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ABSTRACT 

This dissertation describes the design, construction, and calibration of a portable short 

wave infrared (SWIR) spec!:roradiometer. The main use for the instrument is the collection 

of ground reflectance and radiance data for the radiometric calibration of operational and 

proposed high spectral resolution remote-sensing systems, such as the Airborne Visible and 

Infrared Imaging Spectrometer (A VIRIS), the Moderate Resolution Imaging Spectroradiometer 

(MODIS), the High Resolution Imaging Spectrometer (HIRIS), and the Advanced Space borne 

Thermal Emission and Reflection Radiometer (ASTER). The instrument will also be used 

for cross calibrating Earth Observing System (EOS) calibration facilities and for a variety of 

high spectral resolution studies in earth science. The instrument is designed to be carried as 

a backpack unit, on a vehicle, or in a helicopter or airplane. The spectroradiometer covers 

the range from 1.05 to 2.45 I'm. The spectral sampling interval is 1.37 nm and the spectral 

resolution is variable from about 5 nm to more than ]00 nm. A single spectrum can be 

acquired in as little as 1 s. The signa]-to-noise ratio (SNR) for a single I-s scan is about 90 

at a wavelength of 2.2 I'm for a lambertian surface of 100% reflectance illuminated by the sun 

at normal incidence with 14-nm spectral resolution, a 25° background temperature, and no 

atmospheric attenuation. The SNR can be improved by averaging multiple scans. Field-of

view defining optics are coupled by a flexible fiber optics bundle to the spectroradiometer, 

which consists of a non-scanning concave holographic diffraction grating with flat focal field 

imaged onto a 1024-element liquid-nitrogen-cooled PtSi linear-array detector. The 

combination of concave grating and linear-array detector was chosen in preference to Fourier 

transform, Hadamard transform, and scanned grating monochromator systems on the basis of 

simplicity, high SNR, and greatest radiometric accuracy. 
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CHAPTER 1: INTRODUCTION 

The research described is the design, construction, and calibration of a portable short 

wave infrared (SWIR) spectroradiometer (referred to as the Mark-l spectroradiometer). The 

instrument operates over the spectral range from 1.05 to 2.45 ~m. The spectral sampling 

interval is 1.37 nm and the spectral resolution is variable from about 5 nm to more than 100 

nm. The standard spectra! resolution is 14 nm. A single spectrum can be acquired in as little 

as I s. The signal-to-noise ratio (SNR) for a single 1 s scan is about 90 at a wavelength of 2.2 

~m for a lambertian surface of 100% reflectance illuminated by the sun at normal incidence 

with 14-nm spectral resolution, a 25° C background temperature, and no atmospheric 

attenuation. The SNR can be improved by averaging multiple scans. 

A custom, concave, holographic diffraction grating with flat focal field collects, 

disperses, and focusses IR radiation onto a 1024-element PtSi linear-array detector. Field-of

view (FOY) defining optics are coupled by a flexible fiber optics bundle to the entrance slit 

of the spectroradiometer. A silicon absorption filter with transmittance less than 3% for 

wavelengths shorter than l.05 ~m establishes the short wavelength limit of detector response. 

A cooled PK-50 absorption filter with transmittance less than 3% for wavelengths longer than 

about 3.1 ~m establishes the long wavelength limit of detector response. A pair of 

thermoelectric heat pumps stabilize the temperature of the diffraction grating housing (the 

main source of thermal background radiation) at 25° C. The instrument is designed to be 

carried as a backpack unit, on a vehicle, or in a helicopter or airplane. Emphasis has been 

placed on a high degree of radiometric accuracy and stability, a well-defined field of view 

(FOY), a relatively short data acquisition time, and a simple design that will provide reliable 

data in the field at temperatures ranging from _5° C to +45° C. 
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A primary application of the instrument is the collection of ground reflectance and 

radiance data in support of the in-flight radiometric calibration of high spectral resolution 

remote sensing systems. such as the Airborne Visible and Infrared Imaging Spectrometer 

(A VIRIS) [porter and Enmark. 1987]. the Moderate Resolution Imaging Spectroradiometer 

(MODIS) [Thompson. 1990]. the High Resolution Imaging Spectrometer (HIRIS) [Rockey. 

1990]. and the Advanced Space borne Thermal Emission and Reflection Radiometer (ASTER) 

[EOS Reference Handbook. 1991]. The instrument will also be used for cross calibrating 

Earth Observing System (EOS) prelaunch calibration facilities and for a variety of high 

spectral resolution studies in earth science. The need for satellite calibrations. the intended 

applications of the Mark -1 spectroradiometer in these calibrations. and the associated 

performance goals for the instrument will be described in more detail next. The Mark-l 

spectroradiometer will then be compared to various other portable SWIR spectroradiometers. 

The calibration of the satellite sensors that observe the earth is an important aspect of 

remote sensing research and of the characterization of the performance of operational remote 

sensing systems [Teillet et aI., 1990; Bengi, 1988; Slater et aI.. 1987; Ahem et aI.. 1987]. The 

information retrieved from remotely-sensed data may be based directly on the changes in 

reflectance or albedo observed in one or more spectral channels. or on various difference 

and/or ratio indexes derived from data collected in two or more spectral channels [Ahem et 

al.. 1991; Megier et aI.. 1991; Kunkel et aI., 1991]. The data from satellite sensors are in the 

form of digital counts for each individual spectral channel. Instrumental gain and offset 

calibration constants are used to convert digital counts into radiance at the sensor [Ahem et 

al.. 1991; Holm et aI., 1989; Megier ~ a1.. 1991]. Ground site reflectance or radiance may be 

retrieved from the radiance at the sensor, provided appropriate corrections are made for 

atmospheric effects [Ahem et ai. 1991; Holm et aI.. 1989; Megier et aI.. 1991]. 
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The accuracy and reliability of the retrieved information is therefore tied directly to 

the accuracy and reliability of the calibration constants that relate digital counts to at-satellite 

radiance [Crippen, 1988; Ahern et aI., 1991; Holm ~ aI., 1989; Megier ~ aI., 1991]. 

Calibration allows researchers to determine whether the changes in the data sent down to 

ground receiving stations are due to changes actually occurring in the observed targets or 

merely due to changes in the response of the satellite sensors. Calibration in combination with 

atmospheric correction permits researchers to quantify changes in surface features. 

Both prelaunch and in-flight calibrations may be carried out. One application of the 

Mark -I spectroradiometer is in the cross comparison of various prelaunch calibration 

facilities. In particular, MODIS is being constructed in the U.S. and the facilities used to 

perform a prelaunch calibration of MODIS will in turn be calibrated against standards 

produced by the U.S. National Institute of Standards and Technology (NIST). On the other 

hand, ASTER is being constructed in Japan and the facilities used to perform a prelaunch 

calibration of ASTER will in turn be calibrated against standards produced by the Japanese 

National Research Laboratory of Metrology (NRLM). The Mark-I spectroradiometer could 

be transported to the MODIS and ASTER calibration facilities to indicate if the two 

calibration facilities produce the same results over the SWIR range. 

Prelaunch calibrations are valuable, but a single prelaunch calibration is insufficient 

to ensure the accuracy of the data collected over the entire operational lifetime of a satellite. 

For example, optical alignment, the transmittance of interference filters and optical windows, 

the reflectance of mirrors, and the response of detectors may all change with time and lead 

to a change in the radiometric calibration constant [Flittner and Slater, 1991; Teillet et aI., 

1990; Singh, 1985; Hovis et aI., 1985; Gordon et aI., 1983]. These changes may in fact be quite 

significant. Measurements indicated that NOAA-9 Advanced Very High Resolution 

Radiometer (A VHRR) channel 1 and 2 gains degraded by about 27% and 29%, respectively, 
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over three years of operation [Teillet ~ &, 1990]. In addition to prelaunch calibration, in-

flight radiometric calibrations of satellite sensors are thus a crucial element in the collection 

of useful data by satellite remote sensing. 

Radiometric Calibration 
In The Field 

Atmosphere 

Target 
Surface 

Earth 

Sensor 
to be 
calibrated 

Figure 1.1.1 Simplified diagram showing the in-flight radiometric calibration of a satellite. 

The reflectance based method of in-flight calibration is shown schematically in Fig. 

1.] .] and may be summarized as follows [Slater ~ aI., 1987; Teillet ~ &, 1990]. An average 

ground site reflectance factor, appropriate for the sensor's spectral band and viewing ang]e, 

is measured by a calibrated reference sensor at the time of acquisition of data by the satellite 

sensor. The reflectance of the ground is measured relative to a reference surface with known 

reflectance properties. Atmospheric parameters, principally spectra] optical depths, are also 

measured from the ground site. A radiative transfer code is then used to predict radiances 

at the entrance pupil of the sensor using the measured ground reflectance and spectra] optical 
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depth data along with certain assumptions regarding aerosol scattering characteristics and solar 

exoatmospheric spectral irradiance. The ground site is located in the satellite image acquired 

at the time of ground reflectance measurements. Sensor digital counts for the ground site are 

noted for each spectral channel. A single point gain calibration constant for a given spectral 

band is then determined by taking the ratio of sensor digital counts to calculated radiance at 

the sensor. Calibration at two or more different radiance levels permits retrieval of an offset 

calibration constant in addition to the gain constant. 

As mentioned before, a primary application of the Mark-I spectroradiometer is the 

role of the calibrated reference sensor in Fig. 1.1.1., i.e., the collection of ground reflectance 

data, relative to a reference surface. For reflectance measurements, spectral calibration and 

knowledge of the linearity of the reference sensor are sufficient. Absolute radiometric 

calibration is not required. Typically, 10 to 40 minutes are spent measuring the average 

reflectance of the calibration site. 

Note that the reference sensor in Fig. 1.1.1 views both the reference surface and the 

ground at normal incidence, while the angle of illumination by the sun and the view angle of 

the satellite are, in general, off-axis. An accurate calibration requires characterization of the 

bidirectional reflectance distribution function (BRDF) of both the reference panel and the 

ground site [Biggar, 1990, pp. 54-69, pp. 139-141]. The Mark-l spectroradiometer can be 

used to make these BRDF measurements. Allotting 6 to 9 s per spectrum would allow 

measurements to be made at 100 different view angles in 10 to IS minutes. 

Another application of the Mark-l spectroradiometer is the collection of atmospheric 

optical depth data with a large number of spectral channels. These data provide inputs for 

the radiative transfer calculations mentioned above. Spectral calibration and linearity 

calibration of the instrument again are sufficient if atmospheric optical depths are calculated 
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using Langley plots [Slater. 1980. pp. 180-181]. Absolute radiometric calibration of the 

radiometer would permit the recovery of instantaneous optical depths. 

As an alternative to the reflectance-based method of in-flight calibration. a radiance

based method is also possible [Slater et aI.. 1987]. In the radiance-based method. the 

calibrated reference sensor is flown several thousand feet above the ground. and ground plus 

path radiance are measured. A radiative transfer code is used to correct for the relatively 

small residual scattering :md absorption that occur above the altitude of the reference sensor. 

Although the demands on the accuracy of the inputs to the radiative transfer code are relaxed. 

absolute radiometric calibration of the airborne reference sensor (the Mark-l 

spectroradiometer) is required. 

Another mode of airborne operation that is envisioned for the Mark-l 

spectroradiometer involves measurements over small agricultural test plots. These 

measurements would be made not for the purpose of satellite calibration. but rather for 

comparison with satellite measurements. Or the data might simply be colIected as part of an 

airborne remote sensing study. and never compared with satellite data. For a 400 meter long 

test plot and an aircraft speed of 150 km hr-l, about 10 s are available for the collection of 

a single spectrum. 

The spectral resolution requirements for the Mark-l spectroradiometer have been 

driven largely by advances in the resolution of recently employed and currently planned 

remote sensing systems. While systems designed in the 1970s employed interference filters 

to achieve spectral resolution on the order of 50-nm to IOO-nm over a smalI set of 

discontinuous spectral regions [Slater. 1980. pp. 438-514], the current trend is towards 

imaging spectrometers that sample the entire range from 0.4 to 2.5 ~m at lO-nm, or finer, 

spectral intervals [Kunkel et aI., 1991; Rockey. 1990; Goetz and Calvin, 1987; Vane, 1987]. 



18 

The airborne imaging spectrometer (AIS) and A VIRIS are pioneering efforts in this direction. 

HIRIS represents the extension of high spectral resolution systems to space-based operation. 

MODIS and ASTER have somewhat intermediate spectral resolutions. MODIS features 

20-nm wide bands at 1.24 and 1.64 pm, and a 50-nm wide band at 2.13 pm. ASTER features 

a 100-nm wide band at 1.65 pm, and a series of five different 40-nm to 70-nm wide bands 

from 2.165 to 2.395 pm. 

Remote sensing measurements can be made from about O.4to 2.5 pm using reflected 

solar flux [Slater, 1980, p. 46]. Thanks to the phenomenal success of silicon-based technology, 

a number of fast, portable spectroradiometers for use from 0.4 to 1.1 pm are available 

commercially. The choice of instruments for use from 1.1 to 2.5 pm is more limited. This 

prompted the design and construction of the Mark-I spectroradiometer for use at these 

wavelengths. Second order subtraction (section 4.8) later forced the wavelength range to be 

revised downward to 1.05 to 2.45 pm. All of the A VIRIS, MODIS, and ASTER bands are still 

covered. However, many of the initial design calculations were based on the range 1.1 to 

2.5 pm. 

Table 1.1.1 Comparison of existing instruments and Mark-l spectroradiometer. 
TE refers to thermoelectric cooling. liq N2 refers to liquid nitrogen. 

Instrument Scan time Resolution Detector Cooling 

AA440 3s ~ 11-25 nm PbS no 

SE-593IR Is ~46nm PbS no 

GER IRIS 30-120 s ~4nm PbS TE 

PIDAS 2-8 s ~5nm PbS TE 

Mark-l ~ls ~ 4.9 nm PtSi liq N2 
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A brief comparison between existing SWIR instruments and the Mark-l 

spectroradiometer is made in Table 1.1.1. The spectral resolution listed is the highest 

obtainable with a given instrument. The output of any of the instruments can be numerically 

integrated over as wide a bandpass as desired, for low resolution use. 

In reference to Table 1.1.1, the AA440 is manufactured by Daedalus Enterprises Inc. 

Spectral discrimination is provided by a rotating circular variable interference filter. Use of 

an interference filter limits the spectral resolution in the SWIR range to ~ 1% of the 

wavelength. Thus, at 1.1 I'm the highest resolution is II nm, while at 2.4 I'm the highest 

resolution is 24 nm. The range from 0.45 to 2.4 pm is covered in a 3-s scan time. A single 

element lead sulfide (PbS) detector is used to collect data at SWIR wavelengths. The detector 

is not temperature stabilized. 

The SE-593 IR is manufactured by Spectron Engineering Inc. This instrument uses 

a diffraction grating coupled to a 64-element PbS linear-array detector. Detector temperature 

is stabilized by heating. A 64 element detector provides 23-nm sampling of the range from 

1.0 to 2.5 pm, but only 46-nm resolution based on the Whittaker-Shannon sampling theorem 

[Goodman, 1968, pp. 21-25]. This sampling rate is not Quite half of that of the high spectral 

resolution remote sensing systems that were mentioned previously. 

The GER IRIS is manufactured by Geophysical Environmental Research Corporation. 

This system uses an F /3.5 scanning monochromator. Three gratings and two detectors are 

used to cover the range from 0.3 to 3.0 11m, with a minimum scan time of 30 s. Scan time for 

the SWIR range alone is not specified by the manufacturer. A single element PbS detector is 

used at SWIR wavelengths. This detector is thermoelectrically (TE) cooled to 0 °C. 

PIDAS is the Portable Instantaneous Display and Analysis Spectrometer, built and 

operated by the Jet Propulsion Laboratory (JPL) [Goetz, 1987]. PIDAS covers the range from 

0.4 to 2.5 pm by using three separate spectroradiometers operating in parallel. TE-cooled,45-
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element, PbS linear-array detectors are used for the SWIR range. The scan time to acquire 

a single spectrum is 2 s, while the minimum repeat interval is 8 s. PIDAS was built 

specifically to complement A VIRIS and was never commercially available. Because of several 

problems with the instrument, PIDAS is no longer in commission [Green, 1992]. 

None of the commercially available instruments offer the required combination of 

high spectral resolution and fast scan time. Furthermore, the use of a temperature stabilized 

detector is absolutely essential for radiometric stability. Cooling the detector to stabilize its 

temperature is strongly preferred to heating, since cooling lowers the detector noise and can 

increase signal-to-noise ratio dramatically. Liquid nitrogen cooling of the detector in the 

Mark-l spectroradiometer will provide the lowest detector operating temperature of all the 

instruments listed in Table 1.1.1. With a cold stop baffle system, the custom 

spectroradiometer will also have the lowest background-photon-noise level. In addition, 

liquid nitrogen cooling of the detector provides greater radiometric stability than TE COOling. 

These factors will be discussed more quantitatively in sections 2.4 and 2.6. 



CHAPTER 2: DESIGN CONSIDERATIONS FOR THE 
SWIR SPECTRORADIOMETER 

Section 2.1: Statement of the problem 

21 

The intended applications of the Mark-l spectroradiometer and the resulting 

performance requirements were described in detail in chapter one. The initial performance 

goals for the instrument may be summarized as: nominally 10-nm spectral resolution from 

l.l to 2.5 I'm (later revised to 1.05 to 2.45 I'm), a one to two second scan time, and reliable 

operation in the field at temperatures from -So to +450 c. 

Beyond these specifications, no constraints (other than a reasonable cost) were placed 

on the design and construction of the instrument. Before a single dollar was spent on the 

actual construction of the Mark-l spectroradiometer, the fundamentals of short wave infrared 

spectroradiometry were investigated, and a design study was performed. The goal of the 

design study was to produce a simple, reliable instrtJment that would provide a high signal-to-

noise ratio, given the performance goals listed above. 

A simple, general formula for SNR is [Wyatt, 1987, p. 29]: 

SNR = ~ eff/NEF 2.1.1 

where the effective flux, 9 efr, "is that part of the flux incident upon the sensor entrance 

aperture that is effective in evoking a response in the sensor", and the noise equivalent flux, 

NEF, "is that level of flux incident upon the sensor entrance aperture that produces an 

average change in the output signal equal to the root-mean-sQuare (rms) noise". A more 

complete expression for ~efr is: 
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2.1.2 

where LA is the spectral radiance of the source, ~). is the spectral bandpass (or resolution) of 

the spectroradiometer, Ad is the area of the entrance aperture (equal to the area of the 

detector for I-to-l imaging), {}p is the projected solid angle of the optics that illuminate the 

detector, To is the total transmittance of the entire optical system, Cf is the chopping factor, 

and 'fJ is the detector quantum efficiency. NEF depends on the particular detector used, the 

magnitude of various noise terms, and the frequency bandwidth (or alternatively the 

integration time) of the post-detection electronics. 

The various terms in Eqs. 2.1.1 and 2.1.2 will be explored in more detail in the next 

few sections of chapter two, always with an eye towards maximizing the effective flux and 

minimizing the noise equivalent flux. The possibility of increasing SNR through various 

multiplexing techniques will also be introduced. A qualitative comparison of various 

spectroradiometer designs will then be made. As a conclusion to the design study, SNR values 

will be calculated explicitly for the two competing designs that received strongest 

consideration. Throughout chapter two, special attention will be given to points related to the 

final design, which uses a concave, holographic diffraction grating with a flat focal field 

coupled to a I024-element PtSi linear-array detector. 
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Section 2.2: Source spectral radiance and irradiance. 

The illumination sources used with the Mark-l spectroradiometer will normally be 

either the SUD or a broad-band lamp. For most measurements, the illumination source (either 

the sun or a lamp) is not viewed directly. Instead, the instrument views a diffusely reflecting 

surface, either a reference panel, or the ground, or vegetation. The spectral radiance, L>.().), 

of a perfectly diffuse (or lambertian) reflecting surface at a given wavelength ). is: 

2.2.1 

where E>.().) is the spectral irradiance (at normal incidence) of the illumination source, r().) 

is the reflectance of the surface, and 6 is the angle of illumination with respect to a line 

normal to the surface. The reflectance term, r().), and the angle of illumination, 6, can vary 

greatly from measurement to measurement. The source spectral irradiance, E>.().), also varies, 

but not to as great an extent. 

The direct, normal solar spectral irradiance that arrives at the top of the earth's 

atmosphere and the nominal values that penetrate through the atmosphere down to sea level 

are presented in Fig. 2.2.1. For the purpose of engineering calculations, the sun may be 

regarded as a 5900 K black body that subtends an angle of 0.5330 [Slater, 1980, pp. 38-42]. 

The 1000-W tungsten-halogen lamps that are used for laboratory measurements have a 

temperature of about 3200 K. The lamps are normally used at a distance of 50 cm. 

Spectral irradiance values for the sun [Iqbal, 1983, pp.44-50] and for a 1000-W 

tungsten-halogen lamp at a distance of 50 cm [Optronic Laboratories, Inc., 1991] are listed in 

Table 2.2.1. Both power spectral irradiance (W m-2 ~m-l ) and photon spectral irradiance 
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( photons S-1 m-2 ~m-1 ) are listed. The symbol m-2 denotes per square meter of surface area, 

while ~m-l denotes per micrometer of wavelength interval. The calculated quantum 

efficiency of the PtSi detector used in the SWIR spectroradiometer is also listed. 
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Figure 2.2.1 Direct normal solar spectral irradiance. Reproduced 
from Remote Sensing -~ and Optical Systems [Slater, 1980] 

Table 2.2.1 Nominal source spectral irradiance levels at 1.2 and 2.2 pm. 

Wavelength E). 
(W m-2 ~m-1) 

E:1). 
(Xi021 p S-1 m-2 ~m-1) 

PtSi Quantum 
(micrometers) Efficiency 

sun lamp sun lamp 

1.2 500 197 2.77 1.09 0.096 

2.2 75 56 0.83 0.62 0.028 
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Apart from the magnitude of the irradiance, the most important aspect, as far as 

instrumental design is concerned, is the variation in irradiance with wavelength. Both source 

spectral irradiance and the Quantum efficiency of the PtSi detector decrease with increasing 

wavelength. The maximum output from the Mark-l spectroradiometer is at about 1.2 J.'m. 

Minimum signal levels wiJI be quoted for 2.2 J.'m rather than for 2.5 J.'m, to permit comparison 

with other systems. Kaolinite, an important mineral in soils, has a characteristic doublet at 

2.2 pm, and consequently this is a common wavelength at which to specify SWIR system 

performance in remote sensing applications. 

Solar photon flux decreases by a factor of about 3.3 from 1.2 to 2.2 J.'m, and the 

quantum efficiency of the PtSi detector decreases by a factor of about 3.4. The rate of 

photoelectron generation with the sun as a source wIlI thus decrease by a factor of about 11 

in going from 1.2 to 2.2 J.'m, assuming uniform transmittance/reflectance of the optics and 

a white (or grey) reflecting surface. Ideally, one would like to use an integration time long 

enough to provide good SNR at the longer wavelengths, while avoiding detector saturation at 

the shorter wavelengths. Possible methods of achieving this are described in section 3.10. 

As a final note, source radiance (particularly solar radiance) is not a quantity that can 

be controlled as part of the system design. Solar spectral irradiance, the angle of solar 

illumination, and the ground reflectance are determined by factors that lie completely outside 

the domain of optical system design. Furthermore, basic radiance (defined as L/n2, where 

L is radiance and n is index of refraction) can never be increased during propagation through 

a medium that is in thermodynamic equilibrium [Boyd, 1983, pp.75-82]. This result can be 

obtained from general thermodynamic considerations, as well as by geometrical optics 

constructions. In fact, the transmission losses that almost inevitably occur in any optical 

system cause the image radiance (i.e., the radiance at the detector) to be less than the source 

radiance. These losses are accounted for by the To term in Eq. 2.1.2. 
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Section 2.3: Instrumental throughput and resolution. 

The source spectral radiance, LA' and the quantum efficiency, 1], for a PtSi detector 

have just been discussed. The remaining terms in Eq. 2.1.2 for ~ e!!are the spectral resolution, 

~>., the detector area, Ad' the projected solid angle, 0P' the transmittance of the optics, To' 

and the chopping factor, Cr. The product of Ad and Op is called the system throughput. As 

throughput is increased, the effective flux is increased, assuming that the source and detector 

quantum efficiency are constant. It is desirable to maximize system throughput in order to 

maximize the effective flux on the detector and the signal out of the detector. 

However, a fundamental relationship exists between system throughput and system 

resolution [Girard and Jacquinot, 1967]. The two quantities cannot be varied independently. 

The relationship between system throughput and resolution will be outlined first for a 

standard dispersive spectrometer, and then for a Fourier transform spectrometer, assuming 

in both cases that the instrumental output is monitored continuously as a function of 

wavelength. The limitation imposed upon resolution by sampling the output at a discrete set 

of intervals, as occurs with an array detector, will then be considered. The terms resolution 

and resolving power refer throughout to spectral (not spatial) resolution and resolving power. 

The flux from an infinitesimal source to an infinitesimal detector is given by [Slater, 

1980,p~. 531-534; Boyd, 1983, pp. 14-22, pp.89-91t 

2.3.1 

where d~ is the flux, L is the radiance of the source, dAB is the infinitesimal area of the 

source, (Js is the angle between the surface normal of the source and the line connecting the 

source and the detector, dAd is the infinitesimal area of the detector, 8d is the angle between 
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the surface normal of the detector and the line connecting the detector and the source, and 

S is the distance between the source and the detector. 

