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ABSTRACT 

A spectropolarimeter is a narrow-field radiometer combining 

selectable spectral channels with the mandatory components of a po-

larimeter. This instrument will be used as a research tool to analyze 

atmospheric aerosol content by measuring the spectral and polarization 

properties of radiation scattered by the atmosphere. Measurements at 

angles close to the sun (solar aureole), which are of particular inter

est, require a high degree of stray light rejection. This instrument 

can also be used as a solar radiometer, and thus its dynamic range 

must extend from lightly overcast skylight to direct ee-la-r radiation. . 

The basic optical system comprises two spherical mirrors in an afocal 

"Z" configuration with a silicon photovoltaic detector at the exit 

pupil. The instrument will be capable of full sky coverage and will 

feature several programmed scan routines^ Calibration of the spectro

polarimeter consists of a thorough characterization of the instrument 

response and determination of the instrument's polarization-altering 

properties. 

viii 



CHAPTER 1 

INTRODUCTION 

To make high-accuracy measurements of the spectral irradiance 

of the sun from ground-based stations, information on the optical 

transmissivity of the atmosphere must be known. Total precipitable 

water vapor, ozone content, and aerosol content are the primary atmos

pheric variables that require characterization. The most comprehensive 

information is obtained by use of an independent instrument to measure 

each variable. This thesis deals with the development of an instru

ment to measure atmospheric aerosol properties. 

The aerosol content of the atmosphere, commonly termed the 

atmospheric turbidity, is nonuniform in distribution and continually 

undergoes change due to vertical and horizontal air currents. While 

model atmospheres that include aerosol models have been developed 

(McClatchey et al., 1972), they do not allow for accurate calculations 

under such unstable conditions. Similarly, the conventional method of 

measuring direct solar transmission to determine turbidity is inade

quate. This method is based on the adherence of the atmosphere to the 

Bouguer law and involves plotting irradiance versus solar angle. A 

lengthy measurement period is required and accurate results are ob

tained only for an optically stable atmosphere. Clearly, a means of 

monitoring atmospheric turbidity on a "real-time" basis is needed. 

1 
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A thorough analysis of the polarization of solar radiation 

scattered by the atmosphere can lead to quantitative measurements of 

atmospheric turbidity. This well established concept draws upon the 

scattering theories of Rayleigh and Mie and upon the techniques for 

the calculation of radiative transfer developed by Chandrasekhar 

(1950), Sobolev (1963), and others. 

The solar radiation incident on the atmosphere can be consid

ered totally unpolarized. The main mechanisms that produce polariza

tion of skylight are Rayleigh type scattering by gaseous molecules and 

other particles much smaller than the wavelength of light, Mie type 

scattering by particles comparable to or larger than the wavelength, 

and reflection from the underlying terrestrial or aquatic surface. 

Considerable study has been done on the polarization field for the 

case of a Rayleigh atmosphere by many authors including Sekera (1950, 

1956), Coulson (1959, 1969), de Bary (1964), and Dave (1964). Any de

viations of the actual polarization field of skylight from the well 

characterized Rayleigh theory are due to a combination of multiple 

scattering, molecular anisotropy, atmospheric aerosols, and the under

lying surface reflections. With this combination of factors contribut

ing to the polarization state, the problem of retrieving and analyzing 

the effects of atmospheric aerosols is obviously quite complex and 

relies heavily upon electronic computers to solve the complicated 

equations of radiative transfer. 

While a detailed explanation of the skylight polarization prop

erties for a real atmosphere is outside the scope of this thesis, a 



brief summary of fundamental characteristics will give insight into 

some of the instrument requirements. 

In a pure Rayleigh scattering atmosphere, which assumes iso

tropic molecules and single scattering only, 100 percent linear polari

zation is expected at 90° from the direction of the sun. Realistic 

corrections can be made for depolarization by scattering from aniso

tropic molecules and for depolarization by multiple scattering, using 

methods developed by van de Hulst (1957) and Dave (1964) respectively. 

Corrections for depolarization due to ground reflections can also be 

made, based on a few generalized parameters developed by Chandrasekhar 

(1950) and Coulson (1968). The measured polarization is always less 

than that predicted by all of these corrections, the difference being 

due to aerosol depolarization. 

By considering all orders of scattering in a Rayleigh atmos

phere, the existence of neutral points (points of zero polarization) is 

explained. These neutral points are denoted the Arago point (about 25° 

above the antisolar point), the Babinet point (about 25° above the sun), 

and the Brewster point (about 25° below the sun). Coulson (1968) has 

shown that the positions of these neutral points are fairly insensitive 

to ground reflections, but are very sensitive indicators of atmospheric 

turbidity. For all solar elevations there is a shift of neutral point 

positions toward the sun (or anti-sun for the Arago point) with 

increasing wavelength. This shift is expected because of decreasing 

multiple scattering with increasing wavelength. Increased atmospheric 

turbidity also shifts the position of the neutral points toward the sun 

(anti-sun), which is unexpected since aerosols introduce increased 
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multiple scattering. This apparent paradox is explained by the non-

Rayleigh type scattering produced by aerosol particles. 

The scattering of unpolarized light in a Rayleigh atmosphere 

can be shown to introduce plane polarization only. Ellipticity of pol

arization occurs for the scattering of light only when particles with 

dimensions comparable to or larger than the wavelength are present. 

Thus, in the case of the Earth's atmosphere, elliptical polarization is 

due solely to the presence of aerosol particles. This indicates that 

measurements of elliptical polarization should provide a unique indica

tion of atmospheric turbidity and might even be used in characterizing 

the aerosols themselves. Rozenburg (1968) has pursued the latter 

approach. 

The parameters that have been found to best characterize 

atmospheric turbidity are the degree of skylight polarization as a 

function of position in the sun's vertical, the variance in polarization 

with wavelength, and the presence of elliptical polarization. Impor

tant features in the degree of polarization as a function of position 

in the sun's vertical include the magnitude and position of the maximum 

polarization, and the position of the three neutral points. Polariza

tion information for areas of the sky other than the sun's vertical 

will also prove useful in studying atmospheric turbidity. 

While polarization measurements have been introduced as the 

primary diagnostic tool to be used here, another important parameter 

that will prove useful in monitoring turbidity is the circumsolar 

radiation, also referred to as the solar aureole. Whereas molecular 

Rayleigh scattering is nearly isotropic, the larger aerosol particles 



tend to scatter predominately through small angles. This results in 

the circumsolar irradiance having a strong dependence on aerosol con

centration. This parameter can be measured using the same instrument 

as is used to measure skylight polarization; however, the additional 

instrumental problem of eliminating the direct solar radiation at 

angles of observation close to the sun is introduced. 

The basic instrument requirements are now established and in

clude the ability to completely determine polarization state, spectral 

selectivity, accurate pointing capability over the full sky hemisphere, 

and a precise, well baffled field of view. The specifics of each 

requirement are developed in a later chapter. This instrument will be 

called a spectropolarimeter. 



CHAPTER 2 

THEORY OF OPERATION 

As previously stated, the solar radiation incident on the 

atmosphere can be considered unpolarized, which is best thought of as 

a constantly changing elliptical polarization with no predominant azi

muth or handedness observable over measurement times. This unpolar-

ized radiation encounters a molecular atmosphere that imparts a pre

dominant azimuth to the radiation due to scattering. The extent of 

predominant azimuth varies with wavelength and scattering direction. 

The direction of predominant azimuth varies with scattering direction. 

If larger aerosol particles are present, a predominant handedness may 

also be introduced. The extent of predominant handedness will depend 

upon the individual properties and concentration of the aerosol but in 

all cases will be very small. Thus, the resulting skylight is par

tially polarized, consisting of an unpolarized component and a polar

ized component, the polarized component being primarily linear. The 

degree of polarization, P, can now be defined as: 

Ip 
P  =  T  +  T  '  ( 1 )  Ip + Iu 

where Ip represents the intensity of the polarized component and IJJ 

represents the intensity of the unpolarized component. The term 

"intensity" is used here to denote the magnitude of the radiant entity 

6 
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being measured. Unfortunately no physical device exists that will 

split a beam of radiation into polarized and unpolarized components. A 

more useful way of defining P is in terms of the pair of orthogonally 

polarized components having the maximum difference in intensity. This 

is practical when the polarized component of the total beam is per

fectly linear or perfectly circular whereby a rotating linear or cir

cular polarizer can be used as an analyzer. Under these conditions P 

can be expressed as: 

P = ^max ~ ̂ min 
I + I • ^ ' •'•max mm 

The most practical and general way of determining P is by 

measuring the four Stokes polarization parameters SQ, S^, S2, and S3. 

These four parameters, all having the same physical dimensions as 

intensity, completely characterize the polarization state of a light 

beam. They may be related to the total intensity I, the azimuth a and 

ellipticity x °f the polarized component, and the degree of polariza

tion P via the following equations: 

S0 = I (3) 

S^ = SQ P cos2x cos2a (4) 

^2 = p cos2x sin2a (5) 

S3 = SQ P sin2x (6) 

Conversely: 

2a = arctan(S2/Sj) (7) 

2x = arctan^/CS^ + S22)1̂ ] (8) 

P = (SI2 + S22 + S32)1/2/S0 (9) 
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Figure 1 represents the polarized component of a beam of 

light: propagating out of the page. The azimuth a is measured 

counterclockwise from the reference (x) axis. The ellipticity x is 

defined above such that its sign is positive for right-handed polariza

tion and negative for left-handed polarization. For the case of plane 

polarized light where no predominant handedness is present, x = s3 = 0* 

P co:-:2x is referred to as the degree of linear polarization while 

P sin2x is referred to as the degree of circular polarization. 

Before describing the method used to measure the Stokes 

parameters, it should be noted that the primary feature of the Stokes 

parameters which renders them ideal for this type of analytical work 

is their additivity. That is, when two or more beams of light are 

incoherently added, the resultant beam possesses Stokes parameters 

equal to the respective sums of the parameters of the component 

beams. It is this attribute of the Stokes parameters that allows 

their use with partially polarized light. 

An instrument that measures all four Stokes parameters (or 

all three normalized Stokes parameters s^ = S^/SQ; i = 1,2,3) is 

referred to as a complete polarimeter. The mandatory components for 

such an instrument are: 

(1) A means of introducing a known phase difference between 

two orthogonal polarization components (e.g., a retarda

tion plate). 

(2) A means of accurately isolating individual polarization 

components (e.g., a polarizer). 



y 

Fig. 1. Elliptical Polarization Component. 
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(3) A device to measure the resultant intensity of the 

transmitted light (e.g., a detector). 

The general arrangement of these components is shown in Figure 2. 

Assuming ideal components, the intensity of the light incident on the 

detector is given by: 

I(C,A,A^) = 0.5[SQ + (S^cos2C + S2sin2C)cos2(A-C) 

+ (S2C0s2C - S^sin2C)sin2(A-C)cosA^ + S3Sin2(A-D)sinA^] (10) 

where C is the orientation of the fast axis of the compensator mea

sured counterclockwise from the reference x-axis, A is the similarly 

defined orientation of the transmission axis of the analyzer, and A^ is 

the phase difference introduced by the compensator as a function of 

wavelength. It is evident from the equation that A^ must be other 

Incoming Light Z 

Detector 

Compensator Ax 

Analyzer 

Fig. 2. Component Layout for a Complete Polarimeter. 
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than a multiple of IT in order to uniquely determine S3. At least four 

intensity measurements are needed to determine the Stokes parameters 

which are the four unknowns of Equation (10). 

