val

ues, along with the active detector areas and D* values used, are given 

in Table 14. Comparison of these NEP values with the expected detector 

powers given in Table 11 show that the detectors do not limit the signal-

to-noise ratio. For the germanium detectors, the limiting factors are 

the thermal flux densities and the analog preamplifiers, to be discussed 

in the following chapter. For the silicon detectors, the analog pream

plifiers are the limiting factor. 

NEP = /\B/D* (20) 



77 

Table 14. Detector NEP Calculations. 

Area D* 

Detector (cm2) (cm Hz^ W"1) NEP (W) 

Large wideband silicon .02 2 x 1012 2.2 x 10"13 

Small wid-band silicon .01 2 x 1012 1.6 x 10"13 

Narrow band silicon o01 2 x 1012 1.6 x 10~13 

Germanium o 02 5 x 1010 8.9 x 10~12 

Filter Design 

Certain requirements can be established for the filters used to 

spectrally flatten the detectors. There is a trade-off to be made be

tween wide spectral range and high responsivity. The spectral responsiv-

ity of a typical silicon detector (UDT 1974) is shown in Fig. 30. The 

silicon detectors can be flattened over a range from 470 to 980 ym with 

a responsivity of 0.2 A/w or can be flattened from 400 to 1040 ym with 

a responsivity of 0.1 A/w. Fig. 31 shows the characteristics of a typi

cal germanium detector (Judson 1975). In a similar manner, high res

ponsivity or wide range flattening may be chosen. It was decided rather 

than to attempt to find a filter assembly to achieve a given responsivi

ty, a fixed lower limit of 0.1 A/w (25% of peak responsivity) was estab

lished, and the computer could select a filter with only that constraint. 

To begin filter selection, the spectral filter needed to flatten 

a detector to a responsivity of 0.1 A/w was calculated using the equa

tion 

t (X) = 0.1/i?(X) (21)  
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Fig. 30. Silicon Photodetector Spectral Responsivity. 
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Fig. 31. Germanium Photodetector Spectral Responsivity. 
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Then the internal transmittance was calculated using the equation 

t.(A) = T(A)/.92 
Is 

(22) 

to account for the surface reflection losses. This curve was plotted 

on a special graph paper as shown in Fig. 32. This paper (Schott 1962) 

was chosen to have a Diabatie scale such that the internal transmittance 

curve shape is independent of the glass thickness. Therefore an overlay 

of the required filter can be used with curves of internal transmittance 

of various filters to find an appropriate material or materials. Color 

glass filters from the catalogs of Schott (1962) and Corning (1970) 

were used. The curves for the Schott filters were already in the prop

er format, and the transmission curves for the Corning filters were re-

plotted in this format. Fig. 32 gave the required filter for the typical 

silicon detector, and Fig. 33 gives the appropriate filter for a typical 

germanium detector. Comparing the desired transmission curves with the 

catalog data, the following filters were the primary candidates for 

further investigation: 

Si Detector Ge Detector 

Schott BG34 
Schott BG28 
Schott FG2 

Corning CS 1-64 
Corning CS5-56 

Corning CS7-64 
Schott UG-10 

Schott BG1 
Schott UG5 
Schott BG25 
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Fig. 32. Required Filter for Silicon Photodetector. 
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Fig. 33. Required Filter for Germanium Photodetector. 
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In addition to the transmission characteristics given in the 

previous section, there are several other criteria of importance in the 

selection of filters. They should be relatively thin, certainly less 

than 6 mm, to avoid excessive size and weight. The spectral transmis

sion should be relatively stable over the operating temperature range, 

or if it changes, should be in a manner so as to compensate the change 

in the detector responsivity with temperature. It must be stable with 

time and not degrade in the presence of ultra-violet radiation, humidity 

(for the pre-launch environment.j moderate temperatures and shock and 

vibration. 

The filter types selected meet the above criteria. For the nar

row bandpass silicon detector, a multi-cavity Fabry-Perot metal-dielectric 

filter was chosen (Barr 1970). The bandpass is 9 ± 2 nm and the 

center wavelength is 560 ± 20 nm. The multi-cavity design was chosen to 

avoid the need for auxiliary blocking filters so that the overall thick

ness of this filter can be 0.15 mm or less. This relatively simple fil

ter has a wavelength shift of less than 5 nm over temperature, and is 

environmentally sound. The bandpass broadening due to operation in an 

uncollimated beam is unimportant, as the entire system will be calibrat

ed. 

For the spectral flattening filters, colored glass manufactured 

by Schott and Corning were chosen. They are characteristically smooth 

in their spectral transmission, while interference filters are not. 

Their environmental capabilities are good to excellent and their temper

ature characteristics generally small. Possible drawbacks are their 

thickness and fluorescence. The fluorescence problem is not expected 
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to be too important, as the exciting ultraviolet will generally be ab

sorbed by one of the component glasses (Harris 1970). Gelatin and dyed 

epoxy filters are considered unsatisfactory for this mission because of 

their lack of stability and the inability to adjust their transmission 

by convenient alterations in thickness. 

Computer Programs and Optimization Criteria 

The selection of a suitable filter for flattening the silicon 

and germanium detectors is done using numerical methods on a digital 

computer (Davies and Wyszecki 1962, Wright, Sanders and Gignac 1969). 

To begin, useful filters from the Schott and Corning color glass filter 

catalogs were selected. Short programs were written to prepare punched 

paper tapes with absorption coefficients in units of cm-1 over the wave

length range from 400 to 2000 nm. The filters chosen for optimization 

were those indicated in the previous section as having nominally desir

able internal transmittances as a function of wavelength. 

The given data are: i?(A), the spectral responsivity of the un-

filtered detector and a^(A), the absorption coefficient of the ith fil

ter. If we assume that n subtractive filters are used in front of the 

detector, then the spectral responsivity of the filtered detector is 

F(X) = k R{\) e~a2t2... e~ann̂  (23) 

or 

n 

F(a) = k i?(A) e ^ r f i n  ( 2 4 )  

n-1 

where k is a scaling factor to account for reflection losses and t is 

the filter thickness. 
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The curve-fitting problem is to select the proper filters and 

thicknesses to make the filtered responsivity F[\~) constant over as 

wide a wavelength range as possible without losing too much overall re

sponsivity. It was deemed undesirable to allow F(A) to drop below 0.1 

A/w from an initial peak value of R(X) of 0.4 A/w. A useful method is 

to minimize the squares of the deviation defined by 

Q = [i? - F(X)]2 dX (25) 

X 

where Q is a "quality" factor to be minimized and R is the average re

sponsivity defined as 

R = F(X) dX (26) 
A 

Initially, a simple program was written in the BASIC language 

for the GE Time-Sharing Computer to implement these equations for a 

single filter. The filter thickness was incremented between 0 and 10 mm 

and the program would halt when a minimum Q was found. Invariably, the 

thickness would be driven to the maximum, since as F(X) approaches zero, 

the squared deviations do likewise. A weighting factor was needed to 

prohibit this. 

Several more sophisticated equations for Q were tried. These 

were 

Q, 

- F(X) ] 2 dX 

i?2 

[R - F(A)] dX 

QII = 
11 R 

(27) 

(28) 



84 

Q 
III 

5(A) [i? - .f (X)]2 dX 

Rz S( A) 

(29) 

Q 
IV 

_ J* 
5(A) [i? - F(A)] dX 

R ?(x) 
(30) 

Q-
V F(A) 

-2 [R - F(A)]2 (31) 

Q , Qj j j  and Qy all minimize the sum of the squares of the deviations 

while and minimize the sum of the absolute deviations. R or i?2 

are used as the filter weighting factor in Q^ through while F(A)-2 

is used in Q . The term S'(A) in Gjjj and is the solar spectral ir-

radiance to give greater emphasis in spectral regions where the solar 

spectral irradiance is high. In the program S(X) was approximated by 

, COAn -1.96A (32) 
S(X) = 5200 e 

with A in micrometers. This approximation is good to +10% over the wave

length region between 500 and 2000 run. 

The program was finally expanded to the form given in Fig. 34. 

This program finds the optimum thickness for two filters simultaneously 

by mapping a three dimensional surface with Q, and t2 f°r increasingly 

smaller At. ' range in t is from 0 to 10 mm with .025 mm resolution. 

A typical out, , is shown in Fig. 35. 

In running the program, the choice of weighting is not too im

portant if the filter selection is good. Any of the above systems of 



100 FILES DETlFILAlFILB 
110 DIM A«50>#B<S0>#DC50>#RC50J 
ISO Nap2=46 
130 S2«T2=I 
140 SIaTI a Pa 0 
ISO S3=T3=10 
160 READ»I#DS#Z 
170 READ*2» AS* X 
tBO READ*3# Y 
190 FOR 1=1 T3 N 
200 READ'S#DC I) 
£10 READ*2#AC I> 
220 READ* 3»B(I> 
230 NEXT I 
240 FOR SaSl T0 S3 STEP S2 
250 FOR T= TI TO T3 STEP T2 
260 FOR 1=6 TO 36 
270 R<I>=DCl>*EXP<(-A<l)*S-B<I>*T>/10> 
260 R3=R3+RU) 
290 NEXT I 
300 R4=R3/31 
310 R=R4*R4 
320 R3=0 
330 FOR !=6 T3 36 
340 RI= R4-R CI) 
350 P= P^RI*RI 
360 NEXT I 
370 0=P/R 
380 P=0 
390 IF 0>P2 THEN 430 
400 T5=T 
4I0 S5=S 
420 P2=0 
430 NEXT T 
440 NEXT S 
450 IF T2= •025 THEN 690 
460 IF T2=.I THEN 550 
470 IF T2=. 25 THEN} 620 
480 S2=T2=•25 
490 SI=SS-l 
500 T l = TS-I 
510 S3=SS+I 
S20 T3=T5*l 
530 P2=46 
540 GO TO 240 
550 S2=T2=•025 
560 SUS5- . I 
.570 Tl=T5- . I 
580 S3=SS*.I 
590 T3=T5*.I 
600 P2= 46 
6I0 GO TO 240 
620 S2=T2=•l 
630 SI = S5-•25 
640 TI=T5-•25 
650 S3=S5*.25 
660 T3=T5+.25 
670 P2~ 46 
680 GO TO 240 
690 PR I NT"l")ETf:CTOR = Ml DS 
700 PRINT'V ILTER A="lAS#MT='*JS5l "MfV* 
710 PRINT "FILTER B="l HS> MT = "; T5l M«1M" 
720 PRINT "INDEX Or FIT=M/P2 
730 IF S=: 10 THEN 880 
740 IF T=10 THEN 900 
750 PRINT 
760 PRINT " WL RESP WL RESP" 
770 PRINT 
780 V=l-C<X-|)/CY*l)>t2 
190 FOR I=M TO N 
000 RCI)~D(I)*EXP((-A<I)*S5-8(I)*T5>/I0) 
6 10 NEXT 1 
820 FOR 1=1 TO 23 
830 Wa.02M».2B 
840 PRINT USING 660#W#V«Z»RCI)*W»•46#V*Z*R<X*23> 
850 NEXT I 
8601".'* i.iei it.ft 9,999 
870 STOP 
880 PRINT "FILTER A TOO THICK" 
890 STOP 
900 PRINT "FILTER 0 TOO THICK" 
910 END 

Fig. 34. Computer Program TWOFIL. 



TW0FIL 15:17PDT 09/04/7 A 

DETECT0R=UDT 
FILTER A= BG28 
FILTER B=FG2 
INDEX 0F FIT= 

WL RESP 

30 <,000 
32 . 001 
34 o 004 
36 .012 
33 . 029 
40 . 069 
42 . 1 02 
44 . 1 26 
46 . 1 44 
43 . 1 53 
50 . 1 50 
52 . 1 46 
54 • 1 47 
56 o 1 5 1 
58 . 1 49 
60 . 1 49 
62 . 1 48 
64 . 1 47 
66 . 1 47 
68 . 145 
70 . 143 
72 . 1 45 
74 . 146 

D 
= 0.2 MM 
= 1 .35 MM 
03531 1 

WL KESP 

.76 o 1 48 

.78 .151 

.80 . 1 52 

.82 .151 

.84 . 1 49 

.86 e 1 46 

.88 o 1 47 

.90 . 1 46 

.92 . 1 42 

.94 .  134 

.96 . 1 20 

.98 .101 
1 . 00 . 08 1 
1 . 02 . 063 
1 . 04 . 047 
1 . 06 . 034 
1 . 08 . 025 
1.10 .018 
1.12 .013 
1.14 . 008 
1.16 . 005 
1 . 18 .003 
1 .20 .000 

Fig. 35. TWOFIL Output. 
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weights will converge on the same thickness if the filters are capable 

of yielding a flat curve. Of some importance is the selection of the 

wavelength limits. A dip in F(A) in the central wavelength region oc

curs if one tries to cover too broad a wavelength range. 

Filter Choices and Results 

The TWOFIL program just described was run with several detector-

wavelength limit-filter-weighting-criteria combinations. Initial emphas

is was placed on the silicon detectors, and a set of filters and a det

ector were chosen. The remaining factors were then varied to determine 

their effect. Table 15 shows the variables for a selected detector and 

two filters. As can be seen from the Table the results are somewhat 

erratic. The best results obtained for this silicon detector were from 

Run B, where the composite detector is 20% down at 438 and 952 nm and 

is 10% down from 542 to 937 nm. Fig. 36 shows the calculated spectral 

responsivity for this run. 

Table 15. Silicon Detector Experiments. 

Detector 
, Filter B--

UDT-•PIN-D Filter A--Schott BG 28 Schott FG2 

BG28 FG 2 A limits Flat ±10% 

Run (mm) (mm) (nm) Weight Criterion between (nm) 

A .225 1.35 400-1000 Flat f[R-F( A ) ] 2 \  440-930 

B .20 1.35 460-940 Flat \ R2 ^ 440-950 

C .30 1.275 440-940 Flat ([R-F (A)] \ 480-940 

D .15 1.35 440-940 Solar } R > 480-940 
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Fig. 36. Silicon Filter-Detector Results. 

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 

Wavelength (ym) 

Fig. 37. Germanium Filter-Detector Results. 
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This is not quite as wide as desired, but is a reasonable compromise 

between wide spectral range and high responsivity. The central depres

sion is a 1% drop from the peak. 

The thickness of the BG28 filter is critical, and the resulting 

sensitivity of the spectral responsivity is quite high. The flat weight

ing, least-squares criteria with carefully selected wavelength limits 

gave decidedly better results than the other combinations. 

Satisfactory results were also achieved with the germanium de

tector. Fig. 37 shows the filtered detector responsivity vs. wavelength 

for 2.05 mm of Schott BG 14 and 1.9 mm of Schott BG1. This combination 

yields a detector which is 20% down at <1000 and 1870 ym and is 10% down 

at 1030 and 1810 nm with a slight depression midband. 

Detector Measurements 

Several tests were designed to determine the performance char

acteristics of the detector-filter assembly. The tests include relative 

spectral responsivity, linearity, absolute responsivity, noise and the 

influence of temperature on these. 

The relative spectral responsivity is measured using the appara

tus shown in Fig. 38. The monochromator is a Perkin-Elmer 99 double-pass 

instrument fitted with a quartz prism and a ribbon-filament tungsten 

source. The reference detector is either a large-area calibrated sili

con photocell or a blackened thermopile. They are positioned such that 

the beam leaving the exit slit just fills the detector. The smaller 

detectors under test are used with an auxiliary lens to increase the 
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power on the active area. The reflection and transmission characteris

tics of the lens are taken into account. Further details are given in 

Chapter 12, Calibration. 

Reference Detector 

Detector under Test 

Lens 

Monochromator Source 

Assembly 

J 

Fig. 38. Spectral Responsivity Measurement Apparatus. 

The linearity is measured using a combination of AC and DC tech

niques as shown in Fig. 39 (Wendland 1972). The DC source is a 1000 watt 

quartz-halogen tungsten lamp powered by a stabilized DC power supply and 

the AC source is a GaAs infrared-emitting diode driven by a function gen

erator. The output from the DC lamp to the detector is varied over sev

eral orders of magnitude with neutral-density filters; the output of the 

AC lamp is held constant. The amplifier is an Analog Devices 234 chopper 

stabilized amplifier, and the variable feedback resistor is a resistance 

decade box. The DCVM is a Non-linear Systems MX-1 digital voltmeter and 

the ACVM is a Ballantine 323L true-rms voltmeter. The AC source is set 
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such that the diode rms output is a factor of 100 or so less than the 

lowest level that the DC source supplies. Then as the DC level is 

changed, variations in linearity are manifested as changes in the AC 

level. Several orders of magnitude can be covered in this manner with

out the use of precision neutral density filters or long optical benches. 

DC Source 

AC Source I Amp 

DCVM 

ACVM 

Fig. 39. Linearity Test Apparatus. 

The absolute responsivity is established by irradiating the de

tector with a standard of spectral irradiance used in conjunction with 

a narrow-band-bass filter to define the spectral irradiance in a narrow 

spectral range. The transmission characteristics of the filter is well 

known, both inside and outside of the passband. The relative spectral 

responsivity is then scaled by the determined factor at the filter wave

length to derive the absolute spectral responsivity. An alternate method 

eliminates the filter and determines the absolute spectral responsivity 

by integrating the product of the relative spectral responsivity and the 

spectral irradiance and setting the integral to equal the observed de

tector current. This method is not quite as accurate but is useful as 

a checkpoint on the other measurement. 
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The detector noise is measured using the apparatus shown in 

Fig. 40. 

RMS Tuneable 
Filter I Amp VM 

Fig. 40. Noise Measurement. 

The switch allows a low-noise resistor to be substituted for the detec

tor for calibration, as its Johnson noise is readily calculable. The 

amplifier is a low-noise operational amplifier, the voltmeter is a Bal-

lantine 324L time rms voltmeter and the filter is a tuneable hi-pass, 

lo-pass active filter, the Ithaco 4215. This filter is tuneable over 

the frequency range from 0.1 Hz to 100 kHz with variable bandpass and 

24db/octave attenuation. Using the measured noise and responsivity,the 

noise equivalent power can be determined. 

The spectral responsivity, linearity threshold and noise of the 

detectors are all temperature dependent parameters. By placing the de

tectors in an oven fitted with a window to permit irradiation from the 

exterior, the variation of these parameters over the temperature range 

from 0 to 50°C can be determined. 

Operating Points 

The equation of operation for a silicon photodiode is 

1 = 1 (eqV^AkT-l) - I 
O L 

(33) 
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where I is the terminal current, I is the diode reverse saturation cur-
o 

rent, q is the electronic charge, V is the terminal voltage, A is a de

vice parameter which is normally unity in good devices, k is the Boltz-

mann constant, T is the absolute temperature and I is the light 
Jj 

generated current (EGG 1973, Wendland, 1972), This describes a semi

conductor p-n junction in parallel with an ideal current generator. I^ 

is directly proportional to the quantum efficiency and the number of in

cident photons per unit time. An equivalent circuit is shown in Fig. 41, 

and includes parasitic terms for series and shunt resistances, R and 

(There are additional terms applicable for high-frequency opera

tion that are ignored here.) Including these resistances, the equation 

becomes 

I = I (S(v-IRe)/AkT. 
o 

'-V - IL * V/Rsh. (34) 

A plot of this equation is shown in Fig. 42. 

J. 
L 

n/WW o 

I. 
G 

R 
SH 

o 

Fig. 41. Detector Equivalent Circuit. 
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H 

V 

Fig. 42. Detector I-V Characteristics. 

Inspection of the equation and curves shows that at low values 

of I and Rs, the series drop can be neglected, and at 17=0, (a short 

circuit), the terminal current is directly proportional to the incident 

irradiation. Experimentally, this linearity holds to within 1% over 

at least 7 orders of magnitude for good photodiodes (Witherell and 

Faulhaber 1970). 

If Rsfo is sufficiently high such that its term can be neglected, 

then at 2=0 (an open circuit), the voltage is 

V 
oo 
' Xo 

(35) 

J is extremely temperature dependent, doubling approximately every 10°C, 

and the output voltage is proportional to the log of the light-generated 

current. There are also some temperature-dependent terms in the expres

sion for IT, but they are quite small. The highest linearity and least 
L 
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temperature sensitivity occur at short-circuit current. The minimum 

noise-equivalent power (NEP) also is achieved within a few millivolts 

of zero bias. This operating point was therefore chosen. 