For extended surfaces, integration over the entire surface of the source and the entire 

surface of the detector must be carried out [Slater, 1980, pp. 531-534; Boyd, 1983, pp. 14-22, 

pp. 89-91]. In general, the angular dependence of L must be taken into account. The 

integrated product of dAd cos6d may be considered as the projected area, Ap' of the detector. 

The integrated product of (dAs cos6s)/(S2) is the solid angle of the source, £ls' as viewed from 

the detector. If the area of the detector is small compared to S2, it is convenient to group the 

cos6d term with (dAs coS6s)/S2. In this case, the integrated product of dA is simply the area 

of the detector, and the integrated product of (dAs cos6s c:ossd)/S2 is the projected solid angle 

of the source, as viewed from the detector. 

Instrumental throughput, T, is conventionally defined as the product Ad£lp (or Ap£ls). 

In the following, an extended definition of throughput will be used that includes the 

transmittance of the optics and the effect of chopping the incident radiant flux: 

2.3.2 

where Ad and £lp have the interpretations stated above, Cf is the chopping factor, and To is the 

transmittance of optics. 

The chopping factor is sometimes called the form factor, and is defined as the ratio 

of the root mean square value of a modulated signal to the peak-to-peak value [Dereniak and 

Crowe, 1984, pp. 55-56]. For square-wave chopping, Cf is equal to 0.45. For triangular 

chopping Cf is equal to 0.286. The optical transmittance term, To, is highly variable and can 

be evaluated only on a case-by-case basis for specific instruments. Estimates of To were made 

for two competing designs as part of the design study. These estimates are presented in 

section 2.8. 
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The resolving power, R, of a spectrometer at a particular wavelength may be defined 

in general as: 

R 2.3.3 

where). is the wavelength of interest and ~). is the resolution. The resolution is called the 

limit of resolution by Girard and Jacquinot [1967], and is defined as "the smallest interval 

between two just distinguishable wavelengths". 

The resolution, ~)., is in practice a function of signal-to-noise ratio (SNR). Using 

deconvolution or inverse filtering techniques, the interval between two just distinguishable 

wavelengths becomes infinitesimally small as the signal-to-noise ratio becomes infinitely large 

[Girard and Jacquinot, 1967]. However, as a practical matter, ~). is usually set equal to the 

full width at half maximum (FWHM) of the instrumental function. For the case of a standard 

dispersive system employing a prism or a grating, two limiting cases of the instrumental 

function can be distinguished. The following discussion assumes that the entrance slit (unless 

stated otherwise) is imaged at one-to-one magnification onto the exit slit, or onto an array 

detector. 

In the limit, as the width of the entrance slit goes to zero, the instrumental function 

becomes the Fraunhofer diffraction pattern that is produced when the collimating and 

focussing optics image a line source. This corresponds to the highest possible resolving power 

of the instrument, or to the frequently quoted theoretical resolving power [Girard and 

Jacquinot, 1967]: 

2.3.4 
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where Ro is the theoretical resolving power, ). is the wavelength of interest, Da is the angular 

dispersion, E = )./Wb is the angular width of the diffraction pattern, and Wb is the width of 

the collimated beam. 

A second limiting case occurs when the geometrical image of the entrance slit is wide 

compared to the diffraction pattern. The case of wide slits is of great importance for the 

instrument under consideration. Infinitely narrow slits would let zero light through the 

system. The slits clearly must be of finite width. The wider the slits, the greater the system 

throughput and the greater the SNR. For wide slits, the product of throughput and resolving 

power is a constant proportional to the theoretical resolving power [Girard and Jacquinot 

1967]: 

TR 2.3.5 

or 

T 2.3.6 

where R = )'/D.)' is the resolving power, Ro = WbDa is the theoretical (diffraction limited) 

resolving power, T = ApflpCrTo is the throughput, To = CrToHbb).(f is a throughput constant, 

Hb is the height of the collimated beam, b is the height of the entrance slit, and f is the focal 

length of the collimating optics. 

For the instrument under consideration, the change in wavelength, D.)" that must be 

resolved was initially specified as 10 nm. To maximize the instrumental throughput, and 

hence SNR, given D.), is a constant, a simple substitution of terms into Eq. 2.2.5 yields the 

condition: 

2.3.7 
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The obvious Quantities that must be maximized are the chopping factor, transmittance 

of the optics, height of the entrance slit, and ratio of collimated beam area to focal length of 

the collimating optics. 

Perhaps less obviously, the angular dispersion should also be maximized. The highest 

required resolving power of R = 2500 nm/ I 0 nm = 250 could be achieved easily with a prism. 

However, the higher dispersion that is provided by a grating will produce a higher throughput 

and higher SNR. The fact that higher angular dispersion provides higher throughput for a 

given resolution can be appreciated immediately by the following consideration. If the 

angular dispersion of a given instrument is increased, wider entrance and exit slits can be used 

for a given resolution. Alternatively, the width of the entrance and exit slits can be held 

constant, and the focal length of the collimating and focussing optics can be decreased (i.e., 

a lower F-number, or higher numerical aperture, can be used). In either case, the Apflp 

product is increased. 

What about non-dispersive, interferometric instruments, such as a Fabry-Perot or 

Fourier transform spectrometer? Recall that EQs. 2.3.5 and 2.3.6 pertain to the situation in 

which the geometrical image of the entrance slit is wide compared to the diffraction pattern 

of a line source. The instrumental resolving power, R, is then small compared to the 

theoretical resolving power, Ro. Going to the opposite limit of infinitely narrow slits 

produces the theoretical resolving power, Ro' but at the cost of vanishingly small throughput. 

The throughput/resolving power relationship for a Fourier transform spectrometer was 

analyzed by Girard and JacQuinot for an intermediate case in which the entrance aperture (no 

longer a slit) is large enough to provide appreciable throughput, but not so large as to degrade 

the resolving power seriously. Specifically, the analysis was done for R = 2/3 Ro. This 

seemingly arbitrary value was chosen to correspond to the decrease in resolution that is 

suffered when the width of the entrance slit in a dispersive instrument is about equal to the 



31 

width of the diffraction pattern of a line source. The following equation is then valid for a 

Fourier transform instrument [Girard and Jacquinot, 19671: 

2.3.8 
or 

2.3.9 

All quantities in Eqs. 2.3.8 and 2.3.9 have been defined previously. It is instructive 

to make a numerical comparison of the throughput that could theoretically be achieved for 

three representative systems: a prism-based dispersive monochromator system, a diffraction

grating-based dispersive monochromator system, and a Fourier transform system. For 

simplicity the chopping factor and transmittance of the optics will be assumed equal for all 

systems. Attention will be focussed on the geometrical extent, Ap!lp. For concreteness it will 

be assumed that all systems operate with F /2 collimating optics of 200-mm focal length and 

100-mm diameter. The numerical aperture is then about 0.25 and !lp is about 0.2 sr. 

Resolution and resolving power will be fixed at the desired values of ..6.), = 10 nm and R = 

2500 nm/IO nm = 250. The area of the entrance aperture remains to be determined. 

10 mm is a reasonable value for the maximum height of the entrance slit in the 

dispersive systems [Girard and Jacquinot, 19671. The index of refraction, n, of silica is about 

1.44 at 1.8 ~m [The Infrared Handbook, 1985, section 7, p.60]. The angle of minimum 

deviation, 6md, is therefore about 46° [Born and Wolf, 1980, pp. 177-1801. The dispersion of 

silica at 

1.8 ~m is about 1.4 x 10-2 pm-1 [The Infrared Handbook, 1985, section 7, p. 60]. The angular 

dispersion is thus d6/d,\ = (l/cos6md)(dn/d)') = 2.0 x 10-2 radians ~m-l [Born and Wolf, 1980, 

pp. 177-1801. A resolution of 10 nm then corresponds to a slit width of only 40 ~m for a 200-

mm focal length system. The total area the 10-mm long entrance slit would then be 0.40 mm2
• 
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The angular dispersion of a 600 groove mm-1 diffraction grating blazed at 1.6 j.£m and 

operated in the first order in an autocollimating mount is about 0.68 radians pm-1 [Hecht, 

1987, pp. 424-428]. The corresponding slit width and area are l.37 mm and 13.7 mm2 

respectively. 

To calculate the allowed area of the entrance aperture for a Fourier transform 

instrument formula 2.3.8 can be used directly. For R = 250, Op = 1.675 X 10-2 sr. With a 

200-mm focal length, the allowed radius and area of the entrance aperture are 14.6 mm and 

671 mm2 respectively. 

Assuming for the sake of comparison that the chopping factor and overall 

transmittance of all the systems are equal, then the throughputs of the three systems may be 

normalized to the throughput of the prism: 

T grating = 34 1678 

The grating system enjoys a large throughput advantage over the prism system, and 

the Fourier transform system has a substantially larger throughput still. However, these 

theoretical advantages may not be fully realized for technical reasons. The transmittance of 

the different systems will in fact vary. Beam splitters have a generally low efficiency. 50% 

is of course the theoretical maximum. Gratings may have an efficiency of 65% down to 30%, 

or even less, depending on the blaze and wavelength of use. Prisms have a generally high, 

80%-90%, transmittance. 

The size of available detectors may also limit throughput to less than the theoretical 

maximum. For example, the Mark-l spectroradiometer uses a PtSi array detector with 15-j.£m 

by 2.5-mm detector elements spaced on 25-j.£m centers. Summing over eight of these 

elements, as is consistent with the desired resolution, provides an entrance aperture area of 

only 0.3 mm2• The value in the theoretical analysis was 13.7 mm2• 
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The maximum allowable system NA (related to Op by Op = 1!'NA2) might also be set 

by factors other than the fundamental relationship between throughput and resolving power. 

For example, the Mark-l spectroradiometer uses a fiber oPtics bundle to transmit IR radiation 

from the FOV optics to the entrance slit of the instrument, and the fiber optics chosen have 

a maximum acceptance angle that corresponds to NA = 0.25. Furthermore, NA = 0.25 was 

also the largest numerical aperture that the manufacturer of the custom holographic 

diffraction grating would produce. 

Up to this point, resolution has been considered in the context of iru;truments whose 

output is sampled continuously as a function of wavelength. However, the Mark-l 

spectroradiometer uses a l024-element linear-array detector. This places an upper limit on 

the attainable resolving power that is independent of the theoretical resolving power of the 

grating and independent of the narrowness of the entrance slit. Specifically, the Whittaker

Shannon sampling theorem of Fourier analysis states that if an arbitrary signal is sampled at 

regular intervals at a frequency fa' the highest frequency component of the signal that can be 

recovered exactly is f8/2 [Goodman, 1968, pp. 21-25]. In the Mark-l spectroradiometer, a 

I024-element detector is used to sample the range from 1.1 to 2.5 j.lm. The spectral sampling 

interval is 1.37 nm, and the sampling-limited resolution is about 2.7 nm. 
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Section 2.4: Noise sources. 

All of the terms that relate to the effective flux in Eqs. 2.1.1 and 2.1.2 have been 

discussed in greater or lesser detail. Attention will now be turned to the various noise terms 

that establish the size of the noise equivalent flux (NEF). The word noise refers in general 

to random fluctuations about the mean value of the electrical signal produced by a photon 

source, detector, amplifier, and/or signal processing electronics. More specifically, noise will 

be used to denote the root mean square (rms) deviation from the mean. The electrical signal 

is assumed to be a voltage or a current, and not electrical power. The noise terms that are 

important for single element detectors will be discussed first. Noise terms that are peculiar 

to array detectors will be discussed later. Finally, noise in the post-detection electronics and 

A/D conversion process will be mentioned. 

Several sources of noise may be identified. For a single element detector these sources 

include (1) photon noise of the signal radiation (2) photon noise of background radiation (3) 

dark current noise (4) generation-recombination noise (5) Johnson noise (6) I/f noise (7) 

temperature fluctuation noise. Unfortunately, the terminology and identification of noise 

sources is not completely consistent from author to author. The term shot noise is commonly 

associated with the randomness of electron emission or electron/hole pair generation, 

regardless of whether the electrons of interest have been "generated" by thermal excitation or 

by optical excitation. The term shot noise may thus be associated with any of the first three 

noise sources listed above. Johnson noise is sometimes called thermal noise or Nyquist noise. 

I/f noise is sometimes called flicker noise or excess noise. 

The first three noise terms listed above all commonly obey Poisson statistics [Boyd, 

1983, pp. 128-136, pp. 153-154]. The most pertinent feature ofa Poisson distribution is that 
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the variance (mean square deviation from the mean) equals the mean. The noise. as defined 

above. is therefore equal to the square root of the mean. 

The ultimate lower limit on the noise (or upper limit on the SNR) that may be 

achieved with any photon detection system is imposed by photon noise of the signal. For the 

detector areas and response times considered. the Bose-Einstein variance. n(n+1). for a 

thermal source such as the sun or a tungsten-halogen lamp reduces to the Poisson variance. 

n [Ross. 1966. pp. 10-29]. The SNR for signal-noise-limited detection is: 

SNRaignal-noiae-limited 
~n,e!r 

2.4.1 

where n is the total number of photoelectrons generated during the measurement period. ~n,err 

is the effective flux (section 2.1) in units of photon flux. rather than power flux. and ~t is 

the time period spent collecting photons. For an integrating detector. such as the PtSi array 

detector used in the Mark-l spectroradiometer. ~t is simply the integration time. For a 

system with a chopper and "lock-in" detection. ~t is related to the frequency bandwidth. ~f. 

of the post-detection electronics by the general pulse-bandwidth relationship ~f~t ~ 1/2. 

For signal-noise-limited detection. the SNR is equal to one for an effective flux that 

produces. on the average. one photoelectron per measurement period [Kingston. 1978. pp. 14-

IS]. Comparing Eq. 2.4.1 to Eq. 2.1.1 shows that the NEF for signal-noise-limited detection 

is a function of both ~n,errand ~t 

2.4.2 
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In addition to photons from the object of interest, referred to as signal photons, so-

called background photons are incident on the detector. The background photons are 

thermally generated by whatever objects lie within the solid angle of acceptance of the 

detector. Under the conditions considered, the background photons will obey the same 

Poisson statistics as the signal photons. Most of the background photons will be generated by 

the interior of the spectroradiometer (more specifically, by the interior of the diffraction 

grating housing for the Mark-l spectroradiometer). The background irradiance will then be 

approximately equal to the blackbody irradiance produced by a source that is at the 

temperature of the interior of the instrument. The detecto; will accept flux from a 211" sr solid 

angle (or 11" sr projected solid angle) if cold stops or baffles are not used. 

Assuming that the background is at a temperature, T, that the detector has a 211" sr 

acceptance, and that the transmittance of the optics is unity for all of the background flux, 

then the photocurrent, ib, generated by the background flux is [Dereniak and Crowe, ! 984, 

pp.47-48]: 

2.4.3 

where e is the charge of an electron, Ad is the area of the detector, ).1 is the minimum 

wavelength of radiant flux detected, ).2 is the maximum wavelength of radiant flux detected, 

Mn.~().,T) is the spectral photon radiant exitance of a blackbody at temperature T, and '7().) 

is the quantum efficiency as a function of wavelength. 

When the signal noise is negligible compared to the background noise, the SNR for an 

integration time of At is: 
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~D.efr~t 

J~~t/e 
~D.efr 

2.4.4 
JV(e~t) 

When the dominant source of system noise is the fluctuation in background photons, 

detection is said to be background limited. If the signal of interest is infrared radiant flux, 

the phrase background-limited-infrared-photodetection (BLIP) is commonly used. From Eq. 

2.4.4, the NEF for background-limited-infrared-photodetection is: 

NEFBLIP JV(e~t) 2.4.5 

The background flux can be decreased by using a cold stop within the Dewar that 

houses the detector to limit the solid angle of acceptance of the detector. Design and 

construction of the cold-stop apertures for the Mark-l spectroradiometer are discussed in 

section 3.8. The background noise also depends on the cutoff wavelength, ).2' of the system 

and on the variation of TJ with wavelength. A cold filter with a transmittance of less than 3% 

for wavelengths longer than about 3.1 pm is used to set).2 in the Mark-l spectroradiometer. 

Selection of this filter is also described in section 3.8. 

Dark current noise is the noise associated with electrons that are promoted into a 

conduction band or over a diode potential barrier by thermal excitation rather than by optical 

excitation. This noise also obeys Poisson statistics and adds in quadrature to the photon noise 

terms [Boyd, 1982, pp. 153-154]. 

For photoconductive detectors, the recombination of conduction charge carriers is 

subject to the same type of statistical fluctuations as is the generation process. For 

photoconductive detectors, but not for photovoltaic detectors, the photon and dark current 
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noise terms must be multiplied by an additional factor of "';2 to account for these fluctuations 

in the recombination process. The net result is often termed generation-recombination noise 

[Dereniak and Crowe, 1984, p. 41; Boyd, 1982, pp. 169-178]. 

Johnson noise is attributable to the random thermally excited motion fluctuations, and 

hence density fluctuations, of the electrons in a resistive element [Boyd, 1982, pp. 136-141; 

Dereniak and Crowe, 1984, pp.39-40]. Johnson noise is independent of the noise terms 

discussed previously and adds to them in quadrature. Simple expressions exist for calculating 

Johnson noise in terms of power, voltage, or current fluctuations for a given temperature and 

resistance [Dereniak and Crowe, 1984, pp. 39-40]. However, the manufacturers' data 

concerning the internal resistance of the detectors considered were not accurate enough to 

make these calculations useful, and so the equations will not be repeated here. 

l/f noise is pervasive but poorly understood [Budde, 1983, pp.63-64; Dereniak and 

Crowe, 1984, pp.41-42]. The power spectrum of this noise term is generally proportional to 

(l/f)Q where 0.8 < a < 2.0 [Budde, 1983, pp. 63-64]. A single element infrared detector is 

normally operated with the incoming radiation chopped or modulated at a sufficiently high 

frequency so that l/f noise is inconsequential. The l/f noise for PtSi is very low, making 

integration times of several seconds, or even minutes for low dark current and low irradiance, 

feasible [Dereniak, 1992]. 

Temperature fluctuation noise is normally discussed within the context of thermal 

radiation detectors. However, the responsivity of many photode.ectors is a function of 

temperature [Budde, 1983, pp. 35-36]. Temperature fluctuations of the detector will therefore 

cause output fluctuations, or noise, when the detector is illuminated. As discussed in section 

2.6, these fluctuations would be worse for a thermoelectrically cooled detector than for a 

liquid-nitrogen-cooled detector. 
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So far, expressions for NEF have been presented only for signal-noise-limited and 

background-noise-limited detection. The cumulative effect of all noise sources (excluding 

shot noise of the signal) is often expressed in terms of a single figure of merit calIed the 

specific detectivity, denoted by the symbol 0*. This is an especially important figure of merit 

when the radiant flux incident on the detector is chopped at some carrier frequency. Read 

noise, or total system electronic noise, are more appropriate parameters for a staring (or 

integrating) array detector, such as the PtSi linear-array in the Mark-l spectroradiometer. 

However, several other spectroradiometer systems using a chopper to modulate the incident 

flux were considered, and 0* wiII be used in section 2.6 to compare several of the detectors 

that were considered. D* is a "bigger-is-better" figure of merit that is normalized to account 

for detector area and frequency bandwidth of post-detection electronics. The definition of 

0* is [Oereniak and Crowe, 1984, p. 45]: 

jA;M 
2.4.6 

NEF 

where Ad is the detector area, ~f is the frequency bandwidth of the post-detection 

electronics, and NEF is the noise equivalent flux (called the noise equivalent power, or NEP, 

by many authors). In standard usage, Ad has units of cm2, ~f has units of Hz, and NEF has 

units of W, so the standard units for D* are cm Hz1/ 2 W-1. 0* takes into account detector 

quantum efficiency, and so it is not necessary to include this term explicitly in the expression 

for 4>e££when the NEF is calculated using D*. With this in mind, substitution of Eqs. 2.4.6 and 

2.1.2 into Eq. 2.1.1 yields: 
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SNR = 
L>.A)'.[A; flpToCrD • 2.4.7 

1M 
The noise terms discussed so far pertain to the detector only. Dark current noise, 

Johnson noise, l/f noise, temperature fluctuation noise, etc. can also all be produced by the 

post-detection electronics, including the amplifying and signal processing electronics. The 

overall noise of the post-detection electronics is usually treated as a single term. 

Each detector element of an array detector will be subject to the noise terms described 

so far. Furthermore, noise terms unique to array detectors wiIl also be present in these 

devices. These noise terms, and their magnitudes, depend on the detector materials, the 

readout architecture, and on the quality of fabrication of a given device. Only read noise and 

detector non-uniformity noise will be discussed here. 

Read noise is a catch-all phrase that denotes any and all noise that is associated with 

reading out an array and that is independent of the time between reads [Dereniak and Crowe, 

1984, p. 238]. An overall system noise level of about 6000 electrons per pixel per readout was 

specified by EG & G Reticon for the PtSi linear-array detector used in the Mark-l 

spectroradiometer. The actual measured value (section 4.11) is about 36,000 electrons. 

Detector non-uniformity noise may be manifest as fixed pattern (i.e., offset) variations 

and/or as responsivity (i.e., gain) variations from pixel to pixel. Fixed pattern noise does not 

vary with irradiance. Pixel-to-pixel variations in dark current appear to be the major source 

of fixed pattern noise in the PtSi linear-array detector used in the Mark -I spectroradiometer. 

However, fixed pattern noise should be unimportant for the Mark-l spectroradiometer, since 

background subtraction is carried out for each signal scan. The overall system responsivity 

of each pixel of the PtSi array detector in the Mark-1 spectroradiometer was characterized 
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during the radiometric calibration of the instrument (section 4.9). This should eliminate any 

possible problems due to pixel-to-pixel variations in responsivity. 

Finally, the process of digitizing the amplified and processed output from the detector 

introduces a small amount of fluctuation about the exact analog value. This type of 

fluctuation is termed roundoff noise, quantization noise, or digitization noise. The formula 

for digitization noise is [Carlson, 1968, pp. 307-310]: 

2.4.8 

where Ndg is the digitization noise, and a is the increment between digitization levels. If all 

calculations are carried out in terms of digital counts, then a is one. If calculations are carried 

out in physical units, such as volts (or number of electrons), then a is the voltage increment 

(or number of electrons) corresponding to the least significant bit. 

A 12-bit A/D converter is used with the Mark-l spectroradiometer. Measurements 

of the full-well capacity of the PtSi array detector and of the gain of the electronics (Le., 

determination of a in units of volts and/or electrons) are outlined in section 4.2. The 

digitization noise is compared with other noise terms in section 4.11. 

Whenever any noise term such as background noise, detector noise, or electronic noise 

dominate over shot noise of the signal photons, multiplexing of the signalS generated by 

different wavelengths of radiant flux may be of advantage. Multiplexing techniques will be 

outlined briefly in the next section. 
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Section 2.S: Multiplexing 

The term multiplexing as used in spectrometry refers to the general technique of 

allowing radiant flux of different wavelengths to fall simultaneously on a single detector 

throughout the entire duration of a spectral measurement. Spectral information about each 

wavelength must somehow be encoded on the incident flux. The signal produced by the 

detector must subsequently be decoded to reveal the underlying spectral information in terms 

of the conventional representation of irradiance versus wavelength. Fourier transform (FT) 

and Hadamard transform (HT) encoding are two of the most popular choices at IR 

wavelengths. 

Fourier transform instruments employ a two beam interferometer [Bell, 1972, pp. 5-6]. 

The path difference between the two beams is varied by moving one arm of the 

interferometer [Bell, 1972, pp. 16-19, pp. 39-41] or by combining the two beams at a small 

angle of inclination with respect to each other [Stroke and Funkhouser, 1965]. In either case, 

each wavelength of light is modulated by a cosine function, and a Fourier transform of the 

spectrum is produced. 

A Hadamard transform spectrometer is essentially a monochromator with multiple exit 

slits [Decker, 1972]. Radiation from all the exit slits is measured with a single detector. The 

on-off pattern formed by the multiple exits slits is equivalent to a single row of a Hadamard 

matrix [Decker, 1972]. The pattern of the exit slits (or the Hadamard mask) is changed several 

times to generate a complete Hadamard matrix transform. 

The fact that signal-to-noise ratio (SNR) may be enhanced by multiplexing is usually 

explained as follows [Bell, 1972, pp. 23-25]. Consider first a conventional scanning 

monochromator. If the total time allowed to collect a spectrum is t, and if N separate spectral 

elements, or intervals, must be resolved, then the collection time per spectral element is tiN. 
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The noise per spectral element is proportional to ';(t/N). The SNR is therefore proportional 

to ';(t/N). If a multiplex technique is employed, the collection time per spectral element is 

t, and the integrated signal of each spectral element is proportional to t. If the noise is 

random and independent of the signal level, then the integrated noise per spectral interval is 

proportional to v't. The final SNR with multiplexing is then proportional to .,It, which is an 

increase by a factor of .,IN in comparison to a scanning monochromator. 

If, however, the dominant noise source is photon noise of the signal, the multiplex 

advantage is lost. Since all N spectral elements are measured simultaneously, the integrated 

photon noise during the measurement is proportional not simply to .,It, but rather to .,I(Nt). 