There are several distinct methods by which the elements of 

Figure 2 can be used to completely characterize the polarization state 

of a beam of light. Probably the most direct method involves four 

intensity measurements which are often used in the literature (Hecht 

and Zajac, 1974, p. 266) as definitions of the Stokes parameters. These 

are shown schematically in Figure 3. 

1) 

Light Beam To Be Analyzed Detector 

—fK •» i; s0=l 

2 )  

3) 

Horizontal 
Polarizer 
— 

î j li' sr2IrI 

M W U b ' 2 ;  
S2=2I2-I 

+45° Polarizer 

4) 
*3' S3~2I3-1 

X/4 Horizontal 
Retarder Polarizer 

Fig. 3. Schematic Representation of Stokes Parameter Measurement. 
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A more practical method of polarimetry involves continuous 

rotation of one of the elements. This will provide an increased num

ber of independent measurements, which naturally improves the accuracy 

of the results. The simplest rotating element polarimeter employs 

only a rotating analyzer. Setting C = = 0 in Equation (10) gives: 

1(0,A,0) = 0.5[S0 + Sj cos2A + S2sin2A], (11) 

For plane polarization states this is sufficient. However, for the 

more general case of elliptical polarization a second measurement is 

required with the compensator present to determine S3. A quarter-wave 

(90°) retarder is chosen to simplify the resulting equation: 

1(0,A,90°) = 0.5[S0 + S1cos2A + S3sin2A]. (12) 

Another alternative is to rotate the compensator in front of a 

fixed analyzer. Setting A = 0, = 90° in Equation (10) gives: 

I(C,0,90°) = 0.5[SQ + Sx COS22C + S2 sin2C cos2C - S3 sin2C]. (13) 

All four Stokes parameters are yielded by this method, and only one 

element requires movement. This approach offers the additional advan

tage of eliminating errors due to polarization sensitivity of the 

detector. A quarter-wave retarder was again chosen for simplification. 

However, all that is required is that the retardance not be half-wave. 



Despite the forementioned advantages of a rotating compensator 

with fixed analyzer, the present instrument will utilize the rotating 

analyzer with insertable compensator. This decision is based on two 

assumptions: (1) A detector that is not polarization-sensitive will be 

used, and (2) the instrument's primary function will be to measure 

degree of linear polarization and thus it should perform this task as 

simply as possible. Both assumptions are developed further in the 

next chapter. 



CHAPTER 3 

DESIGN AND DEVELOPMENT OF THE INSTRUMENT 

The principal objectives for the spectropolarimeter as estab

lished in Chapter 1 can be summarized as follows: 

(1) To characterize the state of polarization of an incident 

field of skylight radiation as a function of wavelength 

and position in the sky. 

(2) To measure the solar radiation scattered at angles close 

to the sun (i.e., to measure the circumsolar irradiance). 

(3) To make all measurements with sufficient angular resolu

tion and accuracy to permit detailed analysis of the data 

based upon radiative transfer theory. 

The emphasis now turns to the development of an instrument system 

capable of making these measurements. 

Design Criteria 

The first step was to consider the specific design criteria 

having the greatest impact on the overall instrument. 

(1) Dynamic Range: The instrument shall operate over an 

irradiance range bounded by direct solar on the high end and lightly 

overcast skylight on the low end. Figure 4 shows the solar spectral 

irradiance outside the atmosphere. This plot can be used in approxi

mating the maximum irradiance the instrument will encounter at any 

14 
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24UO 

~^E 1600 
3 

(N 
E 

1200 01 u 
c n} 
ij « 

400 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 

Wavelength (pm) 

1.6 2.0 2.2 2.4 2.6 1.8 

Fig. 4. Solar Spectral Irradiance. 

(American Society for Testing Materials, 1974) 

wavelength assuming a field of view large enough to contain the entire 

solar disk. Figure 5 illustrates skylight radiance in the principal 

plane (that is, the sun's vertical) for five different wavelengths and 

a solar zenith angle of 53.1°. The relative plots are based upon data 

from Coulson (1975, p. 87). Absolute radiance at 550 nm is taken from 

Herman (1978, pp. 4-36) and used to scale the other curves. This 

figure can be used to approximate minimum irradiance at the instrument 

given the field of view. Information from Figures 4 and 5 is used 

later to determine attenuation requirements and predict detector 

performance. 
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80 60 kO 20 0 20 hQ 60 80 

Zenith Angle (Degrees) 

Fig. 5. Skylight Radiance in the Principal Plane 
at a Solar Zenith of 53.1°. 



(2) Stray Light Suppression. Accurate measurements of the cir

cumsolar irradiance where the field of view is adjacent to the sun 

requires an optical system with very good stray light rejection. With 

direct solar radiation on the order of 1C)3 to 10^ times as intense as 

the solar aureole, internally scattered light can create severe prob

lems. Thus, the instrument design should utilize all available means 

to suppress stray radiation by at least 10^. 

(3) Spectral Range. The instrument spectral range should cor

respond roughly to the solar spectral distribution and cover the near 

UV-visible-near IR regions. The selection of all optical components 

(detector, polarizer, etc.) will take into account the desired spectral 

range of approximately 350 to 1050 nm. 

(4) Field of View. Obtaining sufficient resolution of data in 

terms of angular position in the sky will require a very small, 

precisely known field of view. In other cases, angular resolution can 

be sacrificed to increase the available signal or make -a special 

measurement and a larger field of view is called for. Thus, a select

able field of view is needed. A minimum full field angle of 0.1° was 

deemed necessary, particularly for studying the profile of the circum

solar radiation. The maximum field angle is somewhat flexible, which 

will allow for constraints imposed by other aspects of the instrument 

system. 

(5) Polarization Measurement. A polarizer with an extinction 

ratio on the order of 1 part in 105 will be employed to permit accu

rate characterization of the incident polarization state. To fully 



realize this accuracy it is important that the polarization-altering 

properties of the instrument itself be minimized. 

(6) Automated Control. Finally, it should be understood that 

all aspects of the instrument will be automated and will provide feed

back to the microprocessor-based control system. 

Basic Optical System 

Before the development of the basic optical system is 

described, it should be emphasized that this instrument does not 

require an imaging system. What it does require is a well defined 

"light bucket" possessing a very high level of stray light rejection. 

It was decided early on that an afocal "Z" configuration optical system 

(Shafer, 1981) would best meet this requirement. A complete instru

ment schematic is provided in Figure 6, illustrating the general layout 

of the "Z" system. A pair of confocal mirrors with a field stop at the 

common focus forms the afocal unit. The advantages of this system 

are: 

(1) It is a totally reflective system, which will generally 

present fewer scattering problems than a refractive 

system. 

(2) Unlike most reflective systems, this configuration has no 

obscuration. This is an advantage in both system effici

ency and stray light suppression. 

(3) The fact that the system has an intermediate image plane, 

allowing use of a field stop, is an advantage since a field 

stop will reduce scattered light reaching the detector. 



Baffles Entrance 
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Primary 
Mirror Field Stop 

Attenuator -y 
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Fig. 6. Optical Schematic of "Z" System Spectropolarimeter. 



The system exit pupil provides the ideal location for the de

tector since the basic intent is to analyze a stream of radiation col

lected at the system entrance pupil. The entrance pupil in this 

system coincides with the aperture stop, which is located at the pri

mary mirror. The size of detector required will depend upon the exit 

pupil diameter, which is equal to the entrance pupil diameter divided 

by the system magnification. The entrance pupil diameter must be 

large enough to collect sufficient energy under minimum irradiance 

conditions, while the exit pupil diameter should be small enough to 

accommodate a reasonable size detector. At first consideration it 

would seem that both conditions could easily be met. by making the 

system magnification suitably large. Unfortunately, there are other 

factors which require that the magnification be held to a minimum. 

Referring to Figure 6, the area between the secondary mirror 

and the exit pupil not overlapped by the inter-mirror beam will be 

termed "working space." This is the obvious area in which to locate 

the various required optical components (analyzer, compensator, spec

tral filters). These components require a "working space" length of 

approximately 4 inches, along with minimal incident beam angles. This 

is where system magnification becomes a factor. The maximum beam 

angle in the "working space" is equal to the system magnification times 

the field angle in object space. The length of the "working space" is 

proportional to the distance between the primary and secondary mirrors 

(that is, fl+f2 in Figure 6) divided by the system magnification. Thus, 

it can be seen that increases in system magnification would both limit 



the maximum field of view and require a longer total instrument 

length. 

The approach that will be taken now is to develop the system 

o 
around a 1 cm (1.13 cm diameter) active area detector. This size is 

readily available and should be large enough to meet the system 

requirements. As previously stated, the detector will be located at 

the system exiL pupil. If the exit pupil diameter slightly exceeds 

that of the detector, then the detector becomes a limiting aperture at 

the image of the aperture stop and is given the special name Lyot 

stop. Technically, the Lyot stop becomes the true system aperture 

stop. The Lyot stop serves an important role in the control of stray 

light in the system, as it greatly reduces both scattered and dif

fracted energy reaching the detector. 

Entrance Pupil Requirement 

In view of the forementioned advantages of minimizing system 

magnification, the next step is to determine the minimum size entrance 

pupil capable of delivering adequate energy to the detector under min

imum irradiance conditions. This requires that some component specifi

cations be approximated. Complete component specifications will be 

developed in later sections. For now, the estimated values given in 

Table 1 are used along with the minimum skylight radiance (Lm̂ n) 

information from Figure 5 to approximate the detector signal level (S) 

for several entrance pupil diameters. (The intention to slightly 

overfill the detector is neglected.) It is assumed that the smallest 

field of view to be used under minimum irradiance conditions is 0.5°, 
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Table 1. Preliminary Component Specifications 

Wavelength, Approximate 
Component Parameter nm vallle 

(1) Detector Spectral responsivity, 
RU) 

312 
550 
654 
900 
1030 

0.05 A/W 
0.10 A/W 
0.15 A/W 
0.50 A/W 
0.25 A/W 

(2) Spectral 
filters 

Peak transmission, 

^•peak 

Full width at half 
maximum, FWHM 

0.50 

10 nm 

(3) Polarizer Minimum transmission 
under normal sky
light polarization, 

Tpol-min 

0.10 

resulting in a solid angle u = 6 x 10 ^ sr. The approximate minimum 

irradiance at the instrument is given by: 

Emin(x) = Lmin(A)*u*(FWHM*Tpeak)spectrai fiiter*TPol-min" 

The detector spectral responsivity R(A) can now be used to approximate 

S(A): 

S(A) = Em̂ n(A)*Area of Entrance Pupil*R(A). (15) 
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The detector's spectral detectivity D*(A) could be used to approximate 

the signal-to-noise ratio for the various entrance pupils. However, 

this would be somewhat deceiving since the noise will be a function of 

both detector and preamplifier electronics. A thorough noise analysis 

is undertaken in a later section. 

The results of the entrance pupil analysis are summarized in 

Table 2. On the basis of these results, a 4-cm-diameter entrance pupil 

is selected to prevent signal levels from dropping much below 10"H A. 

If a system magnification of 3:1 is used, the exit pupil will be 1.33 cm 

in diameter and a slight overfill of the 1.13-cm-diameter detector is 

achieved. 