Focal Plane Layout 

Several concepts were studied to determine the best method of 

coupling the ends of the light pipes through the absorption filters and 

the interference filters to the detectors. Considerations include 

crosstalk minimization, spectral separation, thermal design and signal 

maximization. In addition, the simplest layout is desired from the 

standpoints of reliability and ease of assembly. The most difficult 

situation occurs when three detectors must be fitted to one light pipe. 

The requirements for simplicity and good thermal contact between 

the detectors and the heat sink dictated that the detectors be located 

in a planar array in intimate contact with the heat sink. Dichroic 

beam-splitters and similar schemes were thus ruled out. It was also 

considered infeasible to split the ends of the light pipes or use flex

ible fiber optics because of the complexities involved. A plan view 

of the chosen detector array is shown in Fig. 43. The primary sacrifice 

has been a reduced area of the spectrally flat silicon detector for the 

two channels that have narrow-band filters. Ten silicon detector active 

areas are supplied, such that two areas, one broadband and one narrow

band, are available for each light pipe. Since only two light pipes 

are fitted with narrow-band detectors, the remaining pairs can each be 

paralleled to maximize the detector signal. 
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Bonding Pad Active Area 

Si 

Ge 

Fig, 43. Detector Array—Plan View. 

The interference filters are deposited on a thin (0.15 mm) 

glass substrate which is adhesively bonded to the silicon detector chip. 

The substrate is coated only in the two areas that coincide with the 

narrow-band detectors as shown in Fig. 44. The bonding agent is a trans

parent silicone, Dow Corning XR-6-3489 or equivalent, which remains 

flexible over the anticipated operating and storage temperature range. 

Coated Area 

* & 

Fig. 44. Interference Filter Layout. 

The absorption filters are mounted in an "egg-crate" structure 

that locates the lower edge of the filters just above the detectors. 

This close spacing (~0.1 mm) minimizes crosstalk and space requirements. 

The structure is of stainless steel, designed for ease of fabrication, 

and also serves as a conductive link from the temperature sensitive fil

ters to the heat sink. Recesses are provided in the top surface to ac

commodate the ends of the light pipes. To minimize thermal conduction 

from the light pipes, and to allow for differential thermal expansion, 
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a small (~0.5 mm) gap is left between the end of the light pipe and the 

filter. An elevation view of this area is shown in Fig. 45. 

Filter Light Pipe 

X 
* X 

X 

X 
X 

X 
X 

0 Filter 
Support 

1 © Detector Array Package 

Fig. 45. Elevation View--Detector-Filter Array. 

Detector Mounting 

The two detector arrays must be firmly mounted with respect to 

the filters and light pipes while maintaining intimate contact with the 

heat sink. The mount should also allow proper electrical insulation and 

include space for the silicon transistor temperature transducer. Since 

conventional semiconductor technology is employed in the fabrication of 

the detector arrays, it is expedient to mount the arrays in a convention

al semiconductor circuit carrier or package. A large-cavity dual-in-

line package (DIP) with 16 terminals intended for integrated circuits is 

ideal for the purpose, as shown in Fig. 46. The wiring layout provides 

room for the transistor, and with the lead frame inverted, the back sur

face is flat and can be mounted to the heat sink. The package is fabri

cated from a high-alumina ceramic, which is reasonably close in linear 

thermal expansion to both silicon and germanium and has a high heat con

ductivity. It is bonded, along with the absorption filter carrier, to 
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Ceramic 
Substrate 

Terminal Temperature 
Transistor 

Ji— 

•Ge 

Fig. 46. Detector Array Packaging. 

the stainless-steel front plate of the PCM container. An area of this 

stainless steel plate is relieved to provide precise positioning for 

these components. The bonding agent is a silver-filled epoxy resin, wi 

thermal conductivity comparable to hard solder. 



CHAPTER 7 

ANALOG ELECTRONICS 

Detector Output Characteristics 

The detectors, as discussed in the previous chapter, are photo

voltaic silicon and germanium. They can each be characterized by a 

Norton equivalent circuit, consisting of an ideal current generator and 

a shunt impedance. The current generator covers the range from 10-9 to 

10"3A for both the silicon and the germanium detectors for the specified 

radiances. The shunt impedance is greater than 107 ohms for the silicon 

detectors and greater than 104 ohms for the germanium detector. The 

shunt impedance is independent of the voltage across the detector in the 

range 0±10mV. 

With large amounts of bias, either positive or negative, the 

shunt impedance decreases. The optimum operating point of the detectors 

is 0±lmV. Most photovoltaic detectors show a noise minimum at a slight 

negative bias, typically - 4mV. For the silicon detectors, the S/N is 

sufficiently high such that the optimum bias point may be overlooked. 

This much bias on the lower impedance germanium detectors causes error 

currents to flow (4mV gives rise to 0.4)JA across 104 ohms) and thus a 

zero-volt DC operating point rather than the minimum noise point is spec

ified. 

99 
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Analog Outputs Desired 

In order to digitize a signal with reasonable accuracy, say 1%, 

over six orders of magnitude, a resolution of 1 part in 108 is required. 

This could be accomplished by a 27 bit analog/digital converter, but 

these do not exist. Available high-resolution converters do not exceed 

16 bit resolution, or 1 part in 65,536. Consequently, some form of data 

compression is required from the analog preamplifiers. Conventional 

techniques utilize a logarithmic device in the feedback loop of an oper

ational amplifier or automatic gain-switching. In either case, the out

put swing is limited to within a few volts of the power supply. To 

avoid latchup (output saturation remaining after input signal removal) 

and non-linearity, the output swing will be held to ±10 volts maximum 

(for the ±15 volt supply) and the output impedance will be rather low, 

less than 100 ohms. These characteristics are fully compatible with 

available analog multiplexers and sample-and-hold modules. Typical A/D 

converters will accomodate various input ranges, such as ±5 volts, ±10 

volts, 0 to +5 volts and 0 to +10 volts. The selection of a range of 

±10 volts assumes full compatibility with the least influence from small 

fixed error sources. 

Analog Preamplifiers 

The analog preamplifiers have the twofold responsibility of 

maintaining the detectors at their proper operating point while amplify

ing and compressing the wide-range of input currents to output voltages 

compatible with the following circuits. Additional constraints of size, 
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weight and power consumption are all important as there are twelve of 

these preamplifiers. 

Initially, consideration was given to the scheme of using one 

high-quality preamplifier following an analog multiplexer. With signal 

currents as low as 10-9 amperes, however, a satisfactory multiplexer de

sign, free from offset errors, was not located even after an extensive 

search. 

Two distinct types of amplifiers were considered: (1) gain-

switching and (2) logarithmic. Both use the basic current-to-voltage 

operational amplifier configuration shown in Fig. 47, which maintains a 

zero voltage drop across the current generator as required (National 1969 

Tobey, Graeme and Huelsman 1971). For the gain switching, a comparator 

is used to monitor the output voltage. When the voltage nears the upper 

limit of the amplifier, a lower value of feedback resistor is inserted 

Another comparator is used to increase the value of Rp when the output 

voltage is low. Hysteresis is introduced into the comparators to avoid 

"hunting" on signals varying about the range-change point. Each pre

amplifier requires its own logic system to drive the range-changing mech

anism. The output is in two forms; the analog output voltage and a digi

tal indication of the range. This system is incompatible with the analog 

peak detector described later. The complexity and incompatibility with 

the peak detector were negative factors, overriding its high potential 

accuracy, and this system was not considered further. 

A set of specifications was established for the logarithmic 

preamplifiers and are given in Table 16. 
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Fig. 47. Basic Current-Voltage Converter. 

Table 16. Analog Preamplifier Requirements. 

Input 

Zero 

Output Impedance 

Input Dynamic Range 

Accuracy 

Conformity 

Bandwidth (@ 10"3A input) 

Output Drift 

Noise 

Temperature Range 

Power Consumption 

Scale Factor 

10-9 to 10~3 amps 

Adjustable to 10-7 to 10-5 A input 

100 £2 max 

120 dB 

1 % F.S. 

10 mV R.T.O. 

100 Hz 

.1 mV/°C max R.T.O. 

1 mV rms Max R.T.O. 

-40 to 55°C Storage 
-20 to 55°C operating 

50 mlV max 

Adjustable to 4 V/Decade 
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The operation of a logarithmic amplifier is based upon the non

linear behavior of a forward-biased semiconductor (Byrd 1966, Dobkin 

1969b). This junction characteristic is given by the equation 

I = Iq (eqV/kT-l). (36) 

At room temperature q/kT ~ 38.5 such that at voltage drops greater than 

120 millivolts, the expression simplifies to 

1 = 1  e q V / k T  ( 3 7 )  
o J 

to within 1%. If this diode is placed in the feedback loop of an ideal 

operational amplifier as shown in Fig. 48, the output voltage is the drop 

across the diode. This comes from the basic theory of an operational am

plifier, which states that (1) no current flows into either input ter

minal, and (2) in the presence of negative feedback, the voltage differ

ence between the input terminals is vanishingly small. Deviations from 

this ideal behavior will be discussed later. The output voltage of the 

circuit shown above then becomes 

„  k T  »  f i n  \  
Eo " (385 

and changes at a rate of 60 mV/decade. The dynamic range is limited with 

a single diode because of diffusion and generation recombination currents 

at low current levels and diode bulk resistance at high current levels 

(Borlase and David 1969, Dobkin 1969a). In addition Iq is strongly tem-

o kT 
perature dependent, doubling approximately every 10°C. The term — 

governs the slope of the transfer function, which is linearly dependent 

on temperature. 
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Fig. 48. Simplified Logarithmic Amplifier Circuit. 

The dynamic range can be extended using the transdiode (Paterson 

1963) configuration of a transistor as shown in Figure 49. The tempera

ture variation in can virtually be eliminated by using a matched 

transistor pair, and a linear temperature-sensitive network can be used 

to stabilize the slope and increase the scale factor to a more useful 

level (Gibbons and Horn 1964). Qi and Q2 are the matched transistor 

pair and are in opposition so their J values cancel. The network R 

kT 
and i?y provides gain to adjust the slope as well as compensate the — 

term. The three capacitors are used for adjusting the bandwidth. The 

transfer function is given by 

'I. 
= hZ. J n̂ 

\~ref 

E = — ^ 
° q Rn 

(39) 

and if has a linear positive temperature coefficient, it can be used 

1<T 
to cancel the temperature term in —, leaving 

E -K -tn 
(  Ii'n  ̂

Vref ) '  
(40) 

By appropriate choices in R' and R^ K can be varied over a fairly wide 
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ref 

in 

Fig. 49. Complete Log Amp Circuit. 

range, say from 0.5 to 4, and can be adjusted along with to scale 

the input signal range for compatibility with the following data electron

ics. Note also that the input is at an effective short-circuit since 

the non-inverting (+) input is grounded, the inverting (-) terminal is 

at a virtual ground, and the operating point constraints for the detector 

are met. 

There are quite a few sources of error in this logarithmic ampli

fier (Stata 1965, Graeme 1973). Some have already been mentioned, such 

as the bulk resistance and diffusion current errors that limit the log 

conformance at the top and bottom of the range. 

The inherent drift errors in the logarithmic configuration arise 

from incomplete compensation of the kT/q term by the temperature sensitive 

resistance /?y and the J mismatch of the series connected transistors. 



106 

The former error can be made to approach 0.5 percent over the estimated 

operating temperature range from 0 to 55°C with proper component selec

tion. The error due to I mismatch can be held to less than 1% over the o  

above temperature range and over the current range from 10-9 to 10-3 am

peres. With careful design, the reference current can be maintained 

constant to within 0.25% over temperature. The offset characteristics 

of the input amplifier A2 have an impact on the overall errors. Ampli

fier input currents are indistinguishable from signal currents, requir

ing that the bias current be several orders of magnitude less than the 

lowest input current to be measured. Amplifiers with bias currents less 

than 10~11 amps throughout the stated temperature range are readily 

available, so for a properly chosen amplifier, the error is less than 1%. 

The amplifier input offset voltage reacts with the current source shunt 

impedance to generate a current which is again indistinguishable from 

the signal current. The minimum value of for the silicon and ger

manium detectors is 10® and 10^ ohms respectively. To maintain an equi

valent input current of 10-11 amperes, an offset voltage of 10~3 and 10-7 

volts respectively is required. The offset voltage is readily trimmed 

to 10~7 volts under one set of conditions, but only rarely will it re

main stationary. Operational amplifiers that have low bias currents 

generally do not possess stable offset voltages. Typical operational 

amplifiers that are satisfactory in bias current will have an offset 

voltage drift over temperature and time of 25xl0~6 volts. This is satis

factory for silicon detectors but limits the performance of the germanium 

detectors to a minimum current of 2.5*10""7 amps with 1% error. A compro

mise may be struck by relaxing the bias current specification and reducing 
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the permissible voltage offset. If this is done, an amplifier with a 

bias current of 50*10"12 amperes and an offset voltage of 3*10"6 volts 

can be employed to allow current measurements to as low as 3.5*10~8 am

peres with 1% error for the germanium detector. This is a state of art 

measurement, and the detector limits the performance. 

A summary of logarithmic amplifier errors for the silicon and 

germanium detectors is estimated in Table 17. Approximately half of the 

errors shown are removable during a careful calibration. 

Table 17. Logarithmic Preamplifier Errors. 

Parameter 

Log Conformance 

kT/q Temp. Compensation 

Iq mismatch over Temp. 

Reference Current 

Op Amp Input Current 

Op Amp Offset Voltage 

RSS error 

Silicon 

1% 

.5% 

1% 

.25% 

.1% @ 10-9A 

.1% @ IO-9A 

Germanium 

1% 

.5% 

1% 

.25% 

l%}§25*10"7a 

1.53% 1 . 8 2 %  

(NOTE: Initial instrument desgin utilized an indium arsenide detector 
with a shunt impedance of 25 ohms. With this detector the corresponding 
current level measurable to 1% was 1.2*10 5 amperes. This figure was 
unsatisfactory from a radiometric standpoint, and some long-wave 
response obtainable with the InAs detector was sacrificed to permit a 
more accurate radiometric measurement over a restricted wavelength 
range.) 
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Several means of implementing the logarithmic amplifier were 

investigated. These included complete logarithmic amplifiers, both dis

crete and monolithic; partial logarithmic amplifiers, needing only an 

input amplifier to complete; using a module including matched log tran

sistors and temperature compensating network with two external amplifiers 

and associated components; and building a low-bias current preamplifier 

for a monolithic operational amplifier, using a dual transistor with 

separate temperature compensating networks, reference amplifiers and 

other components. From the standpoint of simplicity, the prepackaged 

log amplifiers are most attractive. The discrete packaged amplifiers 

met all specificaitons except temperature drift and power consumption. 

They were inordinately bulky and heavy, and even though no specific 

criteria were established, they were inconsistent with the overall in

strument objectives. In addition they were unsatisfactory for the ger

manium detectors. The monolithic log amplifier, while attractive from 

the standpoints of weight, size and power consumption, failed almost 

every other performance criterion, due to compromises necessary to inte

grate it in monolithic form. 

The use of a prepackaged logarithmic amplifier requiring the 

addition of the input operational amplifier is quite attractive, as the 

versatility is high with simplicity and compactness as bonuses. This 

method has been chosen for the prototype instrument. Components used are 

the Analog Devices 752 log module with Analog Devices 42L operational 

amplifiers for the silicon detectors and Analogic MP221 operational am

plifiers for the germanium detectors. With these components, all elec

trical performance specifications with the exception of power consumption 
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are met. These components are somewhat bulky and heavy, but these are 

unimportant for a laboratory prototype. 

The use of a separate module, the Analog Devices 751 containing 

only the matched transistor pair and the temperature compensating resis

tor network (Sheingold 1974), offered no advantages over the method just 

described for the laboratory version, and was not considered further. 

The recommended configuration for the flight electronics employs indivi

dual loxv-power operational amplifiers with external temperature compen

sating resistor networks and temperature compensating resistor networks 

and an Analog Devices AD 818 log conformance dual matched transistors. 

The recommended input amplifier for the silicon detectors is the Nation

al LM108A with an Analog Devices AP530 dual monolithic FET preamplifier. 

For the germanium detectors, the Analogic MP221 or the Harris HA-2900 

may be used. The former will give the best performance at a weight, 

size and power consumption penalty, while the latter will compromise 

performance by a factor of 3 for low power consumption, small size and 

weight. 

Cable Characteristics 

The cable between the optical head and the instrument is impor

tant in two respects: (1) its capacitance as it affects bandwidth and 

crosstalk, and (2) its shielding from external electromagnetic interfer

ence. Secondary characteristics are small size and weight, flexibility 

and high-temperature integrity. 

An earlier design showed the cable passing through an area where 

the temperature would reach 350°C, well beyond the operating limit of 
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conventional thermoplastic insulation materials. Refinements of the 

design of the heat sink allowed the cable to run from the head directly 

into the relatively benign environment of the fill gas, where the temper

ature will not exceed 125°C, such that an insulation like Teflon can be 

used in place of more exotic construction employing glass, MgO, etc. 

Several options exist for the internal cable construction: (1) 

an overall shield can be placed over individual wires; (2) an individual 

coaxial cable can be used for each detector, with an overall outside 

shield; (3) a twisted pair in its own shield can be used for each detec

tor, with an overall outside shield; (4) an individual coaxial cable can 

be used for each signal and each return lead for each detector; and (5) 

several shielded cables can be used for like elements, with an overall 

outside shield (Harper 1969). 

Both silicon and germanium detectors have capacitances on the 

order of 0.01 yfd per cm2 of junction area at zero bias. The junction 

area of each detector (with the two silicon junctions tied together) is 

about 2mm2, giving a capacitance of about 200 pF. Typical cables, either 

coax or twisted pair, have a capacitance of 1 pF/cm, giving a maximum 

cable capacitance of 25 pF. The input capacitance of a typical FET in

put operational amplifier is several picofarads. Allowing about 20 pF 

for wiring in the electronics package, a total capacitance of 250 pF is 

across the input. With 10^ ohms equivalent shunt resistance (for the 

germanium detector), the time constant is 2.5 ysec. For a single time-

constant system a time of 4.5x is required to reach 99% of the final 

value for a step input. Thus with a germanium detector, 11.25 ysec is 
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required for full accuracy. For the silicon detector, a shunt impedance 

of 107 ohms is assumed, and the settling time is 11.25 msec. Both are 

adequate, and the cable capacitance is thus not too important. Cross

talk is likewise small between cables with this low capacitance (Morrison 

1967), and it is more likely that crosstalk will be generated directly 

at the detectors due to the use of a common substrate. 

Table 18 shows the advantages and disadvantages of the several 

cable configurations. 

Table 18. Cable Characteristics. 

Cable configuration Advantages Disadvantages 

One outer shield, single " High capacitance 
conductors * Smallest size • Highest Crosstalk 

• Poorest shielding 

Individual coax for each 
detector, overall shield 

Twisted pair in shield 
for each detector, overall 
shield 

Two coax per detector, 
overall shield 

Several shielded cables, 
overall shield 

f Reduced crosstalk 
• Good Shielding 

• Excellent shielding 

lowest crosstalk 
lowest capacitance 

moderate size 
excellent shielding 

Moderate capaci
tance 

large size 
high capacitance 

largest size 

fair crosstalk 
moderate capacitance 

The choice is at best a compromise. The method selected was to 

use two five-conductor shielded cables, one each for the silicon and 

germanium wide-band detectors, and two two-conductor shielded cables, 

one for the silicon narrow-band detectors and the other for the tempera

ture transducer. A copper braid is used over the bundle of four cables 
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and an outer layer of shrinkable FEP is used for insulation. The over

all cable diameter can be held to less than 1 cm in diameter. A cross-

sectional view is shown in Fig. 50. 

Fig. 50. Cable Cross-section. 

The cable is hard-wired to the optical head with an internal 

strain relief. Connection to the electronics package is made with a 

Matrix Double-D connector with 19 pins. The polarity of the cable con

nector is female to preclude any chance of inadvertently plugging it 

into the electronics package incorrectly. 

Peak Detector 

The timing and control for the azimuth sampling relies upon an 

accurate knowledge of the location of the solar azimuth. This location 

can be determined electro-optically using the optical elements and de

tectors in the optical head as the source. As shown in Chapter 2, 

estimates have been made showing the radiance profile vs. azimuth for 

various values of zenith angle and optical depth. Provisions are made 

to bypass the operation of the peak detector in the lower atmosphere 

after satisfactory peaks are no longer apparent. The possibility of 

bright holes in the cloud was raised by the Experiment Selection Com

mittee and is dealt with by using several peak detectors on different 



113 

zenith angle sensors with a coincidence circuit to determine whether or 

not the peak was sensed by more than one. 