The final SNR in the signal-noise-limited case is still proportional to ';(t/N), even with 

multiplexing. Furthermore, a difference of opinion exist as to the true value of the increase 

in SNR that is obtained by multiplex techniques even when signal noise is negligible. Certain 

authors have suggested ';(N/8) as the actual gain for Fourier transform multiplexing and 

';(N/4) as appropriate for Hadamard transform multiplexing [Carli, 1972; Tai and Harwit, 

1976; Treffers, 1977; Carli and Natale, 1979]. 

This decreased efficiency relative to .,IN has been attributed for the FT instrument to 

the beam splitter losses (maximum efficiency 50%) and to the cosine squared modulation 

produced by normal FT instruments. The cosine squared functions do not directly Fourier 

transform the signal and do not constitute an orthogonal set of basis functions [Tai and 

Harwitt, 1976]. This lack of orthogonality of the basis functions means that the noise per 

spectral element increases more strongly than simply .,IN, [Tai and Harwitt, 1976]. A standard 

Hadamard mask transmits only 50% of the incident flux, leading once again to a multiplex 

advantage which is less than .,IN, [Tai and Harwitt, 1976; Carli and Natale, 1979]. 

A spectrometer that employs an N-element array detector will however enjoy a SNR 

gain of .,IN over a monochromator employing a single element detector of the same material 
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and of size equal to a single element of the array. This follows directly from a consideration 

of the time available to collect the signal in each spectral interval and is not subject to any 

ambiguity related to coding efficiency or instrumental transmittance. This SNR gain is not 

a multiplex effect in the sense of using a single element to record information about several 

wavelengths simultaneously, but it does produce the ideal multiplex gain of v'N provided the 

array elements are as large as available single element detectors. However, definite size 

restrictions do exist on array detectors. Single element detectors are generally available in 

sizes much larger than the individual elements of an array detector. This translates into a 

throughput advantage for a single element detector that may partially or wholly offset the 

multiplex advantage of array detectors. 

For the instrument under consideration, 128 spectral elements are required to cover 

the range from 1.1 to 2.5 I-'m at 10.9 nm intervals. A mUltiplex advantage of 11.3, 5.6, or 4 

could be obtained with a transform instrument or array detector, depending on which 

expression is accepted as correct for the multiplex advantage. The detectors considered for 

the SWIR spectroradiometer are discussed in the next section. Tradeoffs of size (i.e., 

throughput for a given system F/#) versus number of elements (i.e., multiplexing) are 

considered along with the noise figures of the various detectors. 
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Section 2.6: Detectors considered. 

Several detector materials were considered, including HgCdTe, InSb, InAs, PbS, 2nd 

PtSi. HgCdTe detectors were discussed with Kadri Vural of Rockwell Science Center, where 

128x128 and 256x256 square HgCdTe arrays have been developed for Rich Capps of the IR 

astronomy detector group at JPL. HgCdTe detectors were also discussed with a sales 

representative for EG & G Judson. HgCdTe has a Quantum efficiency of about 0.60. While 

HgCdTe can be produced with a cutoff at 2.5 pm, longer cutoff wavelengths are more 

common for commercial devices. For the purpose considered, the cost of a custom fabricated 

HgCdTe detector was not justified. 

InSb has a Quantum efficiency of about 0.65 compared to 0.60 for HgCdTe. InSb has 

a cutoff wavelength of about 5 pm, and a cooled bandpass filter would be required to limit 

response to about 1.0 to 2.5 J,>m. One major strong point of InSb is its stability and reliability 

[Dereniak 1990]. The D" (section 2.4) of InSb with a 1.0 to 2.5 pm bandpass cold filter would 

be about I x 1012 cm Hz1/ 2 W-1 according to EG & G. A single element Ix4-mm InSb 

detector with Dewar is available from EG & G Judson. 

A multiplexed I 28-element InSb linear-array is available from Cincinnati Electronics, 

the company that supplied the JnSb arrays for A VIRIS. Instrumental throughput would be 

limited, however, by the relatively small size of the array elements. The individual pixels are 

only 43 pm on a side compared to Ix4 mm, or larger, for a single element detector. For 

constant chopping factor, optics transmittance, and solid angle of collection, the instrumental 

throughput would decrease by a factor of about 0.00046 using the Cincinnati Electronics array 

compared to a Ix4 mm single element detector. This would more than offset the SNR gain 

factor of .jN = v'128 = 11.3 for simultaneous, or multiplexed, observation of all 128 spectral 

elements. 
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A single element InAs detector operated at liquid-nitrogen temperature was also 

considered. InAs is sensitive only out to about 3.0 I'm, reducing the performance required 

of a cold bandpass filter. However, a sales representative of EG & G Judson stressed that 

InAs is not very stable or reliable. InAs reacts with residual gases in the Dewar and its 

performance changes with time if the composition of the gas changes. In fact, if the Dewar 

is evacuated to too low a pressure, InAs will not work at all! In terms of stability and 

reliability, InSb is far superior to InAs. For the same spectral bandpass, the 0* values would 

be almost identical, according to EG & G. 

TE-cooled PbS compares poorly to Iiquid-nitrogen-cooled InSb. The quantum 

efficiency is about 0.4 and photoconductors are inherently noisier than photovoltaic devices. 

There are possible problems with linearity [Capps, 1990]. The temperature stability of TE

cooled PbS would be inferior to the temperature stability of liquid-nitrogen-cooled InSb. The 

0* for InSb at 77 K has almost a zero temperature coefficient, while the 0* of PbS at -20°C 

has a temperature coefficient, dominated by responsivity changes, of about 1.5% per °C 

(SBRC wall chart). 

A four-stage TE cooler would produce a maximum temperature differential of 60 to 

80°C below ambient. With 60°C as a reasonable II T value, the coldest operating temperature 

for the detector would be -20°C under 40°C ambient conditions. The GER instrument uses 

a PbS detector cooled to 0 °C, for comparison. Peak 0* for these temperatures is only about 

1 x 1011 cm Hz1/ 2 W-1• This is a factor of 10 lower than the 0* of liquid-nitrogen-cooled 

InSb. 

Finally, the large PtSi linear-arrays that have been recently introduced by EG & G 

Reticon were considered. Sl2-element and 1024-element linear-arrays are available with IS 

I'm by 2.5 mm elements spaced on 25 I'm centers. The full-well capacity of the individual 

elements was measured to be about 7 pC (section 4.2). These arrays have been designed 
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specifically for spectroscopy applications rather than for imaging [Hudson et al.. 1987]. The 

detector is cooled by liquid nitrogen to reduce dark current to an acceptable level. The PtSi 

linear-array detector from EG & G Reticon is described at length in section 3.6. 

The quantum efficiency of PtSi is relatively low. For detectors manufactured by EG 

& G Reticon. quantum efficiency peaks at about II % at 1.1 ISm and decreases to about 2.8% 

at 2.2 ISm. These figures were calculated based on data published by the manufacturer. With 

such a low quantum efficiency PtSi offers no competition to InSb (TJ Rl 65%) or HgCdTe (TJ Rl 

60%) for a single element detector. However. the performance of PtSi integrating arrays in 

comparison to other arrays may be better than indicated by quantum efficiency alone. 

Schottky barrier diodes. a category which includes PtSi. have very low l/f noise in 

general [van der Ziel. 1968. p. 279]. This has been verified for PtSi detectors specifically 

[Mooney. 1991]. The very low l/f noise permits long integration times. on the order of 

seconds to minutes. provided the dark current is kept sufficiently small. Furthermore. 

deposition of the device directly on a silicon substrate simplifies the fabrication of charge 

storage and readout architecture. making large arrays possible [Weckler et. al 1987. Hudson 

et. al 1987]. The relative ease of fabrication also results in extremely good uniformity and 

very low pixel-to-pixel noise. Rms values of 0.2% to 1 % for response uniformity of 

monolithic arrays have been reported [Shepherd. 1988]. This is on the order of the limit 

imposed by lithographic precision [Shepherd. 1988; Mooney and Dereniak. 1987]. 

A numerical comparison of some of the properties of the EG & G PtSi array and the 

Cincinati Electronics InSb array is instructive. The product of detection area per spectral 

element (which is proportional to throughput for a given system NA) and detector quantum 

efficiency can be used as a figure of merit to compare the two arrays. The area of a single 

element of the InSb array is only about 1.85 x 10-5 cm2• and the quantum efficiency is about 

0.65 at 2.2 ISm. The total figure of merit is about 1.2 x 10-5 cm2 for the InSb array. The area 
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of a single element of the PtSi array is 3.75 x 10-4 cm2• Furthermore, with the PtSi array an 

entrance slit that is eight elements wide could be used, and the output could be convolved 

over groups of eight pixels. This would increase the detection area per spectral element by 

a factor of eight, and was calculated to maintain a spectral resolution of about 11 nm. The 

quantum efficiency of PtSi at 2.2 ",m is about 0.028. The combined figure of merit is about 

8.4 x 10-5 cm2 for the PtSi array. This is about six and a half times as great as the figure of 

merit for the InSb array. 

However, this comparison takes only throughput and quantum efficiency factors into 

account, and not detector noise. At the time the Mark-f spectroradiometer was designed, 

only preliminary, somewhat incomplete, information was available concerning the read noise 

of the device. Read noise of the array was estimated at 2000 electrons by the chip designer. 

System electronic noise was measured at about 6000 electrons for the entire evaluation circuit. 

The engineer who made these measurements indicated that improvements on this figure could 

be expected before delivery of the detector [Cizdziel, 1990]. However, total electronic noise 

for the detector plus signal processing circuitry plus data-logging computer was measured to 

be about 36,000 electrons (section 4.11). 
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Section 2.7: Spectroradiometer designs considered. 

Several designs were considered for the SWIR spectroradiometer. Designs considered 

include a novel type of non-scanning Fourier transform (FT) spectrometer [Okamoto et aI., 

1984; Barnes, 1985], a Hadamard transform spectrometer [Decker, 1972; Swift et aI., 1975], 

a prism-based dispersive system [Girard and Jacquinot, 1967], and diffraction-grating-based 

dispersive systems with both single element and array detectors [Girard and Jacquinot, 1967; 

Kneubuehl, 1969]. 

The potential throughput and multiplex advantages of a Fourier transform 

spectrometer were discussed in sections 2.2 and 2.4. Caveats regarding the realization in 

practice of these potential advantages were also mentioned. The precise scan control and 

alignment demanded by standard FT spectrometers that use a scanning Michelson 

interferometer also represent a disadvantage for an instrument that is to be used in the field. 

However, a non-scanning type of FT spectrometer was reported in 1965 [StrOke and 

Funkhouser, 1965]. The interference fringes produced by this instrument are actually of the 

type used by Fizeau to detect the doublet structure of the sodium line in a sodium flame in 

the 1860s [Born and Wolf, 1980, pp. 286-291, pp. 316-323]. These fringes may be recorded 

with a linear-array detector [Okamoto et aI., 1984; Barnes, 1985]. 

A non-scanning FT spectrometer coupled to a linear-array detector was initially 

considered very promising. However, fixed pattern noise in the array, cos49 irradiance 

falloff, and vignetting all degrade the performance of such an instrument (Barnes 1985). In 

addition, a broadband source produces an interferogram with a large central fringe. A 

detector and electronics with extremely good linearity and a very large dynamic range are 

required to extract accurately the spectral information which is concentrated in the central 

fringe [Mertz, 1965, pp. 13-14, pp. 27-29; Barnes, 19851. 
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Actual spectra produced by a non-scanning FT spectrometer are shown in Fig. 2.7.1, 

which is taken from Okamoto et a!. [1984]. The interferogram of the low pressure Hg lamp 

is distributed across the entire detector, as is expected for a source composed of well-

separated spectral lines. The reconstructed spectrum shows good SNR. 
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Fig. 2.7.1 Left Interferogram and reconstructed spectrum of a low pressure Hg lamp. 
Right Interferogram and reconstructed spectrum of an LED (From Okamoto ~~, 1984). 

On the other hand, the interferogram of the LED, a moderately broad source, shows 

only a few fringes. The SNR of the reconstructed spectrum is decidedly lower than for the 

Hg lamp lines. The dynamic range of the detector is inadequate to record all the information 

in the interferogram [Okamoto et a!., 1984]. 
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The output of the sun is much broader than that of an LED and would suffer from 

more extreme fringe bunching and dynamic range problems. Dips in the actual spectrum due 

to atmospheric absorption or to reflectance features might be hard to recover. Caulfield calls 

the example of "a narrow absorption line in an otherwise smooth, broad spectrum ... a 

particularly pathological case" for Fourier transform techniques [Caulfield, 1976, p. 171]. The 

SWIR range does contain a large number of absorption bands, not just a single line, and might 

not be "particularly pathological". However, the general trend that FT methods work best 

with isolated line sources persists. 

It is also to be noted that curvature of the interferogram baseline, possibly due to cos4e 

falloff or vignetting, produces the large spike at zero wavenumber (infinite wavelength) in 

the reconstructed spectra of both the LED and the Hg lines. This points to a further problem 

with transform methods in radiometry: measurement errors can produce very unrealistic 

irradiance distributions when the transform is inverted to reconstruct the spectrum. Negative 

irradiance values could even be produced! Finally, even if a good quality spectrum is 

reconstructed from the FT interferogram, a second round of corrections would still have to 

be made for all the wavelength dependent factors, such as transmittance of the optics and 

response of the detector, that are inherent to any instrument. 

In summary, Fourier transform methods do not seem to be well suited to recovering 

radiometrically accurate information about a broad band source, and were eliminated as a 

possible approach. 

A Hada..1llard transform device was also considered. A Hadamard transform 

spectrometer employing a single element detector offers the multiplex advantage. The 

numerical factor for improvement in SNR is given variously as v'N or v'(N/4), where N is a 

power of 2 equal to the total number of spectral elements, as discussed in Section 2.5. 
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A Hadamard transform spectrometer would have about the same level of mechanical 

complexity as a scanned grating monochromator [Decker, 1972; Swift ~ at, 1975]. Instead 

of using a stepper motor to scan the grating, the grating is fixed and the stepper motor is used 

to translate a pattern of multiple exit slits (known as the Hadamard mask). Since the 

transform is not an interferogram, operation with a broad band light source does not produce 

the large central fringe, and the associated dynamic range problems, characteristic of a 

Fourier transform [Decker, 1972]. 

The Hadamard transform involves only matrix algebra, and runs an order of 

magnitude faster on a computer than does a Fourier transform [Decker 1971, 1972]. No order 

sorting or cross-dispersion is necessary, since the Hadamard transform involves a set of 

overlapping spectra to provide the multiplex advantage [Decker, 1972]. 

However, it seems doubtful that a Hadamard transform spectrometer could offer any 

real advantage over a conventional dispersive system as far as radiometric accuracy at low 

resolving power (R = 250) is concerned. Factors which affect the irradiance distribution over 

the face of the Hadamard mask, such as cos46 falloff, vignetting, and grating efficiency would 

all affect the accuracy of the transform. In addition to these problems, as with the FT 

process, radiometric corrections would still have to be made after inversion of the transform 

for all other wavelength-dependent factors such as detector response and optics transmittance. 

Any non-linearities in the detector would be especially hard to sort out, since light of several 

different wavelengths would fall o~ the detector simultaneously. 

Finally, the mask would be 128 mm wide if a I-mm entrance slit were used, assuming 

128 spectral elements. This could present mechanical difficulties. Reducing the size of the 

entrance slit in order to reduce the size of the mask would reduce the instrumental throughput 

and offset the multiplex advantage. 
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The two instruments that received the most serious consideration were therefore a 

scanned grating monochromator using a large area single element InSb detector and a fIat field 

grating spectrometer coupled to an array detector. Radiometric calibration of response versus 

wavelength is straightforward with either instrument. In mathematical terms one could say 

that a standard dispersive system uses basis functions that are most closely related to the 

problem at hand: determining radiance (or irradiance) for a continuous set of relatively broad 

spectral intervals. 

A grating can easily provide higher angular dispersion than a prism. According to the 

throughput versuS resolution analysis of section 2.3, this means that a grating is the preferred 

dispersing element. SNR calculations for a monochromator with a large area, single element 

InSb detector and for a spectrometer with a PtSi linear-array detector are presented in section 

2.8. A brief overview and a block diagram of the selected design incorporating a concave 

holographic grating and a PtSi linear-array detector are presented in section 3.1. 
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Section 2.8: SNR calculations for competing designs. 

As mentioned at the end of section 2.7. two systems. both using diffraction gratings, 

emerged from the design study as the most promising alternatives for the Mark-l 

spectroradiometer. The first system was a scanned grating monochromator coupled to a large 

area, single element InSb detector. The second system was a flat focal field grating 

spectrometer coupled to a PtSi linear array detector. SNR calculations for the two systems are 

presented next. The calculations are for solar illumination at a wavelength of 2.2 #lm, for 

reasons explained in section 2.2. It should be emphasized that these SNR calculations were 

part of the initial design study, and use estimated detector noise values that were supplied by 

the manufacturers of the respective detectors. 

For both systems. an overall layout similar to that depicted in Fig. 3.1.1 of section 3.1 

was envisioned. In both systems. a set of two lenses would be used to set the instrumental 

FOV and illuminate a fiber optic bundle that carries IR radiation to the spectroradiometer 

entrance slit. A concave, holographic diffraction grating with flat focal field simultaneously 

collects, disperses, and focusses IR radiation onto the PtSi linear-array detector in the non

scanning system. In the scanning monochromator system, a ruled and blazed planar 

diffraction grating would be used in conjunction with separate collimating and focussing 

mirrors. Both systems would use a cooled bandpass filter to reduce detector response to 

thermal background radiation. The overall transmittance of the optics was estimated as 13% 

for the scanning monochromator. The estimated transmittance of the optics was 5% for the 

non-scanning spectrometer system. The chief difference is the lower 1st order diffraction 

efficiency of a holographic grating compared to a blazed grating. For both systems, the 

maximum acceptance angle of the fiber optics corresponds to a numerical aperture of 0.25. 
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The SNR calculations for the scanning monochromator with single element InSb 

detector will be presented first. In this case the signal input to the detector would be 

chopped, and the detector output would be measured using phase sensitive, or "lock-in", 

amplification. The SNR formalism presented in section 2.1 and developed in subsequent 

sections can be employed. Eq. 2.4.7 for SNR and Eq. 2.2.1 for L~ can be combined along with 

the expression Op = ?rNA 2 to yield: 

SNR 
rcos9zE>.I:1)..j'A;NA 2ToCrD * 2.8.1 

.[M 

The ground reflectance, r, and the solar zenith angle, 9z' will be left as variables. E>. 

for the sun at 2.2 p.m is 75 W m-2 p.m-l, from section 2.2. The initial performance goals set 

1:1), equal to 10 nm. The most suitable commercially available InSb detector that was found 

was lx4 mm in size. The NA equals 0.25, for reasons mentioned above. The estimated To was 

given above as 0.13. A pessimistic chopping factor of 0.286, appropriate for triangular 

chopping, was used. D* for the Ix4 mm InSb detector was estimated by EG & G Judson as 

I x 1012 cm Hz1/ 2 W-1, assuming a 1.1 to 2.6 p.m bandpass cold filter. The effective noise 

bandwidth, I:1f, was calculated as 60 Hz, assuming a I s total scan time to cover the range 1.1 

to 2.5 p.m with 10 nm spectral resolution. The calculations were based on a variable scan rate, 

with fast scanning at shorter wavelengths (high signal level) and slow scanning at longer 

wavelengths (low signal level). The resulting formula for SNR for the scanning 

monochromator with InSb detector is: 

SNR 4500 r cos9z 2.7.5 
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Since the PtSi detector is an integrating detector, a somewhat different approach was 

used to calculate the SNR. The following equation was used: 

SNR 2.8.3 

where n = 8 is the number of pixels averaged (section 2.6), is is the signal current, t = 1 s is 

the integration time, ib is the background current, id is the dark current, and Ne is the system 

electronic noise (including detector read noise). The factors of 2 in front of ib , id and (Ne)2 

in Eq. 2.8.3 reflect the fact that these quantities are measured twice: once in the signal plus 

background plus dark reading and once in the background plus dark reading. 

The signal current, is, for a single detector element was calculated using: 

2.8.4 

where is is the signal current in electrons S-l, 1] = 0.028 is the PtSi quantum efficiency at 2.2 

p.m, Ln,). is the spectral photon radiance of the source, ~). = 10 nm is the specified spectral 

bandpass, Ap is the area of a 15 p.m x 2.5 mm detector element, np is the projected solid angle 

of the NA = 0.25 optics, and To = 0.05 is the estimated transmittance of the optics. 

The spectral photon radiance for a lambertian ground target was calculated using: 

2.8.5 

where r is the ground reflectance (assumed lambertian), 6z is the solar zenith angle, and En,). 

= 8.3 X 1020 photons S-l m-2 p.m-1 is the direct normal solar spectral photon irradiance at 

ground level at 2.2 p.m. 
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Values for the dark current, id = 8.15 x 104 es-1pixel-1, and electronic noise, Ne = 6000 

electrons, were quoted by EG & G Reticon, the manufacturer of the PtSi detector. The 

electronic noise was the noise for the entire evaluation circuitry, not just read noise for the 

chip alone. The background current, ib = 2.42 x 107 es-1pixel-1, was calculated by performing 

a numerical integration from I.l to 2.6 p.m of the product of calculated quantum efficiency 

of the detector and calculated photon flux due to a blackbody source at 42°C (315 K). A 

solid angle of acceptance of 0.58 sr was used, estimated for a NA = 0.25 cold stop. 

In the small signal limit, signal noise is negligible and the formula for SNR for the 

non-scanning spectrometer with PtSi linear-array detector becomes: 

SNR = 6900 r COSl1z 2.8.6 

The SNR values calculated for a non-scanning spectrometer coupled to a PtSi linear

array detector are slightly higher than the values calculated for a scanning monochromator 

coupled to a large area single element detector. This difference in calculated SNR is not by 

itself large enough to prompt a clear choice between the two systems. However, the non

scanning spectrometer was chosen on the basis of simplicity. An overview of the instrument 

as it was proposed is presented in the next section. 

As mentioned before, all of the values that went into Eqs. 2.8.3-2.8.6 were either 

calculated, or based on data provided by the manufacturer of the detector. All of these terms 

have different values for the instrument as it was actually built. In addition, digitization noise 

and electronic noise of the data logging computer were neglected in Eqs. 2.8.3 and 2.8.6. 

Measured values for the SNR and a more accurate version of Eq. 2.8.6 are presented in 

section 4.11. 



CHAPTER 3: DESIGN AND CONSTRUCTION OF 

THE SWIR SPECTRORADIOMETER 

Section 3.1: Overview of the instrument. 
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As outlined in section 2.8, the difference in calculated SNR values was not great 

enough to form a basis for choosing between a scanning monochromator with a large area, 

single element InSb detector or a non-scanning spectrometer with a I 024-element PtSi linear

array detector. However, a non-scanning spectrometer was chosen on the basis of extreme 

simplicity. The elimination of a chopper, moving order-sorting filter, grating-scan 

mechanism, and complicated lock-in amplifier electronics is a substantial advantage offered 

by a system based on an integrating array detector. The only moving part required in such 

a system is a shutter to control the integration time. This simplicity should result in a very 

reliable instrument. 

The overall layout of the instrument is shown in simplified fashion in Fig. 3.1.1.The 

overall size of the system is about 48 cm x 38 cm x 23 cm (I9" x 15" x 9"). The total weight 

is about 18 kg (50 pounds), including a 6 amp-hour battery, and integral AC power 

supply/battery charger, and a computer to run the instrument and collect data. The computer 

is not shown, but its dimensions are 24 cm x 16 cm x 6 cm (9.4" x 6.4" x 2.6"). 

The optics that set the instrument's field-of-view are a set of two (or three) lenses that 

collect light and diffusely illuminate one end of the fiber optic bundle at a numerical aperture 

of 0.25. These lenses are constructed of IR-grade fused-silica, which has a transmittance of 

about 90% from 250 nm to 3.0 pm. FOYs of 1°, 5°, and 13° have been designed, although 

other values could be produced. The FOY optics are described in section 3.3. 
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Figure 3.1.1 Simplified system diagram. 
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A 2-m long round-to-line fiber optic bundle transmits light from the FOV optics to 

the spectroradiometer. In the standard mode of operation, the line end of the fiber optic 

bundle functions as the entrance slit. For higher spectral resolution, a narrow metal entrance 

slit is used. Two separate fiber optic bundles are available: an anhydrous fused silica bundle 

and a heavy metal fluoride glass bundle. A comparison between these fiber optic bundles is 

made in section 3.2. 

A shutter is located just after the entrance slit. When the shutter is open the PtSi 

detector integrates signal photocurrent plus background photocurrent plus dark current. When 

the shutter is closed the detector integrates only background photocurrent plus dark current. 

The difference between detector readouts with the shutter open and closed is stored as a signal 

spectrum. The shutter, its mount, and the optional entrance slits are described in section 3.4. 

A concave, holographically produced diffraction grating simultaneously collects, 

disperses, and focusses radiation onto the PtSi linear-array detector. The concave holographic 

diffraction grating produces an aberration-corrected, nearly flat focal field, optimal for use 

with a linear-array detector. This single element system is much simpler than alternative 

designs using collimating mirrors and a flat grating in an Ebert-Fastie or Czerny-Turner 

configuration. Custom gratings for the prototype system were obtained from American 

Holographic (AH) and from Instruments SA (ISA). The ISA grating was chosen following 

evaluation tests. The gratings and the comparison tests are presented in section 3.5. 