Table 2. Approximate Signal Levels at Minimum Irradiance 
for Several Entrance Pupil Diameters 

Entrance pupil A, 

diameter, cm nm 
^min^ 

m W  c m - 1 y m "  
^min^ 
W cm -2  

S( A), 

amperes 

312 20 6.0 X LO'iO 9.4 X 10-11 

550 2.5 7.5 X 10-11 2.4 X 10-11 

654 1.0 3.0 X 10-11 1.4 X LO-n 
900 0.2 6.0 X 10~12 9.4 X 10"12 

1030 0.09 2.7 X 10-12 2.1 X 10-12 

312 
550 
654 
900 
1030 

20 
2.5 
1.0 
0.2 
0.09 

-10 

7.5 x 10"11 

3.0 x 10-11 

6.0 x 10~12 

2.7 x 10-12 

2.12 x 10~i0 

5.30 x 10~U 

3.18 x 10 11 

2.12 
4.77 

10 
10' 

-11  

-12 

312 
550 
654 
900 
1030 

20 
2.5 
1.0 
0.2 
0.09 

6.0 X 10" 10 3.8 X 10" 10 

7.5 X 10" 11 9.4 X 10" 11 

3.0 X 10" 11 5.7 X 10" 11 

6.0 X 10" 12 3.8 X 10" 11 

2.7 X 10" 12 8.5 X 10" 12 
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Configuration and Specification of Reflective System 

The ratio of the primary and secondary focal lengths, fi and 

f2, has now been set at 3:1. The absolute focal lengths must be long 

enough to yield the required "working space" of at least 4 inches. The 

other factors that will influence the length of the "working space" 

are the off-axis distance di as shown in Figure 6 and the maximum 

field of view. Since both mirrors will have relatively large 

f-numbers and the system is not intended for imaging, spherical mir

rors should suffice. Thus, increasing di will increase the "working 

space" but will also increase spherical aberration. The concern here 

is that increased spherical aberration will degrade the field of view. 

The CODE-V optical programming system, a product of Optical 

Research Associates, was used to generate ray traces for various 

combinations of focal length, off-axis distance, and field of view. 

Those traces yielding an adequate "working space" were then evaluated 

with regard to tradeoffs between performance and compactness. On the 

basis of this somewhat subjective process, the following parameters 

were selected: f 1 = 54 cm, f2 = 18 cm, dl = 15 cm, d2 = 5 cm, and maxi

mum full field of view = 2°. The CODE-V ray trace for this system is 

shown in Figure 7. The resulting "working space" is approximately 

13 cm (5.1 in.) long and should easily accommodate the required compo

nents. Maximum beam angle in this area is held to ±3°, which is tol

erable in terms of component performance. If the field of view is 

increased beyond 2°, the working space will decrease in length and the 

optical components will be subjected to larger angles of incidence. 



--- -

.-:-_· ·-:-=- -~=-====-_.-· :.. .. -·-

Scale : 10 em 

Fig. 7. CODE-V Ray Trace of Optical System. N 
lll 



26 

Both mirrors can now be fully specified. The primary will be 

a spherical mirror of 54 cm focal length with a clear aperture of 

4 cm. The 2° maximum field of view requires that the 18-cm focal 

length spherical secondary have a clear aperture of at least 3.85 cm. 

The actual diameter of both mirrors will be 5 cm to allow for both 

mounting and the approximate 8° tilt of the mirrors relative to the 

optical axis. Each mirror will be mounted on a model NCM-2 mirror 

mount from the J. A. Noll Company. This mount features kinematic 

orthogonal angular adjustments. As a further step in the effort to 

obtain very high stray light suppression, the mirrors will be manufac

tured using an extended polishing process aimed at yielding ultra-low 

scattering properties. An aluminized front surface coating will then 

be applied to each mirror followed by a protective overcoat of magne

sium fluoride. 

System Baffling 

The final topic to be considered as part of the basic optical 

system is baffle design. To prevent the primary mirror from scatter

ing radiation from out-of-field sources into the field of view, the 

primary must be shaded as much as possible. This is accomplished by 

placing a long tube in front of the primary. The length of the tube 

will determine the critical angle 0C limiting the angular field of 

radiation that can reach the primary via a direct path. Careful place

ment of baffle vanes within the tube will prevent radiation from 

sources outside the angular field defined by Bc from reaching the pri

mary via an indirect path. 
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It has been established that this instrument will have a 

selectable field of view ranging from 0.1° to 2°. The main purpose for 

the minimum 0.1° field of view is to permit study of the profile of 

circumsolar radiation. It would be most desirable to make circumsolar 

measurements right up to the edge of the solar disk. However, useful 

measurements will obviously be limited by the abovementioned critical 

angle 6C since the sun constitutes such an overwhelming out-of-field 

source. As previously stated, tube length is the principal parameter 

affecting 0C. However, once the length is set, the front baffle, the 

size of which is dictated by the maximum field of view, will determine 

the exact angle 0C. 

Figure 8 illustrates the present entrance tube design for this 

instrument. The length was set at 78.7 cm so as to just slightly 

exceed the required separation of the two mirrors along the optical 

axis. Practical considerations tend to discourage making the tube 

length much longer. The 2° maximum field of view requires that the 

front baffle have an opening 6.75 cm in diameter. This results in a 

critical angle 0C of 4.25° as shown in the figure. If at a later time 

it is determined that a smaller 0C is required, then a longer entrance 

tube must be used. 

The purpose of baffling this system is to absorb stray radia

tion before it strikes the primary. Thus, the tube interior and baffle 

vanes require highly absorbing finishes. The main goal in the layout 

of the baffle vanes is to force the stray radiation to encounter a 

maximum number of these absorbing surfaces. The design is typically 

based upon controlling either specular or diffuse reflections. There 
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is, however, no highly absorbing surface finish Chat is perfectly dif

fuse or specular. As Freniere (1980) points out, absorbing surfaces 

with predominantly specular reflection are usually preferred assuming 

the specular reflections can be trapped. 

The simplest baffle vane layout is one that allows no first 

specular reflections to reach the primary. The layout that will be 

used here is one that precludes not only first specular, but all first 

diffuse reflections from reaching the primary. Figure 8 illustrates 

the method used to determine vane placement. This follows a technique 

used by Wolfe (1980). The size of the individual vanes is determined 

by the 2° maximum field of view. The scattering of light from the 

vane edges is typically not a significant problem, but as pointed out 

by Freniere, it can be minimized by specifying a small edge radius. 

Polarimeter Optics 

The polarimeter optics, defined here as the analyzer and com

pensator, were introduced in Chapter 2, where the general theory of 

their usage was described. Since these two items play such a major 

role in this instrument, their selection and implementation demand 

thorough consideration. 

Based on the skylight polarization scenario developed in 

Chapter 1, it can be concluded that the degree of linear polarization 

is the most important parameter in determining atmospheric turbidity. 

Measurement of this parameter requires only a rotating analyzer. The 

compensator is necessary for measurement of the much smaller, ellip-

tically polarized component. This should be viewed as a supplemental 



measurement that will prove useful in certain situations. Thus, this 

instrument will employ a rotating analyzer with an insertable fixed 

compensator. 

Analyzer 

The analyzer will be a linear polarizer. When placed in an 

unpolarized beam of light, it will transmit a beam whose electric 

vector is vibrating primarily in one plane; however, there will always 

be transmittance of a small component vibrating in the perpendicular 

plane. To achieve the desired measurement accuracy, the polarizer 

must have a very high extinction ratio between these orthogonal compo

nents over the entire spectral range. This rules out the use of 

common sheet polarizers employing dichroism effects. Sufficient 

extinction of the unwanted component can only be obtained using a 

prism type polarizer based on birefringence. A Glan-Thompson type 

prism has an extinction ratio exceeding that of any other polarizer and 

is the obvious choice for this application. 

A Glan-Thompson polarizer consists of two calcite prisms that 

may be either cemented or air-spaced. The air-spaced version is often 

referred to as simply a Glan prism. It offers extended ultraviolet 

transmission at the expense of reduced field angle. The cemented 

Glan-Thompson is optically superior in most respects and, with a 

usable transmission range of X = 340 to 2300 nm, meets the spectral 

requirements for this instrument. Its usable field angle depends upon 

the length-to-aperture ratio (L/A) of the prism. For L/A = 2.5, which 

is considered standard, the usable full field angle is about 14°, well 



exceeding Che 6° maximum field angle to be encountered in the "working 

space" of the spectropolarimeter. This prism will introduce negligible 

beam deviation and exhibits excellent uniformity of polarization over 

the field. Extinction ratios as high as 1 part in 10^ are obtainable 

with a cemented Glan-Thompson prism. 

The clear aperture of the prism polarizer must be large enough 

to accept the full beam under maximum field of view, yet the length 

must be held to a minimum owing to the limited "working space." This 

requires that the prism immediately precede the detector. The prism 

that has been selected is model MGT25A20 from the Karl Lambrecht Cor

poration. This standard form Glan-Thompson polarizer has a clear 

aperture of 20 mm and a length of 50 mm, making it well suited to the 

size requirements. It comes mounted in a tube 2.25 inches long with an 

outer diameter of 1.675 inches. The extinction ratio is specified by 

the manufacturer as 1 part in 10^. Maximum beam deviation is speci

fied at 3 minutes of arc. 

Figure 9 illustrates the prism mounted in a bearing block to 

allow for rotation. This assembly is designed around two 2-inch bore 

ball bearings (Kaydon Bearing model KBO2OXPO). Also shown is a 

2.5-inch-diameter geared pully to be used in the prism drive system. 

The beam shown passing through the prism represents the maximum field 

of view. 

Compensator 

To keep data reduction as simple as possible, it would be 

desirable to have a means of providing quarter-wave retardation at 
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each of the spectral bands to be used. This would require the use of 

either a wheel with a series of retarders, one for each spectral chan

nel, or a suitably achromatic quarter-wave retarder. Reasonably 

achromatic retardation over the spectral range of this instrument 

could be achieved with a rhomb type retarder, but space requirements 

and beam geometry preclude its use. A wheel containing a retarder for 

each spectral channel is practicable but will both complicate the in

strument and increase its cost. Since a computer will be used for the 

data reduction, the added complexity of non-quarter-wave retardance is 

not a major concern. As long as half-wave retardance is avoided, all 

the information necessary for a complete determination of polarization 

state will be obtained. Thus, a carefully selected single retarder 

will suffice. 

Mica waveplates are probably the most common and least expen

sive type of retarder. A thin mica sheet of the required phase thick

ness is usually cemented between two optical quality glass plates for 

stability. Although the thin mica sheet has a high transmittance from 

300 nm to around 8 pm, the cemented waveplates are usable only 

between 340 nm and 1.5 Pm, which is sufficient for the present applica

tion. All retarders are sensitive to nonnormal incidence; however, 

mica is less sensitive than most and should perform reasonably well in 

the slightly converging beams of the spectropolarimeter. 

The compensator that has been selected is a mica waveplate, 

Model WPM4-25-UN490 from Karl Lambrecht Corporation, having quarter-

wave retardance at 490 nm, which is the center wavelength of one of 

the instrument spectral channels. This choice of compensator also 
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ensures non-halfwave retardance for all remaining spectral channels. 

This element has a 1-lnch-diameter clear aperture and will be mounted 

on a paddle, allowing insertion into the beam ahead of the polarizer. 

The manufacturer's specifications include a maximum beam deviation of 

3 minutes of arc, greater than 50 percent transmission for 380 nm < A 

< 1.4 ym, and a suggested peak power per square centimeter of 1 watt. 

This peak power rating will be sufficient even for direct solar radia

tion where the waveplate precedes the spectral filter as long as the 

waveplate is not near the common focus. This conclusion is based on 

the generally accepted total exoatmospheric solar irradiance of 

1322 W/m2 or 0.1322 W/cm2. 

Optical System Variables 

Operation of the spectropolarimeter requires a number of 

selectable optical parameters including attenuation, field of view, 

spectral channel, and configuration of the polarimeter optics. This 

section provides details of the mechanized assemblies and components 

to be used in meeting these requirements. Various views of the inte

grated optical assemblies are shown in Figures 10, 11, and 12. 