There are two readily-implementable methods of determining the 

existence of a peak and outputting a pulse. These can be called the 

"leaky track-and-hold" and the "differentiator/zero-cross" methods. The 

"leaky track-and-hold" circuit shown in Fig. 51 is a variant on a stan

dard positive peak detector circuit. The difference is that the capaci

tor C is allowed to discharge somewhat through R between adjacent peaks 

to serve as a reset mechanism. The waveforms expected are shorn in 

Fig. 52. 

Rl 

Out 

Fig. 51. Track-and-Hold Peak Detector. 

Voltage at C 

A Output 

Fig. 52. Waveforms for Track-and-Hold. 
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It is assumed that each peak is of slightly lower amplitude than the 

peak immediately preceding it. If leakage were minimized or not allowed, 

only the first peak would be recorded. The circuit was built on a bread

board, and found unsatisfactory. It functions poorly if the input polar

ity is changing, as it will when fed from a log amplifier. Using a sine 

wave input, the minimum peak-to-peak voltage (offset to provide only 

positive inputs) was on the order of 200 mV, which could be equivalent 

to as much as a 50% change in radiance. 

The limitation is the noise superimposed on the input signal, as 

each noise peak that is higher than the previous peak causes an output 

pulse to be generated. Heavy filtering helps, but noise in the input 

circuit of A1 still causes trouble. A satisfactory peak detector can 

be made using an analog differentiator and a zero-crossing detector. A 

block diagram is shown in Fig. 53. 

From Log Differ Zero-
Differ

entiate 

§ Clip 

To 

Preamp entiate cross 

Differ

entiate 

§ Clip 
Logic 

Fig. 53. Differentiator Peak Detector--Block Diagram. 

The complete circuit of a single peak detector along with the associated 

waveforms is shown in Fig. 54. 

The extra resistor and capacitor in the two differentiator stages 

serve to attenuate higher frequencies and reduce noise. This circuit per

forms well to better than 40 mV peak-to-peak for a sine wave input, 



115 

•WW 
d±_ 
dt Output 

clipped 

Fig. 54. Differentiator Peak Detector Circuit and Waveforms. 
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equivalent to a 10% change in radiance. Again noise in the first dif

ferentiator is the limiting factor, but heavy filtering here does not 

markedly affect the response time. 

As mentioned before, several peak detectors are needed to dif

ferentiate between the sun and a bright spot. Assuming a 68.6° zenith 

angle for the solar point and 27.5, 60 and 83.5 degree zenith angles for 

the upward-looking sensors, the peak detectors see different profiles as 

a function of optical depth. In the uppermost region (T=1), the sensor 

at 83.5 degrees observes the strongest radiance maximum near the solar 

point, the 60 degree sensor sees almost the same maximum, and the 27.5° 

sensor sees a weak and broad maximum. Lower in the atmosphere (T=8) the 

27.5° sensor sees the stronger peak, followed closely by the 60° sensor. 

The 83.5° sensor shows little change. The method chosen to reliably 

determine the solar jooint is to use the 60° sensor in coincidence with 

either the 83.5° or the 27.5° sensor. 

The logic circuit used to define this function is shown in Fig. 

55. This circuit consists exclusively of NAND and NOR gates. 

The gates I\-I^ form one-shot multivibrators with pulse widths 

of approximately 10 msec, gates I\§ and In form a one-shot multivibrator 

with a pulse width of approximately 50 msec, gates Iq and J12 are inver

ters, and 17 and Jg perform the coincidence logic. They allow an output 

pulse when a 60° pulse and either a 27.5° or a 83.5° pulse occur within 

10 msec of each other. 

The reason for the long one-shot delay in the individual channels 

is to ensure proper peak detector action when the spacecraft is perturbed 

by wind buffeting. The difference between the true azimuth location of 
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Input 

(60.0°)'  

Out 

Input 

(30.1 

I MUt 

(82.2 

Fig. 55. Peak Detector Logic. 

the 27.5 or the 83.5 degree sensors from the 60 degree sensors is a 

function of the spacecraft wobble, and in the worst case, where the 

axis of wobble rotation is in the solar azimuth direction, the differ

ence is almost 0.4 degrees in azimuth per degree of wobble. Table 19 

shows the time difference in milliseconds for several wobble angles and 

probe spin rates. If the one-shot time is set to 10 msec, a wobble of 

greater than 1.5 degrees will inhibit proper peak detector operation at 

Table 19. Effect of Wobble on Peak Detector. 

Time delays (msec) 

Wobble Spin rates (rpm) 

(deg) 10 12.5 15 17.5 20 

1/2 3.23 2.58 2.15 1.84 1.61 

1 6.45 5.16 4.30 3.69 3.23 

2 12.90 10.32 8.60 7.37 6.45 

5 32.25 25.80 21.5 18.43 16.13 
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a spin rate of 10 rpm, and a wobble less than 3 degrees will be toler

ated at a spin rate of 20 rpm. This selectivity can be varied by alter

ing the timing of the one-shots to inhibit data during severe buffeting. 

Temperature Sensors 

Since the analog preamplifiers have some residual uncorrected 

temperature sensitivity it is desirable to record their temperature. 

Likewise, characteristics of the detectors and filters depend on tem

perature and a measure of their temperature will allow post-flight cor

rections to be made. 

Typical temperature sensors include resistance thermometers 

(metal and semiconductor), thermocouples and semiconductor p-n junctions 

The most accurate temperature sensor in the -25 to +50°C range is the 

platinum resistance thermometer (PRT), which defines the 1961 Inter

national Practical Temperature Scale in this region. Since the change 

resistance with temperature is quite small (about 1 part in 250 per °C), 

and their resistance is low (typically lOOfi), a sensitive circuit is re

quired. Bridge circuits are often employed, but a constant-current 

driver is also useful. In either case the circuit needed is complex, re 

quiring high-stability components and several amplifiers per thermometer 

Semiconductor resistance thermometers (thermistors) are more sensitive 

but are less stable and are highly non-linear. Thermocouples require a 

reference junction, as they indicate the difference in temperature be

tween two dissimiliar metal junctions. As there is no provision for a 

known reference temperature, they are unsuitable. Semiconductor p-n 

junctions are quite attractive as a temperature sensor. The forward 



119 

voltage drop of a silicon p-n junction is quite linear with tempera
ture, varying at an approximate rate of -2.2 mV per °C at a level of 

500 mV. Thus the sensitivity is the same as the PRT but the signal 

level is considerably higher and the power dissipation is less (a 100ft 

PRT would have to be driven by a current generator of 5 mA to achieve 

this signal level, and would then dissipate 2.5 mW of power, while a 

current of 5 pA is sufficient to drive a low power junction to the 

stated voltage, with an attendant dissipation of less than 5 pW). 

This junction can be realized as a low-power transistor, utilizing the 

base-emitter junction by tying the collector to the base. The transis

tor can be conventionally packaged for use in the electronics and used 

in chip form in the detector package. 

A circuit (Dobkin 1970) for realizing a thermometer of this 

type is shown in Fig. 56. 

>AAAAA 

•-WAAAA-" 

WXAAA 0 

Fig. 56. Analog Thermometer. 
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The analog channels available on the spacecraft for this func

tion lead to an 8-bit A/D converter with a range of 0 to 5.12 volts 

and an input impedance of 10^ ohms. The resolution is thus 1 part in 

256 and the stated overall accuracy is 0.4% of full scale. 

Referring to the figure, Ri and R2 form a voltage divider plac

ing approximately 1 V at the junction of Ri and R2- This voltage drives 

a current of about 3 yA through R3 and Q. The voltage drop across Q at 

a current of 3 yA and a temperature of 25°C is 466 mV (average of sev

eral units measured). 

A range of -25 to +77.4°C was chosen as the total span is then 

102.4°C and the resolution corresponds to 0.5°C. Table 20 shows the 

voltage drop En across Q as a function of temperature, assuming a con-

stant current and a nominal temperature coefficient of -2.2 mV/°C. The 

current will not be held constant in this circuit, but the variation of 

En due to current is a second order effect. 

Table 20. Transistor Temperature Characteristics. 

Temperature (°C) 

•25 0 25 60 77.4 

Eq (mV) -576 -521 -466 -411 -350.7 

The equation of operation of the circuit is 

Eo " + • (41) 

The supply voltage V is -15 volts and we can arbitrarily choose R^ to s 
be 68.1 K ohms. 
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Equation (41) reduces to 

Eo - E
Q(iki *§?+ ') + -22026 S6  <42 '  

and can be solved simultaneously for R5 and Rg using the endpoint val

ues of at -25 and +77.4°C. The value of E is 0 and +5.12 volts 
Q o 

respectively at these temperatures. The calculated values are 2.85 

kQ, for 7?5 and 59.42 kQ, for i?g. 
Table 21 shows the relation between calculated E , T and E„ 

o3 Q 

based on available values and the assumed characteristics of Q. 

Table 21. Analog Thermometer Output. 

Eq (mV) -576 -521 -477 -433 -389 -350.7 

E (V) .079 1.312 2.299 3.285 4.272 5.131 
o 

The resulting equation is 

E = 0.04934T + 1.312. (43) 
o 

The errors in the circuit come about as a result of normal tolerances 

in the resistors, drift in resistor values with time and temperature, 

departure of the characteristics of the transistor from ideal, offset 

voltages and currents in the amplifier and supply variations. The 

equation of operation, with amplifier error terms added is 

E = V -(e + E + I P.eM~- + |r- + li . (44) 
o s Rt< \Q os B W?i+ Rs J 
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It can be differentiated with respect to each of the variables to find 

the errors. The results (neglecting signs) are as follows: 

dE R& 
° = _1 = .866 V/V (45) 

dVs i?4 v 

dE0 = Rb {Vs + EQ) 

^ (fy) 

dEo EQR& 

1.97E-4 7/fl (46) 

= 3.58E-3 V/Q, (47) 
dR s (*s) 2 

—~ = — + + -s- = 4.02E-4 V/n (48) 
i?4 i?5 

dEQ i?6 i?6 
= — + — +1 = 22.4 V/V (49) 

V̂os ^5 

dE. / R r  R r  \  
° = + j- + ll = 6.16E4 V/A (50) 

dIB ~ EQ V R 

Here V and I are amplifier offset voltages and bias currents 
os os 1 & 

respectively. R^ is the equivalent input resistance of the circuit 

and is approximately 2.75 K ohms. The simplifying assumptions that 

J, R « E„ and V << En have been made where applicable. If 25 ppm 
b eq Q os Q ri 1 r 

resistors are used, the source voltage varies 1/2% and the V and .7, 
OS & 

are 1.0 mV and 3.0 yA respectively as given by the manufacturer, the 

change in the output voltage Eis approximately 0.21 V worst case and 

0.10 V r.s.s.. These figures correspond to 4°C and 2°C (respectively). 
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This can be improved to 1°C r.s.s. by tighter supply regulation, using 

10 ppm resistors and trimming the offset voltage. 

Calibrator 

As discussed in Chapter 12, a simplified form of in-flite cali

bration was chosen. To test the system to its fullest while retaining 

the least complex method, a scheme involving direct current injection 

into the preamplifier inputs was developed. A separate toggle command 

from the Probe/Bus is used to activate and deactivate a calibrator. 

When the calibrator is turned on, a known current is injected directly 

into the input of each of the twelve preamplifiers. The current sources 

are derived from a regulated voltage from the power supply and precision 

(10 ppm) resistors as shown in Fig. 57. The values for E used are 2.5 

Mft for each channel, corresponding to a current of 1 yA. The switches 

employed are somewhat critical for the silicon detectors. The off-

resistance is in parallel with the detector shunt resistance and should 

therefore be much larger than the shunt resistor. This can be readily 

achieved by reed relays powered from the 28V dc spacecraft bus and with 

care can also be accomplished with low leakage field effect transistors. 

Since the shunt impedance of the Ge detectors is quite low, the switches 

are not needed. FET switches were selected because of their ruggedness, 

reliability, small size and low power consumption. The type 2N4091 

N-channel JFET has an off resistance of 1011 ohms, and an on resistance 

of 30 ohms, and is thus quite satisfactory. The other switches are 

also FET devices, used to connect and disconnect the regulator. 
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Fig. 57. In-Flight Calibrator. 
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Fig. 58. Calibrator Logic 
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All switches are closed by application of a gate signal triggered by the 

CALIBRATE ON/OFF command. The logic system is shown in Fig. 58. 

The upper part of the diagram consists of a latch and a level 

shifter to drive the FET switches. The lower portion ensures that the 

latch is properly reset at each power-up. With the command and reset 

lines at 0, Q is high, holding the output of the level shifter at -7.5V, 

which cuts off the JFET switches. When the command line goes high, Q 

goes to 0 (after receipt of a clock pulse) and the output of the level 

shifter goes to +.7V, turning the switches on. The circuit reverts to 

its original state when the command line is deactivated. The remaining 

circuitry ensures that the calibrator is off immediately after a power-

up. The first amplifier is an integrator with a time constant of 10 

seconds. 

Immediately after power-up, the output voltage of the integrator 

is 0, and the output of the following comparator is -.7 volts. After 

a few seconds, the integrator output falls to -9 volts and the compara

tor switches to +7.5 volts, triggering the monostable multivibrator. 

This device places a 13 millisecond pulse on the reset line of the 

latch to force the calibrator off. Thus the calibrator can only be 

activated after the instrument has been in operation for a brief time 

and the system is fail-safe. 



CHAPTER 8 

DATA ELECTRONICS 

Multiplexing 

The LSFR has a total of 12 optical channels that must be com

bined serially for presentation to the spacecraft data system. Three 

multiplexing schemes have been considered: (1) analog, with one ana

log amplifier, (2) analog, with separate analog amplifiers, and (3) 

digital, with separate analog amplifiers, sample-and-hold and analog/ 

digital converters. 

In digital multiplexing, parallel or serial digital lines are 

sequentially switched to a common data bus. If care is taken with tim

ing and transients, this method is free from error. It does, however, 

require a separate A/D converter and sample-and-hold circuit for each 

channel; for the LSFR, this means 12 of each. Because of the con

straints of reliability, weight, volume and power, and because of the 

relatively low data sampling rate requirements, digital multiplexing 

was not considered further. 

In contrast, analog multiplexers are required to select analog 

signals, and are subject to errors from several sources (Bruck, 1974; 

Sheingold, 1972). As mentioned before, two schemes are possible with 

analog multiplexing. The first, low-level multiplexing with a common 

preamplifier, is not feasible with current "state-of-art", as errors 

due to offset voltages, leakages and ON-resistances are higher than 
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tolerable, and the operating points of the detectors cannot be main

tained at the optimum. The second method uses individual analog pre

amplifiers and functions satisfactorily. A set of reasonable specifi

cations for a high-level analog multiplexer was prepared and is given 

in Table 22. 

Table 22. Analog Multiplexer Specification. 

ON resistance 1 kft max. 

OFF resistance 100 MSI min. 

Crosstalk suppression 60 dB min. 

Gain 1 ± .001 

Offset voltage 1 mV max. 

Settling time 10 ys max. 

Operating voltage range ±10 VDC 

Accuracy .01% F.S. 

Sequence rate 10 kHz min. 

Power consumption 250 mW max. 

Leakage 10 nA max. 

Electromechanical switches are attractive from several stand

points, but must be rejected on speed and power consumption. Solid-

state devices using field-effect transistors (FET), either junction or 

metal-insulated devices, are the most suitable, and all of the above 

specifications can be met. Under these conditions, the error introduc

tion from the multiplexer is less than 0.05% of full scale. Control of 

channel selection is accomplished by four binary lines from the logic 
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unit. CMOS logic is preferred because of its voltage compatibility, 

high noise immunity and low power consumption (RCA 1972). 

For the prototype LSFR, a Datel MM-16 was chosen as part of an 

entire low-power data acquisition system programmer. All of the above 

specifications are met. For the flight unit, a more compact multiplex

er such as the monolithic Analog Devices AD7506SD is suggested. 

Sample-and-Hold 

Close inspection of Fig. 6 in Chapter 2 shows a maximum change 

in radiance at T = 2 of 0.4xl0 -2  w-cm-2-sr-1 per degree of azimuth, or 

2.7% per degree. If a spin rate of 20 rpm (conservatively high at this 

altitude) is assumed, the radiance changes quite rapidly. After data 

compression by the logarithmic preamplifier, the output has a maximum 

rate of change of 64 volts/sec. A reasonable conversion time for a low-

power A/D converter is 500 usee. A change in input signal greater than 

1/2 LSB should be avoided in this period of time. For a 12-bit A/D 

converter with an input span of 10 volts, 1/2 LSB is 1.2 mV. This con

straint allows a maximum input signal variation of 2.4 volts/sec. Since 

the anticipated rate is somewhat higher, means must be taken to avoid 

the error caused by this factor. 

The conventional method of interfacing a time-varying signal 

with an A/D converter is to employ a sample-and-hold circuit. This 

circuit, shown in Fig. 59, follows the input signal when the switch is 

closed and retains the last value of input signal it had when the switch 

is opened. 
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Mode Control 

Fig. 59. Sample-and-Hold Circuit. 

The important parameters for the LSFR are low power, circuit 

compatibility and low error introduction. The important error terms 

are output offset during the sampling time, settling time, aperture 

time, feedthrough and droop. The offset as a function of time and 

temperature should not exceed 2 mV (1/2% of overall reading), the set

tling time should be less than 25 ysec (5% of the conversion time), the 

feedthrough should be suppressed by 60 dB or more, and the droop should 

not exceed 2 mV 0.5% of overall reading) in 500 ysec (conversion time) 

or 2.4 volts/sec. 

The Date1 SHM-CM sample-and-hold module has a maximum offset of 

1.5 mV (over the temperature range from 0 to 50°C), a settling time of 

70 ysec, an aperture time of 20 nsec, a feedthrough suppression of 80dB 

and a droop rate of 1 volt/sec. Its power consumption is 30 mW when 

operated on ±15 volt supplies, and is fully compatible with CMOS logic. 

Other specifications include a trimmed accuracy and linearity of ±0.01% 

F.S., a bandwidth of 40 kHz, an input impedance of 109 ohms, an input 

current of 2 nA and an output drive capability of 2 mA. It is thus 
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satisfactory as it stands for the prototype instrument. In addition, 

this module is obtainable with MIL-grade parts, and has been qualified 

for space flight, although it is a bit heavy and bulky due to the 

epoxy encapsulation. For the flight LSFR, a sample-and-hold fabricated 

from discrete MOSFETs and operational amplifiers is planned in the 

interest of low weight, small size and low power consumption. 

A/D Converter 

It is desired to measure currents in the range 10"9 to 10~3 

amps with a resolution of 1%. The logarithmic preamplifiers have an 

output swing of ±10 volts, or a 20 volt span, which can be made propor

tional to the log of the input current. Solving the equation 

E = -K log (J/J .) (51) 
o ref 

for I „ and K when E = -10 volts @ I = 10-3 amps and E = +10 volts @ 
vef o o 

I = 10 -9  amps yields I „ = 10"e amps and K = 3.33. With the logarith
ms J 

mic amplifier, a change of input current of 1% of reading yields an out

put voltage change of 14.4 mV. Then the least significant bit (LSB) of 

the A/D converter should be (14.4 mV/20V) or 1 part in 1389. A 10-bit 

converter has a resolution of 1 part in 210 or 1 part in 1024, and 11 

and 12-bit converters have resolutions of 1 part in 2048 and 1 part in 

4096 respectively. An 11-bit converter is indicated, which will give a 

resolution of 9.6 mV. This is a reasonable resolution, and designs for 

11-bit converters are available. 

Of the available methods, the successive-approximation method 

is a reasonable compromise between high-speed, high resolution and low 
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power consumption (Sheingold, 1972). A block diagram of a successive 

approximation A/D converter is shown in Fig. 60. The method operates 

by comparing the input voltage with the D/A converter output, one bit 

at a time. At the start of the conversion cycle, the most significant 

Input 

Output 

Register 

Control 

Logic 

Serial Com-
parato Output 

D/A 

Converter 

Fig. 60. Successive-Approximation Analog/Digital Converter. 

bit (MSB) output from the D/A converter, which is 1/2 of full scale, is 

compared with the input. If it is smaller than the input, the MSB is 

left on and the next bit is tried. If the MSB is larger than the input, 

it is turned off when the next bit is turned on. The comparison process 

is continued down to the LSB after which the output register contains 

the digitized word. For an n-bit converter, only « comparison periods 

are required, so this type can be made quite fast for a given resolution. 