Order sorting is carried out numerically. The second order efficiency of the grating 

was measured and a fraction of the signal from 1.05 to 1.225 I'm is subtracted from the 2.1 

to 2.45 ISm output. A dielectric-multilayer-order-sorting filter was considered but rejected. 

This filter would be a reflectance type filter, not an absorption filter. This would tend to 

increase stray light. The second order subtraction is described in section 4.8. 
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The heart of the Mark-l spectroradiometer is a 1024-element PtSi linear-array 

detector manufactured by EG & G Reticon. These detectors were described briefly in Section 

2.6 and are described in more detail in section 3.6.. Although PtSi has a relatively low 

Quantum efficiency. these detectors also have extremely low l/f noise and extremely good 

pixel-to-pixel uniformity. The individual elements of the EG & G detectors are large in size. 

15 ISm x 2.5 mm. With an aspect ratio of almost 170: I. the elements are configured for use 

in spectroscopy rather than imaging. Relatively large throughput and realization of the ideal 

-IN multiplex advantage are possible. The use of a linear array detector is very well suited to 

recovering radiometric information about a broadband source and suffers from none of the 

disadvantages of the FT approach in this regard. 

A silicon absorption filter (section 3.7) is mo·unted in front of the FOV optics. This 

filter has transmittance less than 3% for wavelengths shorter than 1.05 ISm and establishes the 

short wavelength cutoff of system response. This filter eliminates an unexpected detector 

memory effect that was observed under certain circumstances (section 4.1). A cooled PK-50 

absorption filter (section 3.8) is located inside the Dewar. This filter has transmittance less 

than 10% for wavelengths longer than about 2.9 ISm and reduces detector response to longer 

wavelength. thermally generated radiation. 

Another unanticipated aspect of detector performance had a strong impact on the final 

instrumental design. Initial laboratory measurements with the prototype system revealed that 

the output of the detector was a non-linear function of integration time. Further 

measurements and analysis indicated that the output due to dark current is very non-linear 

(section 4.3). The output due to photo-generated current alone should be directly proportional 

to integrated photon flux. but the dark current is large enough compared to the photo

generated current to affect the overall detector linearity. 
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To reduce the number of variables. it was decided to use a fixed integration time and 

to stabilize the grating housing at a pre-determined temperature to produce uniform 

background flux, independent of environmental temperature. The detector output then has 

to be calibrated radiometrically as a function of only one variable: signal irradiance. 

Radiometric calibration and characterization of the non-linear behavior of the detector are 

presented in section 4.9. 

A pair of TE heat pumps stabilize the temperature of the grating housing. A fan 

blows air over a pair of finned heat exchangers to provide a heat source/sink. The normal 

operating temperature of the grating housing is 250 C. In addition to reducing the number 

of variables that affect the output of the detector, stabilizing the temperature of the grating 

housing at 250 C avoids the high background flux levels that otherwise would be generated 

at an ambient temperature of 450 C. Temperature stabilization of the grating housing is 

outlined in section 3.10. 

A Paravant RHC-88 computer runs the instrument and coIlects data. A 6 kHz, 12-bit 

A/D plug-in board carries out the A/D conversion. The Paravant RHC-88 is a very rugged 

DOS computer designed for military use at temperatures from -33 °C to +63 °C. The display 

is adequate even in fuIl sun. 

Power supplies and analogue electronics are described in section 3.1 I. Timing 

electronics for the detector and shutter are described in section 3.12, along with other digital 

electronics related to the computer interface with the hardware. Data collection and data 

reduction software are described in section 3.13. 
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Section 3.2: Fiber optic bundle. 

Although the FOY optics are the first elements through which light passes physically, 

the fiber optic bundle will be discussed first since it plays a greater role in limiting the 

performance of the instrument. The use of a fiber optic bundle is a necessity given the use 

of a liquid-nitrogen-cooled detector and the desired modes of operation of the instrument. 

The liquid-nitrogen Dewar must remain upright. However, one must be able to aim the 

instrument vertically downward at the ground in the field, horizontally at a reflectance panel 

or lamp in the lab, upwards at an arbitrary angle towards the sun, or out the window of a 

helicopter or airplane. A fiber optic bundle illuminated by a set of lenses allows all the 

desired modes of operation to be easily accommodated. The approximately 50 lb. 

spectroradiometer can be set or carried in whatever manner is most convenient, while a small, 

lightweight set of optics is aimed in an arbitrary direction. Furthermore, the fiber optic 

bundle serves as a depolarizing element and decreases the polarization sensitivity of the 

instrument. 

As just described, a 2-meter long fiber optic bundle transmits light from the optics 

that set the field-of-view (FOY) and numerical aperture (NA) of the instrument to the 

spectroradiometer entrance aperture. Both glass-clad anhydrous fused silica (AFS) and glass

clad heavy metal fluoride glass (HMFG) fiber optic bundles were purchased. Both bundles 

are encased in stainless steel sheathing and have stainless steel end connectors. Both use a 

round-to-line bundle format. The round end of the bundle is illuminated by the optics that 

set the instrumental field-of-view. The line end forms the entrance slit for the 

spectroradiometer in normal operation. 

AFS fiber bundles are relatively cheap, readily available, and non-hygroscopic. 

HMFG fibers are more expensive, but offer low attenuation over the entire range from 1.1 
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to 2.5 p.m. The main technical drawback of HMFG fibers is that the fluoride glass is 

hygroscopic, and the performance of the fibers can be adversely affected by the absorption 

of moisture. 

The use of a fiber optic bundle, whether AFS or HMFG, presents additional 

drawbacks. The fibers have a limited angle of acceptance, or numerical aperture (NA) of 

illumination. The fibers have a limited packing efficiency, or ratio of area that actually 

transmits light to total area covered. The packing efficiency is typically around 50%. 

Transmission losses OCCur as light propagates down the fibers, and these losses are dependent 

on the amount of flexing and curvature of the bundle. Finally, the fibers may degrade with 

time due to cracking and/or absorption of moisture. Since the severity of these problems 

depends in large part on the core and cladding materials of the individual fibers, the choice 

of these materials will be discussed first. 

Anhydrous fused silica (AFS) and heavy metal fluoride glass (HMFG) were considered 

as possible core materials. Both plastic-clad and glass-clad fibers were considered. The 

manufacturer's data for the attenuation properties of glass-clad AFS (AFS-G), plastic-clad 

AFS (AFS-P), and glass-clad HMFG (HMFG-G) are summarized in Fig. 3.2.1. The 

comparison between plastic-clad HMFG and glass-clad HMFG is qualitatively the same as the 

comparison between plastic-clad AFS and glass-clad AFS. The 10glO of the attenuation 

coefficient, a, for a single fiber is plotted as a function of wavelength in units of 10glO(dB/m). 

The internal transmittance, TI' for a given length of fiber, L, is related to the 

attenuation coefficient, a, by: 

TI = 1O-(aL/10) 3.2.1 

Qualitatively, Fig. 3.2.1 and Eq. 3.2.1 indicate that the internal transmittance of glass

clad AFS fibers will be superior to that of glass-clad HMFG from 1.1 p.m to about 1.85 p.m, 
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with a small exception from about 1.35 ~m to about 1.45 ~m. Glass-clad HMFG will have 

better internal transmittance beyond about 1.85 ~m. 

However. Fig. 3.2.1 and Eq. 3.2.1 describe only the losses due to attenuation as light 

propagates down an individual fiber. As mentioned above. the total throughput of a fiber 

optic bundle is also affected by the reflection losses at the ends of the fibers. by the 

geometrical packing efficiency. and by the maximum acceptance angle of the fibers in the 

bundle. 

Fresnel reflection reduces the transmittance by about 6% to 8% for the AFS fibers 

(index = 1.44 to 1.5). The ends of the HMFG bundle are protected against moisture by 1/2-

mm thick sapphire windows. These windows have been broad-band, anti-reflection coated 
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to reduce reflection losses to 0% to 6% over the SWIR range. These windows are easy to crack 

and/or break. 

Since light propagates down a fiber by internal reflection at the core-cladding 

boundary, the maximum angle of acceptance is a function of the difference in index of 

refraction between the core and cladding materials. Plastic-clad AFS and plastic-clad HMFG 

fibers have maximum acceptance angles corresponding to a numerical aperture of 004 to 0.5 

(F/1.25 to F/l). According to the manufacturer, this NA would be maintained for a 2 m 

length, but the "steady state" value for propagation down a very long plastic-clad fiber would 

be about 0.23 (F/2.2). Glass-clad fibers, both AFS and HMFG, have numerical apertures of 

0.21 to 0.22 (F/2A to F/2.3), independent of length. The geometrical packing efficiency 

would be slightly greater for the plastic-clad fibers than for the glass-clad fibers because the 

plastic-cladding is thinner. 

However, as shown in Fig. 3.2.1, the rapid variation of attenuation with wavelength 

for plastic-clad fibers would complicate radiometric calibration. In addition, no manufacturer 

was found who claimed an ability to produce a flat-focal-field, concave, holographic 

diffraction grating with adequate aberration correction with a numerical aperture greater than 

0.25 (F/2). For this reason, glass-clad fibers were selected despite the greater NA and greater 

packing efficiency obtainable with plastic-clad fibers. 

The AFS fibers have a core diameter of 200 J.'m. The outer diameter of the cladding 

is 220 J.'m. The outer diameter of the polyamide jacket on each fiber is 245 J.'m. The 

minimum safe bend radius specified by the manufacturer is 200 times the fiber radius for 

momentary bending and 600 times the fiber radius for long term bending. The minimum safe 

radius for momentary bending is therefore 2.0 to 204 cm, depending on whether the core or 

jacket radius is used. The minimum safe radius for long term bending is 6.0 to 7.2 cm. The 

line end of the bundle is 4.3-mm long, which is greater than the height of the detector pixels. 
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The HMFG fibers have a core diameter of 250 pm. The cladding diameter is not 

specified. but the outer diameter of the jacket is 330 pm. The minimum safe bend radius is 

200 times the fiber radius for momentary bending, but not specified for long term bending. 

The minimum safe radius for momentary bending is therefore 2.5 to 3.3 cm. depending on 

whether the core or jacket radius is used. The line end of the HMFG bundle. with eight 

fibers of 330 pm diameter. is 2.64 mm long. 
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Figure 3.2.2 Comparison of broadband system response from 1.05 to 2.45 I'm with the AFS 
and HMFG fiber optic bundles. 

The measured broad-band system response with the AFS and HMFG fiber optic 

bundles over the range from 1.05 to 2.45 pm is plotted in Fig. 3.2.2. The illumination source 

was a tungsten-halogen lamp; The discontinuity in signal at about 2.03 I'm is due to the 

influence of stray light on the second order subtraction (sections 4.7 and 4.8). The response 

from 2.15 to 2.45 I'm is plotted at an expanded vertical scale in Fig. 3.2.3. 
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Figure 3.2.3 Comparison of broadband system response from 2.15 to 2.45 J.'m with the AFS 
and HMFG fiber optic bundles. 

The HMFG fibers provide about 30% higher signal from 2.35 to 2.45 J.'m. The signal 

at 1.2 J.'m is about 11 times greater than the signal at 2.2 J.'m with the HMFG fibers. The 

HMFG fibers can be used without any response flattening filter and the detector will not 

saturate at the maximum possible radiance level produced by solar illumination of a 100% 

reflectance surface at normal incidence, provided the shortest possible integration time, 

0.25 s, is used. With the AFS fibers, the signal at 1.2 ISm is about 18 times greater than the 

signal at 2.2 J.'m. With the AFS fibers, the detector would saturate at wavelengths around 1.2 

J.'m at the highest expected radiance levels, even with the shortest useable integration time. 

Each type of fiber has advantages and disadvantages. The AFS fibers are relatively 

cheap, very easy to work with (since they are non-hygroscopic), and provide about 20% better 
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spectral resolution than the HMFG fibers without an auxiliary entrance slit. The AFS fibers 

provide greater signal, in fact too great a signal, at the shorter wavelengths. 

On the other, the HMFG fibers provide about 30% greater signal at the very longest 

wavelengths. The variation in signal with wavelength is less extreme with the HMFG fibers. 

The HMFG fibers have tentatively been selected, and the radiometric calibration of the 

instrument (section 4.9) was carried out with the HMFG fiber bundle. A number of filters 

that might flatten the system response as a function of wavelength were investigated (section 

3.10), but none has yet been chosen. If a successful response flattening filter can be 

identified, the AFS fiber bundle might be preferred over the HMFG fiber bundle. 

As mentioned previously, the attenuation as light propagates down a fiber is a function 

of the exact geometrical configuration into which the bundle is bent. The radiometric 

accuracy and the ability to make reflectance measurements could be severely affected if small 

changes in the bundle geometry produced large changes in the transmittance. A set of 

measurements was made with the bundle coiled at specified radii of curvature with constant 

illumination of one end of the bundle and with a silicon photo-detector butted to the other 

end. Tests conducted with the AFS fiber optic bundle indicated that the problem is not 

severe. The results of the measurements are presented in section 4.13. 

It was also mentioned that the fiber optic bundle serves as a depolarizing element. The 

depolarization of light as it propagates down the bundle ensures that the instrument produces 

a fairly constant output for a given source radiance regardless of the state of polarization of 

the source. Results of measurements of the polarization sensitivity of the instrument are 

presented in section 4.10. 
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Section 3.3: Field-of-viewoptics 

The optics that determine the instrumental field-of -view (FOY) consist of a set of 

two or three lenses that collect light and diffusely illuminate one end of the fiber optic bundle 

at a numerical aperture of NA = 0.25 (F/2). The layout of the two-lens version of the fore-

optics is shown in Fig. 3.3.1. This type of system has been described in the literature [Smith, 

1990, p. 262], but it does not seem to have found widespread use in commercial 

spectroradiometers. The use of two (or three) lenses permits the instrumental FOY to be set 

independently of the desired NA of illumination. 

Fore-Optics: 2 lens system 

In 
II 

lens 1 (objectl'·e lens) 

focal le:li::h = n 
dlemeter = dl 

i< 
112 

Figure 3.3.1 Two-lens version of FOY optics. 

1/2 FOV !e.... NA 

I J:::r-::---

lens 2 (field lens) 
focal le:lgth = f2 
dIameter = d2 

123 

The use of a long focal length objective lens and a short focal length field lens permits 

a small FOY and a large NA. System throughput, or the An product, is of course conserved. 
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Light is collected over a large area on the objective lens with a small field angle and focussed 

down to a small area at the end of the fiber optic bundle with a large NA. 

An additional benefit of this system is that it provides diffuse, relatively uniform, 

illumination of the fiber optic. Referring to Fig. 3.3.1, it is seen that each point on the object 

(assumed to be at infinity for simplicity) is imaged by the objective lens to a point within the 

field lens. The ray bundle then spreads out beyond the field lens to cover the entire surface 

of the fiber optic. The field lens serves to redirect the diverging ray bundle so that the chief 

ray from each object point passes through the optical axis at the end of the fiber optic bundle. 

Light from each object point is thus spread out to cover the entire end of the fiber optic 

bundle, and diffuse, uniform illumination is produced. From another point of view, the field 

lens images the objective lens onto the end of the fiber optic bundle. If the radiance over the 

surface of the objective lens is uniform, then the radiance over the face of the fiber optic 

bundle will also be uniform, neglecting cos49 falloff. 

The equation for the system FOY, with a small angle approximation,is: 

3.3.1 

where d2 is the diameter of lens 2 (field lens) and 112 is the spacing between lens I (objective 

lens) and lens 2. The NA with the small angle approximation of 9 = sin(9) = tan(9) is: 

3.3.2 

where d2 is the diameter of lens 2 and 123 is the spacing between lens 2 and the end of the 

fiber optic bundle. Solving Eqs. 3.3.1 and 3.3.2 for d2, equating the results, and rearranging 

gives: 

3.3.3 
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where all terms have been defined previously. On the other hand, to satisfy the condition that 

lens 1 is imaged by lens 2 onto the fiber optic bundle: 

I I I 1 fJ + 2NA ] 
f2 = 112 + 123 = 112 C tan FOY 

3.3.4 

where f2 is the focal length of lens 2 and the other terms have been defined previously. Eq. 

3.3.4 relates 4 variables, f2' 112, NA, and FOY. The first three of these variables were 

constrained to satisfy additional considerations. Initial calculations were carried out with 

112 = f1' that is with the objective lens focussed at infinity. To make use of commercially 

available lenses, f1 (or 112) and f2 were limited to certain discrete values. The NA was fixed 

at 0.25 (F /2). This value slightly exceeds the nominal maximum allowed angle of incidence 

for which light will propagate down the fibers in the 2 m fiber optic bundle. 

The two shortest available focal lengths, 15.0 and 25.4 mm, were considered for f2. 

The obtainable FOYs were then calculated for a range of commercially available values of fl. 

A ray inclined at 14.48° (NA = 0.25) was traced backwards through the system from the fiber 

optic bundle through lens 2 and then through lens I to determine the FOY corresponding to 

a given sei. of lenses. The necessary value of d2 was given by the intercept of the ray at lens 

2. The necessary value of d1 was calculated by multiplying the diameter of the spot to be 

illuminated by the transverse magnification 112/123. This diameter could also have been 

calculated using the area of the illuminated spot, the NA, the FOY, and requiring 

conservation of An. This essentially is an application of the Lagrange invariant. 

The FOY s that could be obtained with commercially available lenses are plotted in Fig. 

3.3.2. A value of 13.1° was chosen for a wide angle FOY, 5.4° (later modified to 4.85°) was 

chosen for a standard FOY, and a value of 1° was desired for a narrow FOY. With the 

shortest available f2 of 15 mm, an f1 of 401 mm would be required to obtain a 1.10 FOY. To 

reduce the length of the lens assembly, the simple objective lens was replaced by a two-lens 
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Figure 3.3.2 FOYs that could be obtained with a pair of commercially available lenses. 
Diamonds correspond to f2 = 15 mm. Squares correspond to f2 = 25.4 mm. 

telephoto combination. In this case the third lens provides an additional degree of freedom 

that can be used to set the NA = 0.25 and the FOY = 10 precisely and still use only 

commercially available lenses. 

Tne three-lens telephoto system is shown in Fig. 3.3.3. The FOY. NA and imaging 

equations were extended to handle three lenses. A ray entering the center of lens 1 at 1/20 

(1 0 full angle FOY) was traced through the system with fixed values of fl' f2' and f3• The 

distance 112 was considered a parameter that could be varied. Distances 123 and 134 were then 

fixed by the imaging equations. The ray trace was repeated iteratively until a distance 112 that 

yielded NA = 0.25 was found .. These calculations were repeated for five available values of 

f2 and six available values of fl. The combination fl = 127 mm, f2 = -51 mm was selected 

because it yielded the short~t overall system length (244 mm). 
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The lenses for the fore-optics are made out of IR grade fused silica (INFRASIL). This 

material is durable and non-hygroscopic. The external transmittance of a 10 mm thick 

uncoated piece is about 92% from 300 nm to about 2.6IJm. The transmittance remains above 

80% out to about 3.4lJm. The lenses were anti-reflection coated with a single layer of MgF2• 

Only the standard FOY assembly has been built to date. Since the instrument will 

sometimes be pointed at the ground while being carried as a backpack unit and sometimes 

carried in an airplane or helicopter, a hyperfocal setting was chosen. The objective lens was 

focused at 1.8 m (l12 = 170 mm), which is the hyperfocal distance for objects between 1 m and 

infinity. This shifts the calculated FOY slightly, from 5.4° (the value when focussed at 

infinity) to 4.85°. However, the measured FOY does not have a perfectly sharp cutoff 

(section 4.6). The approximate value for the measured FOY is 5°. 
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Section 3.4: Shutter and entrance slit assembly. 

A shutter located just after the entrance slit controls whether signal flux reaches the 

detector or not. The integration time, regardless of whether the shutter is open or closed, is 

set by the read interval of the array. The detailed timing of a data collection sequence is 

described in section 3.12 along with the timing and digital control electronics. The analog 

drive electronics to open the shutter are described in section 3.11. The current sections 

concentrates on the mechanical aspects of the shutter and entrance slit assembly. 

The shutter, fiber optic, and auxiliary entrance slit share a common assembly mount. 

The entire assembly moves along the optical axis to focus the input slit on the array detector. 

Vertical motion of the mount (Le. perpendicular to the long dimension of the array) is 

permitted to center the image of the entrance slit on the face of the detector. Horizontal 

motion (i.e. parallel to the long dimension of the detector) to align the desired spectral range 

onto the detector is provided by the Dewar mount flange. 

The shutter is a model LST8NC-2 from nm Laser products. The shutter is designed 

to be used in a Bell UH-IH helicopter. This is the type of helicopter used to fly instruments 

at White Sands, New Mexico. These helicopters have 2 blades rotating at 324 rpm that 

produce a dominant vibration frequency of 10.8 Hz. The shutter is designed to be non

resonant at 10.8 Hz, at 5.4 Hz, and at higher harmonics of these frequencies. The measured 

internal resistance of the shutter is 25.8 O. The calculated drive current is 0.46 A with a 

12-V drive. The calculated average power dissipation for a 50% duty cycle and 12-V drive 

is 2.76 W. The shutter is rated by the manufacturer to handle heat dissipation up to that 

produced by a 15-V drive. 

Three sizes of metal entrance slits are provided. For standard resolution, a 600-pm 

wide slit is used. For slightly higher resolution a 120-pm slit is available. For still higher 
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resolution a 50-ISm wide slit is available. Since the optical fibers have a core diameter of only 

200 ISm (AFS) to 250 ISm (HMFG), the fibers themselves form the entrance slit in standard 

resolution mode. The metal "entrance slit" acts only as a spacer to maintain correct focussing 

in that mode. 

The data collection software, which is described in section 3.14, includes a subroutine 

that permits spectral alignment/focussing using illumination from a low pressure Argon (Ar) 

lamp. Motion for focussing is provided by a Newport Ultra-compact ball-slide positioner 

(model 450A) with an 80-pitch drive screw. The tensioning screws on the ultra-compact 

positioner are not strong enough to overcome friction in the shutter mount/entrance slit 

assembly, and it is necessary to push the shutter mount in toward the spectroradiometer while 

focussing. A pair of 6-32 screws in the long side of the shutter mount are used to clamp the 

shutter and entrance slit into position when the correct focus is achieved. 

The shutter/entrance slit assembly is designed so that the positioner may be removed 

when correct focussing is achieved. The focus will, however, change depending on whether 

the anhydrous silica or the HMFG fiber bundle is used, since the HMFG bundle has a 1/2-

mm thick protective sapphire window glued to the end. The 6-32 clamping screws should be 

checked occasionally for tightness. 

If one of the fiber bundles is definitely chosen, and if focussing is correct and stable, 

the 6-32 clamping screws could be locked into place with a thread locking compound. This 

would eliminate any possibility of the clamping screws loosening due to vibration. A 

compound that can be loosened by hand is recommended. The glues inside the shutter might 

not survive baking if a focussing error is discovered and the screws must be loosened after 

having been glued into position. 
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Section 3.5: Holographic diffraction grating and housing. 

As previously mentioned, a holographically produced, flat-focal-field, aberration 

corrected, concave diffraction grating was chosen as the dispersive element for the 

spectroradiometer. The general properties of holographic diffraction gratings are discussed 

by Chrisp [Chrisp, 1987]. One advantage of using a concave holographic grating is the 

extreme simplicity of the system. Since the grating is concave, it collects light from the 

entrance slit and focusses this light onto the detector without auxiliary optics. Holographic 

production of t~e grooves allows a flat focal field and good aberration correction. 

Holographic gratings produce about the same level of diffusely scattered stray light as 

conventional ruled gratings, but exhibit much lower in-plane scatter and much lower 

generation of ghosts [Chrisp, 1987]. A flat-focal-field holographic grating is usually 

produced as a derivative of a conventional concave grating designed for use in either a 

Rowland circle mount or a stigmatic mount [Chrisp, 1987]. 

On the other hand, a general disadvantage of holographic gratings is lower primary 

order efficiency. The custom grating for the SWIR spectroradiometer is operated in the first 

order. The theoretical maximum first order diffraction efficiency obtainable with the 

sinusoidal groove profile of an ideal holographic gratings is 33.8% [Chrisp, 1987], compared 

to 60% to 70% for a ruled and blazed grating. The value for a holographic grating follows as 

a direct consequence of Fraunhofer diffraction applied to a sinusoidal phase grating 

[Goodman, 1968, pp. 69-70]. And in fact, the ideal sinusoidal profile is probably not 

achieved for the custom SWIR grating since the maximum attainable groove depth is limited 

by the amount of photoresist material that can be removed during the holographic prOduction 

process [Lerner, 1991]. This would reduce the efficiency below the theoretical maximum. 
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Ion etching can be used to produce a blaze and enhance the primary order efficiency 

to as great as 75% [Touzet et aI., 1986; Flamard et aI., 1989] but this option was not pursued 

due to high cost. The large amount of material that must be removed from low groove density 

gratings to achieve a proper blaze is also problematic [Lerner, 1991]. 

Due to bidding and purchasing problems, two custom gratings were obtained. An 

F/2.5, 37-mm x 47-mm rectangular grating of roughly l1S-mm focal length was purchased 

from American Holographic along with a model MS-IO housing. An F/2, 70-mm diameter, 

140-mm focal grating was purchased from the Inst:-uments SA (ISA) division of Jobin-Yvon 

Optical Systems along with a CP140 housing. Both gratings are gold coated to enhance IR 

efficiency. 