Spectral Channel 

To obtain adequate spectral resolution over the region of 

interest (near UV-visible-near IR), 11 narrow-bandpass interference 

filters will be used. These filters will have approximately 10-nm 

half-widths and center wavelengths of 345, 371, 400, 440, 490, 550, 612, 

671, 780, 872, and 1030 nm (Reagan, 1982). This selection of filters 

provides maximum coverage over the primary range of skylight radiation 
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and avoids regions of substantial atmospheric absorption. Peak 

transmission for each filter will be about 50 percent. Adequate off-

band rejection for some of these filters, particularly in the UV, may 

require the use of two filters, in series, and hence this possibility 

will be allowed for. The slight shift in filter wavelength resulting 

from the nonnormal incidence associated with the larger field angles 

will be negligible. 

The 1-inch—diameter filters (23-mm clear aperture) will be 

mounted on a 7.5-inch-diameter, 12-position aluminum filter wheel. The 

twelfth position will be unoccupied to allow measurement of the total 

irradiance. Like the rest of the mechanized assemblies in this instru

ment, the spectral filter wheel will be driven by a stepping motor. 

The 12-position wheel requires 30° steps; however, to increase accuracy 

and reduce torque requirements a 5° stepper will be used. Since the 

wheel constitutes a fairly light load and the stepping rate will be 

very low, the required dynamic torque is minimal. Holding the wheel in 

position with the motor deenergized requires detent torque, which is 

provided by using a permanent magnet (PM) type stepper. The motor 

selected to be used here is model 23PQ-C001 from Astrosyn America, 

Inc. This 5° PM stepper will be mounted to the main vertical support 

as shown in Figures 10, 11, and 12. The filter wheel is mounted 

directly on the 1/4-inch motor shaft. 

Although a feedback system is not strictly required to main

tain shaft position information with a stepping motor, one will be used 

here to increase reliability. A four-bit reflective switch system will 

provide absolute position feedback to the host computer for the 12 



filter wheel positions. Each reflective switch consists of an LED with 

phototransistor. Four of these switches will be mounted in a row near 

the wheel. The wheel itself will have a suitably placed unique pat

tern of reflective stickers for each filter position. When the wheel 

is stepped along to the point where a filter is in the beam, the 

switches will line up with a pattern of four possible reflective 

stickers and the resulting signal will determine spectral channel. 

Field of View 

The optical system field of view will be determined by the 

size of the field stop aperture placed in the intermediate focal plane. 

A selectable field of view ranging from 0.1° to 2° is desired. A 

0.037-inch-diameter aperture will yield a 0.1° field while a 2° field 

requires a 0.742-inch-diameter aperture. Intermediate field angles 

will consist of 0.2° (0.074-inch aperture), 0.5° (0.186-inch aperture), 

and 1° (0.371-inch aperture). A 4.4-inch-diameter aluminum wheel will 

contain these five field stops. A sixth position on the wheel will be 

closed off entirely to allow for dark current measurements. 

The field stop wheel is mounted so as to rotate in a plane 

perpendicular to the inter-mirror beam as shown in Figure 10. This 

wheel is also mounted directly to the shaft of the stepper motor. 

Here, however, space constraints prevented the use of the larger PM 

type stepper. Instead, a variable reluctance (VR) type stepper is used. 

The VR motor has no detent torque, and hence a mechanical detent must 

be used to hold the wheel in position. Actually, the mechanical detent 

would be a good idea anyway, since positional accuracy of the field 
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stops is critical. The six-position wheel requires 60° steps; however, 

a smaller stepping angle will allow much smoother operation. Model 

15RS-03X, VR type 7.5° stepping motor from Rapidsyn will be used. The 

position feedback scheme will be similar to that used for the spectral 

filter wheel except only three of the reflective switches are required 

to encode six positions. 

Attenuation 

The minimum irradiances at which the spectropolarimeter will 

make measurements have been approximated and were given in Table 2. 

Maximum irradiance will occur for a field of view containing the 

entire solar disk and can be determined from Figure 4, taking into 

account the nominal spectral filter bandpass of 10 nm and peak 

transmittance of 50 percent. Table 3 summarizes the maximum irradi

ances that can be expected. Comparison with the minimum irradiances 

of Table 2 indicates a total dynamic range of about 10^. Neutral 

Table 3. Maximum Spectral Irradiances 

Wavelength, 

nm 

Maximum irradiance, 

W cm~2 

350 

450 

550 

650 

750 

850 

950 

1050 

5.4 x 10"4 

1.0 x 10-3 

8.6 x 10"4 

7.5 x 10"4 

6.2 x 10"4 

4.9 x 10"4 

4.2 x 10~4 

3.3 x 10~4 



density filters will be used to provide attenuation up to a density of 

5, leaving the detector with its pre-amp electronics to operate over 

approximately three decades. For added versatility the pre-amp will 

feature two stages of gain. 

Neutral density (ND) filters consisting of a glass plate with a 

durable metallic alloy coating will be used. This single plate con

struction permits use at high radiation levels that would destroy the 

conventional cemented ND filter. The high damage threshold allows 

this component to be placed near the intermediate focus and thereby 

save room in the limited "working space" of the instrument. A six-

position wheel the same size as the field stop wheel will contain 

1-inch-diameter filters with densities of 1, 2, 3, 4, and 5, with the 

sixth position left open. This wheel will be mounted next to the field 

stop wheel as shown in Figure 10 and will employ a stepping motor, 

mechanical detent, and position encoder identical to those used for the 

field stop wheel. 

Polarizer Orientation 

The bearing block holding the polarizing prism is mounted on a 

horizontal plate directly above the spectral filter wheel motor. This 

1/4-inch plate extends between the main vertical support and the rear 

panel as shown in Figure 10. Rotation is provided by a belt drive 

system utilizing a 1.8° stepper motor with a 2:1 gear ratio to yield 

0.9° steps. The motor that has been selected for this application is 

the model 2009 PM stepper from Bodine Electric Company. Owing to the 

importance of polarizer orientation accuracy, this 1.8° stepper will 



have 3 percent accuracy. The motor is mounted to the main vertical 

support as shown in Figures 11 and 12. (In the side view of Figure 10 

the upper portion of the main vertical support and the motor have been 

omitted to permit a clear view of the neutral density and field stop 

assemblies.) A 1.25-inch pitch diameter geared pulley is mounted on 

the motor shaft in line with the 2.5-inch pitch diameter geared pulley 

on the prism. A drive belt of approximately 12 inches is required; 

however, use of an oversized belt will simplify installation. An idler 

pulley, not shown in the figures, may be mounted on the main vertical 

support to eliminate belt slack. 

It is neither practical nor necessary to encode all the polar

izer orientations. Only some initial reference orientation need be 

verifiable. To increase reliability, three additional orientations will 

be encoded. Considering that the second 180° rotation of the polariz

ing prism is operationally identical to the first 180° rotation, a total 

of eight positions will be encoded on the prism tube to yield four 

unique identifiable orientations. Besides the arbitrarily selected 0° 

(180°) position, orientations of 45° (225°), 90° (270°), and 135° (135°) 

will be encoded. Two reflective switches are required. 

Retardance 

One final mechanized assembly is needed, to move the retarder 

in and out of the beam. A low-cost PM stepping motor, model 23J-6003 

from Rapidsyn, will perform this function simply and reliably. Figure 

11 shows this 1.8° stepper mounted on the main vertical support sym

metrically opposite the prism drive motor. A paddle containing the 



1-inch-diameter waveplate retarder is attached to the motor shaft and 

can position the retarder in the beam directly in front of the spec

tral filter wheel. The retarder is oriented on the paddle so that 

when it is placed in the beam its fast axis will coincide with the 0° 

reference orientation of the polarizer. The side view of Figure 10 

omits the motor but does show the retarder in the beam, illustrating 

its marginally adequate clear aperture. A paddle "stop" mounted on 

the main vertical support will ensure that the tight tolerance in 

retarder position is met. A similar "stop" is used to establish the 

"out-of-beam" position, thus limiting the motor rotation to about 60° in 

each direction. Microswitches will be placed on each of the two 

"stops" to provide the host computer with reliable retarder position 

feedback. 

Detector and Preamplifier Electronics 

To this point, all that has been formally established is that a 

1-cm^ active area detector will be used. It should be obvious, how

ever, that selection of a suitable detector was made early in the 

preliminary design process. Based on the desired spectral range of 

roughly 350 to 1100 nm, a silicon photodiode emerged as the strongest 

detector candidate for this instrument. Among its desirable properties 

are: (1) insensitivity to polarization, (2) linear response over a rela

tively wide dynamic range, (3) low noise, and (4) good stability over 

time. In addition, this device is fairly inexpensive, easy to us?, and 

readily available in the desired 1-cm^ size. The one area that war

ranted concern was whether the silicon photodiode would possess 



adequate response at low light levels, and this was examined during 

the design of the basic optical system as summarized in Table 2. 

Although somewhat marginal in response at the lowest light levels, the 

silicon photodiode is still judged superior for this application to the 

only higher response alternative, a photomultiplier. 

General Properties of the Silicon Photodiode 

The silicon photodiode is a p-n junction type device that may 

be used in either fhe reverse-biased or the zero-biased mode. The 

reverse-biased mode generally provides much faster response time and 

is intended for high frequency applications. At low frequencies the 

zero-biased mode, which generally exhibits less noise and better signal 

linearity, is superior and thus is the obvious choice for the essenti

ally dc light signals to be measured by the spectropolarimeter. Under 

zero-bias, the p-n junction generates a current proportional to the 

light power incident on the active surface. This photocurrent is split 

between the junction resistance of the diode and the parallel load 

resistance. The flow of photocurrent through the external circuit 

creates a voltage across the load that in turn acts as a forward bias 

on the p-n junction. It is the development of this forward bias that 

ultimately limits the top end of the photodiode's linear response 

range. 

Figure 13 illustrates the typical current/voltage characteris

tics of a silicon photodiode. Curve (a) represents the photodiode re

sponse in the absence of incident radiation. Curves (b), (c), (d), (e), 

and (f) show the effect of increasing levels of irradiances. For low 
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values of load resistance, as exemplified by RL = 500 si in this figure, 

the voltage across the load remains small even for high levels of 

irradiance. This condition approaches what is referred to as the short 

circuit operating mode. When the load resistance is high, as illus

trated by R-L = 10 kS2, a large voltage develops as the irradiance is 

increased, which creates a significant forward bias on the p-n junction. 

It can be seen that this forward bias begins to remain relatively 

constant at increasing levels of irradiance. This operating mode 

approaches what is referred to as the open circuit mode. Maximum lin^-

earity is obtained by operating as close to the short circuit mode as 

possible. 

A very important intrinsic parameter of the photodiode de

tector is also illustrated in Figure 13. The dynamic junction resis

tance of the diode at zero voltage is defined by the slope of the dark 

current/voltage curve as it passes through the origin. The importance 

of this parameter is realized by considering the equivalent circuit for 

a zero-biased photodiode as shown in Figure 14. The junction resis

tance shunts the load resistance and photocurrent source Ip and is 

therefore termed the shunt resistance, Rgjj. The shunt resistance is 

strongly active-area dependent, varying approximately as the inverse 

square of the area. It also exhibits a strong temperature dependence. 

Having already established a need to keep the load voltage to a mini

mum, it should be clear that a maximum shunt resistance is desired. 

Not only is the photodiode's shunt resistance temperature 

dependent, but so is its spectral responsivity. From 400 to 950 nm, 

the variation with temperature is less than 0.05 percent per Celsius 
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Fig. 14. Equivalent Circuit for a Zero-Biased Photodiode Detector. 

degree. However, the deviation in response at 1050 nra can be as high 

as 2 percent per Celsius degree. This situation mandates the use of a 

temperature controller in precision applications. 