The important parameters for an A/D converter are given in 

Table 23 along with a set of specifications for the LSFR converter. 

For the prototype LSFR, a Datel ADC-CM12B was chosen, which ex

ceeds all of the below specifications. It is similarly recommended for 

the flight LSFR in preference to a custom design, in spite of its some

what heavy weight and large bulk. 
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Temporary Data Storage 

The spacecraft data gathering system periodically interrogates 

the LSFR and accepts the data available at that time. During each 

minor frame cycle, 40 bits are taken, and the cycle repeats every 2 

seconds. The LSFR is not synchronous with the spacecraft and the num

ber of bits in a given sample does not coincide with the number of bits 

in a minor frame. Therefore, some means of making LSFR data compatible 

with the spacecraft is necessary. The spacecraft requirements for 

serial digital data are given in Table 24. 

The most expedient arrangement is to make available a sufficient 

amount of temporary storage to retain all of the digitized data from 

one sample, along with the pertinent housekeeping data. As detailed in 

Appendix A, one sample requires 324 bits in Mode 1 or Mode 2. At a rate 

of 20 bits/sec, this amount of data takes 16.2 sec to transmit. If all 

data must be removed before any new data can be entered, it would be 

desirable to have somewhat more storage. However, means are available 

to load data into temporary storage simultaneously with its removal. 

Two schemes are available for this temporary storage, shift 

registers and FIFO buffers. The scheme using shift registers (Kohonen 

1972) is shown in Fig. 61. Low-power CMOS circuitry is used throughout 

(RCA 1972). The 4031 is a 64-bit dynamic shift register, and is chosen 

as the input and output register because of its flexibility. The 4062 

is a 200-stage dynamic shift register, chosen for mass storage. The 

4034 is an 8-bit, parallel/serial input, parallel/serial output shift 

register, used to transfer data from the input chain to the output chain 



Table 23. Analog/Digital Converter Specification. 

Resolution 11 bits 

Accuracy ±.025% F.S. ± 1/2 LSB 

Linearity ±1/2 LSB 

Temperature coefficient ±50 ppm/°C max. 

Sample rate 2 kHz min. 

Output Serial, CMOS compatible 

Input voltage range ±10 V 

Input impedance 50 kfi min. 

Conversion time 500 ys max. 

Power requirements 100 mlV max. 

Coding Offset binary 

Table 24. Spacecraft Requirements for Digital Data. 

Logical level "0" -1 to +1 V 

Logical level "1" ^3.8 to +6.0 V 

Source current -10 to +10 A 

Capacitance drive 800 pF 

Data valid time from 100 ys before to 100 ys 
after positive transition of 
read clock 
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upon receipt of a single command pulse. Twelve bits are shifted simul-

tansously using this arrangement, and a capacity of 544 bits is achieved. 

The 4010 is a non-inverting buffer used to shift the logic level to 

ensure compatibility with the spacecraft data system. 

The second possibility is the use of a FIFO buffer (named 

after the inventory control system, first-in, first-out). This device 

asynchronously writes data into a random-access memory using write 

address circuits and reads it using a separate read address circuit. 

Advantages are the ability to include fullness flags and its self-

containment, but its operating voltages differ from the remaining cir

cuits and the power consumption is a bit high. Two Signetics 2535 

buffers will suffice, each with a capacity of 256 bits for a total 

capacity of 512 storage bits. 

For compatibility and power considerations, the scheme using 

the shift registers was chosen, in spite of the higher parts count and 

space requirements. 

In , In , 
CD4031 CD4031 0)4062 CD4034 

mn 
CD4034 

CP4034 

nmn 
CD4 034 CD4062 0)4031 CD4010 

Output 
0)4031 CD4010 

Fig. 61. Shift-Register Storage. 



CHAPTER 9 

LOGIC ELECTRONICS 

Data Acquisition Timing 

The scheme used to control the timing of the data acquisition 

as the probe rotates is one of the unique features of the LSFR instru

ment. In the upper atmosphere where there is noticeable structure due 

to the presence of the sun, data can be taken at equally-spaced inter

vals corresponding nominally to equal azimuth angle spacing, and data 

reduction consists of determination of the azimuth integral by numeri

cal integration. Knowledge of the timing of the data with respect to 

the solar point increases the accuracy for a given number of azimuth 

samples. If the spin rate is measured by measuring the period between 

successive peak detector pulses, then on the following revolution, data 

can be taken at times corresponding to the azimuthal Gaussian mesh 

points, giving the accuracies previously shown in Table 6. These rela

tively high accuracies are due in part to the symmetry around the solar 

angle <J>0 and the fact that Gaussian quadrature is equivalent to fitting 

a polynomial of order 2X-1, such that an n = 3 gives X = 6 (due to the 

symmetry) and an 11th order polynomial is fit. The scheme described in 

Chapter 3, where three samples in azimuth are taken on the 0 = 60° chan

nel and two on the remainder are taken on each revolution. The angular 

tolerance on the smallest angle, 12.16°, should be held within ±0.2°, 

the 25.0 and 60.98° angles can be ±1° and the remainder can be ±2°. 

135 
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The spin rate limits in the upper atmosphere are 5 and 20 rpm, 

according to the spacecraft designer, giving limiting periods of 12 

and 3 seconds. If the spacecraft clock at 2048Hz is applied to a 

counter for these periods, 24576 and 6144 counts respectively are ac

cumulated per revolution. The angular rotation corresponding to one 

clock pulse is therefore 0.0146 and 0.059 degrees for the two limiting 

spin rates. This will give adequate resolution, and errors can be de

termined by using multiples of these angles. Table 25 shows the re

sult of a short computer program used to determine the number of 

pulses to be counted for each angle, and the angular difference for 

the nearest whole integer for spin rates between 5 and 20 rpm. 

As can be seen, these errors are indeed very low, and the 

scheme can be simplified. Note that the higher angles are almost per

fect integer multiples of 12.16 degrees. If the desired angles are 

compared with integer multiples of 12.16 degrees as shown in Table 26, 

the errors incurred by making such an approximation are just beyond 

established tolerances. 

The integer submultiples of 12.16 degrees can be divided by 

3 or 4 to achieve the results shown in Table 27. It is apparent that 

dividing 12.16 degrees by four and then taking the appropriate multi

ples gives relatively low errors. 

The number of counts needed to achieve an angle of 3.04 degrees 

was established and integer multiples of this number of counts then de

termined to obtain the higher angles. This approximation greatly sim

plifies the electronics. 
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Table 25. Spacecraft Clock Count for Azimuth Angles 

Spin 
rate 

(rpm) 

Angle 
desired 

(degrees) 

1 2 . 1 6  
25.00 

60.98 

1 1 8 . 8 0  
137-05 

Number 
of 

pulses 

832.87 

1712.33 

4176.71 

8136.99 

9386.99 

Angle 
obtained 

(degrees) 

1 2 . 1 6 2  
24.995 

60.984 

118.80 
137.05 

Angular 
difference 

(degrees) 

+ 0 . 0 0 2  
-0.005 

+0.004 

0 
0 

10 

1 2 . 1 6  
25.00 

60.98 

118.80  
137.05 

412.20 

847.46 

2067.12 

4027.12 

4645.76 

12.154 

24.987 

60.977 

118.797 

137.057 

-0.006 
-0.013 

-0.003 

-0.003 

+0.007 

15 

1 2 . 1 6  
25.00 

60.98 

1 1 8 . 8 0  
137.05 

274.80 

564.97 

1378.08 

2684.75 

3097.18 

12.269 

25.001 

60.977 

1 1 8 . 8 1 1  
137.042 

+0.009 

+ 0 . 0 0 1  
-0.003 

+ 0 . 0 1 1  
-0.008 

20 

1 2 . 1 6  
25.00 

60.98 
1 1 8 . 8 0  
137.05 

206.10 

423.73 

1033.56 

2013.56 

2322.88 

12.154 
25.016 
61.006 

1 1 8 . 8 2 6  
137.057 

- 0 . 0 0 6  
+ 0 . 0 1 6  
+ 0 . 0 2 6  
+ 0 . 0 2 6  
+0.007 

Table 26. Azimuth Angles--12.16 Degree Resolution 

Angle 
desired 

(degrees) 

1 2 . 1 6  
25.00 
60.98 

118.80 
137.05 

Multi

plier 

M 

1 
2 
5 

10 
11 

Angle 
obtained 

(degrees) 

1 2 . 1 6  
24.32 

6 0 . 8 0  
1 2 1 . 6 0  
133.76 

Angular 

difference 
(degrees) 

0 
-0.68 
-0.18 
+ 2 . 8 0  
-3.29 
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Table 27. Azimuth Angles—Subdivided Resolution. 

Basic angle = 12.16/3 Basic angle = 12.16/4 

Angle Multi- Angle Angular Multi- Angle Angular 
desired plier obtained difference plier obtained difference 
(degrees) M (degrees) (degrees) M (degrees) (degrees) 

12.16 3 12.16 0 4 12.16 0 

25.00 6 24.32 -0.68 8 24.32 -0.68 

60.98 15 60.80 -0.18 20 60.80 -0.18 

118.80 29 117.55 -1.25 39 118.56 -0.24 

137.05 34 137.81 +0.76 45 136.80 -0.25 

The computer program also determined the maximum error in angle 

for the 12.16° azimuth by taking the closest integer for several spin 

rates from 5 to 20 rpm, and showed that a maximum angular error of ±0.3° 

can be achieved. If this error is multiplied by M in the previous table 

and added to the inherent errors in the simplified scheme, the maximum 

errors are still within the established tolerances. 

The electronics needed to implement this scheme are not unduly 

complicated. The 2048Hz spacecraft clock is divided and gated into a 

preset counter by pulses from the peak detector. The required division 

is 360/3.04 = 118.42. Since fractional divis ion is not permitted, a 

division by 118 was tried. The results are shown in Table 28, and the 

basic angle becomes 360/118 = 3.051 degrees. These results are superior 

for all angles except 12.16°, and are well within specification. 

A block diagram of the azimuth angle generator is shown in Fig. 

62. During the period measuring cycle, gate 2 is open while gates 1 

and 3 are closed. Pulses at the rate of 2048/118 = 17.356Hz are applied 

to the preset inputs of the counter. When the next peak detector pulse 

arrives, gate 2 is closed while gates 1 and 3 are opened. Then a pulse 
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Table 28. Azimuth Angles—Division from Spacecraft Clock. 

Angle Multi- Angle Angular 

desired plier obtained difference 
(degrees) M (degrees) (degrees) 

12.16 4 12.20 +0.04 

25.00 8 24.41 -0.59 

60.98 20 61.02 +0.04 
118.80 39 118.98 +0.18 

137.05 45 137.29 +0.24 

To 

S/H 

2048 Hz 

S/C Clock 

Peak 

Detector 

Preset 

Counter 

2-CD4029 

Gate 

CD4073 

Gate 

CD4073 

118 

CD4059 CD4073 

Gate 

Gate 

Driver 

Fig. 62. Azimuth Angle Generator. 

every 3.05 degrees is applied to the (divide by M) circuit. This cir

cuit divides the input pulses by 4, 8, 20, 39, and 45 and sends these 

pulses to the sampling logic. An update is made every second revolution. 

At this time it is not known whether or not the change in spin 

rate from one revolution to the next is sufficient to markedly increase 

the errors for this scheme. By duplicating some of the circuitry, the 

appropriate data could be taken every revolution, and while this will 

not reduce the errors, as a delay of one revolution must occur in every 

case, data can be taken every revolution to simplify the interpolations. 
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Power Supply and Control 

The spacecraft power bus is rated at 26.5 ± 1.0 volts DC and is 

supplied from on-board batteries. The instrument requires a balanced, 

regulated, tracking supply of ±15 volts DC and additional logic power 

of approximately 10 volts DC. The power allocated to the LSFR is 4.0 

watts operating and 5 milliwatts idling before turnon. Ground isolation 

is required, dictating the use of a DC-DC converter. Typical DC-DC con

verters operating from a nominal 28 volt supply line and delivering ±15 

volts regulated DC are typically 50% efficient, with the losses equally 

divided between the regulator and the converter. The converter opera

ting frequency must be greater than 20 7d)z to minimize EMI. 

For the prototype power supply a Datel BPM-15/100-D28 module 

was chosen. This supply furnished 100mA regulated to ±0.05% and with 

lmV of ripple. Its efficiency is 60%, and the operating temperature 

range is from -25 to +71°C. The logic voltage can readily be supplied 

from the positive side with dropping resistors, as the power dissipation 

for a laboratory instrument can be considerably higher than for a flight 

instrument. 

The flight power supply is a similar DC-DC converter, optimized 

for a maximum efficiency at an input level of 150mA and delivering re

duced voltages at high efficiency through the use of switching regula

tors. The power supply control has separate "ON" and "OFF" lines, with 

a redundant switch for the "OFF" control. Two fuses in parallel are 

used in series with an additional fuse, which is paralleled with a back

up switch. This combination of controls, switches and fuses provides 

fail-safe operation with reasonable redundancy. 
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Data Sync and ID 

Of the total of 324 bits per sample, the actual data requires 

297 bits during Mode 1 operation and 264 bits during Mode 2 operation. 

The remainder are assigned to data sync, identification and spaces. 

The breakdown is given in Table 29. An immediately recognizeable pat

tern is needed for the data sync, which occurs at the beginning of 

every sample. The single bit for Mode ID is 0 for Mode 2 and 1 for 

Mode 1, while a 0 indicates that the calibrator is off. During Mode 1 

operation, an indication of the spin rate of the probe is highly desir

able. The next 8 bits show the period between the peak detector pulses 

to a resolution of 1 part in 256 maximum. If the probe spin rate is 

predicted to lie between 5 and 20 rpm, the period is between 12 and 3 

seconds. If the 2048Hz spacecraft clock is divided by 27 or 128 using 

a CD4024 counter, a frequency of 16Ilz can be applied to an 8 bit accumu

lator such as a CD4040. The outputs of this accumulator are applied to 

a CD4034 parallel in serial out shift register, which feeds the digital 

multiplexer at the appropriate time. Table 30 shows the pertinent 

characteristics of this spin rate circuit. This is sufficient accuracy 

for LSFR data reduction. The spin rate counter operates only during 

Mode 1 operation, and is disabled at Mode change. The spacecraft 

clock indicates the time with respect to the major frame rate at which 

the peak prior to data taking occurred in Mode 1 and the time of data 

acquisition in Mode 2. The data blocks follow immediately, followed 

<a 

by the indicated number of spaces. The data sequence is manipulated by 

logic and counter circuits running a digital multiplexer as shown in 

block diagram form in Figure 63. 
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Table 29. Bit Assignments. 

Mode 1 Mode 2 

Function (bits) (bits) 

Data sync 8 8 

Mode ID 1 1 

Cal status 1 1 

Rotation period 8 8 

Spacecraft clock 8 8 

Data 297 264 

Spaces 1 34 

Table 30. Spin Rate Counter Accuracy. 

Period Accuracy 
Probe rpm (sec) Counts (%) 

5 12 192 0.52 

7.5 8 128 0.78 

10 6 96 1.04 

12.5 4.8 76.8 1.30 

15 4 64 1.56 

17.5 3.43 54.86 1.82 

20 3 48 2.08 

s/c 
Cloch 

__To 

S/C Buffer 

Data 

Data 
Sync 
Gen 

Address 
Control 

Cal 
Status 

Data 

A/D 

Rotation 
Period 
Counter 

Mode S/C 

Time 

Digital MUX 

Fig. 63. Digital Multiplexer. 
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Mode Switching 

In the upper atmosphere where the presence of the sun is appar

ent, data are taken at predetermined angles with respect to the solar 

azimuth. This Mode 1 data gathering is related to the performance of 

the peak detector. When the sun is no longer apparent, the instrument 

switches to Mode 2, which gathers data at a uniform rate under clock 

control. Whenever the power is activated, the instrument is reset in 

Mode 2, with the calibrator off. Even if the power is momentarily in

terrupted in the lower atmosphere, restart is in Mode 2. This step 

ensures maximum usefulness of e data in the upper atmosphere. 

The criterion for switching to Mode 1 is the presence of peak 

detector pulses. If two consecutive peaks are found within 16 seconds, 

the instrument is shifted to Mode 1. At the lowest predicted spin rate 

of 5 rpm, a peak should be observed every 12 seconds. Therefore if a 

period of time greater than 16 seconds elapses without a peak detector 

pulse, either the vehicle is not spinning at a sufficient rate or peaks 

are no longer observed, and the switch is made. This operation is ac

complished by counting spacecraft clock pulses in an accumulator which 

is reset to zero every time a pulse arrives from the peak detector. 

A CD4059 programmable divide-by-n counter is programmed to divide the 

clock by 4608, therefore giving an output pulse every 2.25 seconds. A 

CD4029 binary counter then divides by 16 for an output pulse through a 

"carry" line every 36 seconds. When this "carry" or overflow pulse is 

received, the instrument is switched to Mode 2 and will not return to 

Mode 1 unless peaks are again received. A maximum of 16 seconds of data 
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is lost by this scheme, and guarantees that as long as there is azimu-

thal structure, the instrument will take data properly timed in azimuth. 

Buffer Control 

The buffer that accepts data from the instrument and transmits 

it to the spacecraft data system is an asynchronous device, requiring 

separate clock frequencies for input and output. On the input side, 

the write frequency is governed by the conversion time of the A/D con

verter. Assuming a Datel ADC-CM-12B converter, a clock of 2048Hz, that 

of the spacecraft clock, is needed. This clock is then used to control 

the digital multiplexer, and the data sync and ID pulses are loaded at 

the same speed. The spacecraft accepts data at a 256Hz rate, governed 

by the read clock and a read envelope pulse. The read envelope pulse 

is 0.156 seconds long so that 40 bits at a time are shifted to the space 

craft data system. In addition, a minor frame pulse is received to pre

pare the buffer to write the next group of words. The buffer is con

structed so that asynchronous write and read may be accomplished simul

taneously. 

Multiplexer Sequencing 

The analog multiplexer has a total capacity of 16 single-ended 

channels and is addressed with a four-line binary code given in Table 31 

A total of twelve channels are used in the instrument, so that 

the last four codes when a "1" appears in both the "8" and "4" lines, 

can be ignored and the sequencer reset. The data sequence for Mode 1 is 

given in Table 7 in Chapter 3. Referring to the table, it is apparent 
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Table 31. MUX Address Code. 

Channel _1 2 3_ 1 5 6 2 8_ 9 10 n 12 J_3 14 L5 Ik 

"8" 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 I 

"4" 0 0 0 0 1 1 l  1 0 0 0 0 1 1 1 I 

"2" 0 0 1 1 0 1 l  1 0 0 1 1 0 0 1 I  

0 1 0 1 0 0 0 1 0 1 0 1 0 1 0 I  

that a sample consists of sequentially addressing channels 1 through 12, 

repeating the cycle and then having a final look at channels 1, 2 and 

3. In mode 2, a simple sequence from 1 to 12 is continually repeated. 

Therefore the address can be performed with a four-bit binary clock with 

a reset at twelve, with additional circuitry to reset after every third 

cycle during Mode 1. A block diagram is shown in Fig. 64. 

S/C 

Clock 

AZ Timing 

Mode ID 

MUX 

Mode 

Reset 

Logic 

4-Bit 

Binary CD4081 

Gate 

Fig. 64. MUX Control Logic. 
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Clocks 

The number of clocks and external timing pulses has been kept 

to a minimum. The "read envelope" is needed to define the period when 

the data is being transferred from the LSFR data buffer to the space

craft data system. The "read" clock at 256Hz is used to control the 

shifting of this data. The 2048Hz spacecraft clock is used to operate 

the azimuth timing circuits, the A/D converter, the analog and digital 

multiplexers, the sample-and-hold circuit, the LSFR data buffer write 

control, the rotation period counter and the data sync generator. No 

internal clocks are needed or provided. 



CHAPTER 10 

INTERFACES 

Optical Interfaces 

The optical interfaces are concerned with defining the lines of 

sight, the radiative properties of the window housing and the window 

heating. The spacecraft contractor is required to provide five windows 

of selected sapphire, sized to provide adequate strength and permit a 

full field-of-view of 10° including tolerances. 

The viewing angles and their tolerances are shown in Fig. 65. 

The plane of the viewing angles is within ±0.1° of a plane containing 

the spacecraft axes and two locating pins. These lines of sight are 

used by the spacecraft contractor to establish the size and location of 

the windows he is required to provide. 