The gratings obtained had groove densities of about 65 grooves/mm (quoted by ISA) 

and about 77 grooves/mm (calculated for the AH grating). These are low groove densities, 

and hence low dispersion, compared to what is technically possible for a grating. For 

comparison, a typical commercial plane grating used to cover the l.l to 2.5 pm range would 

have 400 to 600 grooves/mm and would be blazed at 1.6 pm. The low dispersion of the 

custom grating is required for compatibility with the 25-mm length of the PtSi linear-array 

detector. 

Aside from the F /#, the biggest differences between the AH and ISA gratings are the 

type of mount and the efficiency versus wavelength profile. Fig. 3.5.1 shows the AH MSIO 

configuration, and Fig. 3.5.2 shows the ISA CP140 configuration. The AH grating is mounted 

in an in-line, out-of -plane configuration. The entrance slit is in a direct line with, and in the 

same plane as, the detector. A folding mirror sends light up to and returns light from the 

grating, which is mounted above the plane defined by the entrance slit and array detector. 

The ISA grating is mounted in a somewhat more conventional out-of-line, in-plane 

configuration. The entrance slit, the center of the grating, and the array detector are all in 
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Figure 3.S.1 Side view of AH MSIO configuration. Dispersion is perpendicular to the 
plane of the page. 

the same plane. The entrance slit is mounted to one side of the axis of the concave grating, 

and the detector is located on the opposite side, i.e. out-of-line with the entrance slit. 

The in-line configuration chosen by AH produces a somewhat more compact device, 

but light can be reflected off the Dewar window, the cold filter, or the detector directly back 

to the folding mirror and back up to the grating, thus generating stray light. The out-of-line 

configuration chosen by !SA is designed so that no light can be reflected directly back to the 

grating, thus minimizing stray light. 

The !SA grating was produced with a conventional efficiency profile. The wavelength 

of peak efficiency (the "blaze" wavelength) is located at about 1/3 of the interval from the 

shortest to the longest wavelength of operation. This is somewhat under 1.6 pm for the 1.1 

to 2.5 pm SWIR range. The AH grating was produced with an efficiency profile that would 
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Figure 3.5.2 Top view of ISA CP 140 configuration. Dispersion is in the plane of the page. 

produce a relatively uniform signal at all wavelengths, despite the decrease in both detector 

efficiency and signal strength with wavelength. 

A set of comparison measurements was made with the ISA grating and the AH grating. 

One set of measurements was made with a broadband tungsten-halogen lamp to compare total 

system response as a function of wavelength. Another set of measurements was made with 

a low pressure Ar lamp, which emits a discrete line spectrum, to compare resolution and stray 

light. 

Fig. 3.5.3 shows a spectrum of the tungsten-halogen lamp taken with the ISA grating 

in the CP140 housing and also taken with the AH grating in the MSIO housing. The AH 

grating clearly does a better job of producing uniform signal as a function of wavelength. 

However, the overall efficiency of the AH MSI0 spectroradiometer system is inferior to that 
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Figure 3.5.3 Spectrum of Tungsten-halogen lamp taken with ISA and AH gratings. 

of the ISA CP140 system at all wavelengths below 2.3 pm. The peak throughput of the MSIO 

system is only about 1/5 of that of the CPI40 system. The CP140 system has superior 

throughput in absolute terms for all MODIS bands and for most ASTER bands. 

Fig. 3.5.4 shows a spectrum of the Ar lamp obtained with the ISA grating. Fig 3.5.5 

shows a spectrum of the Ar lamp obtained with the AH grating. The data for the AH grating 

are plotted at a different vertical scale and were obtained with the lamp positioned much 

closer to the fiber optic input in order to get sufficient signal. Figs. 3.5.4 and 3.5.5 should be 

used only for a comparison of spectral resolution and stray light, and not for throughput or 

efficiency comparisons. 

Spectral resolution for the respective systems is defined as the full width at half 

maximum (FWHM) of the isolated Ar lamp line at about 1.69 pm. The ISA system has a 
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Figure 3.5.4 Ar lamp spectrum taken with ISA grating. 

spectral resolution of about 8.9 pixels, or about 12.5 nm, based on the linear dispersion at 1.69 

J,lm. The AH system has a spectral resolution of about 10.4 pixels, or about 14.3 nm. The ISA 

system has slightly superior spectral resolution. 

The baseline in Fig. 3.5.4 for the ISA system goes very nearly to zero in certain 

portions of the spectrum where no Ar lines are present. The baseline in Fig. 3.5.5 for the AH 

system always differs noticeably from zero. This indicates that the !SA system has a lower 

stray light level. 

The custom !SA grating in the CPl40 housing was chosen for the SWIR 

spectroradiometer on the basis of better spectral resolution, lower stray light, and higher 

throughput for all MODIS bands. The design, performance, and selected applications of 

commercial gratings produced by ISA have been described in a series of articles [Lerner ~ aI., 
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Figure 3.S.S Ar lamp spectrum taken with AH grating. 

1980; Lerner et a\., 1981; Thevenon, 1983; Touzet ~ a\., 1986; Touzet ~ aI., 1987; Flamard 

et aI., 1989; Jalkian et a\., 1989]. The starting point for the design of the ISA flat-focal-field 

gratings has not been publicized. The description is simply that ray trace techniques written 

and produced by J-Y Optical are employed to produce a grating with a flat focal field and 

a high degree of aberration correction [Lerner ~ ru.,., 1980; Lerner ~ a\., 1981]. Special 

attention was paid to the reduction of astigmatism [Lerner ~ ru.,., 1980; Touzet ~ aI., 1987]. 

The high degree of aberration correction and the ability of !SA gratings to produce 

point-to-point imaging of the radiance distribution of a spectroradiometer entrance slit has 

been documented [Lerner ~ aI., 1981; Touzet ~ aI., 1987; Jalkian ~ aI., 1989]. While spatial 

imaging is not required for the SWIR spectroradiometer, a high degree of aberration 

correction is st.ilI advantageous. High spectral resolution is possible with a narrow entrance 



84 

slit and the well-corrected ISA grating. The fiber optic input is imaged accurately onto the 

detector and irradiance is not degraded by image blur. 

Estimated values for the diffraction efficiencies of the various orders of the ISA 

grating were derived by applying scaler Fraunhofer diffraction theory to a sinusoidal phase 

grating. The results are plotted in Fig. 3.5.6. 
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Figure 3.5.6 Calculated 1st and 2nd order diffraction efficiencies of CPl40 grating. 

The maximum attainable efficiency of 33.8% is achieved at the "blaze" wavelength, 

AB' when [Chrisp, 198i; Loewen t!~. 1977]: 

h 
3.4cos(¢/2) 

3.5.1 

where h is the groove depth, AB is the ·blaze· wavelength, and ¢ is the angle between the 

incident chief ray and the diffracted chief ray at the ·blaze" wavelength. The ISA grating was 
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designed to have maximum efficiency at.AB = 1.6 I'm, and at the angle ifJ = 22.68°. The ideal 

groove depth, h, is then 0.48 I'm and the ideal ratio of groove depth to groove spacing is 

0.058. The groove spacing is large compared to the wavelength, and the ratio of groove depth 

to groove spacing falls into the category of low modulation [Loewen et at, 1977]. Scaler 

diffraction theory is valid under these conditions [Goodman, 1968, pp. 30-56; Loewen ~ at, 

1977]. 

In reality the maximum groove depth attainable with a photoresist is limited, and the 

groove depth probably does not exceed 0.3 I'm [Lerner, 1991]. This will reduce the maximum 

efficiency below the theoretical maximum of 33.8%. In addition, the groove profile is likely 

to be trapezoidal, rather than sinusoidal [Lerner, 1991]. Nevertheless, calculations were stilI 

performed with the assumption of sinusoidal grooves of the ideal depth using [Goodman, 

1968, pp. 69-70]: 

3.5.2 

where €m is the efficiency of the m-th order, Jm is the m-th Bessel function,.AB is the "blaze" 

wavelength, and .A is the wavelength of interest. Calculations using Eqs. 3.5.1 and 3.5.2 gave 

good agreement when compared to measured results published by ISA for the 1st order 

diffraction efficiency of earlier production model gratings. 



86 

Section 3.6: PtSi array detector assembly. 

As discussed in sections 2.6, 2.8, and 3.1, a 1024-element PtSi linear-array detector 

manufactured by EG & G Reticon was chosen for the Mark-l spectroradiometer. PtSi is one 

implementation of a Schottky barrier diode (SBO). The general properties of SBDs are 

summarized by Pankove [1971, pp. 312-319] and van der Ziel [1968, pp. 97-103, 266-279]. 

In its simplest form an SBD is just a metal-semiconductor junction. The barrier height for 

a metal n-type semiconductor junction is given by [Pankove, 1971, p. 312]: 

~B ~M- ~s 3.6.1 

where ~B is the barrier height of the junction, ~M is the work function of the metal, and ~s 

is the work function of the semiconductor. 

If photons of energy hv > ~B are incident on the junction, hot photoelectrons can be 

ejected from the metal into the semiconductor. This process is very similar to the classic 

photoelectron effect that led Einstein to postulate the existence of light quanta, or photons. 

However, in an SBO the photoelectrons are ejected from the metal into a semiconductor, 

rather than into a vacuum. Since ~B < ~M' longer wavelength photons can be detected with 

an SBD than with a metal-vacuum photodiode. A complicating factor in the application of 

an SBO is that photons of sufficiently short wavelength can cause band-to-band transitions 

within the semiconductor [Pankove, 1971, p. 315]. 

Recent practical implementations of SBDs have utilized metal-silicide compounds 

deposited on a silicon substrate. Materials investigated include PtSi, Pd2Si, IrSi, and PtlrSi 

[Schoolar, 1984; Shepherd, 1988]. PtSi is the most suitable material forthe l.l to 2.5 pm SWIR 

range. PtSi operated below 80 K can have a dark current that is sufficiently small to permit 
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background-limited-infrared-photodetection (BLIP). provided read noise and excess 

electronic noise are kept small enough [Schoolar. 1984]. 

A list of manufacturers contacted about PtSi array detectors and their responses is 

presented in Table 3.6.1. 

Table 3.6.1 Manufacturers contacted for PtSi detectors. 

David Sarnoff Offer 2-dimensional arrays only. 

Eastman Kodak Federal Systems Pixel size only 30 p.m squared. 

Loral Fairchild Offer 2-dimensional arrays only. 

Loral Ford Aeronautics Do not sell commercial systems. 

Hughes Aircraft Offer 2-dimensional arrays only. 

EG & G Reticon I024-element linear array 
with 15 p.m x 2.5 mm pixels. 

Mitsubishi Offer 2-dimensional arrays only. 

NEC Do not market a system in the US. 

The large number of manufacturers offering only 2-dimensional arrays reflects a 

strong emphasis on imaging applications rather than spectrometric applications. EG & G 

Reticon is the only manufacturer of those contacted to offer a commercially available PtSi 

linear-array detector marketed in the US. This device has been optimized for use in 

spectrometry. Details of the design have been published in a series of papers that outline the 

evolution of the product [Weckler et aI.. 1987; Hudson et aI.. 1987; Cizdziel. 1991]. 

Both 512-element and 1024-element arrays are available. Both arrays feature 15 p.m 

x 2.5 mm pixels on 25 p.m centers. producing a 60% fill factor and efficient coupling to a 

spectroradiometer entrance slit. The larger array was chosen for greater throughput. 
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The device features a 2.0-nm thick silicide layer deposited on a O.5-mm thick p-type 

silicon substrate. The use of a p-type silicon substrate produces a Schottky barrier to holes, 

rather than to electrons [Pankove, 1971, pp. 312-219]. The device is packaged for backside 

illumination, meaning that incident radiation passes through the relatively thick silicon 

substrate before reaching the PtSi-silicon junction. To enhance quantum yield, an Si02 

dielectric layer and an aluminum layer below the silicide layer reflect unabsorbed radiation 

back through the junction for a second chance of absorption. 

The dark current across an SBD junction is a strong function of both temperature and 

bias voltage [Pankove, 1971 p. 313]: 

3.6.2 

where A is an emission constant that depends on the materials used, T is the junction 

temperature in Kelvin, ~B is the barrier height of the junction, k is Boltzmann's constant, e 

is the charge of an electron, and V is the bias voltage across the junction. 

The quantum efficiency for an SBD decreases with wavelength according to the 

modified Fowler equation [Mooney and Dereniak, 1987]: 

1J = .£ [1 -~ ]2 
). ).c: 

3.6.3 

where 7] is the quantum efficiency, Cl is another emission constant that depends on the 

material used, ). is the wavelength of interest, and ).C: = hcjCIiB is the cutoff wavelength for 

photo-generation of hot electrons. 

A value of 0.22 to 0.381-'m has been published for the emission coefficient, Cl, in the 

modified Fowlei' equation [Hudson et aI., 1987]. A value of 0.151 was arrived at by a best fit 

to a plot of quantum yield against wavelength, published later [Cizdziel, 1991]. A value of 
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4.8 to 5.4 JJm has been published for the cutoff wavelength, ~c. A value of 5.8 was arrived 

at by a best fit to the plot published by Cizdziel. The data published earlier may in fact 

describe the purchased detector more accurately. The detector described by Cizdziel was a 

modified version with an Si02 thickness that produced an optical cavity tuned for 3.5 JJm. 

This tuning produced a strong dip in the quantum yield around 1.75 JJm. A plot of calculated 

quantum efficiency against wavelength based on the values CI = 0.2 JJm and ~c = 5 JJm is 

shown in Fig. 3.6.1. 
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Figure 3.6.1 Calculated QE vs. wavelength for the EG & G Reticon PtSi array detector. 

Each SBD in the array is multiplexed to a common output line via a MOSFET switch. 

Charge storage is accomplished by first opening each MOSFET switch in turn and applying 

a fixed bias voltage to the inherent capacitance of each SBD in the array. Dark current, 

background photocurrent, and signal photocurrent discharge the bias voltage. After a 
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specified integration time, each MOSFET switch is again opened in turn for readout. The 

charge required to reset the bias voltage of each SBD via the common output line is 

integrated, converted to a voltage, sampled, held, and output on a single video output line. 

The charge storage/readout architecture described above is simple, flexible, and 

permits the storage and readout of large charge packets. The output voltage due to dark 

current is, however, a non-linear function of both integration time and photocurrent 

[Weckler, 1967; Hoffman, 1989]. The bias voltage across the SBD decreases in magnitude as 

charge accumulates on the diode capacitance. As indicated by Eq. 3.6.2, the dark current is 

a function of the bias voltage and goes to zero as the bias voltage goes to zero. 

The measured output due to dark current (section 4.3) is about 0.91 to 1.36 V S-1 for 

integration times of about 0.25 s. The measured output due to dark current plus background 

photo-generated current is about 4.5 to 5.0 V S-1 at 25° C. The output due to background 

alone is therefore about 3.6 V S-1. The calculated output due to signal photo-generated 

current for solar illumination at 2.2 I'm has a maximum value of about 0.6 V S-1 (section 4.11). 

In the limit of zero dark current and/or very short integration times the detector output due 

to photo-generated current alone should be linearly proportional to the product of integration 

time and illumination level [Hudson et aI., 1987]. However, the dark current is large enough 

compared to the signal and background photo-generated currents to affect the overall linearity 

of the detector output for integration times on the order of 0.25 s or longer. 

As discussed in section 3.1, the number of variables affecting the output voltage has 

been reduced by using a fixed integration time and by stabilizing the grating housing to a pre

set temperature to generate a fixed background level. The output of the detector is then a 

function of only a single variable: signal irradiance. The non-linearity that was observed as 

a function of integration time with only dark current discharging the bias voltage is described 
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in section 4.3. Characterization of the non-linear output as a function of signal irradiance for 

fixed integration time and fixed background temperature is described in section 4.9. 

. Another unexpected aspect of detector performance was a memory effect that was 

observed under certain conditions. The memory effect was strongest for a pair of Ar lamp 

lines at 1.047 pm and 1.067 pm. The memory effect was manifest as an output voltage level 

that was initially equal to 10% to 20% of the level produced by the Ar lamp lines. The output 

persisted for 15 min or more after the lamp was turned off. A weaker memory effect for 

shorter wavelength lamp lines that showed up in the 2nd order of the grating was also 

observed. The memory effect was evidently related to band-to-band excitations,. possibly 

filling trap states, in the silicon substrate, or in the silicon readout architecture. A thick 

silicon absorption filter is used in front of the field-of -view optics to eliminate the memory 

effect. The design calculations for the filter are presented in section 3.7. The measured 

effectiveness of the filter is presented in section 4.1. 
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Section 3.7: Long-pass Si absorption filter. 

Since the memory effect that was mentioned at the end of section 3.6 was observed 

only for radiation of wavelengths below the intended I.I-pm cutoff of the Mark-l 

spectroradiometer, a long-pass filter is used to eliminate this radiation. A silicon absorption 

filter was chosen. The nominal 1.1 pm cutoff of the EG & G detector is set by absorption in 
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Figure 3.7.1 Calculated external transmittance from 1.0 to 1.2 pm of Si absorption filter. 

the O.5-mm thick silicon substrate, since the device is backside illuminated. Frontside 

illumination of PtSi detectors permits response down to 200 nm [Tower, 19911. A greater 

thickness of silicon, in this case an external filter, simply further attenuates the shortwave 

radiation reaching the PtSi-silicon junction in the EG & G detector. 
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Figure 3.7.2 Calculated external transmittance from 1.0 to 2.5 JJm of Si absorption filter. 

Fig. 3.7.1 shows the calculated external transmittance near the band gap for varying 

thicknesses of silicon. It is assumed that both surfaces of the silicon have been anti-reflection 

(AR) coated with a single layer of SiO. The values plotted in Fig. 3.7.1 were calculated from 

a recently published 11 parameter equation that was developed with particular care taken to 

obtain a good fit to experimental data near the absorption edge [Geist ~ ru.:.. 1988]. 

Silicon is an indirect gap semiconductor and as such its absorption coefficient 

incrp.ases gradually for photon energies slightly above the band gap [Pankove. 1971. pp. 126-

127]. This gradual increase in absorption as wavelength decreases (or gradual increase in 

transmission as wavelength increases) is shown clearly in Fig. 3.7.1. Increasing the thickness 

of the silicon absorption filter shifts the tail of long wave transmission to greater values. 
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Either 2-mm or 3-mm seems to be a suitable thickness for the long-pass silicon absorption 

filter. 

Silicon has an average index of refraction of about 3.5 over the l.l to 2.5 I'm SWIR 

range [Smith, 1990, p. 176]. Fresnel reflection at two uncoated silicon-air interfaces would 

reduce the maximum transmittance of the filter to about 48%. Anti-reflection (AR) coating 

is highly desirable. Silicon monoxide (SiO) has an index of refraction of about 1.86 at SWIR 

wavelengths [Smith, 1990, p. 188]. This is almost a perfect match to the ideal value of v'3.5 

= 1.87 for a single layer AR coating for a silicon-air interface. The transmittance values 

plotted in Fig. 3.7.1 were calculated assuming an SiO monolayer AR coating of the correct 

thickness for minimum reflectance at 1.5 I'm. Fig. 3.7.2 shows calculated external 

transmittances over the entire SWIR range for the same thicknesses of silicon plotted in Fig. 

3.7.1. Away from the bandgap the losses are due almost entirely to reflection and the curves 

for all thicknesses overlap. 

A pair of 2-mm thick by I" diameter silicon absorption filters were purchased for the 

12.8° and 4.85° field-of-view optics. A 3-mm thick by 2" diameter silicon absorption filter 

was purchased for the 1° field-of-view optics. All three filters were AR coated with a multi

layer dielectric coating (instead of an SiO monolayer). Fig. 3.7.3 shows the measured external 

transmittance from 1.0 to 2.5 I'm of a 2-mm thick AR coated silicon filter. Measurements 

showing both the memory effect and its elimination are presented in section 4.1. 

An additional reason to use a long-pass filter to limit system response is related to 

second order subtraction. Second order subtraction is carried out numerically. The second 

order efficiency from approximately 2. I to 2.45 I'm was characterized as a fraction of the first 

order signal from 1.05 to 1.225 I'm as part of the instrumental calibration (section 4.8). A 

portion of the first order signal at the shorter wavelengths is then subtracted from the signal 

at the longer wavelengths as part of the data processing. Originally, it was believed that the 
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Figure 3.7.3 Measure external transmittance of Si absorption filter from 1.0 to 2.5 Io'm with 
a multi-layer dielectric anti-reflection coating. 

detector would not respond at all below 1.1 Io'm. The custom diffraction grating was produced 

so that a total wavelength range of about 1.4 Io'm is mapped onto the 25-mm long PtSi Iinear-

array detector. 

The fact that the detector responds below 1.1 pm required a 50-nm shift to shorter 

wavelengths than originally intended for the spectral coverage of the instrument. A first 

order signal must be collected down to the shortest wavelength of system response for accurate 

second order subtraction. With no long-pass filter to limit system response, spectral coverage 

would have to be shifted to even shorter wavelengths, and some of the ASTER and A VIRIS 

bands would no longer be covered. 
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Section 3.8: Short-pass cold filter and cold stops 

As was mentioned in section 3.6, and plotted in Fig. 3.6.1, the PtSi detector responds 

to radiation out to wavelengths as long as about 5 I'm. Fig. 3.8.1 shows a plot of normalized 

spectral photon radiance for the sun modeled as a 5900 K blackbody and for background 

radiation assuming a blackbody background at temperatures of 00 C, 250 C, and 450 C. For 

plotting convenience, the solar spectral photon radiance has been normalized to a maximum 

value of unity. The background spectral photon radiances have been normalized to a value 

of unity for the output of a 450 C background at a wavelength of 3.0 I'm, also for plotting 

convenience. 

It is evident that the background radiance increases sharply as a function of both 

wavelength and temperature. A point to keep in mind when interpreting Fig. 3.8.1 is that the 

solar signal is dispersed by the grating and so it is the solar spectral radiance that is detected. 

On the other hand, the background flux is not spectrally dispersed, and so it is the integrated 

value up to the cutoff wavelength for system response that is important. 

In fact, it is the integrated product of background flux at the detector times the 

wavelength-dependent quantum efficiency of the detector that is important. Fig. 3.8.1 merely 

illustrates the fact that background photon radiance increases rapidly with both cutoff 

wavelength and temperature. With no filter to limit the PtSi long-wavelength response, 

operation at 250 C is limited to integration times of 0.1 s, or less, to avoid detector saturation. 

This is shorter than the 0.25 s minimum integration time set by the speed of the AID 

electronics. 

It is clearly necessary to limit system response beyond the 2.5-J.'m upper limit to the 

desired SWIR range. The PtSi Dewar has space available for a I-mm thick cold filter, though 

none is installed as a standard item. This filter is nominally at liquid-nitrogen temperature. 
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Many glasses intended for use in the manufacture of lenses for use at visible 

wavelengths start to absorb and become opaque between 2.4 pm and 3.0 pm. A I -mm thick 

piece of optical crown glass was chosen initially as the cooled short-pass filter. This was a 

very cheap approach, and a published graph indicated that optical crown glass becomes 

opaque around 3.0 pm [Melles-Griot Optics Guide 4]. 

A l-mm thick microscope slide made of optical crown glass was cut to the correct 

length and width and installed in the Dewar. However, the detector output due to background 

alone at room temperature was reduced only slightly. A transmission scan was taken of an 

uncut microscope slide and it was found that transmittance did indeed decrease from 2.8 to 

5.0 pm, but only to about 50%, not to 0%. The explanation is that attenuation due to 
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absorption is an exponential function of thickness, and the published graph was for a 10-mm 

thickness, not I-mm. 

A very steep filter transmittance edge can best be obtained with a multilayer dielectric 

interference filter, and this somewhat more expensive approach was investigated next. 

However, performance limits exists for the width of the transmission band that can be 

obtained with a short-pass interference filter and for the extent of the long wavelength 

blocking. Typical transmittance performance would be 50% transmittance or better from the 

cutoff wavelength down to a wavelength of about 0.5 times the cutoff, or perhaps slightly 

lower [Smith, 1990, pp. 194-195; The Infrared Handbook, 1985, section 7, pp. 119-125). 

Typical blocking performance would be blocking only out to about 1.5 times the cutoff 

wavelength, or even less. 

Five or six filter manufacturers were contacted, but none had in stock, or claimed an 

ability to manufacture, a short-pass filter with a cutoff at 2.5 to 2.7 ISm, 50% or greater 

transmittance down to 1.1 ISm, and 10% or better blocking out to 5 ISm. However, in the 

course of discussions, one manufacturer mentioned that Schott PK-50 glass is sometimes used 

as a long wavelength blocking substrate for filters intended for use below 2.5 ISm. 

A I-mm thick piece of Schott PK-50 was obtained and a transmission scan was made. 

The results are plotted in Fig. 3.8.2. The 92% external transmittance from 1 to l.5 ISm 

coincides well with Fresnel reflection losses at the surface. It can be seen that the external 

transmittance of the PK-50 remains above 75% from 1.1 to 2.5 ISm and then falls to 50% at 

about 2.75 ISm and nearly to zero beyond about 3.2 ISm. 