Also shown in Figure 14 is the noise current generated by the 

detector 1^, the junction capacitance Cj, and the series resistance Rg. 

The noise current for the photovoltaic detector consists of Johnson 

noise associated with Rgjj, shot noise, and 1/f noise. The junction 

capacitance is active-area dependent, typically running about 

3000 pf/cm • The primary effect of junction capacitance is to limit 

frequency response, which is of little concern here. The series resis

tance is the sum of the lead, contact, and bulk silicon resistance. Its 

importance lies in the fact that a high Rg limits the maximum attain

able output current, thereby restricting the high end of the linear 

response range. When the voltage across Rg becomes equal to the maxi

mum open circuit voltage of the photodiode (about 0.6 V), the photocur-

rent saturates. 
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The following characteristics of photovoltaic operation have 

now been established: 

(1) Maximizing the shunt resistance Rgy will reduce noise and 

increase response linearity. 

(2) Minimizing the series resistance Rg increases the linear 

response range. 

(3) The load resistance R-^, as seen by the photodiode, must be 

kept at a minimum to yield linear response. 

Swindell (1980) has developed an expression for the nonlinearity of a 

photodiode as a function of Rgy, Rg, and R^. The nonlinearity is shown 

to be proportional to [r/(l+r)]2, where r = (RS+R-L^^-SH* 

The silicon photodiode that has been selected is model SD-

444-12-12-251 from Silicon Detector Corporation. This 1-cm^ active 

area detector is optimized for zero-biased operation and features a 

blue enhanced response curve. The minimum shunt resistance is 10^ 

and the maximum series resistance is 300 £2. 

Photodiode/Operational Amplifier Combination 

A carefully constructed photodiode detector is capable of gen

erating a photocurrent that is strictly proportional to the incident 

radiant flux. This photocurrent must genePally be measured as a volt

age across some load, and this is where complications arise. A 

standard resistor is the simplest current-to-voltage converter; how

ever, converting the normally small photocurrent into a conveniently 
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measured voltage requires a significant resistance. It has already 

been shown that linear operation of the zero-biased detector requires 

a terminating load impedance as close to zero as possible. The opera

tional amplifier (op-amp), when utilized in the transirapedance configu

ration, provides a good solution to the linearity limitations normally 

imposed by the load. 

Figure 15 shows a basic circuit for converting the input photo-

current into an output voltage. The circuit consists of an inverting 

op-amp with a feedback resistor Rf. The op-amp is characterized by a 

c £ 
dc open loop gain A of around 10 to 10 , a dc input resistance R n̂ as 

high as 10^ ft, and an output resistance Rout as l°w as 10^ The 

feedback resistor will typically be on the order of a megohm or 

larger. Under these conditions, the resulting signal is given by 

VS = -RFLP. (16) 

Thus, in terms of the signal, the entire circuit acts like a load resis

tor of value Rp However, the photodiode sees an effective load resis

tance Rg given by 

Re = Rf/A, (17) 

which results in a very small forward bias on the photodiode, making 

linear operation possible. 
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out 

Fig. 15. Basic Transimpedance Configuration of Operational Amplifier. 

Considering the low levels of photocurrent to be encountered 

under minimum irradiance conditions, Equation (16) must be modified to 

take into account the small offsets that are inherent in all op-amps. 

Of major importance are the input offset voltage vos and the input 

bias current i^. The resulting signal is now given by 

'out = -R-f *p + *b + vos( 
Rf + RSH> 
RfRSH 

( 1 8 )  

where Rgy is the previously defined shunt resistance of the photodiode. 

Op-amp manufacturers typically provide a means of trimming the offset 



voltage vos to zero. The bias current i^ is not so easily eliminated. 

One way of minimizing ifo is to ensure that both op-amp inputs see the 

same dc resistance. This is accomplished by placing a resistor equiva

lent to the parallel combination of Rf and R-SH between the noninvert-

ing input and ground. This technique has the serious drawback of 

introducing additional Johnson noise into the system. The best solu

tion, if possible, is to select an op-amp with bias current small 

enough to be neglected in comparison to the signal current. It was 

previously established that the minimum photocurrent to be yielded by 

the spectropolarimeter would be on the order of 10"H A. If an accu

racy goal of ±1 percent is adopted, then, independent of all other 

errors, an op-amp with a maximum bias current of 10" 13 a (0.1 pA) is 

required. This low value of bias current is achieved only by a very 

small group of FET-input op-amps. 

Of even greater concern than the presence of the offset volt

age and bias current is their drift with temperature. Since this in

strument will be used in the field, a substantial temperature range 

must be allowed for. The offset voltage varies linearly with tempera

ture while the bias current for an FET type op-amp generally doubles 

for every 10°C increase in temperature. As previously stated, the 

offset voltage can be trimmed to zero and will become a factor only 

as the temperature changes. This situation suggests the use of a tem

perature controller on the op-amp. The simplest and most reliable 

means of temperature control would utilize a heating element in con

tact with the op-amp, and thus would require operation at the high end 

of field ambient. Since the spectropolarimeter is intended to be used 



in a fairly warm environment, this dictates a controlled temperature 

of at least 45°C, which may yield a larger bias current than hoped for. 

The photodiode will be similarly temperature controlled at 

45°C. It was earlier stated that the spectral response can change by 

as much as 2 percent per Celsius degree at \ = 1050 nm. The change 

here follows temperature and thus the response will be increased by 

about 40 percent. At 350 nm the spectral response inversely follows 

temperature, but the change is only about 0.2 percent per Celsius 

degree, resulting in a 4 percent decrease in responsivity. Stable 

response at the longer wavelengths will require control to at least 

±0.5°C, and hopefully ±0.1°C. 

Table 4 lists the relevant electrical specifications for three 

ultra-low bias current FET op-amps. The open loop gain, input imped

ance, frequency response, and output characteristics of each device are 

not given in the table, but all are adequate for this application. The 

total system noise will be considered shortly. First it must be de

termined to what extent the offsets will degrade performance. From 

Equation (18), it is seen that the offset voltage contribution will 

depend upon the photodiode shunt resistance RSH and the feedback 

resistance Rf. The minimum shunt resistance is specified as 10^ ft at 

25°C. The shunt resistance decreases by 50 percent for every 10 Cel

sius degree increase in temperature, and thus will be 2.5 x 10^ ft at 

45°C. Two stages of feedback resistance will be provided: a high gain 

stage of 109 ft and a low gain stage of 10^ ft. Since the high gain 

stage will be used under minimum irradiance, the offsets will be eval

uated at Rj = 109 ft. Table 5 summarizes the worst case offset error 



53 

Table 4. Important Electrical Specifications of Operational 
Amplifier Candidates (Vs = ±15 V) 

Manufacturer: 

Model: 

Input Bias Current 

At 25°C (max): 

Vs. temp (typical) 

Input Offset Voltage 

At 25 C (max): 

Vs. temp (max): 

Input Noise Voltage, 
"en (max) : 

Input Noise Current, 
Tn (max): 

Analog Devices 

AD515L 

0.075 pA 

x2/+10°C 

1.0 mV 

25 yV/°C 

4 yV 

0.003 pA 

Burr-Brown 

3528BM 

0.150 pA 

x2/+10°C 

0.25 mV 

5 yV/°C 

6 yV 

0.005 pA 

Intersil 

ICH8500A 

0.010 pA 

Constant 

50 mV 

100 yV/°C 

20 yV 

Table 5. Summary of Worst Case Offset Errors for Three Operational 
Amplifier Candidates (R^ = 10^ S2, Rg^ = 2.5 x 10^ Q) 

Operational amplifier: AD515L 3528BM ICH8500A 

Temperature Control ±0.1°C +0.5°C ±0.1°C ±0.5°C ±0.1°C ±0.5°C 
Accuracy: 

Maximum vQS: 2.5 yV 12.5yV 0.5yV 2.5yV 10 yV 50 yV 

Maximum i^ (at 45°C) : 0.3 pA 0.3 pA 0.6 pA 0.6 pA 0.01 pA 0.01 pA 

Rf + RQH 
ih + vnQ( „ „ ) : 1.30 pA 5.31 pA 0.80 pA 1.60 pA 4.02 pA 20.06 pA 

f SH 

Percent offset error 
(at I = 10-11 A): 13.0 53.1 8.0 16.0 40.2 200.6 



to be expected for each of the candidate op-amps assuming the offset 

voltage is trimmed to zero at the control temperature of 45°C. It is 

evident that to' even approach a 1 percent accuracy goal will require 

tighter temperature control and/or a lower control temperature. Both 

of these options would be difficult to implement and would greatly 

complicate the detector/pre-amp design. Considering that the overall 

errors given in Table 5 reflect the worst case offsets relative to the 

absolute minimum photocurrent, it is probably best to accept the less 

than ideal performance. The Burr-Brown model 3528BM op-amp is the 

best choice based upon offset considerations. Temperature control to 

±0.5°C should be relatively easy to maintain although it is hoped that 

±0.1°C will be achieved. The worst case offset error is then 8 to 16 

percent, with the typical error probably closer to 4 to 8 percent. 

Again, this is only for the minimum photocurrent. 

One factor that was not considered in the preceding analysis 

of offset errors is the power supply rejection ratio (PSRR) of the can

didate op-amps. This specification relates the change in input offset 

voltage to any change that might occur in the op-amp power supply 

voltage. The Burr-Brown model 3528BM has a PSRR of 20 pV/V at a fre

quency of 1 Hz. If the nominal power supply voltage of ±15 V is main

tained to ±0.1 V, then a maximum offset of ±2 IJV may be introduced, 

resulting in an additional 2 percent error for the absolute minimum 

photocurrent. If, however, the power supply voltage can be maintained 

to ±0.01 V, this effect becomes negligible. 

Since this instrument's measurements will be at low frequency, 

including dc, the parameters that contribute to high frequency response 
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can be neglected. This eliminates some of the major sources of am

plifier instability. However, any circuit intended to measure very low 

level currents requires careful attention to detail in order to avoid a 

multitude of destabilizing effects. Careful layout, shielding, and 

guarding are essential since leakage currents can easily exceed the 

low bias current. Circuit cleanliness is also critical, since any 

contaminants deposited on the low current circuitry will alter per

formance. To guard against this problem, a high dielectric conforraal 

coating will be used. 

The total noise originating in the photodiode/op-amp combina

tion consists of contributions from several distinct noise sources. 

The photodiode is responsible for the shot noise is associated with the 

photodiode current Ip, and the Johnson noise ij resulting from the 

diode's junction resistance Rgjj. These two terms are given by 

TS = ^QLPB)1/2 (19) 

and 

ij = (4kTB/RSH)l/2, (20) 

where q is the elementary electron charge, B is the electronic 

bandwidth, which will be limited to 1 Hz, k is Boltzmann's constant, 

and T is the absolute temperature of the photodiode in degrees Kelvin. 

The op-amp possesses a current input noise in and voltage 

input noise vn, both of which are frequency dependent. The magnitudes 

of these quantities are given in Table 4. The feedback resistor Rf 

will contribute Johnson noise given by 



if = (4kTB/Rf)1/2, ( 2 1 )  

where T is now the temperature of the feedback resistor. 