The window housing is fabricated from Inconel to retain strength 

at the high temperatures encountered and for compatibility with the 

sapphire windows. The inner surfaces of the window housing are treated 

to reduce reflections in the spectral range from 400 to 2000 nm to less 

than 20%. This minimizes the possibility of stray radiation entering 

the light pipes. 

From the start, it was assumed that the thermal inertia of the 

spacecraft would create a temperature difference between the spacecraft 

and the surrounding atmosphere during the descent. The spacecraft tem

perature is always cooler than the atmosphere, permitting condensation 

147 
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Fig. 65. Optical Interface. 
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on the optical windows. To assess the effects of generalized conden

sates on the angular acceptance characteristics of the optical system, 

an experiment was conducted using the apparatus previously shown in 

Fig. 17. Two curves were drawn, one with a clear window and the other 

with the window fogged. The condensation was created by lightly breath 

ing on the window repeatedly until no further loss in signal occurred. 

The results, shown in Fig. 66, indicate that the formation of a conden

sate must be prevented to retain the desired field of view and radiance 

responsivity. Electrical heating of the windows during the descent is 

the chosen method of preventing the formation of condensation. Small 

heaters are wound around the outside edges of the windows, which are 

located at the ends of Inconel tubes. These tubes, which were shown 

in Fig. 29, are long and thin to minimize the power consumed in heating 

the windows. The power required, as calculated by the spacecraft con

tractor, is 14 watts, and is applied from entry until impact. This 

power will maintain the windows at least 5°C above the ambient atmo

spheric temperature during the entire descent. 

Electrical Interfaces 

The electrical interfaces can be subdivided into several cate

gories; data, commands and timing, power and connectors. Each is dis 

cussed with primary emphasis on the spacecraft requirements and LSFR 

compliance. 

The instrument transmits data to the spacecraft over four lines 

Two lines are used for analog data, one line for bilevel data and one 

line for serial digital data. The analog data lines are used for the 
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two thermometers and range from 0 to 5.12 volts with a local ground 

reference. The source impedance is less than 104 ohms, and the sample 

rate is approximately one every four seconds for each thermometer. One 

bi-level data line has been reserved for contingency. The signal char

acteristics are 0 volts for logical "0" and ±5 volts for logical "1". 

The source resistance is 10 l f  ohms and the source current is ±10 micro-

amps maximum. The serial data line has similar signal characteristics. 

Data is valid from 100 ysec before to 100 ysec after a positive transi

tion of the read clock. The LSFR has been allotted a group of five 8-

bit words in each minor frame. One minor frame takes two seconds to 

transmit at a rate of 256 bits/sec; therefore the LSFR data rate is 20 

bits/sec. No output buffers are required or supplied. 

The LSFR requires several commands and timing signals to proper

ly implement its functions. Five command lines are used for "Power ON", 

"Power OFF" and "Calibrate ON/OFF". (Duplicate lines are used for the 

power commands to allow control from either the bus or the spacecraft 

command systems.) The internal circuitry of the LSFR provides latching 

to retain the current command. The command pulses received have a nom

inal characteristic of 0 volts for logical "0", 13 volts for logical "1" 

a risetime of 10 ysec, a fall time of 100 ysec and a duration of 35 msec 

An input buffer is supplied on the instrument to minimize loading of the 

command line. 

The timing signals utilized by the LSFR include the 2048Hz space 

craft clock, the 256Hz bit shift clock, the read envelope signal, the 

minor frame rate clock and the major frame rate clock. The spacecraft 
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clock, used to generate timing signals for data acquisition, multiplex 

switching and data generation, has the following characteristics: 0 

volt logical "0", +13 volt logical "1", 5 ysec rise and fall times and 

a 50% duty cycle (square wave). The read clock, used to shift data 

from the instrument to the spacecraft, has the same characteristics ex

cept that the frequency is 256Hz. The minor frame rate and major frame 

rate clocks also have the same characteristics, except that the frequen

cies are 0.5Hz and 0.0156Hz, respectively. The read envelope provides 

a similar logical "1" when the time within the minor frame is appropriate 

for reading LSFR data. In the LSFR, it is on for a duration of 0.15625 

sec which allows 40 bits to be transferred. All timing signals to the 

instrument are buffered within the instrument to minimize loading on 

the spacecraft data system. 

The power applied from the spacecraft is 28 ± 2.8 volts DC. 

Specifications are included for noise, ripple and maximum change of load 

with time. The power supply dynamic impedance is 2 ohms maximum from 

DC to 100 kHz. The branch circuit includes a switch and a fuse that 

energizes the instrument 17 minutes prior to entry for warmup. At 1.5 

minutes after entry, a second switch closes placing another fuse in 

parallel with the first to provide backup power in the event the primary 

fuse inadvertently opens. Turn-on commands follow this switch operation. 

The fuse capacity is sized with a safety factor of four; since the LSFR 

draws 4 watts at 28 volts or 0.143 amps, the appropriate fuse size is 

0.5 amp. The instrument is designed such that it is in an OFF state 

when primary power is applied. The design allows an overvoltage to 32.8 
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volts and an undervoltage to 23.2 volts DC to occur without instrument 

failure. 

The spacecraft connector is a Matrix "Double-D" with 31 pins 

assigned as given in Table 32. The remaining pins are spares. The 

apparent redundancy in the "Power ON" and "Power OFF" command arises 

from the need for separate lines for operation from the bus or from the 

probe command unit. 

Table 32. Connector Pin Assignment. 

Line Function Line Function 

1 Power ON 12 Analog Data 

2 Power ON 1 13 Analog data 

3 Power OFF 14 Power (+28VDC) 

4 Power OFF 15 Power (+28VDC) 

5 Calibrate ON/OFF 16 Power Return 

6 Read Envelope 17 Power Return 

7 Read Clock 18 Signal Return 

8 Minor Frame Rate 19 Signal Return 

9 2048Hz clock 20 Chassis Return 

10 Digital Data 21 Chassis Return 

11 Bilevel Data 22 Major Frame Rate 

Mechanical Interfaces 

The LSFR has two mechanical interfaces with the spacecraft. The 

mounting of the optical head is critical so that its orientation with 

respect to the spacecraft spin axis is well known. The spacecraft j^ro-

vides a carefully machined boss with an angular location 11,0° below the 

equator. Inserted into this boss are two precision pins that lie in a 
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plane containing the spacecraft spin axis. These pins, along with the 

machined boss, provide constraints for all six degrees of freedom. All 

that remains is to choose a fixed location for interface reference, and 

the upper locating pin was selected. The layout is shown in Fig. 67. 
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Fig. 67. Mechanical Flange Layout. 

The mechanical outline to define the required interface envelope is 

shown in Fig. 68, along with an indication of the location of the center 

of gravity. The estimated weight of the flight optical head, including 

the cable and connector, is 650 grams. The cable is approximately 1 cm 

in diameter and 15 cm long, and is terminated in a Matrix Double-D 19-

pin male connector. 

The electronics package outline is shown in Fig. 69. Mounting 

to the forward instrument shelf ib with four #8-32 bolts. The total 



155 

.7 50 R̂ OS,T-fP Z PLACED 

110"+•oc'c, •I lu --.OOS 

.too =r ool 

~x> 1A 

IOO ijOOl -

.800 ±.005 
TP, 2. PLACES 

-t-.o55 
.O€>0_i000 1.46o M/\X(REFJ 

.£60 i .005 

•B-

,5>20 sfc .O IO 

Fig. 68. Head Envelope. 



.25 

i 
Q 

0 

CD •
 

O
 

• —I 

4. 

© J 

r il 

5 5 

- V 

< 

-®-.25 

tr < « — 5.5 ® 

-®-.25 

tr 

h 

Fig. 69. Electronics Envelope. 



157 

weight is approximately 1130 grams and the center of gravity is located 

as shown on the figure. The location of the electronics package and 

optical head within the spacecraft is shown in Fig. 70. Note that 

the instrument shelf has been relieved to clear the back extension of 

the optical head. This notch permits removal of the instrument shelf 

without disturbing the LSFR head. 

S/C Table 

LSFR Electronics S/C 
Conn/ 

Head 
Conn L 

LSFR 
v Head 

LSFR Head 

Fig. 70. Instrument Location within Spacecraft. 
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Thermal Interfaces 

The power dissipated by the electronics package is 4 watts, 

which is conducted to the lower instrument shelf. The mounting surface 

area is 129 cm2 and is maintained flat to within 1 part in 1000 with a 

surface finish of 1.62 ym r.m.s. or better. The surface then transfers 

0.31 watts/cm2 into the shelf excluding convective gain from the hot 

gas. Since the interior of the spacecraft is hot, the sides and top of 

the electronics package are gold plated to minimize the thermal emit-

tance. 

The optical head is bolted directly to the pressure vessel, and 

the penetration of the spacecraft insulation constitutes a heat leak 

into the spacecraft interior. The average heat over the mission dura

tion is less than 2 watts. A precaution is necessary during spacecraft 

testing. Since the phase change material quantity has been selected 

for the particular mission and is therefore limited in its capacity, 

static testing must be done with care. If all of the LiN03'3Il20 is 

allowed to melt, the detector temperature could rapidly rise to poten

tially destructive levels. It is important to remove immediately all 

heat sources if the detector package thermometer indicates a temperature 

in excess of 60°C. 



CHAPTER 11 

THERMAL CONTROL 

Head Temperature Control 

As discussed in Chapter 6, the detectors must be kept relatively 

cool to achieve a useful signal-to-noise ratio over the expected radi

ance range. Weight and power limitations prevent any consideration of 

an active cooling system, the mission is too long for stored gas or 

liquid coolants, and the hot environment precludes radiation cooling. 

Thermoelectric cooling was briefly considered, but sufficient power is 

not available. 

Three methods of cooling were considered in some detail: (1) 

using a conductive strap to thermally couple the detector package to the 

instrument shelf, (2) use a heat pipe as in (1), and (3) use a capsule 

of a phase change material (PCM) to absorb the heat. In any case the 

mechanical design stressed conductive isolation of the detector package 

from the pressure vessel and radiative and conductive insulation between 

the detectors and the gas and insulation retainer. 

As discussed in the next section, almost 2 cal/sec (1 cal = 

4.186 Joule = 4.186 watt-sec) need to be handled near the end of the 

descent. If this amount of heat were to be shunted to the instrument 

shelf while permitting a 10°C temperature difference between the detec

tors and the shelf, a solid copper bar some 1.3 cm in diameter would be 

required. Since the head is located at a higher elevation than the 

159 
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instrument shelf, a heat pipe is not used in its most efficient configu

ration and in either case, a detector temperature of 65°C is undesirable 

A study of useful phase change materials revealed two potential 

candidates: LiN03°3H20 and H20. The former has a melting point of 30°C 

a liquid density of 1.55 gram/cc and a heat of fusion of 70.7 cal/gram, 

while the H20 has a melting point of 0°C, a density of 1 gram/cc and a 

heat of fusion of 79.7 cal/gram. Both are relatively non-corrosive and 

immune from significant supercooling behavior. While the H20 was most 

attractive from its thermal capacity and low melting point, its low den

sity requires more volume and its lower melting point raises the temper

ature difference in the heat transfer equations and consequently increas 

es the total heat. The LiN03*3H20 was chosen, and the 30°C melting 

point simplifies detector measurement and calibration in the laboratory. 

Thermal Calculations 

The dynamic environment in which the LSFR must operate is shown 

quantitatively in Fig. 71. In order to analyze the performance of the 

optical head, a thermal model was needed. The mechanical configuration 

chosen is shown in Fig. 72. Fig. 73 shows the first thermal model 

constructed based upon the configuration of Fig. 72, this model is for 

conduction only, and the joint conductances are considered infinite. 

This assumption causes the entire analysis to be conservative and adds a 

safety factor to the calculations. The model was simplified by lumping 

terms and adding radiative and convective components to arrive at the 

model shown in Fig. 74. 
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Fig. 71. Spacecraft Temperatures. 
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Fig. 72. Head Model for Thermal Calculations. 
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The basic heat transfer equations used were: 

QQ = A kLT/l (51) 

Qv  = h AAT (52) 

Q = ae {Tz
h- (53) 

r m z  L  

where Q is the heat flux (cal sec-1), A is the area (cm2), AT is the 

temperature difference (°C), 1 is length (cm), k is the conductive heat 

transfer coefficient (cal sec-1 cm~l0C_1), h is the convective heat 

transfer coefficient (cal sec-1 cm-2^"1), is the mutual exchange 

coefficient, a is the Stefan-Boltzman constant and T\ and T2 are the 

high and low temperatures respectively for radiative exchange. For 

these calculations, h is taken as 0.65xl0~3cal sec-1 cm-2 °C-1) and 

is assumed to be 0.05 (Hennis, 1974). 

Table 33 shows the calculated thermal resistances for the con

duction model shown in Fig. 73. For the complete model shown in Fig. 74, 

these were lumped and combined with the radiative and convective terms. 

In this complete model, the temperatures labeled T are given or simply 

calculable, while the others are calculable only with some difficulty. 

The region between the pressure vessel and the insulation retainer was 

assumed to have a linear gradient, and temperatures T6 through T9 were 

calculated based on this assumption. The temperature labeled S is the 

temperature of the phase change module; in the simplest form of the 

calculations, it is assumed to be constant at the melting point of the 

PCM. The other temperatures are intermediate nodes that require solu

tion of simultaneous equations. The eight equations requiring solutions 

are: 



Table 33. Thermal Resistances. 
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R Description A 

a Lens block mtg area 1.27 

b 4 boltST- flange attach 1.02 

c Flange 0.34 

d 4 bolts- lens block attach 1.27 

e flange-to-bolts vertical 1.27 

f 4 bolts- block to pipe mtg 0.36 

g bolts to lite pipes-• vertical .23 

h bolts to bottom- vertical 0.61 

i. bottom pipe plate 0.17 

j top pipe plate 0.17 

k 5 lite pipes 0.16 

1 bottom pipe plate 0.17 

TO shell 32 

n insulation 14 

0 sides 0.1 

P bolts 0.14 

q detector base 0.32 

r ceramic sides -

s detector ceramic 2 

t PCM top shell 4 

u outer shell 23 

V insulation 19 

w PCM side 15 

X PCM bottom 11 

y insulation 15.2 

z outer back 19.5 

1_ k_ Rt 

1.4 0.04 27.6 

1.4 0.04 1.2 

1.35 0.04 99.3 

0.05 0.04 1.0 

0.68 0.04 13.4 

0.05 0.04 3.5 

1. 0.04 108.7 

1.94 0.04 79.5 

-0- 0.04 -0-

0.7 0.04 102.9 

2.87 ,0028 6406 

1.2 0.04 176.5 

0.02 0.04 .02 

1 .0002 357 

1 0.04 250 

1 0.04 178.6 

1.7 0.04 132.8 

ignore 

0.08 0.08 .5 

0.02 0.04 .1 

0.02 0.04 -0-

0.;5 .0002 131.6 

0.02 0.04 -0-

0.02 0.04 -0-

0.25 .0002 82.2 

0.02 0.04 -0-



. 16 Cy3-£-33 + 7.92x10 11 {T2h-Sl>h) = .73(53-5) (54) 

.13 (2*6-56) + 6.5xl0-11 (76^-56^) = .084(56-54) (55) 

.13(77-57) + 6.5xl0-n = .084(57-54) (56) 

.094(78-58) + 4.67xl0"11(78tt-58tt) = .228(58-5) (57) 

.094(79-59) + 4.67x10" 11 (79tf-59i+) = .228(59-5) (58) 

.142(71-51) + 1.4xl0-9(711+-51tt) = 2.17(51-52) (59) 

2.17(51-52) + .522(71-52) = .235(52-54) (60) 

.084(56+57-254) + .235(52-54) = .253(54-5) (61) 

These equations were solved with the aid of a General Electric 

time-sharing computer for values of 71, 72 and 73 corresponding to times 

from entry of 64, 60, 50, 40 and 30 minutes for the two phase change 

materials, LiN03*3H20 and H20. Figs. 75 and 76 show the results of 

these calculations. The integral under the curve is proportional to the 

total heat into the PCM. Secondary calculations were made to estimate 

the sources of the heat if significant reductions were needed. 

Since the PCM temperature 5 is lower with H20 than with LiN03* 

3H20, the total heat input is higher into a PCM using II20. The ratio 

of heat for H20 vs. LiN03°3H20 is 1.235. The heats of fusion for the 

two materials are 79.7 and 70.7 cal/gram respectively. Therefore, 39.1 

grams of H20 or 35.7 grams of LiN03»3II20 are needed in the heat sink. 

The volumes needed are 39.1cc and 23.0cc respectively. Based on these 

figures, LiN03«3H20 was selected. 

In Fig. 72, the volume available for the PCM is 14.4 cm3, and is 

therefore insufficient. If the cannister is extended 2.5 cm, the volume 

increases to 41.7 cm3. Allowing 8% space for expansion, the remaining 
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volume is 38.4 cm3, the mass is 59.5 grams and the heat capacity is 4207 

calories. Extending the capsule increases the exposure to the gas from 

19.5 to 60 cm2, raising the heat input by 545 calories. The total needed 

capacity is then 3662 calories compared to a total available capacity of 

4207 calories. This is a safety factor of 15%, and when coupled with 

the conservative estimates using worst-case temperature curves and ignor

ing joint resistances, leaves sufficient overall design margin. 
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Fig. 75. Heat Flux Characteristics, LiN03«H20 PCM. 
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Electronics Package 

The box containing the electronics is located on the forward 

instrument shelf in the spacecraft and is surrounded by gas at the mid-

bay temperature. Five sides are exposed for radiative transfer, two of 

which see the hot insulation retainer. The package has an assumed ther

mal capacity that is used to absorb heat during the descent. Referring 

to Fig. 71, the forward shelf reaches a peak temperature of 33 °C, the 

mid-bay gas rises to 102°C, and the insulation retainer reaches 198°C. 

The internal power dissipation is 4 watts, and the heat generat

ed by this dissipation, along with the heat transferred to the shell 

from the gas, must be conducted by the shell into the instrument shelf, 

which is the coolest area. The most sensitive location within the elec

tronics package is where the log transistors in the analog peramplifiers 

are. These are thermally isolated in a low-density foam and their tem

perature is monitored with a transistor thermometer to aid in post-

flight data analysis. 

A number of specific steps were taken to achieve a good thermal 

design for the electronics package. The bottom surface is flat within 

0.1 mm and has a surface finish of 1.62 ym r.m.s. maximum. This surface 

is coupled to the instrument shelf using four bolts and a thermally-

conductive grease. The outer walls are gold-plated to minimize the 

thermal absorption from the hot insulation retainer. The DC-DC convert

er, which dissipates approximately 1.5 watts by itself, is located at 

the bottom of the box, away from the most sensitive components. The 

sides of the box are aluminum and are used to conduct the heat which is 
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convectively coupled from the internal gas down to the mounting face 

and then to the instrument shelf. 

Further detailed design will be accomplished on the qualifica

tion model. 



CHAPTER 12 

CALIBRATION 

In order for the LSFR to function properly during the descent 

through the atmosphere of Venus, certain characteristics of the instru

ment must be known. These characteristics are determined in the cali

bration phase of the program. The calibration of the LSFR is a rather 

lengthy and detailed procedure that includes determination of the radio

metric characteristics, the electrical and electronic characteristics 

and the geometry. These measurements must be performed through the 

temperature range over which the instrument is expected to function. 

The fundamental laboratory calibration is accomplished with the aid of 

a solar radiation simulator designated the Primary Calibrator. The 

fundamental calibration is verified by means of absolute spectral 

responsivity measurements. The geometrical calibration is done with a 

laser autocollimator and a precision rotary table. The electronics 

package is doubly calibrated, once by itself and again as a part of 

the entire system. Traceability to existing standards maintained by 

NBS and NASA is maintained for all calibrations. An in-flight cali

brator is designed into the instrument to facilitate the prediction 

of aging and drift of the instrument during the period between launch 

and the completion of the mission. The procedures and equipment con

siderations are treated in subsequent sections. 

171 
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Radiometric Calibration 

The radiometric calibration determines the absolute spectral 

responsivity of the radiometer. The relative spatial characteristics 

determination is described in a later section. 

If the spectral responsivity of the radiometer were uniform 

between sharp, well-defined wavelength limits, the calibration would 

be relatively simple. Any known source such as a lamp standard of 

spectral radiance, irradiance or intensity could be used and the radi

ant signal on the detector could be determined by integrating the source 

characteristics between the wavelength limits and considering the geom

etry employed. The radiometer responsivity would then be given by the 

ratio of the radiometer output voltage to the input signal. 