A piece of 1-mm thick Schott PK-50 glass was subsequently cut to the proper length 

and width and installed in the Dewar. The glass was broad-band anti-reflection (BBAR) 

coated before installation to reduce stray light. For engineering calculations of the 

background level, the transmittance of the filter is treated as a step function with 100% 
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Figure 3.8.2 Measured transmittance vs. wavelength for PK-50 cold filter. 

transmittance from 1.1 to 2.75 pm and 0% transmittance beyond 2.75 pm. 

A pair of rectangular baffles inside the Dewar also help to reduce background 

radiation by restricting the FOY of the detector. These baffles are attached to the cold finger 

of the Dewar via aluminum mounts, and are nominally at liquid-nitrogen temperature. The 

stock baffles that came with the Dewar were replaced by a set of custom baffles that match 

more closely the minimum FOY required for the detector to view the diffraction grating. 

A baffle 3.3-mm wide is located 5.6 mm in front of the focal plane. A second baffle 

3.8-mm wide is located 9.2 mm in front of the focal plane. The baffles are centered vertically 

with respect to the detector, but are slightly offset horizontally to accommodate the oblique 

angle of incidence from the diffraction grating. These baffles slightly vignette the F /2 cone 

of light from the grating, but still pass about 85% of the full system throughput. 
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An unobstructed F/2 cone corresponds to a projected solid angle of 0.184 sr. The 

projected solid angle for collection of signal flux is 0.154 sr with the custom baffles. The 

projected solid angle for the collection of background flux is 0.556 sr with the custom baffles. 

The values just given were calculated by numerical integration. Extensive calculations were 

carried out to determine the aperture widths that would yield the most favorable ratio of solid 

angle for signal collection to solid angle for background collection. 

With no cold baffles, the detector would collect background radiation from a full1r 

sr solid angle, instead of just 0.556 sr. The increased background flux would cause the 

detector to be saturated at the shortest possible integration time of 0.25 s. 

The baffle located 9.2 mm in front of the focal plane is referred to by the 

manufacturer as the cold shield baffle. The baffle located 5.6 mm in front of the focal plane 

is referred to by the manufacturer as the cold clamp baffle. The cold clamp baffle clamps the 

PK-50 cold filter into place. 



101 

Section 3.9: Response flattening filter. 

The decrease in system response as wavelength increases was outlined in sections 2.1 

and 3.2. It might be advantageous to decrease the system response to the shorter wavelengths. 

Then an integration time long enough to produce a large signal at the longer wavelengths 

could be used, while still avoiding detector saturation at the shorter wavelengths. Several 

methods of accomplishing this were explored, but none was selected. 

An initial thought was to place a graded density filter near the focal plane. It is 

relatively easy to· produce a graded density filter by depositing a reflecting layer of metal of 

varying thickness on a glass substrate. This type of filter could be deposited on one side of 

the cold filter. However, this approach was rejected because of concerns over the stray light 

that might be generated by reflecting a large portion of the short wavelength radiation. 

A second thought was to place a wedge of absorbing glass near the focal plane, 

perhaps on top of the cold filter. The thick end of the wedge would be placed over the end 

of the detector that receives short wavelength radiation. The standard procedure in designing 

such a filter is to start with a glass that has a fairly constant absorption coefficient over the 

entire wavelength range of interest. Transmittance as a function of linear position along the 

detector (i.e., as a function of wavelength) is then determined by the profile of thickness as 

a function of linear position. Unfortunately, most types of neutral density absorbing glass 

have been designed for use at visible and near infrared wavelengths. No glass suitable for use 

over the SWIR range was identified. 

A third approach replaces the wedge of absorbing glass with a tapered slot in a metal 

plate placed over the window to the dewar, or substituted for one of the cold stop apertures. 

The wide end of the slot would pass all of the long-wavelength radiation. The narrower 

portions of the slot would selectively pass only a fraction of the incident radiation to the 
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short-wavelength end of the detector. This approach would be relatively simple and cheap. 

and should not increase stray light. 

A final approach would be to use a colored glass absorption filter that provides 

increasing transmittance with wavelength over the SWIR range. Certain blue and green 

colored glass types intended for use as bandpass filters at visible wavelengths happen to start 

transmitting again beyond I pm. The transmittance increases over the SWIR range. Two such 

filters were purchased and tested. The first was a 5-mm thick piece of Corning 5-60 glass. 

The second was a 3-mm thick piece of Schott YG-6. 

Unfortunately, both had too strong attenuation at the shorter wavelengths. Grinding 

the pieces thinner might result in useful filters. The big advantage of using a colored glass 

filter as compared to the other techniques is that second order signal would also be reduced. 

A colored glass filter could be placed directly in front of the FOY optics, and could easily be 

removed if greater response at short wavelengths were desired. 
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Section 3.10: Temperature stabilization of the grating housing. 

Most of the thermally generated background radiation that reaches the PtSi linear-

array detector is emitted from the blackened interior walls of the diffraction grating housing. 

A plot of normalized background level versus temperature is shown in Fig. 3.10.1. 
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Figure 3.10.1: Calculated background level versus temperature. normalized to calculated 
background level at 50° C. 

Fig. 3.10.1 is a normalized plot of the integrated product from 1.1 to 2.75 pm of the 

background spectral photon radiance times the detector quantum efficiency. The background 

was modeled as a blackbody. and EQ. 3.6.3 (with CI • 0.2 pm and >'c = S.O pm) was used to 

calculate the quantum efficiency of the detector as a function of wavelength. The 

transmittance of the Dewar window was assumed to be constant at all wavelengths of interest, 

and the PK-50 cold filter was assumed to have 100% transmittance from 1.1 to 2.75 pm, and 
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zero transmittance beyond 2.75 JJm. The normalized values can be scaled to any temperature 

and integration time by using the measured value of 3.6 V S-1 at 25° C. 

A pair of thermoelectric (TE) heat pumps stabilize the temperature of the diffraction 

grating housing at 0°, 13°.25°. or 30° C. 25° C is the intended normal operating temperature. 

Stabilizing the temperature of the diffraction grating housing at 25° C produces a relatively 

constant background level, independent of the ambient temperature. This simplifies 

characterization of the non-linear output of the detector, and avoids the high background 

levels that otherwise would be generated at an ambient temperature of 45° to 50° C. 

The additional temperature settings (selectable by a front panel switch) provide 

flexibility. Lowering the temperature clearly lowers the background level. and increases the 

fraction of the detector's full dynamic range that may be used to collect signal photons. 

Raising (or lowering) the temperature of the grating housing to match more closely the 

ambient temperature will reduce the demands on, and the power consumption of. the TE heat 

pumps. 

The diffraction grating housing is an aluminum casting approximately 2.0 kg in 

weight, and 100 mm by 100 mm by ISO mm in size. A Delrin plastic collar and nylon 

fastening screws thermally isolate the grating housing from the mounting flange on the Dewar 

that contains the PtSi detector. Closed cell foam, 25 mm thick, insulates the housing from the 

surrounding air. A 2800 liters/minute fan blows air through a duct and over a pair of finned 

heat exchangers to provide a heat source/sink for the TE heat pumps. 

A pair of 71 couple, Bismuth-Telluride heat pumps is clamped (one each) to the top 

and bottom of the grating housing. The heat pumps are bidirectional devices that can 

function as heaters or coolers, depending on the direction of electrical current flow. The 

models chosen can pump 10 to IS W of heat each when supplied with 2.5 A of current (at 

approximately 5 V). The calculated warmup/cool down period is about IS min. assuming a 
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25° C temperature change from ambient. The maximum heat pumping requirement at steady 

state is calculated as a little more than 2 W, corresponding to a current flow of about 0.75 A. 

The fan draws about 0.55 A, maximum. 

Thermostatic control of the heating/cooling is provided by a simple proportional 

control system. A pair of platinum resistors is mounted on opposite sides of the grating 

housing and is connected electrically in series. These resistors are part of a Wheatstone bridge 

that provides input to an operational amplifier that controls current drive to the TE heat 

pumps. The circuit is modeled after a design recommended by the National Institute of 

Standards and Technology [Lind et aI., 1977], but with gain and feed back polarity 

appropriate for platinum resistors, rather than a thermistor. An AD-590 two-terminal IC, in 

combination with a 0.01 %, 10-k resistor, provides a temperature readout in Kelvin. 

Very little air is exchanged between the grating housing and ambient when the fiber 

optic is in place. The grating housing may be purged with low moisture «5 ppm), 

hydrocarbon free «0.1 ppm) air prior to cool down to prevent any condensation on the 

surface of the diffraction grating or the Dewar window. 
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Section 3.11: Power supply and analogue electronics. 

An overview of the electronics is presented in the electronics block diagram, Fig. 

3.11.1. A general description of the elements of the block diagram will be presented first. 

The spectroradiometer is designed to operate under either AC or DC power. The AC power 

supply also functions as a battery charger to charge the 12-V lead-acid storage battery used 

for DC operation. The main units of the spectroradiometer that require power are the 

Paravant RHC-88 computer, the heaters, the shutter, and the array electronics. In addition, 

digital timing circuitry is required to coordinate the opening and closing of the shutter and 

readout of the PtSi array. 

A combination radio frequency interference filter, voltage selector, and fuse holder 

serves as the power entry module for AC operation. Switches SIPI, SIP2, and SlP3 are all 

part of a four-pole, double-throw, on-off-on switch that is mounted on the front panel. This 

switch allows a choice of AC operation (up), DC operation (down). or off (middle position). 

The main AC/DC supply is rated at 24-V. 2.4-A output. An output of at least 20 V 

was required to provide sufficient "overhead voltage" for the battery charger. 24 V was the 

next value above 15 V that was commonly available in commercial supplies. The output of 

the 24-V supply is protected against an overvoltage-fault condition by an overvoltage sensor 

and a silicon-controlled rectifier. The front panel mounted AC indicator LED should be on 

whenever the instrument is plugged in and switched to AC operation. 

The battery-charger circuitry is designed to charge the 12-V lead-acid storage battery 

as rapidly and efficiently as possibie. The charging circuit and its indicator LED should be 

on whenever the spectroradiometer is plugged in and switched to AC operation. A 3-A 

blocking diode ensures that current flow is one-way from the charger to the battery and that 

the charge indicator LED is on only when the charger is actually on. 
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A DC/DC converter rated at 12-V. 1.5-A output is the secondary. or intermediate. 

DC power sUI=';>ly for all instrumental functions. except the heat pumps and fan. The AC 

supply and storage battery serve as alternate primary inputs to this converter. A DC/DC 

converter has several advantages over a simple "step-down" voltage regulator employing pass 

transistors. The DC/DC converter accepts input voltages in the range 9-36 V and will 

maintain a typical 77% conversion efficiency regardless of whether the 12-V battery or 24-V 

AC/DC supply is used as input. In addition, the battery output is only nominally 12 V. The 

battery output in actuality ranges from about 12.6 V when fully charged to as low as 9.6 V 

at the lowest recommended cutoff voltage when discharged. The DC/DC converter will 

maintain a constant 12-V drive voltage to the shutter solenoid and to the regulator for the 

Paravant computer regardless of the battery voltage. 

A simple three terminal IC voltage regulator is used to derive a 9-V supply for the 

Paravant RHC-88 computer. This supply can be used either to run the Paravant RHC-88 

directly. or to charge its NiCad battery pack. 

Switches S2Pl and S2P2 are part of a double-pole, single-throw switch. The mai:i 

purpose for switch S2 is to turn off all auxiliary electronics while the 12-V lead-acid storage 

battery and the Paravant RHC-88 NiCad battery pack are being charged. S2Pl turns power 

to the TE heat pumps and fan on or off. A pair of 5-V. 3.5-A DCiDC converters supply 

current to the TE heat pumps. One converter supplies +5 V, and the other supplies -5 V. 

These converters are sized to supply in excess of 2 A to the heat pumps for fast warmup/cool 

down of the grating housing. Power consumption at steady state will be much less. The fan 

requires about 0.55 A to produce a full 2800 liters/min of air flow. but can be programmed 

for lower power consumption (and lower air flow) should this prove to be practical and 

desirable. 
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Switch S2P2 turns power to the shutter solenoid. shutter timing circuitry. PtSi array 

electronics. AID synchronization electronics. and heat pump control electronics on or off. 

The 5-V. I OO-mA regulator for the PtSi array electronics and AID synchronization electronics 

utilizes a simple Ie voltage regulator with appropriate current limiting and over voltage 

protection. Another DCIDC converter provides ±lS-V. IOO-mA supplies for the PtSi array 

electronics. AID synchronization electronics. and heat pump control electronics. 
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Section 3.12: Timing, digital electronics, and computer interface. 

Production of the timing, computer interface, and digital electronics involved the 

modification of the AID conversion board within the Paravant RHC-88 computer as well as 

the construction of new circuit boards. The PtSi detector may be operated in either an 

externally clocked mode, or an internally clocked mode. External clocking was chosen to 

facilitate synchronization with the Paravant RHC-88 computer. The AID conversion is 

carried out with 12-bits. 

Clocking for the AID board is derived from the 6.144-MHz CPU clock with an 82C54 

CMOS programmable interval timer. The 82C54 has three separate programmable counters. 

The rates and output modes of all three counters (numbered 0, 1, and 2) are set by the data 

collection software. Counter 2 steps the 6.144 MHz clock down to 1.024 MHz. The 

1.024-MHz counter 2 output is the master clock for the AID board. 

The output of counter 2 is jumpered to the input of counter 1. Counter 1 steps the 

clock down further to 10,240 Hz. The 10,240 Hz signal is the master clock for the PtSi 

readout electronics. A jumper was installed on the AID board to output the 10,240 Hz clock 

signal on an unused pin (pin V) of the AID board 19-pin 1/0 connector. Since two full clock 

cycles are required to produce an output from one element of the PtSi array detector, the 

detector readout proceeds at a rate of 5120 Hz, regardless of the integration time. The 

readout time for all 1024 elements, plus eight prescan pixels, plus one post-scan pixel, is 

therefore about 0.200 s. Test measurements indicated that the AID board operates reliably 

at a maximum rate of about 6000 Hz. 

The counter I output is also jumpered to the counter 0 input. Counter 0 of the 82C54 

interval timer is programmed to produce a single output pulse every N cycles of the 10,240 

Hz signal from counter 1. This output pulse is used as an external trigger signal to initiate 
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readout of the PtSi array detector. The integration time for the detector is thus determined 

by the value N that is written to the counter 0 timer. 

The counter 0 trigger pulse is output by a jumper to the channel 7 low pin (pin S) of 

the A/D board 19-pin I/O connector. Channel 7 is therefore not valid for signal input. 

Channel 0 is used for signal input from the detector. The counter 0 output is "low true", 

whereas the detector requires a "high true" trigger. An invertor on an auxiliary circuit board 

placed inside the electronics card box of the detector inverts the trigger signal. A double

throw switch allows the invertor to be bypassed for trouble shooting and/or internal clocking. 

The auxiliary circuit board also contains digital circuitry to synchronize the A/D 

conversion so that a single data point is collected from each pixel of the detector. Since A/D 

conversion can only be triggered by software commands, some effort was required to obtain 

proper synchronization of the A/D conversion. 

The output of the detector is a sampled-and-held version of the integrated charge 

required to reset the bias voltage of each diode in the array. A pair of monostable muIti

vibrators (one-shots) that are located on the auxiliary circuit board produce a delayed pulse 

corresponding to each "hold" command that is sent to the sample-and-hold device that is part 

of the detector electronics. The delay time and pulse width are adjusted so that the delayed 

pulse is high only between the inevitable noise spikes produced by clock transitions. This 

pulse functions as a "data ok" signal. 

A comparator powered by a ±15 V supply buffers the "data ok" pulse and outputs it 

to the CTS input line of the RS-232 serial port on the Paravant RHC-88 computer. The status 

of the CTS line is polled by software, and an A/D conversion is initiated only when the "data 

ok" pulse is high. 

A further subtlety in the proper synchronization of the A/D conversion is related to 

updating of the CPU system clock. The CPU is interrupted 18.2 times a second by a hardware 
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interrupt that instructs the CPU to update the system clock. If the clock update interrupt 

occurs at an inopportune moment, the computer might miss a "data ok" pulse and hence skip 

a pixel. Clock interrupts are therefore disabled before AID conversion begins. The interrupts 

are re-enabled, and the system clock is updated from the real-time clock, after each readout 

of the detector array. 

The final component of the computer interface is circuitry to open and close the 

shutter by software command. The DTR line of the RS-232 serial port is sent high to open 

the shutter and low to close the shutter. An operational amplifier wired as a comparator 

accepts the DTR signal as input. The output of the amplifier goes high to switch a transistor 

into saturated conduction and permit current to flow through the shutter solenoid. This opens 

the shutter. When the output of the operational amplifier goes low, the transistor is taken out 

of conduction, current ceases to flow through the shutter solenoid, and the shutter closes. 
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Section 3.13: Software 

The software may be divided into three classes: data collection, data processing, and 

general purpose. The data collection software will be described first, followed by the general 

purpose software, and the most basic data processing software. Additional special purpose 

data-processing software will be described in the appropriate sections of section 4. 

The data collection software involves three distinct levels of programming. The 

section of code that polls the "data ok" input (section 3.12) and directs AID conversion is 

written in assembly language for maximum execution speed. BIOS system calls are used to 

reset the system clock from the real time clock following readout of the detector array. BIOS 

system calls are also used to plot data on the Paravant RHC-88's non-standard display screen. 

All other sections of code are written in 'C'. 

The Paravant's CPU is a NEC V -40 chip, which is the equivalent of an Intel 80186 

chip. The lack of a math co-processor and the clock rate of only 6.144 MHz make the 

execution of floating point operations excruciatingly slow. All floating point operations are 

left to the data processing software, which may be executed on faster machines. Since the 

digitized data is integer valued anyway, the raw data can be stored and output in integer 

format with no loss of precision. 

The data collection program is called SWIRSCAN. SWIRSCAN is highly modular in 

design, and relies heavily on repeated calls to a set of "single task" functions. These functions 

carry out such tasks as opening the shutter, closing the shutter, displaying data, writing data 

to the output file, etc. Five basic modes of operation have been created by combining the 

"single task" functions in different ways: warm up mode, alignment mode, signal collection 

mode, background collection mode, and exit mode. 
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The A/D board is powered up, and clock and trigger signals are being sent to the 

detector whenever SWIRSCAN is running. Data are therefore being output from the detector 

continuously, but the data are digitized, displayed and/or stored only upon user request. As 

a precautionary note, it is preferable to tum the detector on Iflm: the data collection program 

has started to run, and to tum the detector off ~ the program is exited. This insures that 

the A/D board is always in a power-on state when inputs are presented. 

In the warm up mode of operation the computer functions similarly to a digital 

oscilloscope. Clock signals and trigger signals are sent to the detector, the output from the 

detector is digitized and displayed, and the display is updated as rapidly as possible. 

However, the shutter is left closed, and no data are written to the output file. This mode of 

operation allows the detector to warm up, and also allows the operator to verify that the 

detector is operating and that the computer is able to collect data. 

The alignment mode of operation is somewhat similar to the warmup mode, in that 

the display is updated continuously, and no data are written to the output file. However, the 

shutter is opened and closed, and the difference between signal-plus-background and 

background-only is plotted to the screen. Only the first 256 pixels of the l024-element 

detector array are plotted. These pixels comprise the short-wavelength end of the SWIR 

spectrum. Spectral alignment and focussing can be carried out if an argon lamp is used as 

input to the spectroradiometer. A vertical line is drawn on the screen at a position 

corresponding to a particular wavelength. The instrument is aligned by moving the grating 

so that a distinctive spectral line falls on the vertical display line. The instrument can be 

focussed by adjusting the shutter mount/entrance slit assembly so that the spectral lines are 

as tall and narrow as possible. 

The signal collection mode allows the collection of a single scan, or the summing of 

N scans, where N may be any integer up to 256. A complete data collection cycle for a single 
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scan involves four complete readouts of the array. Following a user request for scan, entered 

at the computer keyboard, the shutter is opened. The array is read out, but the data are not 

stored, since the shutter was closed for part of the integration period, and open for the 

remainder. This may be regarded as a "flush" cycle. The array is then read out a second time, 

and the resulting signal-plus-background-plus-dark data is digitized and stored. The shutter 

is closed. The array is read out a third time, but again the data are not stored. This is another 

flush cycle. Finally, the array is read out a fourth time and the background-pIus-dark data 

are digitized and stored. The difference between signal-plus-background-plus-dark and 

backgound-plus-dark-only is written to the output file. 

The behavior of the 82C54 timer chip (section 3.12) limits the duty cycle for data 

collection to only 25%. When a new count for the integration time is written to the 82C54 

counter 0, the new count is initially added to the count-down in progress. This count-down 

is thus extended. No time is actually saved if the attempt is made to flush the array at a 

reduced interval. The duty cycle for data collection could be increased by using the following 

sequence: open the shutter, flush the array once, take a series of signal-plus-background 

scans, close the shutter, flush the array once more, then take a series of background-only 

scans. 

If N scans are collected, the sum of the data for each pixel is written to the output 

file, as well as the sum of the data squared. These values are written as long integers. The 

integer valued data are converted to floating point average and root-mean-sQuare (rms) values 

by the data processing software. After the data have been written to the output file, the data 

from the final scan are displayed on the screen. 

The background mode of data collection is similar to the signal collection mode, 

except that the shutter is left closed and no background subtraction is carried out. The data, 



116 

whether from 1 scan or N scans, are written to the output file, and the final scan is displayed 

on the screen. This mode is useful for recording the actual dark-plus-background level. 

As the name suggests, the program terminates when the exit mode is selected. The 

AID board is powered down, the output file is closed, and control returns to the operating 

system. 

The most important general purpose software is a program called ACLK. The only 

function of ACLK is to send clock and trigger signals to the PtSi array detector. However, 

any clock rate and integration time may be selected and easily changed. In combination with 

an oscilloscope, this program allows the study of detector performance at clock rates up to the 

100 kHz limit set by the array electronics. ACLK (again in combination with an oscilloscope) 

also facilitates trouble shooting and allows rudimentary data collection in the event of failure 

of the Paravant RHC-88 computer. 

The most basic data processing program is called IR_2_LOT, which converts the 

long-integer-valued raw data to floating-point average and rms deviation values. If only a 

single scan was collected, the rms deviation for each pixel is set to zero. IR_2_LOT outputs 

the data corresponding to each spectrum in a column format suitable for plotting with Lotus 

1-2-3. The IR_2_LOT program permits easy inspection and graphing of the data with no 

processing beyond conversion to average and rms deviation values. 

The special purpose data processing programs that are used for spectral calibration, 

non-linearity correction, 2nd order subtraction, radiometric calibration, etc. are described in 

the appropriate sections of Chapter 4. 
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CHAPTER 4: CALIBRA nON AND PERFORMANCE EVALUATIONS 

Section 4.1: Memory 

As mentioned in section 3.6, an unexpected aspect of detector performance was a 

memory effect that was observed under certain conditions. The effect was strongest for a pair 

of argon (Ar) lamp lines at 1.045 and 1.067 ",m. An output voltage level that was initially 

equal to 10% to 20% of the level produced by the Ar lamp lines persisted for 15 min or more 

after the lamp was turned off. A weaker memory effect due to shorter wavelength lamp lines 

that showed up in the 2nd order output of the grating was also observed. 
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Figure 4.1.1 Signal plus detector memory after 20 s for a tungsten-halogen lamp. No 
filtering of short wavelength radiation. 
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The memory effect might be related to band-to-band excitations in the silicon 

substrate, or in the silicon readout architecture. The manufacturer has suggested that the 

memory effect might be a dark current enhancement due to the filling of trap states at the 

platinum-silicon interface. Since only shorter wavelength radiation produced a noticeable 

memory effect, it was decided to use a silicon absorption fiIter (section 3.7) in front of the 

FOY optics to eliminate the memory effect. 

A spectrum of a tungsten-halogen lamp taken without the Si absorption filter in place 

in shown in Fig. 4.1.1 along with the signal due to the memory effect 20 s after the 

spectroradiometer input was covered. Fig. 4.1.2 shows signal plus memory effect after 

0.25 s with a 2-mm silicon absorption filter. 
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Figure 4.1.2 Signal plus detector memor~ after 0.25 s for a tungsten-halogen lamp. Short 
wavelength radiation filtered by a 2-mm thick silicon absorption filter. 
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Several features appear in Fig. 4.1.1. The original signal shows a definite detector 

response at wavelengths from 1.0 to 1.1 JJm. This indicates that even though the EG & G PtSi 

detector is backside illuminated, the O.5-mm thick silicon substrate does not produce a sharp 

cutoff of detector response at 1.1 JJm. A slightly enhanced detector response shows up around 

1.025 JJm. This is very likely due to band-to-band excitations within the silicon substrate 

and/or readout architecture, rather than to ejection of hot holes across the platinum-silicon 

Schottky diode interface. A hump due to 2nd order radiation is evident beyond about 1.875 

JJm (i.e., 1st order wavelengths greater than 0.938 JJm). This indicates that detector response 

in fact extends well below 1 JJm. 

A definite memory effect occurs between 1.0 and about 1.07 JJm. A small memory 

effect occurs from about 1.9 to 2.05 JJm (i.e., 0.95 to 1.025 JJm in the 1st order). The overall 

baseline offset of the detector response after 20 s might be a memory effect, or it might only 

be baseline drift. The tungsten-halogen lamp does cause the room in which the measurements 

were made to heat up, and this would increase the output due to background radiation. 