The total (rms) noise voltage Vn appearing at the op-amp 

output can now be expressed as 

= -R* [ is2 + ij2 + in2 + if2 + vn2( RfRSH 7.2 2( 
Rf + RSH^2 1 / 2  

(22)  

The signal voltage Vg was given in Equation (16) and can now be used 

along with Vn to evaluate the signal-to-noise ratio S/N for various 

signal levels. The high gain feedback stage (10^ sj) will be used for 

the low end of the dynamic range. The low gain feedback stage (10^ 

will bridge this region with the high end of the dynamic range where 

ND filters would otherwise be used. Table 6 summarizes the noise 

analysis. 

Before finalizing the photodiode/op-amp circuit, the following 

miscellaneous points need to be made: 

(1) The accuracy and stability of the feedback resistors is 

obviously important. Special metal film resistors designed 

for extremely stable performance with tolerance ratings 

of 0.1 percent are available in values up to 10^ S2 and 

will be utilized here. 

(2) It has been indicated that the frequency bandwidth will be 

limited to 1 Hz. A capacitor in parallel with the feedback 

resistor will be used to limit the bandwidth at 10 Hz. 



Table 6. Summary of Noise Analysis for Detector/Amplifier Combination 

Rf 

(0) (A) 
V 
(A2) 

V 
(A2) 

ifZ 

(A2) 

xn 

(A2) 

_ o/Rf+RSH,2 
Vn RfRSH ' 

(A2) 

-vn 

(V) 

_Vs 
(V) S/N 

106 

10-9 

10"8 

10"7 

10-6 

1.8x10-27 3.2x10-28 

3.2x10-27 

3.2x10-26 

3.2x10-25 

1.8x10-26 2.5x10-29 7.1x10-23 8.4x10 6 10-3 i.2xl02 

10"2 1.2x103 

10"1 1.2x10^ 

1 1.2xl05 

109 

10-H 

10-10 

10"9 

10-8 

3.2x10-30 

3.2x10-29 

3.2x10-28 

3.2x10-27 

1.8x10-29 5.8x10-24 2.4x10-3 10-2 4.2x10° 

10-1 4.2x101 

1 4.2x102 

10 4.2xl03 



This requires a 100-pf capacitor in parallel with the 

109 -W resistor and a 100-nf capacitor in parallel with the 

lO^-ft resistor. The additional limiting of bandwidth to 

1 Hz will be done at the signal processor. 

(3) The op-amp output load will be on the order of 10^ ft. 

This large a value will keep the open loop gain high and 

minimize the self-heating of the op-amp. 

The detector circuit is shown schematically in Figure 16. The 

offset voltage is trimmed by adjusting R3. Two temperature controller 

circuits as shown in Figure 17 will be required, one for the photodiode 

and one for the op-amp. In both cases the temperature is set by 

adjusting R8. All three circuits will be contained on a single card 

positioned directly behind the photodiode. 

Instrument Mount 

It was earlier established that the spectropolarimeter must be 

capable of making measurements over the full hemispherical sky with a 

high degree of angular resolution and accuracy. This will be accom

plished with a precision mount having motorized azimuth and elevation 

drive systems. The computer-controlled mount must have ±180° travel 

in azimuth along with +90° travel in elevation. 

Figures 18 and 19 show various views of the complete spectro

polarimeter. The symbol ij> is used to denote the two points where the 

instrument will be coupled to its mount. The line connecting these 

points forms the elevation axis of rotation. A turntable assembly at 

the base of the mount provides the rotation in azimuth. The dimensions 
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Clj / lOOnf 

<W\J° 
!WV 

C2 ' UOOpf 

Detector 

3528BM 

Offset ^50K 
Trim 

> 

Fig. 16. Detector/Amplifier Circuit Schematic. 
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Heating 
Element 

+5V 

1N914 Power Darlington 
RCA 2N6384 

Thermi stor 
\GB41J1 R3 lOOK 

AyW 
10K 

Temp Set 
741 

out 

100 uF 
R4 100K 

COM 

10K 10K 

-15V 

Fig. 17. Temperature Controller Circuit Schematic. 

(Lind, Zalewski, and Fowler, 1977) 



K- 11.62 in 

9.0 in 

TOP 

33.0 in 

4.12 in 

13.5 in 

Fig. 18. Top and Side Views of SpecCropolarimeter. 



T 
4.12 in 

K~ 9.0 in 

FRONT 

13.5 in 

K- 9.0 in 

REAR 

Fig. 19. Front and Rear Views of Spectropolarimeter. ON 



shown on the figures, along with an anticipated instrument weight of 

between 25 and 30 pounds, define the load requirements for the mount. 

The tracking rate and acceleration requirements for the mount 

are minimal. It was rather arbitrarily decided that the mount should 

be capable of directing the instrument at any point in the hemispheri

cal sky in less than 30 seconds. This dictated a tracking rate 

requirement in both azimuth and elevation of 6°/sec with an accelera

tion of 3°/sec^ Although these specifications should be easy to meet, 

they are still flexible in terms of basic performance requirements. 

Angular resolution and accuracy place the most stringent 

requirements on the mount design. Specifications of 1 arc minute reso

lution and ±15 arc seconds pointing accuracy have been established for 

both azimuth and elevation. Most of the instrument's functions do not 

require this degree of resolution and accuracy. However, in situations 

such as circumsolar radiance mapping, where the minimum field of view 

(6 arc minutes) is used, these tight specifications are warranted. In 

addition to the mount's computer-controlled drive motors being capable 

of meeting the resolution and accuracy specifications, adequate posi

tional feedback to the host computer is needed. This calls for 15-bit 

absolute encoders on both axes of rotation. 

The task of designing and building the spectropolarimeter 

mount is best left to a company specializing in precision instrumenta

tion mounts. The performance specifications developed above have been 

submitted to two of the leaders in this field. Both have expressed 

assurances of their ability to produce the mount. No final decision on 

mount procurement had been made at the time of this writing. 



CHAPTER 4 

MODES OF OPERATION 

The spectropolarimeter has been designed for a maximum of 

versatility. It is equipped with a number of variable parameters and 

is intended to perform several distinct operations. In addition to its 

primary function as a spectropolarimeter, the instrument may be used 

as a solar radiometer provided an absolute irradiance calibration has 

been conducted. The spectropolarimetry operation may be performed 

during the course of any of the several available scan routines or at 

a fixed azimuth-elevation position setting. The spectropolarimetry 

routine itself will exist in two versions: one emphasizing spectral 

analysis and the other emphasizing polarization analysis. 

The scan routines that will be available are: 

(1) Circumsolar: a 20° traversal in either azimuth or elevation 

centered at the sun. 

(2) Almucantor: a 360° sweep in azimuth at the elevation loca

tion of the sun. 

(3) Longitudinal: a 180° sweep in elevation at the azimuth 

location of the sun. 

All scans will be capable of variable angular increments between 

measurement points. 

Since all aspects of instrument operation will be computer 

controlled, the various operating modes will be presented in the form 
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of flow charts, much like those to be used in the design of the system 

software. First, all of the system variables must be identified. This 

is done in Table 7. Figures 20 and 21 illustrate the two versions of 

the spectropolarimetry subroutine. Figures 22, 23, and 24 show the 

various scan routines. Figure 25 illustrates the solar radiometer mode 

of operation. 

Table 7. Operating System Variables 

(1) Gain setting (g) 
0 => low gain (Rf = 10^ S2) 
1 => high gain (R^ = 10^ S2) 

(2) Azimuth setting (j) 
(assuming 1' resolution) 

00000 => -180° 

+ 

(6) Neutral density filter (n) 
0 => D 
1 => D 

=> D 
=> D 
=> D 
=> D 

5 
4 
3 
2 
1 
0 

21599 => +180° (7) Polarizer orient 
0 => 0° 

Elevation setting (k) 1 => 0.9° 

(assuming 1' resolution) 2 => 1.8° 
0000 => 0° + 

+ 198 => 178.2° 
5399 => 90° 199 => 179.1° 

Field of view (1) (8) Spectral filter 
0 => 2° 0 => 345 nm 
1 => 1° 1 => 371 nm 
2 => 0.5° 2 => 400 nm 
3 => 0.2° 3 => 440 nm 
4 => 0.1° 4 => 490 nm 
5 => closed 5 => 550 nm 

6 => 612 nm 
Retarder (m) 7 => 671 nm 
0 => out 8 => 780 nm 
1 => in 9 872 nm 

10 => 1030 nm 
11 => open 
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(j,k) FROM PRIMARY 

ROUTINE 
p = = 0 

m = 0 

' 

q : = 0 

' 

n = = 0 

j: Azimuth setting 
k: Elevation setting 
m: Retarder 
n: ND filter 
p: Polarizer orientation 
q: Spectral filter 

READ DET/AMP OUTPUT SIGNAL Smfn/P(q + 

m.n.p,q 
FLAG"? 

STORE Sm n p q 

LET q = q+1 

DOES 
q = 11 

LET m = m+1 

DOES 

LET p = p+1 

LET n = n+1 

RETURN TO 

PRIMARY ROUTINE 

DUMP (j,k) AND Sm/n(P/q 

TO MAIN COMPUTER 

Fig. 20. Spectropolariraetry Subroutine (Emphasizing 
Spectral Analysis). 
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(j,k) FROM PRIMARY 

ROUTINE 
q = 0 

1 
m = 0 

' ' 

n = 0 

' 

P = 0 

j: Azimuth setting 
k: Elevation setting 
m: Retarder 
n: ND filter 
p: Polarizer orientation 
q: Spectral filter 

i 
READ DET/AMP OUTPUT SIGNAL Sm(n(p)q 

DOES 
LET n = n+1 

"FLAG 

STORE Sm n p q 

' 

LET p = p+1 

DOES 
p = 200 

LET m = m+1 

DOES 
m = 2 

NO 

RETURN TO YES 
PRIMARY ROUTINE 

YES NO DOES 
q = 11 

LET q = q+1 

DUMP (j,k) AND Sm q 

TO MAIN COMPUTER 

Fig. 21. Spectropolarimetry Subroutine (Emphasizing 
Polarization Analysis). 



68 

SETTINGS TO 
BE DETERMINED 
BY USER; MAY 
BE VARIED AT 
ANY TIME 

NO ' DOES 
j = a+601 

LET j = j+s 

STORE (j,k) 

j = a-600 

SPECTROPOLARIMETRY SUBROUTINE 

e = ELEVATION POSITION NO. FROM HOST 
COMPUTER SOLAR TRACKING SYSTEM 

a = AZIMUTH POSITION NO. FROM HOST 
COMPUTER SOLAR TRACKING SYSTEM 

YES 

USER SELECTS 

NEW MODE 

g = 0,1; I = 0,1,2,...,5; s = 1,2,... 

g: 
j: 
k: 
I: 
s: 

Gain setting 
Azimuth setting 
Elevation setting 
Field of view 
Stepping interval 

NEW 
MODE 

? 

YES 

Fig. 22. Circumsolar Scan Routine. 
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SETTINGS TO 
BE DETERMINED 
BY USER; MAY 
BE VARIED AT 
ANY TIME 

g = 0,1; I = 0,1,2,...,5; s = 1,2,... 

i =0 

e = ELEVATION POSITION NO. FROM HOST 
COMPUTER SOLAR TRACKING SYSTEM 

k = = e 

t 

STORE (j,k) 

SPECTROPOLARIMETRY SUBROUTINE 

LET j = j+s 

NEW 
MODE 

? 