The fact that the relative spectral responsivity of the detectors 

is neither flat nor with sharp wavelength limits complicates the cali

bration. Two distinct methods are available, and both are used together 

to arrive at the instrument calibration. 

The first method relies on a source which accurately duplicates 

the spectral radiance of the intended target, in this case, the atmo

spheric radiance of Venus. The second relies on an accurate measurement 

of the absolute spectral responsivity measurement of the radiometer 

channels. If the target is duplicated accurately, the detector char

acteristics need not be known. If the absolute spectral responsivity 

is well known, the response to any radiation input can be determined by 

multiplying and integrating. For the LSFR calibration, the source 
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characteristics are not well known, particularly in the lower regions 

of the atmosphere. In addition, accurate simulation of solar-type 

radiation sources is difficult. The state-of-art in absolute spectral 

responsivity measurements is insufficient to achieve the desired results. 

However, a combination of the two methods decreases the dependence upon 

either one to a marked degree. Here, the best relative spectral respon

sivity measurements are converted to absolute measurements using the 

Primary Calibrator as the radiation source. 

The procedure for this determination is as follows: 

(1) Determine the relative spectral responsivity of each chan

nel of the LSFR head by comparing its response to monochromatic light of 

various wavelengths with the response of a reference detector having 

known relative spectral responsivity. 

(2) Determine the relative spectral radiance of the Primary 

Calibrator by comparing its output at various wavelengths with the out

put of a standard source having a known relative spectral distribution. 

(3) Determine the absolute spectral radiance of the Primary 

Calibrator by measuring its output using a reference detector whose 

absolute response to radiation having the spectral characteristics of 

the primary calibrator is known. 

(4) Determine the absolute spectral responsivity of each chan

nel of the LSFR head by measuring its output when exposed to the Primary 

Calibrator. The relative response of each channel determined in Step 1 

is used in this process. 

Several crosschecks will be made using different combinations of 

the calibration equipment. For example, Step 4 can be done by 



174 

substituting a calibrated standard lamp for the Primary Calibrator, 

Steps 1 and 4 can be combined through the use of an absolutely-

calibrated reference detector, and Steps 2 and 3 can be combined by 

the use of an absolutely-calibrated standard source. The sequence 

selected will give the best results considering the accuracies of the 

available calibration equipment, and the crosschecks will ensure that 

the proper results have been achieved. 

Measurement of Spectral Responsivity 

The measurement of spectral responsivity is done both on the 

entire LSFR and on the detector-filter subassembly. The sapphire window 

assembly is not available during the entire length of the calibration 

phase and therefore is taken into account separately. The filter-

detector assembly is measured using the apparatus show- in Fig. 77. 

The source S is a ribbon-filament tungsten lamp powered by a stabilized 

AC power source. The monochromator is a Perkin-Elmer model 99 double-

pass instrument fitted with a quartz prism P. An abridged slit program, 

manually operated, was chosen to ensure an adequate spectral resolution 

with sufficient power throughput. Two reference detectors are used: 

a silicon solar cell calibrated for absolute spectral responsivity by 

Optronic Laboratories and a Reeder multi-junction linear thermopile with 

gold-blackened receivers. The electronics used are a PAR model 124 

lock-in amplifier with a transformer input preamplifier for the thermo

pile and a current-to-voltage converter preamplifier for the reference 

and test detectors. The standard 13 Hz chopping frequency is used. The 

output of the lock-in amplifier is fed to the Y-input of an X-Y recorder, 
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Fig. 77. Detector Measurement Apparatus. 

with a signal proportional to wavelength drum reading fed to the X-input. 

Wavelength calibration was done using a Hg discharge source. A straight 

line was fit to the relationship 

DRUM = A + B arcsin(tn) (62) 

where t  is the cosine of 60° (the prism apex angle) and n is the wave

length-dependent index of refraction. It was calculated using the 

expression 

o , .696166X2 .407943A2 .897479A2 

n + A2-.00467915 + A2-. 0135121 A2-97.934 (63) 

from Malitson (1965). The procedure is described by Ho (1971) and is 

estimated accurate to ±5 nm. 
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The introduction of various sized detectors into the diverging 

beam coming from the exit slit causes some problems. The large-area 

silicon reference photodetector can be placed where the beam is approxi

mately square, some 10 cm behind the exit slit. The LSFR detectors are 

quite small and physically cannot be placed correspondingly nearer the 

exit slit. A fused silica lens is used 10 cm behind the exit slit to 

refocus the beam onto the detectors. The transmission characteristics 

of the lens are uniform with wavelength such that the relative results 

are unaffected. 

As an indication of the results achieved, Fig. 78 shows the 

relative spectral responsivity of standard silicon solar cell ft 181. 

The curve labeled UA was measured using the above procedure and instru

mentation with a thermopile reference, and the curve labeled OPT was 

the laboratory calibration performed by Optronic Laboratories, Silver 

Spring, MD. The agreement is quite good for this type of measurement 

(Grum, 1974), and demonstrates the capability attained by this laboratory. 

These measurements on the optical head will serve to crosscheck the cali

bration which is done with the Primary Calibrator. 

Primary Calibrator 

The total responsivity of the LSFR is measured using the primary 

calibrator and is done over a wide range of primary calibrator radiances 

and through the temperature range from 0 to 50°C. The values obtained 

from these measurements constitute the primary calibration, done both 

with and without the flight windows. 
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Fig. 78. Calibration of Standard #181. 
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The Primary Calibrator for the LSFR is a solar radiation simula

tor. A block diagram of the Primary Calibrator is shown in Fig. 79. 
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Fig. 79. Primary Calibrator Optical Layout. 

Two sources, each filtered to simulate a portion of the solar spectrum, 

are combined with a dichroic "cold".mirror and a focused beam is intro

duced into a 30 cm diameter integrating sphere. The xenon source is an 

Osram XB0450, which has spectral coverage from 400 to 700 nm and draws 

450 watts. The "cold" mirror and filter suppress the infrared line 

structure characteristic of xenon arcs while shaping the spectral dis

tribution curve in the desired range. The tungsten lamp is a type DXW 

1000-watt quartz-halogen lamp, the same lamp used by NBS for spectral 

irradiance standards. Its filter adjusts the spectral distribution to 

resemble sunlight in the wavelength range from 700 to 2000 nm. The 

integrating sphere is coated to a thickness of 1 mm with BaSO^, which 

provides uniform reflectance over the desired spectral range. 

The xenon lamp is contained in Oriel 6140 lamp housing, which 

can accomodate lamps from 250 to 1000 watts and includes a spherical 

mirror, a filter holder and the F/l quartz condenser lens. Cooling is 

by forced convection for the lamp and the filters. The xenon power 
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supply is an Oriel 6242 constant-power supply with a built-in 25KV 

starter circuit. An iris diaphragm is used as an attenuator to match 

radiance power with the tungsten source. 

The DXW tungsten lamp is mounted in an arrangement similar to 

the xenon source unit with a spherical reflector, condensing lens and 

convection cooling for the lamp and filters. Provisions are made to 

include Inconel-on-quartz neutral density filters to assist in balancing 

the two sources. The power supply is a pair of Hewlett-Packard 6247B 

constant voltage/constant current power supplies operated in a constant 

current mode in a master-slave arrangement. Further details of the 

filters are given in Chapter 13 where the Ground Support Equipment is 

discussed. 

In the Primary Calibrator, the radiance is varied from 10-5 to 

10'1 watts cm-2 sr"1 with a nominal solar spectral distribution. The 

radiance is determined using a normalization and integration procedure, 

comparing the spectral distribution to a standard lamp and measuring the 

total radiance with a calibrated silicon detector. Carefully calibrated 

secondary standard silicon and germanium detectors are used to monitor 

the performance of the Primary Calibrator. The uniformity of the 

Primary Calibrator is determined using a silicon cell narrow-field radi

ometer to scan that area of the integrating sphere that the LSFR faces. 

Standard Sources 

In order to establish the spectral radiance of the wall of the 

Primary Calibrator, reference must be made to a calibrated source. 

A Perkin-Elmer model 99 double-pass quartz-prism monochromator with 
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various detectors is used to spectrally compare the primary calibrator 

with a standard source. The standard source is a high-intensity standard 

of total and spectral irradiance (Schneider, 1970) furnished by Optronic 

Laboratories and designated HTS-75. It was calibrated at a distance of 

40 cm and at a lamp current of 8.30 amperes. The spectral irradiance 

is shown in Fig. 80. 
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Fig. 80. Standard Source HTS-75. 
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The standard source is operated by a pair of Hewlett-Packard 

6247B power supplies tied together in a series master-slave arrangement. 

This supply is set to a constant current of 8.30 amperes and is regulated 

to ±0.05% and has 5mA ripple. The current is measured with a Leeds and 

Northrup model 4385 shunt box which has been calibrated to ±0.02%. 

The voltage drop across the shunt box is measured with a Data Precision 

model 2540 digital voltmeter, which is accurate to within ±0.01%. The 

set current of the lamp is known to ±0.03%, which is approximately 

equivalent to a ±0.2% change in visible radiance. The standard source 

is placed 40.0 cm from a calibrated aperture with area of 4 cm2 such 

that the spectral flux at the aperture is known. Immediately behind the 

aperture is a fused silica lens which focuses the radiation into the 

integrating sphere such that the radiant power into the sphere is known. 

It has been shown (Walsh 1958) that the radiance of the wall of an inte

grating sphere that has a BaSO^ coating 1 mm thick is uniform to within 

several percent throughout (Grum and Luckey 1968). Thus, since the 

area of the interior of the sphere is known, the spectral radiance can 

be calculated. For calibration of the flight LSFR, a new 1000-watt NBS 

high accuracy standard of spectral irradiance will be employed. These 

sources are also used to assist in the responsivity calibration of the 

detectors. 

Standard Detectors 

In addition to the standard sources, calibrated detectors are 

employed to determine the radiometric properties of the LSFR. They are 

used in two calibrations: as reference detectors in determinations of 
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spectral responsivity of the head, and to calibrate the primary cali

brator and the optical stimulator unit of the ground support equipment 

for spectral and total radiance. 

The detectors are used as references in the spectral responsivity 

determinations. In the spectral range from 400 to 1100 nm a silicon 

solar cell designated #181 and calibrated for relative and absolute 

spectral responsivity is used behind the exit slit of a spectroradi-

ometer used for spectral response determinations. The calibration was 

performed by Optronic Laboratories, Silver Spring, Md, is traceable to 

NBS and has an uncertainty of ±2% of peak in relative responsivity and 

±3% of peak in absolute responsivity. A Reeder linear thermopile with 

gold-black receivers is used over the entire spectral range extending 

from 400 to 2000 nm. It is assumed flat to within ±2% over this range 

(Harris, 1967) and is used as a relative reference only. Readout for 

the standard solar cell is an operational amplifier current-to-voltage 

converter and a digital voltmeter while readout for the thermopile is 

a PAR model HR-8 lock-in amplifier with a transformer-coupled preampli

fier. A germanium detector is used as a substandard in the range from 

1000 to 2000 nm, and it has been calibrated against the thermopile. 

Several detectors are used in the calibration of the GSE and 

the primary calibrator. Standard solar cell #181 is used to determine 

the radiance of the filtered xenon source. This silicon detector is 

also used to determine the level of the filtered tungsten source and 

gives good results as long as the spectral distribution is well known 

beyond the cutoff wavelength of the silicon detector. A calibrated 
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pyroelectric radiometer is used to check the overall radiance level of 

the solar radiation simulators, taking due precautions to exclude the 

radiation beyond 2000 nm in the infrared and radiation at wavelengths 

shorter than 400 nm. These measurements are accurate to within ±5%. 

Inasmuch as the solar spectral irradiance is known only to a 

few percent, the final check is made with a standard silicon solar cell 

calibrated by NASA/JPL (Ritchie 1964) against similar cells flown in 

high-altitude balloons. These cells have outputs in free space known 

to better than ±2%, and will firmly establish NASA traceability. 

The silicon cell standards are calibrated in spectral and/or 

total irradiance. To use them to measure radiance, the simple optical 

system shown in Fig. 81 is employed. The pertinent equation is 

E = TTT L sin2 U ~ —T7T^ (64) 
A(F/#)2 

Fig. 81.  Irradiance-to-Radiance Conversion. 
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If the distance between the lens and the detector is at least ten times 

the maximum dimension of the detector, the approximation is good to 

better than 1%. A 30 cm distance is employed with a 50 mm diameter F/6 

fused silica lens. The only losses are surface reflections, so t=0.934. 

The radiance is then given by 

L = 4(F/#)2# = 49,09 E (65) 
TIT 

This system will be used to inspect the radiance of the wall of the 

integrating sphere through the LSFR port. 

Measurement of Geometrical Characteristics 

The measurement of the geometrical characteristics of the LSFR 

is accomplished in two phases; measurement of the "look" angles relative 

to a known reference surface on the optical head along with measurement 

of the fields of view, and measurement of the relationship of the known 

reference surface with respect to the spacecraft spin axis. Both mea

surements are needed to within 0.1 degree and will be done in a labora

tory situation using a laser autocollimator and goniometer. 

The field of view measurement and the relative angular calibra

tion are done using the apparatus shown in Fig. 82. The optical center-

lines are located directly over the center of rotation of the turntable. 

The turntable is calibrated to 1 arc minute, giving more than the neces

sary accuracy. The source is a He-Ne laser. The chosen angular refer

ence is light pipe #4. Since the flat end of the light pipe is at the 

rear focus of the lens, a fraction of the input collimated beam is 

returned as a collimated beam due to reflection from the light pipe 
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surface. When these two beams coincide, the light pipe end is normal 

to the two beams. The optical system for accomplishing this measurement 

constitutes a form of autocollimator and is shown in Fig. 83. When the 

return beam is centered, the two photodetector currents are equal and a 

null is observed on the associated electronics output meter. Each light 

pipe/lens system is measured in this manner and the relative turntable 

angle readings give the relative angular calibration. 

Rotation Transducer 

Device Under Test 
1* 

r- Source 

J/" 
Aperture 

o 

Turntable 
Preamplifier 

Fig. 82. Relative Angle and FOV Calibration. 
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Fig. 83. Alignment Autocollimator. 
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The field of view of each light pipe/lens system is measured at 

the same time with the same apparatus. In the zenith plane, the fields 

of view are determined during the relative angular calibration. The 

field of view is the angle included between the half-maximum points on 

the angular acceptance curves. As a check on the circular symmetry of 

the fields of view, the LSFR head is remounted so that the angular 

acceptance curves can be determined in the five azimuth planes. If nec-

cessary, the traces can be made through other planes as well, by mounting 

the LSFR head in selected locations. Traces off-axis can readily be 

made in this manner. 

The final angular measurement is done after the LSFR optical head 

has been integrated into the spacecraft. At this time, the only readout 

of the detectors is in a transient mode, as the test connector is not 

available. A passive system employing the autocollimator just described 

is used in conjunction with a theodolite. The configuration is shown in 

Fig. 84. It is assumed that for this measurement the spacecraft will be 

mounted in a stand such that the equatorial plane is level. By simul

taneous -manipulation of the autocollimator in elevation and zenith angle, 

LSFR 
Head 

Alignment 
Autocollimator 

S/C 

Transit Mount 

Fig. 84. Final Alignment. 
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the zenith angles of the LSFR with respect to the spacecraft spin axis 

can be determined. This need only be done with the selected reference 

surface, light pipe #4, but will be done with others to serve as checks. 

Electronics Calibration 

The calibration of the electronics is straightforward. The 

equipment necessary to perform this task is furnished in the associated 

GSE and includes additionally an environmental test chamber. 

The logarithmic preamplifiers are calibrated by injecting known 

currents in the range 10-9 to 10"3 amperes into the input terminals by 

means of the instrument test connector. Each preamplifier is measured 

at scale factors of 1, 2 and 5. Adjustments are provided on the bread

board instrument to trim the range and zero offset, but the variable 

resistors are replaced by carefully selected fixed resistors in the 

flight instrument. For each preamplifier, a best-fit straight line to 

the transfer function is calculated and a table of deviations from this 

straight line is made. This procedure is carried out at 0, 15, 30, 45 

and 55°C instrument equilibrium temperatures as measured with the internal 

silicon diode thermometer. This thermometer need not have a precise 

absolute calibration as it serves only to refer the data analysis to the 

calibration. The instrument is also checked in a dynamic mode, with an 

increasing shelf temperature and a programmed oven temperature to simu

late the actual flight environment. This check serves to verify the 

relationship between the temperature sensor and the sensitive logarithmic 

elements. 
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The data electronics are calibrated by supplying a known voltage 

to the input of the analog multiplexer and reading the serial digital 

data from the A/D converter. All channels are checked to determine 

the magnitude of offsets in the multiplexer, sample-and-hold and A/D 

converter circuits. This calibration, which is done for input voltages 

ranging from -10 to +10 volts in 0.5 volt steps, is also repeated over 

temperature and the dynamic temperature test is likewise performed. 

Once the analog preamplifiers are calibrated, they may be used 

to measure the output currents of the in-flight calibrator. To deter

mine the temperature sensitivity of the calibrator, the supply voltage 

and calibration resistors are individually measured over temperature. 

The peak detector is exercised by injecting time-varying currents 

from the GSE into the appropriate analog preamplifiers. The coincidence 

operation is checked, followed by an angle measurement, which is done 

by counting the clock pulses between peak detector pulses and between 

sample-and-hold commands. This operation need only be done at 0, 15 and 

30°C as Mode 1 operation will only be operative in the upper atmosphere 

where the instrument is relatively cool. 

Traceability 

Traceability of the LSFR optical and electronic calibration has 

been established to two sources. The National Bureau of Standards (NBS) 

maintains and disseminates the standards needed for radiant energy and 

electrical calibrations. For solar radiation, suitable standards are 

maintained by NASA. 
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The required electrical measurements involve DC voltage, current 

and resistance. AC measurements are required for noise and bandwidth 

determinations, but traceability is not deemed necessary at the accuracy 

levels required. The DC levels are established through a Data Precision 

2540 DC digital voltmeter which is subject to periodic recalibration by 

a commercial certified standards laboratory. This DVM also measures 

resistance and is periodically checked with 0.01% resistance standards 

in addition to regular maintenance. Current measurements are established 

through voltage drops across measured resistors. For high-level currents 

such as used in standard lamp operation, a Leeds and Northrup 4385 pre

cision shunt box is employed. Extremely low currents are measured with 

calibrated resistors similarly traceable used with a precision operational 

amplifier in the current-voltage converter configuration. 

The lamp standards of spectral irradiance employed are either 

directly traceable to NBS in the case of the one-solar-constant lamp or 

furnished directly by NBS in the case of the high-accuracy lamp. Current 

and voltage measurements on these lamps were previously described. These 

standards are used to ensure traceability of spectral responsivity mea

surements of the LSFR and spectral radiance calibrations of the solar 

radiation simulators used for the primary calibrator and GSE equipment. 

The extraterrestrial solar spectral irradiance is presently known 

to ±5% over the spectral range from 250 to 2500 nm, although the solar 

constant is known to ±1.5% (NASA 1971). If we rely on this present 

knowledge, the LSFR measurements can be no better than approximately ±3%. 

NASA/JPL has been flying silicon solar cells on high-altitude balloons 
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since 1962 (Ritchie, 1964) and furnishes calibrated detectors to NASA 

contractors. A detector obtained from NASA/JPL is used to check the 

overall radiance calibration of the primary calibrator and the GSE in 

the spectral range from 400 to 1100 nm as a check on the NBS traceable 

calibration. 

In-flight Calibration 

Serious consideration was given to the question of in-flight 

calibration. The choices appeared to be: complete optical and elec

tronic in-flight calibration, electronic calibration only and no cali

bration. The important mission and spacecraft parameters are: (1) no 

power is available for the 24 days from probe separation and entry, 

(2) the aeroshell is in place from before launch until just after entry, 

when an unknown amount of atmosphere has already been traversed, and 

(3) remote command sequencing is available only when the probe is still 

attached to the bus. Therefore any calibration must be performed on 

ground command, with the aeroshell in place, before probe separation or 

on automatic sequence after entry. 

