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Abstract Differences in the calibration conditions and the real-life applications of
infrared pyrometers, radiometers, or imagers can contribute to significant measure-
ment errors due to the presence of scattered light from the areas surrounding the
reference source during the calibration process or the measured object in the field
measurements. This out-of-field scatter (also known as size-of-source effect, SSE)
has to be analyzed separately for each artifact to ensure applicability of the calibration
results to the scene of actual measurement. This article discusses SSE characterization
methods and specific requirements for calibrating single-element radiometers in the
near- and mid-IR parts of the optical radiation spectrum. Two new SSE tools developed
at National Institute of Standards and Technology to support routine calibration of IR
pyrometers, radiometers, and imagers at the recently developed Advanced Infrared
Radiometry and Imaging (AIRI) facility are described. The results of characterization
of different commonly used radiometers, including an industrial-grade pyrometer, a
high-accuracy pyrometer, two different infrared spectrometers, and an infrared imager,
are presented.

Keywords Imager - Infrared (IR) - Pyrometer - Radiometer - Size-of-source
effect (SSE) - Spatial scatter

1 Introduction

The spatial scatter effect is a well-known source of measurement error and contribu-
tor to uncertainty in radiometric measurements [1-4]. Light outside the field-of-view
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(FOV) of the measuring instrument causes an unwanted increase in the measured
signal. The effect is mainly caused by the scatter of light and aberrations, inter-
element reflections, and diffraction in the optical components. This inevitably leads to
problems when a radiometer is used to measure the radiance or radiance temperature
of targets with variable sizes. Also, the measurement results may be highly erroneous
when low-temperature targets are measured against a high-temperature background
or if high-temperature objects are placed close to the target. In the case of imagers,
this phenomenon is likely to happen for every sensing element (pixel) of the device,
which leads to problems such as ghost images [5,6].

Several methods have been introduced to quantify the effect of spatial scatter. If
the size of the effect is small, it is often considered a component in the uncertainty
budget of the measurement. In some applications, it may be appropriate to calculate a
correction to reduce the contribution of the spatial scatter to the measurement results.

For single-element detectors used in measurements of radiance or radiance tem-
perature, the size-of-source effect (SSE) is a useful measure of spatial scatter. It is
defined as the ratio of the signal originated from light outside the FOV to the signal
for an infinitely large target. In other words, the SSE is a measure of how the physical
size of the target affects the measured radiance of the target. Three methods are in
common use to measure the SSE: the variable-source method [7], the central obscu-
ration method [8], and the mathematical analysis utilizing the measured point-spread
function (PSF) of the detector [9]. For the special case of determining the SSE for
a pyrometer measuring a fixed-point blackbody, the blackbody furnace itself, with
suitable modifications, can be utilized [10]. When dealing with imagers, the effect of
spatial scatter must be taken into account for each pixel.

Most studies of SSE reported so far have concentrated on the visible (0.4 um to
0.7um) and near-infrared (NIR, 0.7 um to 2 um) spectral regions. The mid-infrared
(MIR, 2 um to 14 pm) region is especially important in optical thermometry, since the
radiation emitted by near-room-temperature objects is concentrated in the MIR. Also,
the SSE becomes a significant source of measurement error when targets are measured
at temperatures close to the environment temperature, because all the surrounding ob-
jects may then be considered sources of stray radiation.

At the Advanced Infrared Radiometry and Imaging (AIRI) facility of the National
Institute of Standards and Technology (NIST), we have developed equipment and
methods to evaluate the SSE in the NIR and MIR for different types of optical sys-
tems, radiometers, and imagers. In this article, we describe these measurement setups
and present the results of SSE characterization for several instruments, including IR
pyrometers, spectrometers, and imagers, obtained with different measurement meth-
ods.

2 SSE Measurements
2.1 Methods

There are three commonly used methods for measuring the SSE of a radiometer. In
the variable-source method, the radiometer measures the radiance of a uniform target,
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whose diameter can be adjusted with a set of variable apertures. The radiance of the
target is measured for different aperture sizes and the value of the SSE, o (r, rp) is
obtained as

S - S
o (r.ro) = % (1)

where S(r) is the signal measured for the radius r and rg is the nominal spot size of
the radiometer. In practice, S(co) may be replaced with S(rmax), where rmax is the
maximum aperture radius. In the central obscuration method, the center of the target
is blocked with a baffle whose diameter is greater than ro. When the radiometer is
aligned to measure the radiance of the baffle, the signal caused by the surroundings
of the baffle, via the SSE, is measured directly. The third option is to measure the
PSF of the radiometer. The measured PSF may be utilized to calculate the SSE of the
radiometer when the background radiation (simple or complex) is known.