YES 

g: Gain setting 
j: Azimuth setting 
k: Elevation setting 
I: Field of view 
s: Stepping interval 

USER SELECTS 

NEW MODE 

Fig. 23. Almucantor Scan Routine. 
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Gain setting 
Azimuth setting 
Elevation setting 
Field of view 
Stepping interval 

SETTINGS TO 
BE DETERMINED 
BY USER; MAY 
BE VARIED AT 
ANY TIME 

YES 

k < 5399 

NO 

YES USER SELECTS NO YES NEW 
MODE NEW MODE 

NO 

STORE (j,,k) 

STORE (j,k) 

j = a+10,800 

LET k = k-s 

k = 5399 

LET k = k+s 

= a 

SPECTROPOLARIMETRY SUBROUTINE 

S PECTRO POLAR IM ETR Y SUBROUTINE 

a = AZIMUTH POSITION NO. FROM HOST 
COMPUTER SOLAR TRACKING SYSTEM 

a = AZIMUTH POSITION NO. FROM HOST 
COMPUTER SOLAR TRACKING SYSTEM 

Fig. 24. Longitudinal Scan Routine. 



71 

INITIAL 
CONDITIONS 
SET BY OPERATOR 

g = 0; 1 = 1; m = 0; p = 0 

q - 0 

1 t 

n = = 0 

g: Gain setting 
j: Azimuth setting 
k: Elevation setting 
I: Field of view 
m: Retarder 
n: ND filter 
p: Polarizer orientation 
q: Spectral filter 

a = AZIMUTH POSITION NO. FROM HOST 
COMPUTER SOLAR TRACKING SYSTEM 

e = ELEVATION POSITION NO. FROM HOST 
COMPUTER SOLAR TRACKING SYSTEM 

j = a, k = e 

READ DET/AMP OUTPUT SIGNAL SJ ^ N Q 

DOES 
LET n = n+1 

FLAG 

STORE SJ ^ N Q 

LET q = q+1 

NO DOES 
q = 11 

YES 

USER SELECTS NEW 
MODE 

YES NO 

NEW MODE 

DUMPSj/M(qTO 

MAIN COMPUTER 

Fig- 25. Solar Radiometer Mode of Operation. 



CHAPTER 5 

CALIBRATION 

A thorough analysis of the theory and methods of radiometric 

calibration, as they pertain to the spectropolarimeter, could conceiv

ably constitute the subject matter of an entire thesis. The main 

intent of this chapter is to identify those instrument parameters that 

must be characterized in order to accurately interpret the collected 

data, and to establish the general sequence and methods of measuring 

these parameters. Detailed calibration procedures, as one might expect 

to find in an instrument instruction manual, will not be developed here 

since they depend largely on the calibration resources available. 

Calibration Objectives 

The calibration objectives for the spectropolarimeter fall into 

two basic categories. The first, as would be required for any radiome

ter, is to determine a functional relationship between the incident 

radiant flux and the instrument output. The second, dictated by the 

polarimetry aspect of this instrument, is to measure the polarization-

altering properties of the optical system. 

Determining the functional relationship between radiant input 

and electrical output, generally termed the responsivity, involves a 

number of parameters and can become quite complex. The final product 

of all the calibration parameters is a mathematical equation that de

fines the incident flux $ as a function of the instrument output V 
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(assumed here to be a voltage). The term "flux" and symbol $ are used 

to generalize the radiant entity being measured, which may be radiance, 

irradiance, or radiant power. Assuming the responsivity R in volts per 

unit flux to be linear, the calibration equation becomes 

<f> = (1/R)V. (23) 

Although the design of the spectropolarimeter has been aimed at 

obtaining a linear response, the possibility of nonlinearity somewhere 

over the instrument's dynamic range must be allowed for. This results 

in the more general calibration equation 

<6 = aV + bV2, (24) 

where "a" represents the inverse responsivity (1/R) of Equation (23) 

and "b" is a measure of the nonlinearity. To facilitate data reduction, 

it is important that the function given by this equation pass through 

the point V = 0 for $ = 0. This implies that any offset in the form of 

dark, noise be subtracted from the observed data prior to trying to fit 

the calibration equation. Thus, the first step in the calibration chain 

will be to evaluate the instrument dark noise. Once this is done, a 

linearity analysis is implemented to determine the calibration equation 

that describes the entire dynamic range of the instrument output. This 

is only a relative calibration equation at this stage, determining the 

shape of the transfer function rather than its absolute value. The 

absolute calibration equation will be a function of certain variable 
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instrument parameters along with the basic instrument response. The 

variable parameters requiring calibration in the case of the spectropo-

larimeter are spectral channel bandpass and field of view. The linear 

responsivity R can now take the multivariable form 

R = RpRra)RscU)R(e,<j>), (25) 

where Rp is the absolute peak response in units of output per appro

priate unit of flux, Rr(A) is the relative spectral response function, 

RgcU) is the spectral channel response function, and R(0,<|)) is the 

field of view response function. 

The second major calibration effort is involved with determin

ing the polarization-altering properties of the spectropolarimeter's 

optical system. Since the instrument's main function is to make high 

accuracy measurements of the polarization state of an incident field 

of radiation, it is extremely important that any contribution to the 

polarization state by the instrument itself be subtracted out. 

Dark Noise 

A dark noise evaluation is needed as a preliminary piece of 

information in the calibration of any instrument parameter. This step 

does not constitute a calibration since the dark noise characteristics 

of the instrument are subject to change with time or environment. 

Measurement of dark noise can be made at any time while the instru

ment is in operation by rotating the field stop wheel to its closed-

off position. 
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The initial step in each of the major calibration routines will 

be a dark noise analysis. The exact nature of the analysis will depend 

upon the specific routine. For example, prior to the linearity analysis 

the dark noise must be evaluated over the instrument's entire dynamic 

range. This will reveal the effect of detector amplifier gain on the 

noise level. Since the noise will be fluctuating, the evaluation 

should include a number of noise scans over the dynamic range. The 

mean dark noise output as a function of gain is thus obtained and can 

be compensated for in the linearity analysis. The standard deviation 

of the observed dark noise output is a measure of signal uncertainty 

and should be included in any evaluation of instrument precision. 

The dark noise output may also be a function of spectral chan

nel, although the system layout should make this dependence minimal. 

Of course the dark noise level for each spectral channel must be 

measured at the gain setting to be used when measuring the spectral 

response of that channel. Similar consideration of gain setting must 

be observed when compensating for dark noise in the field-of-view 

calibration. 

Linearity 

The response linearity is generally evaluated by observing the 

output signal as a function of the input flux over the entire dynamic 

range of the instrument. However, this is not strictly true in the 

case of the spectropolarimeter, since neutral density (ND) filters will 

be used at the high end of the dynamic range. In this case, it will 

only be necessary to examine the output signal over the range of input 



flux where ND filters are not used. If this region is termed the 

"output range," then it should be clear that the full dynamic range 

consists of the "output range" in combination with the ND filter range. 

The approximate "output range" is given in Table 6 and consists of six 

decades spread over two stages of gain. However, the two top decades 

overlap the region that can be handled by ND filters, and thus are not 

essential. 

The ND filters will be calibrated prior to installation in the 

spectropolarimeter and can, if desired, be used in the linearity cali

bration of the "output range." Calibration of the ND filters will con

sist of an accurate determination of their transmittance over the 

instrument spectral range (350 to 1050 nm). This is called for since 

ND filters generally are not perfectly neutral. 

With the ND filters installed, the ND filter wheel is rotated 

to the open position to begin the linearity calibration. A source 

capable of yielding a response at the top end of the "output range" is 

needed. This might be a stabilized lamp or a laser. The spectropolar-

imeter's field of view and spectral channel can be varied to help in 

obtaining the desired response. Once set, however, they must remain 

fixed throughout the rest of the linearity calibration. The most 

important point to be understood with regard to the linearity calibra

tion is that the magnitude of flux from the source must be varied 

without altering its spatial, spectral, polarization, or temporal 

characteristics. Use of the already calibrated ND filters to sequen

tially decrease the flux magnitude by factors of 10 is ideal in this 

respect. The five ND filters along with the open position should cover 
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the "output range." It should again be emphasized that the offset 

error as determined in a dark noise analysis must be subtracted from 

all measurements to obtain an accurate linearity calibration. 

As indicated in Table 6, there is an "output range" overlap 

between the two gain stages. An accurate determination of the gain 

difference can be made by comparing the respective output signals gen

erated in this overlap region. This will permit the signals yielded 

throughout both gain stages to be evaluated as a single data set. The 

best way to determine the response linearity is to graph this data set 

on a log-log plot as a function of the relative flux magnitudes, which 

are known from the ND filter calibration. Any departure of the func

tion slope from 45° indicates nonlinear response. If there is nonline-

arity, the data set can be used to obtain a "best fit" equation in the 

form of Equation (24). However, if the nonlinearity is present only in 

the top one or two decades of the "output range," then the "output 

range" should be reduced since its top end is not essential. 

Field of View 

The field of view response function R(9,<t>) was introduced in 

Equation (25). This function represents the normalized response to a 

point source as a function of the point source's location relative to 

the optical axis. The spectropolarimeter features five selectable 

fields of view, each characterized by the half angle 0^ (i = 1,2,...»5) of 

the ideal field of view. Since the ideal field of view is circularly 

symmetrical, R(U,c(>) reduces to the one-dimensional function R(9). If 

the actual fields of view were equivalent to the ideal, then R^(9) 



would be equal to unity for 0 < 0^ and be zero everywhere else. This, 

of course, is not the case for real systems, and a field-of-view cali

bration is necessary to accurately determine R(0,<j>). 

The field-of-view calibration can be divided into two catego

ries: an in-field calibration that basically looks at that region of 

R(0, <J>) that would be equal to unity in the ideal case, and an out-of-

field calibration to evaluate the optical system's rejection of out-of-

field sources. Although both calibrations are important for the spec-

tropolarimeter, it should be obvious that the out-of-field calibration 

is critical in determining the instrument's ability to measure the cir

cumsolar irradiance. The out-of-field response must be evaluated to 

many orders of magnitude below the in-field response, which from a 

practical standpoint makes for a very difficult calibration. 

Both calibrations require simulation of a point source. This 

can be achieved by locating a small-area source at the focal plane of 

an off-axis collimator. The resolution with which the response func

tion can be measured depends on the divergence A9cox of the collimated 

beam. This is a function of the source diameter Ds and the collimator 

focal length F: 

^®col = arctan(Ds/2F). (26) 

The smaller A0CÔ  relative to Qj., the greater the detail in the re

sponse function. Thus, a maximum focal length collimator is needed 

along with a minimum sized source. Recall that the minimum 0^ is 

0.05°. A major difficulty may arise in finding a small enough source 



capable of providing the high intensities that will be required for the 

out-of-field calibration. A possible solution might be a high power 

laser focused onto a suitably sized pinhole. Ideally, the laser wave

length should coincide with one of the spectropolarimeter's spectral 

filters in the 600 to 950 nm range. This suggests use of a tunable 

dye laser. 

A mount that will permit the spectropolarimeter to be rotated 

in both azimuth and elevation in small, precise increments is needed. 

Once the instrument is mounted, a means of aligning the field-of-view 

optical axis with the collimator is required to establish the zero 

reference orientation. This can be done quite effectively by placing a 

plane parallel mirror on the field stop wheel to allow autoreflection 

of a target placed in front of the collimator. The mount is adjusted 

in azimuth and elevation until the reflected image of the target falls 

back on itself. The mirror and target are now removed and the field-

of-view response functions are mapped relative to this zero reference 

or on-axis orientation. 

The in-field response can be mapped as a series of contours 

normalized to the on-axis response by systematically varying the azi

muth and elevation orientations while recording the output signals. 

This may be carried out to whatever fraction of the on-axis response 

is deemed necessary. Of course, any offset errors obtained in the dark 

noise analysis should be subtracted from all measurements and if nec

essary the data should be linearized by making use of the linearity 

calibration. The resulting contour map will qualitatively reveal the 



symmetry, smoothness, and idealness of the in-field response. A de

tailed analysis of the data can be used to arrive at a quantitative 

expression for the field of view response function R(0,<f>). 