Optical sources considered for a complete calibration include 

the sun, light-emitting diodes and tungsten lamps. The sun cannot be 

used after entry as an unknown amount of Venerian atmosphere has already 

been traversed, and using it before probe separation entails a complex 

optical system in the still-attached aeroshell plus special probe maneu

vers to align the spacecraft with the sun. The use of the sun was there

fore deemed unfeasible (use of any optical system to relay a sun signal 

through the bus to the LSFR would be complex and subject to question. 
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Tungsten lamps need relatively heavy currents and are somewhat 

fragile. The more rugged emitting diodes require simpler power sup

plies, but are quite temperature sensitive, requiring either control 

or measurement of their temperature. It has been demonstrated in the 

past (Mohan, Schaefer and Zalewski 1973), that the stability of the 

silicon detectors equals or exceeds that of potential calibration 

sources and that they are relatively insensitive to temperature varia

tions as well. The long-term stability of the germanium detectors has 

not been established, but should be nearly as good as silicon. It was 

therefore, in light of the additional expense and complexity, decided 

to forego a complete in-flight end-to-end calibration. 

An in-flight check on the stability of the electronics package 

is relatively easy to implement and has thus been incorporated into the 

system. A group of precision resistors control currents injected into 

each analog preamplifier from a high-stability voltage source. The 

currents are selected such that they are in the middle of the expected 

operating range. The circuit details were presented in Chapter 7. 

The calibrator is turned on and off by a command from the space

craft. The calibrator is utilized prior to launch, during mid-course 

corrections in the flight, and just before probe release from the bus. 

Measurements of the voltage output of the analog preamplifiers with no 

radiation incident on the LSFR head will be made with the calibrator 

both on and off. These measurements will permit a two-point check on 

the transfer function of each analog preamplifier. In this manner, 

drift in both gain and offset voltage can be determined and an extra

polation through the operational period may be made. 



CHAPTER 13 

GROUND SUPPORT EQUIPMENT 

A set of reasonably complete specifications for the ground sup

port equipment (GSE) was outlined in Chapter 3. This chapter describes 

the configuration selected for the Optical Stimulator Unit (OSU) of the 

GSE in detail, and outlines the Spacecraft Simulator Unit (SSU) and the 

Data Readout Unit (DRU). 

Optical Stimulator Unit 

The purpose of the OSU is to stimulate the LSFR independently 

and during Mode 1 and Mode 2 and systems level testing. In addition, 

it is capable of measuring the optical head output currents during 

optical stimulation. 

Block diagrams of the optical and electronic components of the 

OSU are shown in Figs. 85 and 86. The optical portion consists of a 

dual-source unit solar simulator, with filtered xenon and tungsten 
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Fig. 85. OSU Optical Layout. 
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sources, a beam combiner, attenuators and auxiliary optics to introduce 

the beam to an integrating sphere. The integrating sphere has three 

orthogonal ports for the incoming radiation, the LSFR head and a monitor 

detector assembly. The electronics include regulated power supplies, 

feedback controlled, for the two sources, a current readout for the 

LSFR detectors, a thermometer readout for the head temperature sensor, 

electronics for the monitor detectors and digital readouts. 

Sources and Filters 

The design of a solar radiation simulator to cover the wavelength 

range from 400 to 2000 nm is somewhat difficult. Sources of radiant 

energy that provide sufficient output over this range are few. Only 

xenon and tungsten lamps have useful continua. Tungsten lamps operate 

in the vicinity of 3200K, while the temperature of the sun is nearer 

6000K. The xenon arc has a plasma temperature approximately 6000K but 

has a group of strong emission lines between 700 and 1000 nm, which are 

exceedingly difficult to selectively filter. In addition, filters that 

are useful over the entire spectral range are difficult to locate. 

For these reasons, it was decided to build a solar radiation 

stimulator using two sources, a xenon arc to cover the spectral range 

from 400 to 700 nm and a tungsten-halogen lamp operating near 3200K to 

cover the 700 to 2000 nm range. Each source requires a set of filters 

to adjust its spectral distribution to match extraterrestrial sunlight 

in its assigned spectral range. 

The need for equal attenuation simultaneously for both sources 

led to the use of a beam combiner, and its spectral characteristics need 
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first consideration. A simple partially-reflective mirror was con

sidered and rejected because at least 50% of each beam is immediately 

rejected. It was decided to use either a "hot" or a "cold" mirror, 

with transmission characteristics shown in Fig. 87, as a beam combiner. 

It is apparent from these curves that the cold mirror will function 

more satisfactorily as a beam combiner, as they have higher reflectance 

in the passband than does a hot mirror. In addition, they are generally 

of higher optical quality and are designed for reflection at 45°. The 

spectral range of the xenon source is limited to the wavelengths between 

400 and 700 nm, limiting the possible extension to slightly shorter or 

longer wavelengths. It is used to reflect the radiation from the xenon 

source and transmit the radiation from the tungsten source. 

The xenon source has a spectral distribution as shown in Fig. 88. 

Also shown is the solar spectral irradiance curve. By dividing the 

solar spectral irradiance by the product of the xenon curve and the cold 

mirror reflectance and normalizing the resulting curve to unity at its 

peak, the internal transmittance of the required filter assembly is 

found. This filter characteristic is plotted on a Diabatie scale in 

Fig. 89. Using the techniques described in Chapter 6, a Schott FG4 

filter of approximately 1 mm thickness was chosen. The computer tech

niques were applied upon receipt of the filter and measurement of its 

actual absorption coefficient as a function of wavelength. An additional 

filter using 25 mm of distilled H20 is used for additional infrared 

suppression. 

The spectral distribution of the filtered xenon source after 

passage through the beam combiner is shown in Fig. 90, along with the 
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solar spectral irradiance and the required tungsten source curve. The 

required tungsten filter (Fig. 91) was determined by dividing the 

required spectral distribution by the product of the beam combiner trans-

mittance and the spectral distribution of the tungsten lamp. This 

required filter transmission, together with the spectral distribution of 

the source, is shown in Fig. 92. This filter can be achieved by using 

a Schott BG24 filter at about 3.2 mm thickness. The selection of the 

final filter thicknesses was again done with the computer program 

mentioned earlier, after measuring the absorption coefficient as a 

function of wavelength. 

1600 

Fig. 91. Required Tungsten Filter 
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The spectral distribution of the final solar radiation simulator 

design is shown in Fig. 93 along with the solar spectral irradiance. 

The filtered xenon source has been area-normalized to the solar spectral 

irradiance curve over the wavelength region from 400 to 700 nm, while 

the tungsten source was area-normalized over the region from 800 to 

1800 nm. The design is nominally within the specification given in 

Appendix A. 

Integrating Sphere and Optics 

In order to simulate the radiance characteristics of the atmo

sphere of Venus to a satisfactory degree, a source of controlled, variable 

and uniform radiance is needed. These characteristics can best be met 
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using an integrating sphere with a high-reflectance white coating. The 

optical layout of the OSU was shown in Fig. 85. 
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The integrating sphere is fabricated from two spun aluminum 

hemispheres and is coated with BaSOif. The coating is F.astman white 

reflectance sphere paint and is approximately 2 mm in thickness. Three 

monitor detectors are located at the top of the sphere, and the LSFR 

mates with an input port at the side of the sphere. A sphere diameter 

of 15 cm was chosen such that the sum of the areas of the ports is less 

than 5% of the total sphere area. 

The final lens in an F/1.5, 50 mm diameter fused silica lens, 

which has its focal point located at the entrance port of the integrating 
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sphere. This choice is near optimum for filling the rear wall of the 

sphere and maximizing its uniformity. The final attenuator is used to 

alter the sphere radiance over the entire spectral range of the sources, 

and is comprised of a group of Inconel-on-quartz neutral density filters 

having the following densities: 0.1, 0.3, 0.5, 1.0, 2.0 and 3.0 to 

cover seven decades of radiance. 

The beam combiner was described in the previous section. The 

xenon source is a Varian VIX150, which combines the arc, a parabolic 

mirror and a sapphire window in a compact package which produces a 

nominally collimated beam. Its filter modifies the spectral characteris

tics in the wavelength region from 400 to 700 nm. The diagonal mirror 

directs the beam to the beam combiner. 

The tungsten-halide lamp is a type DVY and is mounted at the 

radius of curvature of a spherical mirror, which focuses an image of 

the filament to a point immediately adjacent to the filament itself, 

effectively doubling the source size. Its lens is located such that 

the filament is at its focal point, rendering a collimated beam. The 

tungsten filter assembly adjusts the spectral distribution to match 

extraterrestrial sunlight in the range from 700 to 2000 nm, and the 

attenuator is used to balance the two sources. 

Additional filtering can be added at any location to simulate 

the spectral radiance of the Venus atmosphere at lower altitudes. A 

filter with gradually increasing transmission from 400 to 700 nm can 

be added in the xenon section to approximate the effect of Rayleigh 

scatter. A variable path liquid cell using H20 and additional infrared 
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absorbing glass can be used to approximate the effects of atmospheric 

CO2 absorption. These additions will more nearly duplicate the actual 

source spectral distribution during the spacecraft flight. 

The two additional detectors are used in the feedback control 

networks that regulate the source power supplies. They are each silicon 

photodiodes coupled to 2 mm diameter fused silica light pipes to minimize 

beam obscuration. 

The entire optical assembly is mounted on an aluminum baseplate. 

This assembly is then mounted on an auxiliary tripod to enable optical 

stimulus during systems test after the LSFR has been integrated into 

the spacecraft. 

Monitors 

Three detectors are installed in the integrating sphere to 

monitor the sphere radiance over the entire spectral range. A silicon 

photodiode with filters to flatten the spectral response similar to the 

LSFR silicon detectors monitors the wavelength region from 400 to 1000 nm. 

Similarly, a spectrally-flattened germanium photodiode monitors the 

range from 1000 to 2000 nm. Overall radiance is monitored with a Sensors 

L-66 blackened thermopile fitted with a quartz window to minimize the 

effects of thermal radiation. The three detectors are mounted on a 

common heat sink located at the top of the sphere, along with a vent to 

avoid entrapment of hot air. The heat sink temperature is monitored with 

another silicon diode thermometer. Each of the monitors is carefully 

calibrated using techniques discussed in Chapter 12, and serves as the 
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substandard used to establish the radiance of the sphere. The associated 

electronics are discussed in a subsequent paragraph. 

Electronics Checkout of the Head 

To adequately assess the radiometric performance of the LSFR 

head, means must be provided to maintain the detectors at their proper 

operating points while accurately measuring their output currents. 

Since the OSU is intended for bench testing, a simple current-to-voltage 

converter as shown in Fig. 94 was included in the design. The selector 
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Fig. 94. Head Readout Electronics. 

switch selects one of the twelve detectors in the head and contains a 

channel readout. The sensitivity switch selects an appropriate feedback 

resistor for the current range selected and also incorporates a range 

readout. The primary readout device is a digital panel meter with BCD 

output to interface with a printer. 

The twelve detector lines are brought to the selector switch by 

shielded cables. The multi-deck selector switch selects the desired 
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detector and simultaneously feeds five volt signals in a binary arrange

ment to a NS4158 binary-BCD decoder. This decoder then drives a SN5447 

BCD-7 segment decoder/driver which operated a LED readout. 

The amplifier chosen is the Analog Devices 233L, a chopper-

stabilized amplifier with an offset voltage drift of ±0.1 yV/°C. and 

a bias current of 50pA. Six resistors are switched in a decade arrange

ment in the feedback loop. The resistors range from 103 to 109 ohms to 

yield an output signal of 1 volt for input currents from 10-3 to 10~9 

amps. Binary coding is also employed on this selector switch to drive 

a LED readout for sensitivity indication. The digital panel meter is 

a Datel DM-2115 high-performance unit with a full scale range of ±1.999 

volts and an accuracy of ±0.05% FS ± 1 digit. BCD outputs are provided, 

which are routed to a multiplex MOS switch and printer driver to operate 

a remote digital data printer. Provisions are made for adjusting the 

amplifier offset voltage through a trim resistor. 

Lamp Power 

The xenon and tungsten source lamps are both rather sensitive 

to input power variations and need to be regulated to achieve adequate 

stability. It is possible to regulate current, voltage or power through 

the proper use of feedback. Most desirable is a loop closure using a 

radiation detector such that the source radiance is controlled. For 

optimum stability, the time constant of the regulation loop must be 

greater than the time constant of the lamp itself. This is no problem 

for the xenon source, but requires additional attention for the tungsten. 
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To ensure compatibility with the Varian VIX150 lamp, a match

ing Varian P150S-7 current-regulated power supply was chosen. This 

supply has an operating voltage between 10 and 15 volts DC at an adjust

able current of 7 to 15 amps with 3% regulation and 1% rms ripple. 

A lamp ignitor producing 15KV is internal, and the supply is convection 

cooled. The internal current-regulating feedback loop may be broken 

and a silicon photodiode-operational amplifier circuit may be installed 

to regulate the source radiance. A protective resistor is fitted to 

ensure fail-safe operation should the photodiode or amplifier fail. 

The photodiode is mounted at the end of a thin quartz light pipe to 

minimize obscuration. This pipe is placed in the collimated beam before 

the spectral filters. The photodiode/amplifier circuit is a conventional 

current-voltage converter with the feedback resistor chosen to give the 

correct voltage to interface with the internal regulation circuitry. 

The tungsten source power supply is somewhat simpler. A Hewlett-

Packard model 6267B power supply, capable of furnishing 40 volts at 10 

amps is remotely programmed in a constant-current mode using another 

photodiode/operational amplifier circuit similar to the xenon source 

sensor. The light pipe coupler is again placed in the collimated beam 

before spectral filtering. The internal current-limit and over-voltage 

crowbar on the supply furnish fail-safe operation. Current regulation 

is within ±0.05% and the output ripple is 3mA rms. 

Supporting Electronics 

The remainder of the electronics of the OSU are used to supply 

power to the internal components, to measure the temperature of the 
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LSFR head and the monitor package, to monitor the lamp power supply-

currents and to measure the currents from the monitor detectors. 

The power supplies chosen are modular and supply 5 volts at 

2 amps for the digital panel meters, the readouts and the drivers; and 

±15 volts at 200mA for the operational amplifiers. The 5 volt supply is 

a Datel BPM-5/2000 and the ±15 volt supply is a Datel BPM-15/200. 

The temperature monitor is identical to the one described in 

Chapter 7 and works with the internal transistor in the LSFR head. The 

lamp current monitors use 0.05 ohm shunt resistors to measure the cur

rents. The tungsten supply operates at 8.3 amperes and the xenon supply 

operates between 7 and 15 amperes. The voltage drops across these 

resistors are applied to moderate performance operational amplifiers 

which amplify and buffer the signals. The currents from the monitor 

detectors are measured with current-voltage converters similar to the 

one just described, but the amplifiers are rated for the higher currents 

involved. For the silicon and germanium detectors, an Analog Devices 

41K was chosen and an Analog Devices 260K was selected for the thermopile. 

The outputs of the amplifiers are applied to a selector switch 

which determines the function to be monitored. Various self-check func

tions are also included on this switch. The output of" the selector is 

applied to another Datel DM-2115 digital panel meter, and its BCD out

put is applied to the external printer through the digital multiplex. 

Self-check features include simple current sources for the 

current-voltage converters, a fixed reference source to check the digital 

panel meters, source power supply monitors, a simulated temperature 
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sensor and internal monitoring for the ±15 and 5 volt power supplies. 

A diagram is shown in Fig. 95. 
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Fig. 95. Support Electronics. 

Spacecraft Simulator and Data Readout Units 

The spacecraft simulator is designed to provide power, commands 

and timing to the instrument and to receive instrument data. It includes 

an adjustable 26.5 volt power supply to simulate the probe and bus power 

systems, a 2048Hz clock with 13 volt pulses at a 50% duty cycle, an 

internal buffer memory to accept instrument data and outputs it for 

presentation on a printer, a digital/analog converter, a digital panel 

meter for analog measurements and other logic circuitry. Commands for 

Power ON, Power OFF and Calibrator ON/OFF can be issued, and a read 

clock, read envelope and major and minor frame rate signals are supplied 

to the instrument. Self-check signals are generated to monitor the GSE 

condition. 

An additional feature of the spacecraft simulator is an analog 

variable current source to exercise the LSFR peak detector. A block 



208 

diagram of the circuitry to accomplish this function is shown in Fig. 96 

along with a timing diagram. The signal frequency is tuneable from 

0.3 to 1.0 Hz. An offset adjustment on the gated amplifier permits 

narrowing the peak from the 25% maximum duty cycle, and the gain and 

offset controls on the three output amplifiers (one for each of the 

three upward looking detectors) permit altering the DC level and peak 

level. The output amplifiers are voltage-current converters producing 

output currents between 10"® and 10"^ amps and with output characteris

tics similar to those of the silicon detectors. 
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The spacecraft simulator also includes an accurate current 

generator capable of simulating the detectors in the range 10~10 to 

10-lt amperes. This circuit simulates the optical head in its absence 

and is used to calibrate and maintain the electronics unit. 

The data recorder unit is simply a digital printer and interface 

circuitry, accepting serial data from the spacecraft simulator, convert

ing it to parallel bed and displaying it on 5 cm wide paper tape. A 

Newport model 800 series printer is used, and it is capable of printing 

data at 3 lines per second. 



CHAPTER 14 

SUMMARY 

An instrument has been described that is capable of making a 

determination of the deposition of solar flux in the atmosphere of 

Venus. It is based upon the design of the Large Probe of the Pioneer 

Multiprobe Spacecraft scheduled for launch in 1978. An instrument of 

this type was recommended by a Science Steering Group for Pioneer 

Venus, comprised of various distinguished scientists assembled by 

the Ames Research Center of NASA. This particular concept was selected 

for further development, resulting in the design presented herein. An 

Instrument Selection Committee, responsible for the final complement 

of instruments chosen for the flight, included this instrument, and 

subsequent development has since taken place. This dissertation has 

described the instrument development from concept through prototype 

design, and the instrument will be fabricated to a virtually identical 

final design. The calibration and GSE final design and fabrication 

will also be undertaken as continuing work. It is anticipated that the 

instrument will work as intended and will yield important data about 

the atmosphere of Venus that will define the model responsible for the 

high surface temperature. It will also yield new and significant infor

mation concerning the scattering properties of the atmosphere as well. 
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APPENDIX A 

DETAILED REQUIREMENTS 

LSFR Specifications 

The LSFR shall be capable of measuring radiance over a wide 

range of radiance levels and in specified locations in azimuth and 

zenith angles. It shall make these measurements in two modes of opera

tion: upper atmosphere azimuth sampling and lower atmosphere sampling. 

It shall perform these functions as a complete self-contained unit for 

the duration of the mission by means of internal programming and control 

except for prime electrical power, timing signals, and control signals 

which will be supplied by the spacecraft. The basic components of the 

LSFR shall include the following: (1) an optical head, accepting radia

tion from five fields of view simultaneously; and incorporating a detector 

package with two detector types, filters, light pipes, lenses, a thermom

eter, and thermal control and (2) signal processing electronics; and 

timing and control electronics. 

Mechanical 

Configuration. The optical head shall be securely fastened to 

the pressure vessel in a precise alignment behind the windows supplied 

by the spacecraft contractor. The electronics package shall be located 

within the interior of the spacecraft. The detector package, located on 

the inboard end of the optical head, shall be temperature controlled. 
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Weight. The total weight of the LSFR shall not exceed 1.814 kg. 

The weight of the electronics package excluding detector-to-electronic 

cabling shall not exceed 1.134 kg. 

Dimensions. The overall dimensions of the electronics package 

shall not exceed 10.16x12.7x12.7 cm. The projection of the optical 

head into the spacecraft shall not exceed 15.24 cm. Locations of mount

ing holes and other precise positioning and clearances shall be main

tained to within ±0.089 mm. The area in contact with the instrument 

shelf shall not exceed 129 sq. cm. 

Structures. The LSFR structure and housing shall provide a 

firm, durable base for mounting components to protect them from mechan

ical stress, an enclosure for protection from dust, moisture, undesired 

radiation and physical damage, and a thermal control mechanism for insu

lating, distributing and dissipating heat. The mounting surface must be 

flat to 1 part per 1000 and must have a surface finish (rms) of 1.62 jam 

maximum. The surface must transfer no more than .048 watts of heat per 

cm2 of surface area. The internal construction of the LSFR shall 

couple all significant heat generating sources through the structure to 

the mounting base and the enclosure. The structure and housing shall 

be designed to minimize inadvertent passage of energy into and out of 

the LSFR and between the various circuits so as to avoid electromagnetic 

interference. The various units shall be interchangeable mechanically 

to the following tolerances: Weight-- ±45.3 g; External Dimensions--

±0.025 cm; Center of Gravity--±0.254 cm. The LSFR shall be constructed 

with parts, materials and processes which are space-flight qualified. 
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Electrical 

Power. The electrical power required from the spacecraft shall 

not exceed 4.0 watts at 28 Vdc. The LSFR integral power supply shall 

condition, convert and distribute secondary power throughout the instru

ment. The minimum power allocated to the LSFR is 4.0 watts with a 

continuous duty cycle. The idling power before instrument turn-on shall 

not exceed 5 milliwatts from the bus. The LSFR power supply circuits 

shall be DC isolated from signal ground and the instrument chassis and 

shall be replaced to a power return line. Secondary power and signal 

and data circuits shall be referenced to the spacecraft structure via 

the instrument housing. 