2.2 Comparison of Methods

The three methods, described in Sect.2.1, were compared in a study conducted at
AIRT’s sister facility, the Fourier Transform Infrared Spectrophotometric facility for
materials characterization [11]. An integrating sphere was used as the radiation source.
The diameter of the exit port of the sphere was 37 mm. The output of the sphere was
imaged to the fore-optics of the system under test. The nominal spot size of the FOV
of the system was set to 3.1 mm. An iris diaphragm was used to restrict the size of the
image. The diameter of the iris was varied from 6 mm to 37 mm. The measurement
was performed with two wavelengths, 600nm and 1580 nm. The measurements were
repeated using the central obscuration method. A piece of black cloth with a diameter
of 6 mm was used as the obscuration. The same wavelengths were used as in the var-
iable-source method measurements. In addition, for the central obscuration method,
a third wavelength, 3.7 um, was used. The radiation source in the latter measurement
was a commercial infrared calibrator with a 57 mm flat-plate radiator. The temperature
of the plate was set to 500 °C. For detection of the radiation, an InSb radiometer, a
chopper, and a lock-in amplifier were used. The distance between the radiator and the
object plane was 15 mm. A 6 mm diameter water-cooled blackened target was used as
the obscuration at the center of the object plane.

The PSF, or the relative spatial response, of the system was measured with a setup
that utilized a point source (a tungsten halogen source covered with a pinhole that was
attached to an xy translation stage). A Si filter radiometer was used as the detector.
In addition, a monitor detector was used to compensate for the instability and drift of
the source. A shutter was used behind the field stop of the system to compensate for
the detector offset and stray radiation inside the enclosure of the system. The values
of the SSE for different source diameters can be obtained from the measured PSF
via integration. The graph of Fig. 1 shows the total flux that reaches the detector as a
function of the inner diameter of the circular zone placed in front of the detector, the
outer diameter of the zone being fixed to 40 mm. For the system under test in these
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Fig. 1 Total flux reaching the detector as the function of the inner diameter of the circular zone placed in
front of the detector, the outer diameter of the zone being fixed to 40 mm. The data were obtained from the
measured PSF by integration [11]

3.5x10*

3.0x10% s
25¢10° %
2.0x10™
1.5x10% MGOO nm, obs | |
/‘/( —&—600 nm, vs
—©-1580 nm, obs

SSE

1.0x10* L
/ —>-1580 nm, vs
5.0x10° © 3700 nm, obs||
/ -+ PSF
0 s ‘ )
0 10 20 30 40

Source Diameter, mm

Fig. 2 Comparison of variable-source method (vs), central obscuration method (obs), and the method
utilizing the measured PSF. Shown are the measured SSE values for an optical system at three different
wavelengths

measurements, the inner diameter was 6 mm. The SSE values were calculated for the
diameters used in the measurements with the other two methods.

The results of the comparisons of the three methods of measurement are shown
in Fig.2. The estimated expanded uncertainty (k = 2) for the three methods for the
data shown in Fig.2 range from 5 x 107 to 1 x 10™*. It can be seen that the SSE,
obtained for the system under test, for source diameters of 6 mm to 25 mm remained
below 2.5 x 10~* for all wavelengths. At 37 mm, the results are consistent with the
uncertainties. The somewhat greater value for the integerated PSF data can be associ-
ated with the increased uncertainty due to the integration of a small signal over a large
area (i.e., accumulation of a small positive offset error). Nevertheless, the absolute
value of the SSE was found to be sufficiently low for all methods for the purpose of
the facilities measurement requirements.
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Fig. 3 Structure of SSE1

2.3 AIRI Tools for SSE Measurements

The purpose of the AIRI facility at NIST is to perform accurate and traceable
calibrations of radiance temperature and spectral radiance. Specific equipment has
been adapted to the facility to enable routine SSE measurements for different types of
optical pyrometers, spectrometers, etc., mainly in the IR.

Figure 3 shows a device suitable for SSE measurements with the central obscuration
method. This device, named the SSE1, has a diffuse white transmitting plate, behind
which there are eight incandescent lamps to illuminate the plate. In the center of the
plate there is a through-hole. Several plates with through-holes of different diameters
can be used to match the size of the through-hole to the nominal spot size of the
radiometer. In front of the transmitting plate there is an iris aperture, whose diame-
ter can be adjusted up to 220 mm. Behind the through-hole there is a large light trap
coated with ESLI Vel-Black coating (on the bottom of the trap) and Rippey UltraPol
V Cloth [12]. Based on the reflectance properties of the interior surfaces, the cavity
was modeled, resulting in an estimated reflectance of the trap less than 3 x 107> over
the wavelength range from 0.9 pm to 2.5 um. However, the back surface incurred some
minor damage during construction. This resulted in a somewhat greater reflectance
and modest increase in signal as seen in the measured results. Nevertheless, the per-
formance is sufficient for the intended purpose of evaluation of devices used to view
large-area sources.