Fig. 4.1.2 shows that a 2-mm thick si absorption filter completely eliminates the 

memory effect at all wavelengths, even at the very short time scale of 0.25 s. No baseline 

drift is evident at this time scale, either. 
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Section 4.2: Electronics gain and full-well capacity 

To measure the gain of the electronics, a 1% precision 10 pF capacitor driven by a 

variable amplitude square wave was used to simulate the output of the bias reset line. A 

known amount of bias reset charge (Q = Jl VC where is the bias reset charge, Jl V is the peak-

to-peak amplitude of the square wave, and C is equal to 10 pF) was thus presented to the 

detector electronics. The amount of reset charge was varied by changing the amplitude of the 

square wave. The output voltage of the electronics was plotted against the reset charge. The 

slope of a least-squares, best-fit, straight line yielded the gain of the electronics in units of 

v IpC. One set of data and a best-fit straight line to the data are presented in Fig. 4.2.1. 
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Figure 4.2.1 Straight line fit to measured output voltage ploued against reset charge. 
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The gain of the electronics as calculated from the circuit diagram is 0.652 V IpC. The 

measured gain varied from 0.633 V IpC to 0.648 V IpC on two different days. Offsets of 

+0.002 V to +0.014 V were measured. Three sets of 5% resistors and a 5% capacitor are used 

in the gain electronics. The measured gains fall well within the cumulative 10% uncertainty 

level for the calculated gain. Day-to-day variations in the gain and offset seem to be related 

to the difficulty of consistently and correctly nulling out the input bias current of the 

operational amplifier that integrates the amplified reset charge. This current is subject to 

temperature variations. 

Most of the graphs in this dissertation show the detector output in units of digital 

counts. However, certain graphs and calculations are presented in units of volts (the actual 

units for the analogue output from the detector electronics). In other instances, results are 

quoted in terms of number of electrons (appropriate for a discussion of shot noise, dark 

current, full-well capacity, or actual rate of photo-electron generation). Since a 12-bit AID 

converter with ~ V full scale input is used, 1 count is equal to about 1.22 m V, or to about 

12,000 electrons. 

Once the gain has been measured, the full-well capacity is determined from the 

measured saturation voltage of 4.332 V. This was measured by using an integration time long 

enough so that the detector output, as monitored with a digital oscilloscope, saturated. The 

full-well capacity of 4.267 x 107 electrons (or 6.84 pC) is simply equal to the saturation 

voltage divided by the gain. The measured full-well capacity is somewhat smaller than the 

advertised value of 10 pC. The gain of the electronics appears to be linear for inputs 

substantially greater than the full-well capacity. The non-linear behavior of the PtSi detector 

(sections 3.1, 3.6, and 4.9) is thus attributable to the detector chip, and not to the signal 

processing electronics. 
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Since the full-well capacity should be fairly constant over time. variations in L'le 

saturation voltage could be used to correct data for changes in the gain of the electronics. if 

the offset voltage is small enough. The data collection software has provisions to take 

background scans with a 9-s integration time. long enough to saturate the detector with 

background radiation at 25° C. The non-linear behavior of the detector (section 4.9) was 

characterized as a fraction of the full-well capacity (more precisely. as a fraction of the digital 

counts corresponding to saturation). 
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Section 4.3: Dark current 

The output voltage due to dark current is plotted as a function of integration time in 

Fig. 4.3.1. To generate these data, a I-mm thick aluminum blank was installed in the cold 

filter slot inside the liquid nitrogen Dewar to block all radiation from reaching the detector. 

The output voltage, V 0' due to dark current, Id, is a non-linear function of integration 

time, TI. As discussed in section 3.6, the dark current (slope of V 0 versus TI) decreases as the 

initial reverse bias voltage is discharged. The dark current at maximum reverse bias was . 
calculated as Id = V o/gTI for TI = 0.25 s (i.e., 1st data point in Fig. 4.3.1) where g = 0.648 V fpC 
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Figure 4.3.1 Measured output due to dark current as a function of integration time for 
pixel 512 (large dark current) and pixel 1014 (small dark current). 
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is the measured gain of the electronics from section 4.2. The initial dark current for pixel 

512, a pixel with large dark current, is about 1.36 V s-l, or about 2.1 pA when divided by the 

gain of the electronics. The initial dark current for pixel 1014, a pixel with small dark 

current, is about 0.91 V S-l, or about 1.4 pA. 

The saturation level of about 4.3 V is shown as a horizontal line in Fig. 4.3.1. Since 

the dark current goes to zero as the bias voltage goes to zero, the output due to dark current 

alone wiII approach, but never reach, saturation. On the other hand, the detector can saturate 

when illuminated. 
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Figure 4.3.2 Measured output due to dark current for all pixels at selected integration 
times along with saturation level. 

The measured output due to dark current is plotted for all pixels in Fig. 4.3.2. 

Integration times of 0.25, 0.5 and 1.0 s are shown. The value 25 has been added to all pixel 

numbers so that pixel 0 is not obscured by the y-axis. The measured output with the 
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aluminum blank removed and with all pixels saturated by background current (at an 

integration time of 9 s) is also plotted. The graph indicates that full-well capacity, or 

saturated output, is very uniform across the array, but that dark current varies substantially 

from pixel to pixel. 
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Section 4.4: Spectral calibration 

Fig. 4.4.1 shows the spectroradiometer output with a low pressure argon lamp as the 

illumination source and with a 2-mm silicon absorption filter in place. The centers of the 

argon emission lines have been measured with good accuracy and are tabulated to 7 or 8 

significant digits (Rao ~ &. 1966). Spectral calibration using these lines was carried out in 

two steps. In the first step. a rough calibration was carried out using bandpass interference 

filters and a tungsten-halogen lamp. 
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Figure 4.4.1 Spectrum of low pressure argon lamp used for spectral calibration and to 
measure spectral resolution. 

The second step is a higher precision calibration that may be repeated as often as 

desired. Six (later seven) of the Ar lines in Fig. 4.4.1 were identified and matched to 

tabulated wavelength values using the rough calibration. These wavelengths are assigned to 
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a given position on the detector with sub-pixel precision using a recently published technique 

(Scopatz et at 1989). The centroid of each selected Ar line is calculated to the nearest 0.001 

pixel using a weighted average over 12 to 20 pixels centered on the pixel of maximum 

response for the selected Ar line. A least-squares best fit is then made using Chebyshev 

polynomials up to the 4th order as the basis functions (Press et al. 1988). The Chebyshev 

polynomials are scaled to be symmetrical (or anti-symmetrical) about the value 1.8 ~m and 

to be orthogonal (with proper weighting) over the range 1.1 to 2.5 ~m. 

A program called IR_S_CAL carries out the best fit procedure and outputs a table 

of values listing wavelength as a function of pixel value. This table is used as input to some 

of the other data processing programs, most notably the programs used for second order 

subtraction and radiometric calibration. The total number of lines used in the fit can be 

varied, though seven is a typical number. The number of polynomial terms can also be varied. 

Increasing the number of polynomial terms decreases the chi-squared statistic for the fit 

(Press et aI. 1988). However, if the number of polynomial terms used equals the number of 

line position, the fit is exact, and no smoothing of experimental error occurs. A statistic 

termed the Q-factor (Press et aI. 1988) is used to determine the optimum number of 

polynomial terms to use. In general, two fewer terms than the number of lines has yielded 

the best results. 

Although the centroid value of each Ar line is calculated to the nearest 0.001 pixel, 

the estimated uncertainty in the centroid value is actually much larger, about 0.5 pixels. This 

uncertainty was arrived at by varying the total number of pixels used to calculate the centroid 

value of an Ar line. The centroid value can shift by as much as a half a pixel, depending on 

the total number of pixels used in the calculation. This uncertainty could perhaps be reduced 

by using a different technique to find the fractional pixel value that corresponds to the center 

of a given Ar lamp line. One possibility is to use a maximum-minimum search technique in 
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combination with an interpolation scheme. Another possibility is to approximate the 

instrument function by an analytical function and to perform a least-squares fit of the 

instrument function to the measured data. 
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Figure 4.4.2 Residuals of spectral calibration. 

A plot of the residuals for a spectral calibration carried out on 28 April 1992 is shown 

in Fig. 4.4.2. The x coordinate gives the true (i.e., previously published) value in micrometers 

of each Ar line used in the calibration. The y coordinate gives the difference in nanometers 

between the best fit wavelength value assigned to the centroid pixel value of a given line and 

the tabulated wavelength value of that line. 

As an independent ch~ck of the spectral calibration. the silicon absorption filter was 

removed and the 2nd order locations of a HeNe laser and assorted visible to near infrared Ar 

lines were compared to the predicted values. An analysis using the original 1st order lines, 
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plus the 2nd order lines, plus two of the bandpass filters (12 wavelengths in all) showed an 

average agreement of 0.35 nm between the actual wavelength and the best-fit wavelength at 

a given location on the array. The largest mismatch was 0.86 nm and the smallest mismatch 

was 0.04 nm. 
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Section 4.5: Spectral resolution 

The full width at half maximum (FWHM) of the isolated Ar line at about 1.694 ~m 

(Fig. 4.4.1) is used to measure the spectral resolution. The optimum product of throughput 

and resolving power for a spectroradiometer is obtained when the entrance slit and exit slit 

are the same size (Girard and Jacquinot 1967). Since the individual elements of the PtSi 

detector array are spaced on 25 ~m centers, and since the optical fibers have diameters of 200 

to 250 ~m, the detector output is averaged over groups of 7 pixels in the standard resolution 

mode. The increases the SNR by a factor of .,.17 = 2.65, and decreases the measured resolution 

by only 10% to 20%. 
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Figure 4.5.1 Calculated instrument function (solid line) and instrument function measured 
with HMFG fiber bundle (squares). 
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The calculated instrument function for a 250 ISm diameter circle convolved with a 

200 ISm wide rectangle is plotted in Fig. 4.5.1 as a solid line. Actual data for the 1.69 JSm Ar 

line are plotted as squares. The data were obtained with the HMFG fiber optic bundle, and 

have been averaged over groups of 7 pixels. The measured FWHM instrument function is 13.9 

nm. This is about 15% broader than the calculated value of 12.0 nm. The increase might be 

due to a slight focussing error. to aberrations of or imperfect imaging by the holographic 

diffraction grating, to a slight transmission of radiation by the cladding of the fiber optics, 

or to stray light. The measured instrument function also has noticeable "wings" that extend 

well beyond the expected cut off. The wings are most likely due to stray light, which is 

discussed in more detail in section 4.7. 
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Figure 4.5.2 Measured instrument function with different sizes of entrance slit. 
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The use of optional entrance slits to improve the spectral resolution is illustrated in 

Fig. 4.5.2. These data were acquired with the 200 ~m diameter AFS fiber bundle. The 

broadest instrument function is for no auxiliary entrance slit and with the detector output 

averaged over groups of 7 pixels. The FWHM is about 10% narrower than for the HMFG 

fiber bundle. The instrument function for a 120 ~m wide auxiliary entrance slit was obtained 

with the detector output averaged over groups of 5 pixels. The instrument function for a SO 

~m wide auxiliary entrance slit was obtained with the detector output averaged over groups 

of 3 pixels. These last two instrument functions should change very little if the HMFG fiber 

bundle is used instead of the AFS fiber bundle. 

Table 4.5.1 Instrumental resolution obtainable with different 
combinations of entrance slit width and number of pixels averaged. 

Slit width Number of pixels Resolution 
(micrometers ) averaged (nm) 

250 7 13.9 

250 1 12.4 

200 7 12.6 

200 1 10.4 

120 5 9.3 

120 I 7.4 

SO 3 5.9 

50 I 4.9 

Table 4.5.1 lists the measured spectral resolution for various combinations of entrance 

slit width and output averaging. The highest measured resolution is 4.9 nm. A spectrum of 

the Ar lamp taken at 4.9 nm resolution is shown in Fig. 4.5.3. For the sake of comparison, 

the diffraction limited resolution of a system with a 70-mm wide grating ruled at 
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Figure 4.5.3 Spectrum of Ar lamp taken at 4.9 nm spectral resolution. 

65 grooves/mm is about 0.4 nm at 1.69 ~m (Hecht 1987). The sampling limited resolution of 

the system was listed earlier as 2.7 nm (section 2.2). With the HMFG fiber optics bundle, 

13.9 nm is the appropriate value for the spectral resolution in the standard mode of operation. 

Since the resolution as defined by the FWHM of the instrumental function is lower than the 

sampling limited resolution, the spectrum is ·over-sampled". However, the oversampling is 

advantageous when it comes to matching up the output of the Mark 1 spectroradiometer to 

the output from another instrument. The output from the Mark 1 spectroradiometer can be 

selected in 1.37 nm increments. 

Finally, spectral resolution in this section is stated to the nearest 0.1 nm for a given 

combination of entrance slit width and number of pixels averaged. However, throughout the 

rest of the dissertation the values are rounded to the nearest nanometer. 
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SectiOlJ 4.6: Fiber optic and FOY measurements 

One of the first tests carried out was a verification of the acceptance angle of the fiber 

optics. This was done in response to a suggestion by a representative of Instruments SA that 

the advertised acceptance angles might be somewhat misleading. The particular concern was 

that acceptance might be strongly peaked at small input angles, rather than behaving as a 

"top-hat" function out to the specified acceptance angle. In the case of a peaked acceptance, 

the output would be concentrated in a relatively small cone, and a custom F /2 grating might 

not provide a large advantage over an F /2.8 grating (available as a stock item). 
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Figure 4.6.1 Normalized output as a function of angle for AFS fiber illuminated by an 
integrating sphere. Integrated product of output and solid angle is also plotted. 

Fig. 4.6.1 shows the results of an acceptance angle test for the AFS fiber bundle. The 

round end of the bundle was illuminated by an integrating sphere. A radiometer measured 
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the output of the line end of the bundle as a function of angle. The normalized output as a 

function of angle is plotted in Fig. 4.6.1 along with the integrated product of output and 

projected solid angle. These results indicated that an F/2 system could indeed provide about 

67% higher throughput than an F /2.8 system. 
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Figure 4.6.2 Normalized output as a function of angle for AFS fiber illuminated by the 
50 FOY optics. Integrated product of output and solid angle is also plotted. 

The results of a similar set of measurements are presented in Fig. 4.6.2. However in 

this case the round end of the fiber bundle was illuminated by the 50 FOY optics, rather than 

by an integrating sphere. The results indicate that about 98% of the output is centered within 

a solid angle corresponding to F /2. The solid angle of illumination that is produced by the 

FOY optics is very well preserved by the 2-m AFS fiber optic bundle. 
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Figure 4.6.3 Data and best-fit straight line for normalized output from AFS fiber optic 
bundle as a function of curvature of the bundle. 

The third set of fiber optic test measurements relates to the decrease in transmittance 

as the fibers are bent. The AFS fiber bundle was coiled around seven objects of varying radii. 

The input end of the bundle was held in a fixed position and received constant illumination. 

A silicon photodiode monitored the output. The results are plotted in Fig. 4.6.3. The x-axis 

has units of C = I/R, where C is the curvature, and R is the radius (in cm) of the object 

around which the fiber was coiled. The decrease in transmittance remains under 0.5%, 

provided the bend radius is greater than about 7 cm. 

The actual field-of -view of the 50 FOY optics was measured next. The FOY optics 

were kept mounted in a fixed position, and a pseudo-point source of light was moved in an 

arc about the FOV optics. The output was again monitored with a silicon photodiode. The 

results are plotted in Fig. 4.6.4. A 0.20 offset, or asymmetry, in the original data has been 
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Figure 4.6.4 Measured response of S° FOY optics as a function of input angle. The 
integrated product of output and projected solid angle is also shown. 

subtracted. This offset is of the same size as the limits on the alignment precision of the test 

setup. and so it is not possible to decide whether the asymmetry was due to the FOY optics 

or to the test setup. The integrated product of output and projected solid angle is also plotted 

in Fig. 4.6.4. Nearly 100% of the total output appears to be contained within an angle of S° 

(half angle of 2.5°). However. it would be desirable to measure the out-of -field response with 

greater precision. to see if in fact 100% of the output is contained within S°. 

The possible effects of chromatic aberration on the FOY as a function of wavelength 

also have not been investigated. It might be worthwhile to repeat the FOY measurements 

using the complete Mark-l spectroradiometer. rather than just a silicon photodiode. to 

monitor the output from the FOY optics as a function of input angle. 
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Section 4.7 Stray light 

Stray light is currently the main area of system performance for which improvement 

is desirable. Problems with excessive stray light are evident under a variety of circumstances. 

Despite the fact that the transmittance of the silicon absorption filter is essentially zero below 

about 1.02 pm (Figs. 3.7.1 and 3.7.2), a substantial signal appears in Fig. 4.1.2 at a wavelength 

of 1.0 pm. The Ar lamp spectrum (Fig. 4.4.1) shows a small non-zero baseline, and "wings" 

are evident on the instrument function as measured with the 1.69 pm Ar lamp line (Figs. 4.5.1 

and 4.5.2). In addition, stray light causes a discontinuity in the data when second order 

subtraction is carried out (Fig. 3.2.2 and section 4.8). 
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Figure 4.7.1 Spectrum of lO-nm bandpass filter centered on 1.210 pm taken with 
Mark 1 spectroradiometer. 
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A pair of bandpass filters have been used to quantify stray light. A spectrum taken 

with the Mark-l spectroradiometer of a bandpass filter with a 10-nm bandpass and a central 

wavelength of about 1.210 ~m is shown in Fig. 4.7.1. The data have been normalized to a 

peak value of 1. 
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Figure 4.7.2 LoglO of normalized transmittance of IO-nm bandpass filter plotted against 
wavelength difference (in ~m) from the transmission peak at 1.210 ~m. 

The log10 values of the same data are plotted in Fig. 4.7.2 as a function of 

displacement from the center wavelength. Independent measurements made with a Cary 2415 

spectrophotometer indicate that the normalized transmittance of the filter, Tn' should be less 

than 0.001 (Le., loglO(Tn) < -3) for wavelengths more than 0.031 ~m below the central 

wavelength and for wavelengths more than 0.062 ~m above the central wavelength. The stray 

light for the Mark-l spectroradiometer is a factor of 3 to 10 greater than could be attributed 
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to out-of-band transmission by the filter. The problem is worse on the short wavelength end 

of the filter peak. 

Stray light with 2.120 i-Jm filter 
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Figure 4.7.3 Spectrum of a 20-nm bandpass filter centered on 2.120 p.m taken with the 
Mark 1 spectroradiometer. 

Figs. 4.7.3 and 4.7.4 show similar data for a 20-nm bandpass filter with a central 

wavelength of 2.120 p.m. Measurements made with a Cary 2415 spectrophotometer indicate 

that the normalized filter transmittance, Tn' should be less than 0.001 (i.e., 10glO(Tn) < -3) for 

wavelength more than 0.062 p.m below the central wavelength and for wavelengths more than 

0.063 p.m above the central wavelength. 

A series of steps are recommended to suppress the stray light. The first step is to 

disassemble the PtSi dewar, and then carefully clean both the PK-50 cold filter and the 

sapphire Dewar window. In addition, the surfaces between the cold clamp and cold stop 

baffles are currently shiny (un-anodized) aluminum. The manufacturer did not expect these 
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Figure 4.7.4 LoglO of normalized transmittance of a 20-nm bandpass filter plotted against 
wavelength difference (in ~m) from the transmission peak at 2.]20 ~m. 

surfaces to cause stray and/or reflected light problems. These surfaces should definitely be 

black anodized. and possibly bead-blasted first to produce diffuse reflections. Additionally. 

a black plate with a slot just large enough to pass the F /2 cone of light from the diffraction 

grating could be installed over the Dewar window. This would reduce the amount of reflected 

radiation that can reach the diffraction grating. 

If these steps do not reduce the stray sufficiently. the next recommendation is to 

install a completely new PK-SO cold filter and a completely new sapphire window in the 

Dewar. A high level of surface polish was not specified for these components when they were 

purchased. The surface roughness of these components could contribute to the level of stray 

and/or scattered radiation. 
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Section 4.8 2nd order subtraction. 

As mentioned in section 3.1. since an order sorting filter is not used. second order 

subtraction is carried out numerically. A short-pass filter is used to isolate the short 

wavelength portion of the spectrum. 

Shortpass filter (Oriel 57980) 
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Figure 4.3.1 Transmittance of Oriel 57980 short-pass filter with nominal 2.0 JJm cutoff as 
measured with a Cary 2415 spectrophotometer. 

The transmittance of the short-pass filter (Oriel model 57980 with nominal 2.0-JJm 

cutoff) as measured with a Cary 2415 spectrophotometer from 1.0 to 2.6 JJm is plotted in Fig. 

4.8.1. The average transmittance of the filter in the blocked region from 2.2 to 2.5 JJm is 

0.000080 (i.e. 0.008%). 

A program called IR_2_CAL is used to characterize the 2nd order signal measured 

with the short-pass filter. IR_2_CAL uses as input the spectral calibration file that tabulates 
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wavelength as a function of pixel value along with any spectrum of a broadband source taken 

with the short-pass filter in place. The program divides the signal from each pixel for which 

).(n) ~ 2),( I) by the signal at ).(n)/2, where ).( I) is the wavelength corresponding to pixel I, and 

.\(n) is the wavelength corresponding to the n-th pixel. Cubic spline interpolation is used to 

find the signal value at ).(n)/2, since this value will correspond exactly to an integer pixel 

value only by chance. An output file is created that tabulates the ratio of the 2nd order 

output at >. to the 1st order output at >./2 for each pixel. For brevity, this ratio will be called 

the 2nd order efficiency. Subsequent data reduction programs perform the 2nd order 

su btraction. 

Ratio 2nd/1st order efficiency 
2..0._01 2S Sept 1992 

Q.32 

0.3 

Q..28 

0.26 

Q..24 

1 Q..22 

IS 0.2 
:i o.lB S; 
-I o.E 
15 
~ o.M 
~ 

0.12 ;g .. 0.1 c: 

0.08 l 
o.06 l 
o.04 l 
0.02 

0 
2 2.2 2.4 

w.-...langth 1IIIicromet.1l 

Figure 4.8.2 Ratio of 2nd order output at >. to 1st order output at >./2 plotted for pixels 
corresponding to wavelengths from 2.0 to about 2.45 ISm. 

The measured 2nd order efficiency (as defined above) from 2.0 to about 2.45 ISm is 

plotted in Fig. 4.8.2. For these data, >'(1) = 1.01558 jSm. The lowest numbered pixel for 
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which the 2nd order efficiency is non-zero is 712 (i.e. ~ = 2.03254 ~m). The measured 2nd 

order efficiency takes an abrupt jump at this wavelength. 
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Figure 4.8.3 Spectrum of tungsten-halogen lamp after 2nd order subtraction. 

A spectrum of a tungsten-halogen lamp for which 2nd order subtraction has been 

carried out is plotted in Fig. 4.8.3. A discontinuity at 2.03254 ~m is evident in the spectrum. 

The problem seems to be stray light. The silicon absorption filter has a transmittance of less 

than 0.1% at 1.01558 ~m and a transmittance of just over 90% at 1.2 ~m. Of the measured 

signal of 54.8 digital counts at 1.01558 ~m (pixel I), the transmitted signal can at most be 1 

digital count. The rest of the signal, at least 53.8 digital counts, is stray light. The tabulated 

2nd order efficiency at 2.03254 ~m (pixel 712) is 0.316058. The product of 53.8 and 0.316058 
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is 17 digital counts. The discontinuity in the data in going from pixel 719 to pixel 720 is 17.5 

digital counts. 

The short-pass filter has a transmittance of about 1.67% at 2.032 f.'m (measured with 

a Cary 2415 spectrophotometer), and this residual transmittance could also be a source of 

error. A short-pass filter with a slightly lower cutoff is desirable. In addition, the data have 

not been corrected for the non-linear behavior of the detector. The almost perfect agreement 

between stray light and the data discontinuity is perhaps somewhat fortuitous, but stray light 

does seem to be the main culprit. 
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Section 4.9: Linearity and radiometric calibration. 

The linearity measurements and radiometric calibration were carried out using an 

existing calibration facility [Biggar, 1990, pp. 54-58]. A 1000 W tungsten-halogen FEL lamp 

from Optronic Laboratories, Inc. was used to illuminate a Spectralon panel at normal 

incidence with known spectral irradiance [Optronic Laboratories, 1991]. The panel was 

viewed at a constant angle of 45°. Knowledge of the bidirectional reflectance properties of 

Spectralon [Jackson et al.. 1992] permits conversion to known spectral radiance values. To 

reduce a previously reported problem with stray light in the calibration facility [Penny, 1991, 

pp. 47-50], a black plate was installed in front of the Spectralon panel. An aperture of about 

100 mm x 150 mm was cut in the center of the plate. This is about twice the size of the area 

viewed by the 4.85° FOV optics at an angle of 45° from a distance of 65 cm. 

Since the detector was known to be non-linear, the linearity measurements were in 

fact a characterization of the non-linear behavior. The distance from the FEL lamp to the 

Spectralon panel was varied to produce a range of radiance values. The inverse squared law 

was used to calculate approximately the radiance at each distance, relative to the value with 

the front of the pins of the lamp 50 cm from the front surface of the panel. The lamp was 

mounted on a optical rail, and the lamp position along the rail could be adjusted and measured 

to a precision of 0.1 mm using a scale permanently mounted to the rail and a vernier scale 

mounted on the lamp carrier. 