Electronics. The electronic circuitry shall amplify the detector 

currents and convert the analog signals to digital form for readout. In 

response to timing and command signals furnished from the spacecraft, 

all necessary control functions shall be generated by the LSFR. The 

analog electronics shall in addition maintain the detectors at their 

optimum operating points as specified below. 

Fabrication. Electronic assemblies may be fabricated using one 

or a combination of techniques known to be reliable for space flight. 

Components or integrated circuits may be assembled on single or multi

layer printed circuit boards, in cordwood on stacked component modules, 

interconnected matrices, thin films, thick films, or hybrid packages. 

Choice should be based on reliability, environmental resistance, weight, 

volume, thermal dissipation and EMI. Interconnections shall be welded, 

soldered, or electro-deposited. Connectors shall be Matrix Double D. 
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Electromagnetic Compatibility. The LSFR shall be designed and 

constructed so as to be electromagnetically compatible with all space

craft subsystems, other scientific instruments and associated ground 

support equipment. 

Data Handling and Signals 

Data Storage. A storage unit with a capacity of at least 324 

bits is required to store the output of the LSFR. This memory shall act 

as a buffer between the LSFR and the DTU. The read-in and read-out rates 

shall be compatible with the maximum measurement rate and the read clock 

respectively. 

Telemetry Requirements. The LSFR data shall consist of 324 bits 

per sample plus 3 analog words. The digital data shall consist of 27 

measurements in Mode 1 operation or 24 measurements in Mode 2 operation. 

Each measurement requires 11 bits. The remainder of the digital output 

shall be housekeeping data assigned as follows: 

Function Mode 1 

Data sync 8 bits 
Mode I.D. 1 bit 
Cal status 1 bit 
Rotation period 8 bits 
Spacecraft clock 8 bits 
Spaces 1 bit 

The two analog words shall be the temperatures of the detector package 

and the analog electronics unit. 

Signals to the LSFR. Three commands will be assigned to the 

LSFR. The command functions shall be as follows: Power ON; Power OFF; 

Cal ON/OFF. 

Mode 2 

8 bits 
1 bit 
1 bit 
8 bits 
8 bits 
34 bits 
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The spacecraft will furnish the following timing and status 

signals to the LSFR. 

2048 Hz clock 1 line 

Read clock 1 line 

Read envelope 1 line 

Minor frame rate 1 line 

Signals from the LSFR. 

Digital data, minor frame 
format 1 line 

Analog data, subcom format 2 lines 

Bilevel (ON/OFF status), 
subcom format 1 line 

Operation 

In-Flight Calibration. 

(1) Function; The function of the in-flight calibrator is to 

determine changes that may have occurred in the electronics circuitry 

during launch and cruise. 

(2) Source: The source shall inject a known current into the 

input of the preamplifiers. This current shall be known to within ±0.5%. 

(3) Operation: The in-flight calibrator shall be activated upon 

receipt of a command from the calibrate ON/OFF line. The in-flight cali

brator shall be deactivated upon instrument shut down and shall not be 

activated upon instrument power-up. 

Scan. The azimuth scan is provided by the rotation of the space

craft. In the upper atmosphere, the location of the solar point shall 
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be determined by circuitry incorporated within the LSFR. Measurements 

in azimuth shall be taken at the following azimuth angles relative to 

the solar point: 12.16±0.2 deg., 25.0±1 deg., 61.Oil deg., 118.8±2 deg., 

137.05±2 deg. 

Operational Modes. The LSFR shall be designed for two modes of 

operation. The instrument shall commence operation in Mode 2, and shall 

automatically switch to Mode 1. The LSFR shall perform the steps speci

fied below. 

(1) Mode 2 (Lower Atmosphere Sampling Mode): In Mode 2 opera

tion, the LSFR shall operate as follows: 

(a) Receive empty signal from buffer. 

(b) Reset buffer. 

(c) Trigger Mode 2 data collection cycle and record data. 

(d) Pause 2 seconds. 

(e) Trigger Mode 2 data collection cycle and record data. 

(f) Go on to (a). 

The LSFR shall automatically enter into Mode 2 operation upon power 

turn on. 

(2) Mode 1 (Upper Atmosphere Azimuth Scan Mode): The following 

sequence of events shall take place in Mode 1. 

(a) Reset buffer. 

(b) Receive peak detector pulse. 

(c) Initiate up/down counter to determine spin rate of 
spacecraft. 

(d) Receive next peak detector pulse. 
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(e) Divide accumulated count to trigger Mode 1 data 
collection cycle at angles specified above. 

(f) Record data. 

(g) Receive empty signal from buffer. 

(h) Go on to (a). 

This sequence shall be accomplished whenever 2 peak detector pulses are 

received within 16 seconds. Otherwise the LSFR shall automatically 

switch to Mode 2 operation. 

Data Collection Cycles. 

(1) Mode 1 Data Collection Cycle: The data collection cycle 

for Mode 1 operation is shown in Table 7. The detectors shall be sampled 

consecutively. The sampling interval shall be compatible with the azi

muth scan specification. 

(2) Mode 2 Data Collection Cycle: The data collection cycle 

for Mode 2 operation shall start with Detector No. 1 and finish with 

Detector No. 12 with no pauses. The Mode 2 collection cycle shall be 

completed within 6 msec of its commencement. 

Peak Detector. In order to avoid false triggering on bright 

patches of sky, the peak detector must not emit a pulse unless a peak 

from the detector at 60° zenith angle occurs simultaneously with a peak 

from either the detector at 27.5° zenith angle or the detector at 83.5° 

zenith angle. 

Temperature Measurements. Two electronic temperature measure

ment devices shall be provided; one shall measure the temperature of the 

detector package and the other shall monitor the temperature of the 
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temperature sensitive portion of the electronics package. Their outputs 

shall be in the range of 0 to ±5.12 volts for temperatures between -25°C 

and +130°C. 

Performance Criteria 

Detector Characteristics. Two basic detector types shall be 

employed. For coverage of the bands 400-1000 nm (VIS) and 400-600 nm 

(NB), the detectors shall be photovoltaic silicon. The operating point 

shall be short-circuit current (0 ± 10 mV), and the internal shunt 

resistance shall be greater than 10 ohms @ 25°C. Output currents shall 

be in the range 10~9 to 10-3 A. For coverage of the band 1000-2000 nm 

(IR), the detector shall be photovoltaic Ge. The operating point shall 

be short-circuit current (0 ± 10 mV), the internal shunt resistance 

shall be greater than 10 ohms at 25°C. Output currents shall be in the 

range 10~9 to 10_1+ A. 

Spectral Passbands. The LSFR shall be designed for the follow

ing spectral passbands (half-power points): 

VIS: 400 to 1000 ±50 nm 

IR: 1000 to 2000 ±100 nm 

NB: 400 to 600 ±50 nm 

Each of the detectors shall be designed such that its relative spectral 

response is 1 ± 0.1 over the specified passpand. 

Signal-to-Noise Ratio (SNR). 

CI) Upper Atmosphere Azimuth Scan: The SNR (peak signal to rms 

noise) in each channel of the LSFR shall be 1000 or better in the upper 

atmosphere azimuth sampling mode (Mode 1) when the information bandpass 
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is 100 Hz or greater. This SNR shall be obtained when the LSFR views a 

source which has a radiance of 1x10"3 W-cnr2-sr-1 with a relative spec

tral distribution approximating extraterrestrial sunlight. 

(2) Lower Atmosphere Sampling: The SNR in each channel of the 

LSFR shall be 10 or greater in the lower atmosphere sampling mode 

(Mode 2) when the information bandpass is 10 Hz or greater. This SNR 

shall be obtained when the LSFR views a source which has a radiance of 

3xl0~5 W-cm~2-sr_1 with a relative spectral distribution approximately-

extraterrestrial sunlight. 

Field of View. The field of view of each channel shall be 

nominally a Gaussian distribution with a half-angle at half-maximum of 

2.5 deg ±20%. (Each detector requires an unobstructed 10°, full angle, 

field of view to receive 98% of the radiant energy.) 

Zenith Angles. The optical head shall provide the field of 

view specified above in each of five separate zenith angle locations: 

27.5°, 60.0°, 83.5°, 102.2°, 142.1°. These angles are measured from 

the zenith, and are shown graphically in Fig. 97. The tolerance on 

each of these angles is 0.5 deg. 

Adjacent Channel Isolation. The adjacent channel isolation 

must be greater than 60 dB. 

Analog Electronics Linearity. The conformance of the analog 

preamplifier to the desired transfer function shall be within ±1% of 

reading over the range of input currents from 10~9 to 10"3 A. 
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Fig. 97. Zenith Angles. 
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Operating Environments 

Ground Operations 

The LSFR shall be capable of normal operation during and after 

subjection to the following anticipated prelaunch conditions: 

(1) Normal handling and air and ground transportation (in 

suitable carrying case). 

(2) Temperature and humidity of 20 ±5°C and 55% relative 

humidity maximum. 

(3) Integration including repeated removal, replacement and 

disconnect-reconnect cycles. 

Launch and Powered Flight 

The LSFR shall be designed to withstand and operate nominally 

after subjection to the following conditions: 

(1) Mechanical stress, including sinusoidal vibration, random 

motion vibration, deceleration of 469 g's for 5 seconds, shock and 

temperature cycling. 

(2) Shroud heating. 

(3) Aerodynamic heating. 

(4) Extended coast solar exposure. 

Ground Support Equipment 

Functions 

The ground support equipment (GSE) shall provide the optical 

and electrical inputs required to verify that the LSFR is functioning 
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properly. The GSE shall be divided into three functional parts: (1) 

the optical stimulus unit which shall provide the optical input signals; 

(2) the spacecraft simulator unit which shall supply the signals, power, 

and commands normally supplied by the spacecraft; and (3) the data read

out unit which shall sample the analog and digital outputs from the LSFR. 

The GSE will power and operate the LSFR in both of its modes and overall 

operating conditions in the laboratory. It should include "self-test" 

capability to permit quick evaluation of its own "health". The stimula

tion should duplicate to the extent possible the physical phenomena to 

be encountered and measured in flight. The GSE should be capable of 

continuous operation for periods of up to 14 days in a normal laboratory 

environment and shall have a useful life of intermittent operation for 

10,000 hours with reasonable servicing requirements. 

Mechanical 

The GSE shall be packaged in Pioneer-furnished GSE cases, each 

weighing no more than 120 pounds. Each GSE set will have two sets of 

cables, one of 6 feet in length and the other 30 feet or greater. They 

are to be stored in a GSE case. The GSE shall operate over the tempera

ture range 0 to 40°C and between 20 and 90% relative humidity. They must 

withstand the rigors of air and surface transportation without degrada

tion or adjustment. Like GSE must be interchangeable. 

Electrical 

The GSE must operate from 110-125v AC, 60 Hz input power lines 

and must include power cords at least ten feet in length. All required 
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secondary power must be furnished from integral power supplies. Batter

ies are not permitted. 

The GSE shall provide required signals to and readout from the 

LSFR in three situations: 

(1) Bench Test Mode 1 - The GSE will provide simulated space

craft power, commands, status and timing signals and shall accept output 

data from the LSFR and display or record it. Sensor or optical stimula

tion shall also be provided for LSFR evaluation, calibration and trouble

shooting. Fig. 98 shows the installation. 

(2) Bench Test Mode 2 - The GSE will provide simulated space

craft power, commands, status and timing signals and shall accept and 

display LSFR output data. The readout shall be by front panel indicators 

to verify LSFR functional conditions without auxiliary readout equipment. 

Fig. 98 shows the installation. 

(3) Integrated Systems Test - The optical stimulus unit may be 

used during this test, as may test connector readout, for testing or 

troubleshooting. 

The simulation functions must be independent from the other 

functions to permit disabling during integrated systems tests. Means 

to display scientific data and status output must be provided to facili

tate real-time evaluation of LSFR performance. All lines must be suitably 

buffered or provided with line drivers as required. The GSE must be 

compatible with the spacecraft, other GSE assemblies and all other instru

ments . 
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Fig. 98. Ground Support Equipment. 

Optical Stimulus Unit 

The optical stimulus unit (OSU) shall provide the optical out

puts required to checkout and evaluate the performance of the LSFR. 

Specifically, the stimulus signals specified below shall be provided. 

An optical signal of varying radiance shall stimulate the solar spectrum 

over the wavelength range of 400 to 2000 nm and over the radiance range 

from 2xl0~5 to 2xl0-1 Wcm-2 sr-1. The spectral distribution shall con

form to the extraterrestrial solar energy spectrum as specified in NASA 

SP-8005 (NASA, 1971) as follows: 
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Wavelength 
Interval (nm) 

Tolerance 
(Percent) 

400-700 
700-1000 
1000-1500 
1500-2000 

±20 
±20 
±20 
±20 

400-1000 
1000-2000 

± 5 
± 5 

The proportion of the energy in the stated interval from the source must 

match the energy in the same interval calculated using NASA SP-8005 to 

within the given tolerance. 

neously with radiances matched to ±5%. The source shall be within 1% 

of Lambertian to an angle of ±30 deg. from normal to the source. The 

radiance over the field of view of the detectors on the optical head 

(Gaussian, 5 deg. full angle at half-max) shall be uniform to ±5% when 

using a detector with a field of view of 1/2 deg. The source shall be 

equipped with a calibrated monitor detector which shall indicate the 

radiance of the source to within ±2% over the entire radiance range. 

Spacecraft Simulator Unit 

The spacecraft simulator unit (SSU) shall provide all necessary 

timing and control signals and power supply to simulate the spacecraft 

interface. Specifically, the SSU shall provide the following: 

Each detector on the optical head shall be stimulated simulta-

Timing and Control Commands 

2048 Hz clock 
Read Clock 
Read envelope 
Minor frame rate 

Power ON 
Power OFF 
In-flight Cal ON/OFF 
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Electronic Stimulation 

The SSU shall furnish a time-varying current with variable 

period that essentially duplicates the time-varying radiance profile of 

the Venerian atmosphere. This signal is applied to the input of the 

preamplifiers in order to exercise the peak-detection circuitry. These 

current sources must also be able to be operated in a fixed, calibrated 

mode in the range 100 pA to 1 mA for electronics calibration. 

Data Readout Unit 

The data readout unit (DRU) shall sample the outputs from the 

LSFR and display or record them in a suitable form to facilitate evalua

tion of instrument performance. 

Calibration 

General 

The calibration consists of: (1) determination of the absolute 

spectral response of each optical channel; (2) measurement of the rela

tive zenith angles of the optical head; (3) measurement of the transfer 

function of each analog preamplifier; (4) measurement of the in-flight 

calibration signals; and (5) measurement of the field of view of each 

channel. The final measurements of zenith angles and fields of view 

shall be made when the optical head is installed on the spacecraft. 

Calibration Equipment 

Optical. The radiometric sources shall be compared spectrally 

with a standard lamp. The source optics shall provide Lambertian simu

lated solar radiation. 
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Standard Lamp. The standard lamp shall be an NBS high-accuracy 

standard of spectral irradiance. 

The LSFR shall simulate the extraterrestrial solar spectrum in 

the wavelength range of 400-2000 nm at a radiance of 2xl0~2 Wcm-2 sr"1 

±50%. The radiance shall be known to ±0.5%. The spectral distribu

tion shall conform to the extraterrestrial solar energy spectrum as 

specified in NASA SP-8005 as follows: 

Wavelength Tolerance 
Interval (nm) (Percent) 

400-700 ±20 
700-1000 ±20 
1000-1500 ±20 
1500-2000 ±20 

400-1000 ± 5 
1000-2000 ± 5 

The proportion of the energy in the stated interval from the source 

must match the energy in the same interval calculated using NASA SP-8005 

to within the given tolerance. 

The source shall be Lambertian to within 1% to an angle of ±30° 

from normal to the sources, and shall be uniform in radiance to ±5% when 

viewed with a detector with a field of view of 1/2 degree over a 10° 

total field. 

Attenuators. A means shall be provided to reduce the radiance 

of the calibration sources in known steps to a factor of at least 103 

down from the bare source radiance. The attenuation factors shall be 

known to within ±1% and shall be spectrally flat over the wavelength 

range to within ±10%. 
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Reference Detector. The calibration source shall be referenced 

to a calibrated, balloon-flight-traceable standard solar cell furnished 

by NASA/JPL. 

Mechanical. The mechanical calibration consists of measuring 

the field of view of each channel and the zenith angles. The zenith 

angles shall be referenced to a reflective flat area on the optical head 

having known orientation. 

Alignment. The measurements of field of view and zenith angles 

shall be conducted using a rotary turntable accurate to within 1 arc min 

and a point source subtending a maximum angle of 1 arc min as seen from 

the optical head under calibration. 

Procedural Requirements 

Comparison of LSFR Calibration Sources with Standard Lamp. The 

LSFR calibration sources shall be calibrated on an absolute basis through 

an intercomparison with a NBS high-accuracy standard of spectral irradi-

ance. A disk of smoked MgO or pressed or painted BaSO^ shall be used as 

a target such that radiance rather than irradiance is measured. 

Radiance Range and LSFR System Linearity. The radiance range of 

the LSFR Primary Calibrator shall be varied from 2xl0-2 to 2xl0~5 Wcm-2 

sr-1 during the LSFR calibration, which shall be performed at the fol

lowing temperatures: 0, 10, 20, 30, 40, and 50°C. 

In-Flight Calibrator. The voltage of the internal voltage ref

erence source and the current resistors shall be measured to an accuracy 

of ±0.05%. 

i 
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Spacecraft Interfaces 

Mission Requirements 

Spin Rate. The required probe spin rate above 50 km shall be 

greater than 5 rpm. 

Attitude. Maximum wobble shall be ±5°. 

Physical and Mechanical 

Weight. The weight of the optics head is 1.5 lbs. The weight 

of the electronics package is 2.5 lbs. 

Center of Gravity. The center of gravity of the optics head 

and the electronics package, as well as the outline configuration, is 

shown in Fig. 99. 

Orientation. The LSFR optical head shall be mounted on the 

spacecraft such that five coplanar optical paths shall lie on a plane 

containing the spacecraft z axis. The view angles of the optical paths 

with respect to the spacecraft z axis shall be 27.5°, 60.0°, 83.5°, 

102.2°, and 142.1°, all with angular limits of ±0.5°, (Fig. 99). In 

addition, the LSFR optical head and the electronics package shall be 

located on the spacecraft such that the interconnecting cable between 

the two units shall not exceed 12 inches. 

Viewing. Each optical path shall have an unobstructed full 

field of view of 10° ± 1°. 

Windows. The windows shall be made from optical quality sapphire 

(Linde Cz UV grade or equal). The window surfaces shall be flat within 

1/4 wavelength and a parallel within 0.1°. The planar surfaces shall be 

normal to the optical path within 1°. 
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Thermal 

Operating Temperature Limits. 

Shelf-mounted unit -25°C to +70°C 
Optical head -25°C to +500°C 

The spacecraft window shall be heated to 5°C minimum above the exterior 

ambient temperature. 

Non-Operating Temperature Limits. The LSFR is capable of sur

viving exposure to the following non-operating temperature limits: 

Shelf-mounted unit -55°C to +125°C 
Optical head -55°C to +500°C 

Thermal Load (to the Spacecraft). The net thermal load trans

ferred to the spacecraft by the LSFR is 6 watts. This consists of power 

dissipated by the electronic package and watts conducted by the optical 

head into Spacecraft. 

Mounting Surface Area. The thermal conducting area of the LSFR 

units contiguous with the spacecraft mounting surfaces will be: 

Shelf-mounted unit 20 square inches 
Optical head 2 square inches 

Operational Constraints 

If the detectors are thermally controlled by heat-sinking to 

spacecraft structure, the maximum temperature attained by the appropriate 

structure during environmental testing shall not exceed 50°C. 
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