The SSE1 was used to measure the SSE of a high-accuracy pyrometer, the RT1550,
used as a transfer standard for radiance temperature. The operating wavelength of the
pyrometer is 1550nm. A further description of the pyrometer is given in [13]. The
measurements were performed with aperture sizes ranging from 12.6mm to 37 mm.
The SSE was measured with a second device of the AIRI facility, named the SSE2.
The structure of SSE2 is described in an earlier publication [14]. The measured SSE
values, obtained with both devices, are shown in Fig.4. The measured SSE for the
pyrometer was 5 x 107> for the maximum aperture diameter of 37 mm. This value
would correspond to a 10mK temperature change when measuring at the gold fixed-
point temperature of 1064 °C. The data shown in Fig.4 demonstrate a difference in
the measured SSE for the two devices, SSE1 and SSE2. The higher values measured
with SSE1 are likely caused by the non-ideal absorbing cavity used in the device, as
discussed above. The structure of SSE2 more effectively rejects back reflections from
the cavity. However, the relatively low value of this additional signal is not a limiting
factor in routine calibrations for customer devices.
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Fig. 4 SSE of pyrometer RT1550, measured with SSE1 and SSE2
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Fig.5 Schematic of the measurement setup when utilizing a blackbody furnace in the SSE measurements.
The crucible has been replaced with an empty one with the rear half removed. A light trap has been added
to the rear of the blackbody

In the AIRI facility, fixed-point blackbody sources are used as reference sources for
radiance temperature when calibrating pyrometers. The SSE arising from a blackbody
greatly depends on the shape of the structure of the blackbody. Therefore, in order to
evaluate the SSE in pyrometer calibrations accurately, it may not be sufficient to mea-
sure the SSE of the pyrometer with the equipment and techniques described above.
Therefore we decided to apply the method described by Jones and Tapping [10]. In this
method, the blackbody furnace itself is used in the measurement of the SSE, as seen
in Fig.5. The crucible, normally containing metal to be melted, is replaced with an
empty one. The rear half of the crucible is removed and an absorbing cone is attached
to the rear flange of the furnace, filling the ideal FOV of the pyrometer. Figure 6 shows
the results of this measurement performed on a high-accuracy pyrometer, named the
RT900, operating at 900 nm. Also shown for comparison is the SSE measured utilizing
the SSE2.

Figure 7 shows the structure of the device we use to measure the SSE in the MIR
region. The device, named the SSEIR, has a heated emitter plate. In the center of the
plate, there is a through-hole, behind which there is a blackbody at the same temper-
ature as the emitter plate. The size of the portion of the emitter plate, visible to the
radiometer under test, can be set by placing different reflecting shields with apertures
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Fig. 6 SSE of pyrometer RT900, obtained with the central obscuration method (obs) and the method
utilizing the blackbody furnace (BB)

of variable sizes in front of the emitter plate. The reflecting shield is meant to be at
ambient temperature. In order to test the dependence of the shield temperature on the
temperature of the emitter plate, two scans were made. Figure 8 shows the results of
these scans as the spatial dependence of the measured radiance temperature. In both
scans, the temperature of the blackbody was kept at 49 °C. The shield temperature is
seen to be fairly independent of the temperature of the emitter plate. The temperature
of the emitter plate was set to 15 °C and 50 °C, respectively. The ambient air temper-
ature was approximately 25 °C. Figure 9 shows the measured SSE, using the SSEIR,
for an industrial pyrometer (8 um to 14 um). Shown on the right side is the temperature
error corresponding to the SSE. The measurements were performed for a source at
70 °C and the results are given relative to an aperture of 12.7 mm diameter. The results
obtained for the pyrometer show that, for a target at 70 °C, the SSE may cause an
error of several degrees in the measured temperature with large target sizes. Figure 10
shows the measured SSE of a NIST spectral comparator. The measurement wavelength
was 3.7 um. The results obtained for the NIST spectral comparator indicated excel-
lent performance, and the SSE values were found negligible for most measurement
situations.

3 Spatial Scatter with Imagers

The spatial scatter inside imagers is a phenomenon that has been under some increas-
ing focus during recent years [15,16]. This is a natural consequence of the application
of imagers to many fields, including astronomy, remote sensing, optical thermome-
try, and various military applications. The issue of spatial scatter inside an imager is
similar to that of spatial scatter inside a single-element detector, with the exception
that, when dealing with an imager, the scattered radiation is present on all the pix-
els of the device. Spatial scatter in an imager can cause ghost images. The causes of
spatial scatter in imagers are the same as those in single-element detectors, except
that images may have additional “spatial scatter” caused by the electronic crosstalk
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Fig. 7 Structure of SSEIR

between pixels. In radiometric applications where the absolute value of the signal of
each pixel is of interest, spatial scatter causes measurement error to each value. In
absolute radiance temperature measurements, especially with near-ambient tempera-
tures, significant errors may occur due to the large impact of background radiation on
the measured results.