Owing to the difficulties inherent in measuring the out-of-

field response, it is not practical to map this response over the 

entire field. Since circumsolar irradiance measurements will be made 

with the spectropolarimeter approaching the sun either in azimuth or 

in elevation, it should suffice to examine the instrument's cross sec

tional response in these two directions. The same setup already de

scribed can be used. However, additional precautions must be taken 

since the out-of-field response must be evaluated to many orders of 

magnitude below the in-field. Scattering of the collimator radiation 

off the walls of the room in which the measurements are made or off 

of particulates in the air will limit sensitivity to the far-field 

source. Overcoming these problems may require special calibration 

facilities as described by Wyatt (1978, pp. 110-112). 

Since the solar disk is roughly 10^ times as intense as the 

solar aureole, there is a strong justification to evaluate the off-axis 

response to less than 10~5 of the on-axis response. This will require 

the on-axis source intensity to produce an output signal a factor of 

106 above the bottom of the spectropolarimeter's dynamic range. The 

on-axis source intensity will have to be even higher if the bottom of 

the dynamic range falls below the sensitivity limitations imposed by 

the calibration facility. 



Spectral Response 

The spectral calibration of this instrument may be divided into 

the following three sections: 

(1) Relative spectral response Rr(A) 

(2) Absolute peak response Rp 

(3) Spectral channel response RSC(A) 

The ordering of the three sections corresponds to the logical sequence 

for conducting the calibration. Before the basic approach to be taken 

for each section is described, two points need to be made. First, the 

absolute calibration is intended to relate the electrical output signal 

to the irradiance at the system entrance pupil as opposed to the irra-

diance at the detector. Second, the polarizing prism, like all other 

elements of the total system, will be left in the instrument during 

the spectral calibration. However, its presence must be accounted for 

when the absolute calibration data is interpreted, and any change in 

source polarization as a function of wavelength must be avoided. If 

the latter condition cannot be met, which will be the case if a grating 

type monochromator is used, then all measurements will have to be 

made at two orthogonal polarization orientations. The root-sum-square 

of the two measurements can then be used to eliminate polarization 

sensitivity. 

Relative Spectral Response 

The ideal source for this calibration would be monochromatic 

and tunable over the desired wavelength range. Although perfectly 
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monochromatic sources do not exist, an adequate source might consist 

of a tunable dye laser or a standard of spectral irradiance lamp used 

with a calibrated monochromator. This discussion will assume use of 

the latter. Obtaining sufficient resolution of the spectral response 

curve will require the monochromator to be capable of a high degree of 

spectral resolution. Also, the source's relative spectral irradiance 

must be known. For the lamp/monochromator combination this requires 

the lamp's spectral irradiance E^(A) to be multiplied with the spec

tral transmittance of the corresponding monochromator setting. This 

operation is given by 

E(A) = EX(A)lamp*[T(A)*AA]mono, (27) 

where T(A) is the peak monochromator transmission at A and AA is the 

half width. The resulting data set E(A) is then peak normalized to 

give the relative spectral irradiance. 

Once the source is characterized, the calibration consists of 

recording the output signal for each setting of the monochromator over 

the entire region of instrument response (300 to 1100 nm). The spec

tral filter wheel remains in the open position throughout this proce

dure. The offset error, as measured in a dark noise analysis, must of 

course be subtracted from all measurements. Each output signal is 

divided by the corresponding relative spectral irradiance of the 

source, and the resulting data set is peak normalized to yield the rel

ative spectral response R^A). 



A somewhat simpler approach to determining the relative spec

tral response is possible if a standard detector of known relative 

spectral response is available for use as a reference. If this 

approach is taken, the lamp's relative spectral irradiance need not be 

known and only the monochromator's wavelength settings need to be 

calibrated. 

Absolute Peak Response 

Determination of the absolute peak responsivity Rp is basically 

an extension of the previous section. However, now it is essential 

that the lamp be accurately located at a fixed distance from the spec-

tropolarimeter's entrance pupil. This distance is defined in the lamp's 

calibration report. It is also essential that the standard lamp fila

ment be totally contained within the spectropolarimeter's field of 

view in order for the lamp's irradiance calibration to be valid. This 

precludes the use of the monochromator. A calibrated narrow-bandpass 

filter (NBPF), of adequate size so as to not vignette the lamp fila

ment, must be used instead. The absolute source irradiance is now 

given by 

E(*)abs = EA(A)lamp*[T(A)*AA]NBPF . (28) 

Dividing the resulting output signal by E(A)abs gives the absolute 

response RabS(X). The narrow-bandpass filter does not have to be cen

tered at the wavelength of peak response that was found in the previ

ous section. The absolute peak response Rp is given by 
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RP = Rabs(^NBPF)* ' (29) 

where ^BPF is the center wavelength of the filter, is the wave

length of peak response, and Rr denotes the relative response from the 

previous section. 

Spectral Channel Response 

The spectropolarimeter is equipped with 11 spectral channels. 

Each channel's bandpass must be calibrated as part of the total system 

to include the possible effects resulting from multiple reflections. 

The purpose of the calibration is to define the individual bandpasses 

and to check for out-of-band leakage. The standard lamp/monochroma-

tor combination forms a suitable source. However, since the goal is to 

resolve as much detail of the nominal 10-nm-wide spectral channels as 

possible, the spectral resolution of the monochromator must be quite 

high, preferably on the order of 1 nm. The relative shape of each 

bandpass is found by dividing output signals by the corresponding rela

tive spectral irradiances just as was done in the first section. Now, 

however, the wavelength interval is smaller and measurements are lim

ited to the nominal bandpass region of each channel. Once the peak of 

a channel's bandpass is found, the spectral filter wheel is rotated to 

the open position. The resulting output signal is used to scale that 

channel's bandpass function. 

Each channel mus- next be checked for out-of-band leakage by 

scanning the monochromatoi. through the entire region of instrument 
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response. The out-of-band response must be evaluated to several 

orders of magnitude below the in-band response. The spectral filter's 

substrate material will probably provide adequate short wavelength 

blocking by absorption, and the filter's interference properties should 

sufficiently limit transmission at wavelengths less than twice the 

bandpass wavelength. Thus, the most careful attention should be given 

to long wavelength leakage by the shorter wavelength channels. Errors 

resulting from this sort of leakage will be compounded by the detec

tor's long wavelength response peak. If serious leakage is found, a 

blocking filter will have to be added to the channel. 

Polarization-Altering Properties 

The polarization-altering properties of the spectropolarimeter 

should be minimal, but must be characterized nevertheless. The cause 

of such properties in the case of this instrument can probably be 

traced to two mechanisms: oblique reflection at the spherical mirrors 

and diffraction at the field stop. Measurement of the polarization-

altering properties will involve three steps: 

(1) Providing input light of a known polarization state. 

(2) Determining the measured polarization state. 

(3) Analyzing the difference between (1) and (2) to obtain the 

instrument polarization properties. 

Obtaining an adequate input light source may be the most difficult 

aspect of the measurement. In addition to having a well defined pol

arization state, it should ideally fill the instrument field of view. A 



calibrated retardation plate and precision linear polarizer placed in 

front of a stable source will provide a well defined input polariza

tion state specified by the four-element Stokes vector V^. However, 

these components will not generally be large enough to fill the field 

of view. Thus, the increased accuracy of a full-field analysis may 

have to be sacrificed. 

The spectropolarimeter is used as described in Chapter 2 to 

yield the measured Stokes vector Vm of the incident radiation. The 

Mueller calculus may now be used as described by Walker ,1954) to 

relate Vm to and determine the 4x4 Mueller matrix M that charac

terizes the polarization-altering properties of the instrument. Mea

surement of four independent input states will be required to uniquely 

determine M. At least one of the four must have nonzero ellipticity, 

and thus the need for the retardation plate as part of the input 

source. Once the Mueller matrix M has been found, standard matrix 

algebra is used to find the inverse matrix [M]~l. All Stokes vectors 

measured by the spectropolarimeter can now be multiplied with the 

inverse matrix [M]~l to yield the Stokes vector that represents the 

incident polarization state. 



CHAPTER 6 

SUMMARY 

The use of spectropolarimetry as a tool in analyzing atmos

pheric turbidity is a well developed technique first utilized in the 

early 1950s. The analytical capabilities of this technique have been 

greatly expanded by the use of modern computers to solve the compli

cated equations of radiative transfer. Instrumentation capable of 

increased measurement accuracy is continually needed to keep up with 

advancements in the area of data analysis. The present instrument 

design is aimed at obtaining the highest accuracy and most complete 

set of data possible. 

An evaluation of the radiation originating at angles close to 

the sun turns out to be of great importance in analyzing atmospheric 

turbidity. To make accurate measurements in this area requires an 

optical system with exceptional stray light rejection qualities owing 

to the overwhelming magnitude of the sun as an out-of-field source. 

The suppression of stray radiation was considered a top priority 

throughout the design of the spectropolarimeter. A reflective, afocal 

"Z" configuration optical system was judged to have optimal qualities 

in this respect. This system utilizes two tilted spherical mirrors and 

a silicon photovoltaic detector located in the exit pupil. A well baf

fled entrance tube in front of the primary mirror minimizes the stray 

radiation that can reach the primary. The presence of a field stop and 
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a Lyot stop in the system helps to prevent any energy scattered or 

diffracted by the primary from reaching the detector. Finally, careful 

attention is given to the manufacturing of the two system mirrors to 

ensure the lowest possible level of scattering. 

Significant effort has been directed at obtaining the utmost in 

instrument versatility. When installed in its mount, the instrument 

will be capable of making spectropolarimetric measurements over the 

full hemispherical sky with angular resolution as high as 1 arc minute. 

Five possible fields of view ranging from 0.1° to 2.0° will be avail

able. Eleven narrow-bandpass spectral channels will provide a high 

degree of spectral resolution over the region of 340 nm < \ < 1050 nm. 

A high extinction ratio Glan-Thompson polarizing prism will be utilized 

as an analyzer. The orientation of its transmission axis will be ad

justable in 0.9° steps. Although the degree of linear polarization is 

the primary skylight parameter to be determined, a retarder will be 

available to permit measurement of any elliptical polarization compo

nent that may arise. This feature has received little attention in 

previous instruments but should prove valuable since only aerosol 

scatterers can produce elliptical polarization states. Finally, in ad

dition to the spectropolarimetric mode of operation, the instrument 

will be capable of making solar irradiance measurements. To handle 

the resulting dynamic range, a series of neutral density filters, rang

ing in density from 1 to 5, will be provided. 

All aspects of instrument operation will be automated, provid

ing feedback to the control system for increased reliability. A high 

degree of measurement accuracy is provided by a combination of design 



features and thorough calibration techniques. Temperature controllers 

will be used with the detector and its preamplifier to maintain re

sponse stability over the wide temperature range to be encountered 

during field operation. An analysis of amplifier offsets revealed a 

maximum offset error of ±8 percent at the minimum anticipated photo-

current. This value assumes temperature control to ±0.5°C. If the 

temperature is maintained to ±0.1°C, then the maximum offset error will 

be ±4 percent. A noise analysis was also done, indicating a signal-to-

noise ratio of approximately 16 at the minimum photocurrent. 

A thorough calibration of the spectropolarimeter will include 

a response linearity analysis, a field-of-view calibration, a spectral 

response calibration, and a determination of the instrument's polariza

tion-altering properties. A very important part of the field-of-view 

calibration is a far-field analysis to accurately characterize the 

rejection of out-of-field sources. 
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