A silicon photodiode (model SO-l 50-20-002 from Silicon Detectors) was used as an 

independent measurement of the relative radiance values as a function of lamp-to-panel 

distance. After the data were" collected with the Mark-l spectroradiometer. the line end of 

the fiber optic bundle was used to illuminate the silicon photodiode. The short-circuit output 

of the photodiode was measured as a function of lamp-to-panel distance using a high 
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precision transimpedance amplifier [Penny, 1991, pp. 30-35]. The largest current output from 

the photodiode was three orders of magnitude below the value for which the output deviates 

from linearity by 10%, as specified by the manufacturer. 
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Figure 4.9.1 Ratio of (output/saturation) as a function of relative spectral radiance. A 
relative spectral radiance value of I corresponds to a lamp-to-panel distance of 50 cm. 

The ratio of the output of the detector divided by the saturation level of the detector 

is presented in Fig. 4.9.1 as a function of relative spectral radiance. Data for 1.235 ~m are 

plotted as squares, data for 1.600 ~m are plotted as x's, and data for 2.001 ~m are plotted as 

diamonds. Straight lines that pass through the origin and through the first data point for each 

wavelength are also plotted. A relative radiance value of one corresponds to a lamp-to-panel 

distance of 50 cm (the standard distance for calibration). The spectral irradiance values 

produced by the iamp at this distance are listed below, in Table 4.9.1. The relative radiance 

values in Fig. 4.9.1 are based on the results obtained with the silicon photodiode. 
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Table 4.9.1 Spectral irradiance values, E~, produced by FEL lamp (serial # 296-C) 
at specified wavelengths,>', at a distance of 50 cm, when operated at 8.00 A DC. 
Asterisk denotes actual NIST wavelengths. E~ at other wavelengths calculated by 
Optronic Laboratories using interpolation from NIST wavelengths. 

>. (~m) / I~ (W m-2 ~m-l) >. (~m) / I~ (W m-2 ~m-l) 

1.000 / 232 1.700· / 105 

1.050· / 225 1.800 / 92.0 

1.100 / 217 1.900 / 80.5 

1.150· / 207 2.000· / 70.5 

1.200· / 197 2.100· / 61.7 

1.300· / 176 2.200 / 53.8 

1.400 / 156 2.300· / 47.1 

1.500 / 137 2.400· / 41.8 

1.540· / 130 2.500 / 36.7 

1.600· / 120 

The first step in correcting for the non-linear behavior of the detector is to take the 

ratio of detector output to the output at saturation, as measured with a 9 s integration time 

at 25° C. This focusses attention on the behavior of the detector chip. As long as the signal 

processing electronics are linear, use of this ratio should nullify gain changes, either 

intentional or un-intentional, in the electronics. 

In the second step in linearizing the data, the roles of the x-axis and the y-axis in Fig. 

4.9.1 are interchanged. The output of the detector as a fraction of saturation is treated as the 

independent, or known, variable. The output of each pixel of the detector is then converted 

to a relative radiance value using interpolation. Linearization of the data is then complete. 

Conversion of the linearized data to absolute radiometric values involves a final step: 

replacing the relative spectral radiance scale with an absolute spectral radiance scale. The 

absolute spectral irradiance values produced by the 1000 W FEL lamp (serial number F-296) 
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at a distance of 50 cm as stated by the manufacturer are listed in Table 4.9.1 for a set of 19 

wavelengths that span the SWIR range. Cubic spline interpolation is used to provide spectral 

irradiance values at intermediate wavelengths. These values fix the absolute spectral 

irradiance values that correspond to the relative value of one in Fig. 4.9.1. 

The spectral irradiance values are converted to spectral radiance values by: 

L), 4.9.1 

where L), is the spectral radiance at a wavelength of >., R),(OO IfJ) is the wavelength dependent 

directional-directional reflectance factor of Spectralon for illumination at 0° and a view angle 

of fJ, and E), is the spectral irradiance produced by the tungsten-halogen lamp. The value of 

R),(OO IfJ) can be determined from directional-hemispherical reflectance data provided by the 

manufacturer of the Spectralon panel combined with a general equation that relates 

directional-directional reflectance to directional-hemispherical reflectance [Jackson et aI., 

1992]. 

Below 1.6 Jjm the uncertainty in the NIST spectral irradiance scale is 1.89%, or less, 

and the transfer uncertainty to the FEL lamp is 0.5%. At 2.0 Jjm the uncertainty in the NIST 

spectral irradiance scale is 3.29%, and the transfer uncertainty is 0.75%. At 2.4 Jjm the 

uncertainty in the NIST scale is 6.5%, and the transfer uncertainty is 1.0%. All of these values 

are for three standard deviations (3a) [Optronic Laboratories, 1991]. 

Uncertainties in lamp position, lamp current stability, and voltage measurements add 

a cumulative uncertainty of not more than 4.2% (3a) when the FEL lamp is operated in the 

calibration facility constructed by the Remote Sensing Group at the University of Arizona 

[Optronic Laboratories, 1991; Biggar, 1990, pp. 142-145]. The uncertainties in the reflectance 

properties of the Spectralon panel add an uncertainty of ±4.5% (3a) [Jackson et aI., 1992]. 
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The cumulative uncertainties at below 1.6 ~m are under 6.4% at the 30' level (or under 

2.2% at the 10' level). The cumulative uncertainties at 2.0 ~m are about 7% at the 30' level (or 

about 2.3% at the 10' level). The cumulative uncertainties at 2.4 pm are about 9% at the 30' 

level (or about 3% at the 10' level). These results are summarized in Table 4.9.2. 

Table 4.9.2 Uncertainties in the absolute radiometric calibration of the Mark-l 
spectroradiometer. Decrease in fiber transmittance with bending and stray light 
within the calibration facility have not been taken into account. 

). < 1.6 I'm ). = 2.0 J.'m ). = 2.4 I'm 

NIST Scale (30') < 1.89% 3.29% 6.5% 

Transfer (30') 0.5% 0.75% 1.0% 

RSG Lab (30') 4.2% 4.2% 4.2% 

Panel (30') 4.5% 4.5% 4.5% 

Cumulative (30') 6.5% 7.0% 9.0% 

Cumulative (10') 2.2% 2.3% 3.0% 

The decrease in transmittance as the fiber optic bundle is bent is a systematic error 

that remains under 0.5% for the AFS fibers, provided the bend radius is greater than about 

7 cm. Errors due to reflectance from the almost black walls of the calibration facility have 

not been taken into account. 

Other factors could degrade the accuracy of the absolute radiometric calibration in the 

field. The gain of the detector electronics will most likely change with temperature. The 

signal processing should cancel this out, but this has not been verified. The degree to which 

the grating housing can be stabilized to a set temperature of 25° over a 0° to 45° C range of 

ambient temperatures has also not yet been determined. 
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Section 4.10: Polarization sensitivity 

As mentioned in section 3.2, the polarization sensitivity of the Mark-l 

spectroradiometer is reduced through the use of a 2-m long fiber optic bundle that transmits 

light from the FOV optics to the entrance slit of the spectroradiometer. Since the diameter 

of the individual fibers (200 to 250 J,'m) is very large compared to the wavelengths of interest 

(). < 2.5 J,'m), the fibers de-polarize the incident radiation. Without a de-polarizing element, 

system response would depend on the polarization state of the incident radiation. In 

particular, the efficiency of the diffraction grating varies with polarization. 
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Figure 4.10.1 Output of the Mark I spectroradiometer for orthogonal states of linearly 
polarized light. 0° denotes horizontal polarization. 90° denotes vertical polarizatiun. 

The polarization sensitivity of the instrument was tested using a Spectralon panel 

illuminated by a tungsten-halogen lamp as a source of initially un-polarized light. The 
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illumination angle was 0°, and the view angle was 45°. Reflection from the Spectralon panel 

can introduce a small degree of polarization [Guzman, 1990, pp. 38-39, 46, 65-66], and so the 

results should be regarded as an upper limit on the polarization sensitivity. 

A Glan-Thompson polarizer was used to convert the initially un-polarized radiation 

to linearly polarized radiation. The polarizer was placed immediately in front of the 4.85° 

FOY optics, and so the instrument viewed the Spectralon panel through the polarizer. The 

plane of polarization was rotated from horizontal (i.e., polarization in the plane defined by 

the lamp, the center of the panel, and the FOY optics) to vertical in steps of IS°. 

When plo~ted on the same graph, all six spectra blend together. The spectra for 0° 

(horizontal) and 90° (vertical) seemed to be separated by the greatest amount, and so 

subsequent data analysis was limited to a comparison of these two spectra. The 0° (horizontal) 

and 90° (vertical) scans are plotted together in Fig. 4.10.1. 

Only a very small degree of polarization sensitivity is apparent. When the percentage 

difference between the two scans is averaged over all wavelengths, the resulting average 

polarization sensitivity is 0.6%. However, the difference does take on both positive and 

negative values. If an absolute value is taken first, the average polarization sensitivity is 

0.98%. 
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Section 4.11: Signal-to-noise ratio. 

System noise is monitored by the SWIRSCAN data collection program (section 3.13). 

Whenever multiple data scans are collected for averaging, both the sum of the data and the 

sum of the data squared are written to the output file. Subsequent data processing software 

converts these data to average and root-mean-sQuare (rms) deviation values. The noise for 

an individual pixel is typically from 2.5 to 4 digital counts. The value of 3.25 will be used for 

SNR calculations. In the standard resolution mode, the data are averaged over groups of 7 

pixels. This reduces the noise per pixel by a factor of ~7. The final noise value is thus about 

1.23 digital counts per pixel in the standard resolution mode. 

The SNR calculations have been carried out for a wavelength of 2.2 Jl.m. This is a 

wavelength of fairly low system response, and is a wavelength commonly used to specify 

SWIR system performance. Since no response flattening filter is used, SNR will increase at 

shorter wavelengths and decrease at longer wavelengths. 

The radiometric calibration data, with 2nd order subtraction carried out, indicate that 

the signal at 2.2 Jl.m is approximately 84 digital counts for a Spectralon panel illuminated by 

a tungsten-halogen lamp operated under standard conditions. From table 2.1.1 on page 19, 

the signal produced by the sun should be about 112 digital counts, for illumination of a 

Spectralon panel at normal incidence in the limit of zero atmospheric attenuation. More 

generally, the SNR for solar illumination (in the limit of zero atmospheric attenuation) is: 

SNR = 92 r cos(z) 4.11.1 

where r is the reflectance of the target (assumed to be lambertian), and z is the solar zenith 

angle. 
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Eq. 4.11.1 pertains to a 0.25 s integration time. As discussed in section 3.13, four 

complete readouts of the array (a total time of 1 s) are required for the acquisition of one data 

scan. On the other hand, if scan averaging is performed, a somewhat more efficient readout 

cycle could be implemented. As an example, the shutter is opened, the array is flushed once, 

n data scans are collected and summed, the shutter is closed, the array is flushed once more, 

and finally n background scans are collected. Data averaging is especially simple if n is a 

binary number (Le., n = 2m). The data is averaged by shifting the binary integer m places to 

the right. This type of scan averaging could be incorporated fairly easily in the assembly 

language portion of the data collection software. 

A veraging four scans this way would increase the SNR by";4 = 2, and would increase 

the total data collection period to 2.5 s. Averaging eight scans this way would increase the 

SNR by";8 = 2.828, and would increase the total data collection period to 4.5 s. However, no 

information related to the rms deviation is retained if the data is simply averaged by shifting. 

In addition, baseline drift could become important if a long period of time elapses between 

collection of the signal and background scans. To average a larger number of scans, the 

output from an eight scan data collection cycle would probably be regarded as a single scan. 

The data collection cycle would be repeated as many times as desired, and both the sum of 

the data (already averaged over eight scans) and the sum of the data squared would be output 

to the data file for future conversion to average and rms deviation values. The SNR formula 

then becomes: 

SNR 260 r cos(z) (t/4.5)1/2 4.11.2 

where rand z have been defined previously, and t is the total time allowed for scan averaging. 

The results of the SNR calculations are plotted in Fig. 4.11.1. An operating 

temperature of 25° C and a spectral resclution of 13.9 nm (i.e. HMFG fiber bundle and 
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Figure 4.11.1 LoglO of calculated SNR at 2.2 pm as a function of 10glO of the total time 
spent collecting a single spectrum. 

detector output averaged over groups of 7 pixels) are assumed. A 0.25 s integration time is 

assumed. The y-axis is the log10 of the calculated SNR. The x-axis is the log10 of the total 

time spent collecting data to average together into a single spectrum. The shortest time 

plotted is 100 = 1 s, and the longest time plotted is 103 = 1000 s = 162/3 min. 

The upper sloping line in Fig. 4.11.1 shows performance with a lambertian target of 

100% reflectance (r = 1) illuminated by the sun at normal incidence (z = 0°). This is an upper 

limit for both signal and SNR. The middle sloping line shows performance for r = 0.4, z = 

45°, or r cos(z) = 0.28. This is a more realistic case of moderated ground reflectance and 

moderate solar zenith angle. The bottom sloping line shows performance for r = 0.1, z = 60°, 

or r cos(z) = 0.05. This is not necessarily a worst case, but it is certainly a case of low 
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illumination. The horizontal line in Fig. 4.11.1 corresponds to a value of 100 as the minimum 

acceptable SNR. 

For the optimum case of r cos(z) = 1.0, adequate SNR is provided with 1 to 2.5 s of 

data collection. For moderately good conditions, a total time of at least 9 s is required to 

provide adequate SNR. For the case of very low illumination, about 70 s are required for 

adequate SNR. 

The dominant noise term is system electronic noise. Since the full-well capacity of 

the detector is about 4.267 x 107 electrons (section 4.2), shot noise for all sources (i.e. dark 

current, background photo-current, and signal photo-current) can not be more than about 

6,532 electrons, or about 0.5 digital counts, for a single readout of the detector. The value 

increases by ../2 for the difference between a signal plus background scan and a signal only 

scan. Digitization noise (section 2.3) is only 1/../12, or a little less than 0.3 digital counts per 

scan. Again the value increases by../2 for the difference between two scans. Total shot and 

digitization noise combined are less than 1 digital count out of the total noise of 2.5 to 4 

counts. 

The additional noise is attributed to excess electronic noise. Measurements indicate 

that about 1.5 digital counts of noise are present when a jumper (or short circuit) is placed 

across the differential inputs for the AID board. Electronic noise within the AID conversion 

electronics appears to be responsible for about 1 digital count, or a little more, of excess noise. 

Measurements made with a digital oscilloscope indicate that a little over 3 mY (a little more 

than 2.7 digital counts) of noise are present on the processed output of the detector. Using 

the conversion factor of 1 count equals about 12,000 electrons (section 4.2), the noise on the 

detector output corresponds to more than 36,000 electrons. This is far greater than the 

manufacturer's estimate of 6,000 electrons as the read noise for the detector chip (sections 2.8 

and 3.6). 
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Shielding was installed on the signal line in the AID board inside the Paravant 

computer in an effort to reduce the noise produced by the AID board. Only a small reduction 

in noise was observed. Seveveral possibilities for reducing the excess electronic noise of the 

signal processing electronics that are part of the EG & G detector package have been 

considered, but no modifications have yet been implemented. One possible source of noise 

is the zener diode that is used as a voltage reference to set the reverse bias level of the 

detector pixels. Zener diodes are relatively noisy [Horowitz and Hill, 1980, p. 192]. Any 

fluctuations in the reverse bias voltage will show up as fluctuations in the amount of charge 

required to reset the bias voltage (section 3.6). The zener diode could be replaced by a quieter 

voltage reference, or at least the output should be heavily filtered. The signal processing 

electronics are designed to operate at rates up to 100 kHz. Since the detector is operated only 

at 10,240 Hz in the Mark-l spectroradiometer, heavier filtration and slower time constants 

could be implementated at several locations in the signal processing electronics. 
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CHAPTER 5: SUMMARY AND CONCLUSIONS 

The design, construction, and calibration of a portable short wave infrared (SWIR) 

spectroradiometer have been described. The spectroradiometer covers the range from 1.05 

to 2.45 J.'m. The spectral sampling interval is 1.37 nm and the spectral resolution is variable 

from 5 nm to more than 100 nm. The standard resolution is 14 nm. A single spectrum can 

be acquired in as little as I s (four readouts of the detector at an integration time of 0.25 s per 

readout). The signal-to-noise ratio (SNR) for a single I-s scan is about 90 at a wavelength 

of 2.2 J.'m for a Iambertian surface of 100% reflectance illuminated by the sun at normal 

incidence with 14-nm spectral resolution, a 25° C background temperature, and no 

atmospheric attenuation. Higher SNR can be obtained by averaging together several scans 

and/or by operating at lower spectral resolution. The instrument is designed to be carried as 

a backpack unit, on a vehicle, or in a helicopter or airplane. 

The spectroradiometer uses an F /2 concave holographic diffraction grating with a flat 

focal field coupled to a 1024 element PtSi linear array detector. The diffraction grating was 

produced as a custom item. The instrument is the first implementation of a concave, flat focal 

field diffraction grating coupled to a PtSi linear array detector of which the author is aware. 

Field-of -view defining optics are coupled to the spectroradiometer by a flexible fiber 

optics bundle. The fiber optics bundle allows the main body of the spectroradiometer to 

remain in a fixed, upright position, while the lightweight, field-of-view defining optics are 

pointed in any desired direction. The field-of -view defining optics consist of an objective 

lens and a field lens. The objective lens is imaged by the field lens onto one end of the fiber 

optic bundle. This produces a very uniform illumination of the fiber optic bundle. The 

standard FOV of the instrument is nominally 5°. Optics to produce FOVs of 1° and 12.8° 

have been designed, but not yet constructed. 



159 

The fiber optics bundle also serves as a depolarizing element. The polarization 

sensitivity of the instrument (defined as the percentage difference in output for orthogonal 

states of linearly polarized input) is about 0.6% when averaged over all wavelengths. If an 

absolute value is taken before averaging, the average polarization sensitivity is just under 1%. 

Both anhydrous fused silica (AFS) and heavy metal fluoride glass (HMFG) bundles 

are available. The bundles are constructed in a round-to-line format. In normal operation, 

the line end of the bundle serves as the entrance slit to the spectrometer. 

The i!lherent detector response extends from below I ~m to about 5 ~m. A silicon 

absorption filter with transmittance less than 3% for ~avelengths shorter than 1.05 ~m 

establishes the short wavelength limit of detector response. This eliminates an unexpected 

(and previously unreported) detector memory effect. Second order subtraction is carried out 

numerically, and the silicon absorption filter is also necessary to permit accurate second order 

subtraction. This filter is 2 mm thick and is located just in front of the objective lens of the 

FOYoptics. 

A cooled PK-50 absorption filter with transmittance less than 3% for wavelengths 

longer than about 3.1 ~m establishes the long wavelength limit of detector response. This 

reduces the background level by a factor of about 40, in comparison to no filter. This filter 

is I mm thick, and is located just in front of the PtSi detector chip. 

The temperature of the diffraction grating housing is stabilized at 25° C, independent 

of ambient temperature, by a pair of TE heat pumps. The total background level produced 

by a 25° C background is only about a third of \.hat produced by a 45° C background. 

The gain of the electronics that process the output from the PtSi detector was 

measured as 0.640 (± 0.003) Y IpC. The gain of the signal processing electronics was measured 

to be linear for inputs 50% larger than the level that corresponds to detector saturation. An 
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observed non-linear system response is therefore intrinsic to the PtSi detector chip, and not 

to the signal processing electronics. 

In the limit of zero dark current and/or very short integration times, the detector 

output due to photocurrent alone should be linearly proportional to the product of integration 

time and illumination level. However, the measured dark current is large enough compared 

to the signal and background currents to affect the overall linearity of the detector for the 

integration time used (i.e., an integration time of 0.25 s per detector readout). 

Characterization of the non-linear behavior of the detector and absolute radiometric 

calibration were carried out using the same measurement setup. A 1000-W tungsten-halogen 

FEL lamp (driven by 8 amps of current) was used to illuminate a halon reference panel. The 

distance from the lamp to the panel was varied to produce a range of panel radia~ce values. 

The relative radiance values were monitored by a reference silicon photodiode. The output 

of the detector was divided by the saturated output to provide a scale of detector output (as 

a fraction of saturation) versus relative radiance of the target. 

Absolute radiometric calibration was performed with the lamp positioned 50 cm away 

from the panel. The spectral irradiance of the lamp at this distance is specified by the 

supplier of the lamp, and is traceable to NIST standards. Knowledge of the reflectance 

properties of the halon panel permits conversion of the spectral irradiance at the panel to 

spectral radiance. The accuracy of the absolute radiometric calibration (10' uncertainty) is 

estimated to vary from 2.2%, for wavelengths below 1.6 I'm, to 3.0% at 2.4 I'm. 

The spectral calibration of the instrument was performed using emission lines from 

a low pressure argon lamp. An independent check using second order lines and bandpass 

interference filters indicated an average agreement of 0.35 nm between the actual wavelength 

and the assigned wavelength at a given position on the detector. 
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The spectral resolution of the instrument is defined as the full width at half maximum 

of an isolated argon emission line. The spectral resolution is 13.9 nm with the HMFG fiber 

optics bundle (250 Jjm diameter fibers), and with the output convolved over groups of seven 

adjacent pixels. A spectral resolution of 4.9 nm may be obtained by using an auxiliary 50 J.'m 

wide entrance slit and by not convolving the output over groups of adjacent pixels. The 

spectrum is sampled at 1.36 nm intervals, independent of the spectral resolution. 

For solar illumination, assuming no atmospheric attenuation, the SNR at 2.2 J.'m for 

integration times longer than 4.5 s is equal to 260 r cos(z) (t/4.5)1/2, where r is the target 

reflectance (assumed lambertian), z is the solar zenith angle, and t is the total time available 

for data coIIection. For r equal to 0.4 and z equal to 45°, a data coIlection time of 9 s is 

required to provide a SNR of 100. The SNR at 1.2 J.'m is about 10 times greater than the SNR 

at 2.2 Jjm. For laboratory measurements using a 1000-W tungsten-halogen lamp as an 

iIlumination source, the SNR for a given reflectance and iIIumination angle will decrease by 

a factor of about 30% at 2.2 Jjm. At 1.2 Jjm the decrease in comparison to solar illumination 

wiII be about 60%. It might be possible to improve the SNR for all conditions by reducing 

excess system electronic noise. 

Another possible modification to the instrument is the installation of a response 

flattening filter. It might be possible to identify an absorbing glass filter that selectively 

attenuates only the short wavelength portion of the SWIR range. This would permit the use 

of somewhat longer integration times, and would improve the SNR. Selectively reducing the 

short wavelength input would increase the accuracy of the second order subtraction, since the 

second order signal from 2.1 to 2.45 Jjm would become a smaIIer fraction of the first order 

signal. 

The main area of system performance for which improvement is currently desirable 

is stray light. The first steps in reducing stray light are to clean very carefuIly the Dewar 
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window and cold filter, and also to have certain metal surfaces in the Dewar black anodized. 

These steps are currently being carried out. If these steps are insufficient, the next step would 

be to replace the Dewar window and cold filter with highly polished elements. 

Another concern is the reliable operation of the instrument over the entire range of 

intended operating temperatures (-5° to +45° C). The temperature of the diffraction grating 

housing is stabilized to 25° C (with alternative settings of 0°. 13°. and 30° C). Stabilizing the 

temperature of the diffraction grating housing should produce a relatively constant 

background level, independent of ambient temperature. The output of the signal processing 

electronics can be normalized to the saturated output from the detector to reduce errors 

resulting from gain changes in the signal processing electronics. These steps should make the 

correction for the non-linear behavior of the PtSi detector and the absolute radiometric 

calibration valid over a wide range of operating temperatures. However, this has not yet been 

tested. 

The instrument was built with specific applications in mind. The main intended use 

for the instrument is the collection of ground reflectance and ground radiance data for the 

radiometric calibration of operational and proposed high spectral resolution remote-sensing 

systems. The instrument will also be used for cross calibrating Earth observing system (Eos) 

prelaunch calibration facilities, for the characterization of the bidirectional reflectance 

distribution function (BRDF) properties of engineering materials and ground sites, and for 

the collection of atmospheric optical depth data with a large number of spectral channels. 

The spectral resolution and the data collection time required to obtain an SNR ~ 100 

at 2.2 ~m are currently adequate for all of the tasks listed above. The time required to obtain 

an SNR ~ 100 is, however, currently too long to permit airborne operation over small 

agricultural test plots, based on typical values of scene reflectance and solar zenith angle. 

Assuming that the stray light can be adequately reduced, and that the non-linearity correction 
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and radiometric calibration are accurate independent of ambient temperature, the Mark-l 

spectroradiometer should be able to perform all of the intended measurements, with the 

exception of airborne operation over small targets. 

Part of the rational for designing and building the Mark-l spectroradiometer was the 

lack of a commercial instrument with the necessary combination of fast scan time and high 

spectral resolution required for the measurement tasks listed above. The Mark-l 

spectroradiometer offers a superior combination of short scan time and high spectral 

resolution when compared to the Daedalus AA440 spectroradiometer, the Spectron SE-593 

IR spectroradiometer, and the GER IRIS spectroradiometer. A side-by-side comparison of 

the instruments would be extremely valuable, and would provide an unambiguous answer to 

the question of how the SNRs of the various instruments compare under identical conditions. 
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