3.1 Figures of Merit

Several figures of merit have been introduced to validate the quality of imagers with
regard to their performance in the presence of stray radiation. These include ensquared
power (EP), aperiodic transfer function (ATF), and slit response function (SRF). The
EP is defined as the ratio of the signal of the central pixel of the imager to the summed
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Fig.8 Horizontal scan showing the spatial dependence of the radiance temperature of the MIR SSE device.
Flat regions of the curve at ~ 25 °C represent the temperature of the reflecting shield that is close to the
ambient air temperature. The temperature measured at the center is the temperature of the blackbody that
is set to 49 °C. The temperature of the emitter plate was set to 15 °C and 50 °C during the two scans
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Fig.9 Measured SSE for an industrial pyrometer. The temperature of the source was 70 °C, and the results
are given relative to a 13 mm aperture. Also, the temperature corrections for this source are given

signals of all pixels, when the imager is viewing a point source. The ATF of the sys-
tem describes how the signal of a pixel changes as a function of source area, when
the source intensity is kept constant. The maximum value of the ATF is normalized
to unity. For an ideal detector, when the source area is smaller than the projected area
of the detector, the ATF increases linearly when the source area is increased; when
the source area exceeds the projected detector area, the value of the ATF, remains at
unity. For practical imagers, the values of the ATF remain below the ideal function
shape, approaching it as the source area is increased. The definition of the SRF is
quite close to that of the ATF, with the exception that instead of the source area the
angular subtendence of the source is used as the variable. Two important figures of
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Fig. 10 Measured SSE for a NIST spectral comparator. The measurement wavelength was 3.7 um. The
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Fig. 11 Measured signal of each pixel of a commercial IR imager for seven different source diameters

merit can be determined from the SRF; these are the imaging resolution (in radians)
and the measurement resolution. They are defined as the angles for which the SRF
has the values 0.5 and 0.99, respectively. The measurement resolution is an important
figure in radiometry, since it determines approximately the minimum source size for
which the measured radiance is reproducible.

3.2 Experimental Measurement of Spatial Scatter of a Commercial Imager

The spatial scatter characteristics of a commercial imager were studied with the SSEIR
device. Figure 11 shows the signal of individual pixels as a function of pixel number
for seven different source sizes. The temperature of the source was 50 °C, while the
background was kept at 23 °C. As can be seen, the signal on the center pixels increases
when the source size is increased. This gives a qualitative demonstration of the pres-
ence of stray radiation. Figure 12 shows the temperature correction that needs to be
applied to compensate for the spatial scatter effect for this measurement situation, as
a function of source diameter.
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Fig. 12 Temperature error to be subtracted from the measured value to compensate for the spatial scatter
effect of a commercial IR imager

A simple matrix method for correcting errors resulting from spatial scatter has been
developed [16], and will be used to correct the imager for spatial scatter errors. This
method is based on the characterization of an imager for a set of PSF. By using the
measured PSFs, a spatial scatter correction matrix is derived and the correction is
simply a matrix multiplication of correction matrix and the measured raw image. By
using this method, the spatial scatter errors can be reduced by more than one order
of magnitude. The details of the correction and results will be presented in a future
publication.

4 Discussion and Conclusions

Three methods to measure the SSE of an optical system, the variable source method,
the central obscuration method, and the method utilizing the measured PSF, were com-
pared. The results obtained for the system under test showed reasonable agreement
between all three methods, considering the levels of uncertainty. Several instruments
were developed for the purpose of SSE measurements at the AIRI facility of NIST.
We demonstrated a very low level of the SSE for a pyrometer operating at 1550 nm.
We also demonstrated agreement between a direct measurement of the SSE using an
actual heated, modified fixed-point blackbody source and our SSE2 test device, with a
pyrometer operating at 900 nm. The new instruments developed also include a setup,
named the SSEIR, that enables measurements in the thermal infrared wavelength
region and is designed to take into account the effects of the ambient background on a
source characterization. Several devices were characterized using the SSEIR, includ-
ing an industrial pyrometer and a NIST spectral comparator, with the corresponding
measured SSE ranging from several percent to less than 0.1 %, respectively.

Spatial scatter inside IR imagers was briefly discussed. Significant errors in a
measured raw image were demonstrated by using a commercial imager and the SSEIR
instrument.
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