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Abstract A monochromator integrating-sphere-based spectral comparator facility
has been developed to calibrate standard radiation thermometers in terms of the abso-
lute spectral radiance responsivity, traceable to the PTB cryogenic radiometer. The
absolute responsivity calibration has been improved using a 75 W xenon lamp with
a reflective mirror and imaging optics to a relative standard uncertainty at the peak
wavelength of approximately 0.17 % (k = 1). Via a relative measurement of the out-
of-band responsivity, the spectral responsivity of radiation thermometers can be fully
characterized. To verify the calibration accuracy, the absolutely calibrated radiation
thermometer is used to measure Au and Cu freezing-point temperatures and then to
compare the obtained results with the values obtained by absolute methods, resulting
in T — Top values of +52 mK and —50 mK for the gold and copper fixed points,
respectively.
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1 Introduction

Filter radiometers with interference filters are regularly used at PTB to measure ther-
modynamic temperatures in the irradiance mode [1]. Recently, these filter radiometers
have been applied to measure indirectly the thermodynamic temperature of small aper-
ture high-temperature fixed points with uncertainties comparable to those achievable
with methods according to ITS-90 [2]. However, direct measurements of the ther-
modynamic temperature of these fixed points with small apertures require imaging
systems. For these imaging systems the spectral radiance responsivity must be abso-
lutely known.

Experimental setups with tunable or fixed-wavelength lasers as radiation sources
for spectral responsivity calibrations have been reported in the literature [3—7]. For a
calibration in the radiance mode, the laser output is coupled into an integrating sphere
to generate a uniform Lambertian radiance. The laser-based method requires a series
of tuneable lasers to measure the absolute responsivity in the required wavelength
range directly or a laser providing single wavelengths around the center wavelength of
the radiation thermometer in combination with the relative spectral responsivity mea-
sured with a monochromator-based method. However, interference fringes of up to
several percent have been observed especially in the band-pass region of the radiation
thermometer using laser-based systems [8,9]. In this case, measurements with small
wavelength steps of around 10 pm are required to accurately follow the interference
structure. Such measurements are extremely time consuming and not possible in every
case; thus, an incomplete averaging may introduce significant errors.

Recently, a monochromator-based integrating sphere facility has been developed
at PTB to provide monochromatic Lambertian radiation in the spectral range between
400 nm to 1100 nm [10]. One advantage of this setup is that an optimal spectral band-
width can be selected in order to avoid any interference fringes in the spectral radiance
responsivity. However, the dynamic range of the facility is lower than that of a PTB
laser-based facility by more than two orders of magnitude when using a QTH lamp
as a radiation source. The relative combined standard uncertainty is limited to 0.25 %
(k = 1) by the maximum power of such a radiation source and the resulting signal-to-
noise ratio of the radiation thermometer under test. Since the uncertainty due to noise
decreases with increasing radiant power, the standard uncertainty of the calibration
at the monochromator-based facility can be, in principle, reduced by increasing the
input radiant power of the monochromator.

The ultimate goal of the present study is to improve the accuracy of the mono-
chromator-based absolute calibration of radiation thermometers. A description of the
facility and the calibration results of a radiation thermometer are presented. In order to
verify the calibration accuracy, the absolute calibrated radiation thermometer is used
to measure the Au and Cu freezing-point temperatures and the resulting 7 — Ty values
at these temperatures are presented.

2 Experimental Setup

A schematic diagram of the monochromator-based facility is shown in Fig. 1. The sys-
tem consists of an XBO 75 W Xe-arc lamp from OSRAM* with a reflective mirror and
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Fig. 1 Schematic diagram of the monochromator-based calibration facility

condensing lens unit, a single monochromator, and an integrating sphere. The super-
posed radiation, composed of the direct radiation and the reflected radiation from the
xenon-arc lamp radiating with an f-number of 3, is imaged onto the entrance slit of the
monochromator (SPM2, Zeiss)* with an f-number of 10 to match the optical geometry
of the monochromator by using a pair of achromatic lenses. Since the Xe-arc lamp
also produces intensive UV radiation, a filter wheel with appropriated band-pass fil-
ters has to be used, for instance, a filter WG 360 for the wavelength range of 370 nm
to 720 nm. To enable a higher throughput, a single monochromator is used instead
of a double monochromator. The wavelength selection of the radiation is performed
using a precision diffraction grating with 1300 lines/mm (reciprocal dispersion of
2 nm/mm), whereas the wavelength calibration is performed at 50 spectral lines of
different spectral lamps in the wavelength from 370 nm to 1100 nm with a standard
uncertainty of 26 pm (k = 1) in the visible region. Since a bandwidth of at most 1
nm is required for the calibration of narrow band radiation thermometers, the entrance
and exit slit widths of the monochromator are set to 0.5 mm. With such slit widths,
the optical power at the exit slit ranges from 0.1 wW - nm~! at 400 nm to more than
1 wW - nm~! from 500 nm to 700 nm.

In contrast to measurements in the irradiance mode, for radiance mode measure-
ments the radiation behind the exit slit is focused onto an entrance port of an integrating
sphere with a diameter of 5.1 cm (2 in) by using a mirror system. A precision copper
aperture of a nominal diameter of 5 mm is used to define the radiating area for calculat-
ing the spectral radiance by absolute measurements. For relative spectral responsivity
measurements, the integrating sphere is replaced by a mirror and an adjustable aper-
ture to feed the spectral radiation with a matching f-number into the optical setup of
the radiation thermometer. To minimize the effect of diffuse stray light radiation, a
blacken variable diameter aperture is placed between the integrating sphere and the
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detectors. A monitor diode is also installed to correct for short-term variations dur-
ing the measurements. Measurements were performed by direct substitution at each
selected wavelength by using a translation stage to move the trap detector relative to a
fixed position at a certain distance in front of the radiation thermometer in a light-tight
box.

At this facility, radiation thermometers were calibrated in terms of their spectral
radiance responsivity by comparison to an absolutely calibrated three-element Si trap
detector, traceable to the primary cryogenic radiometer of PTB in terms of spectral
power responsivity at several wavelengths [11]. In combination with two diamond-
turned precision apertures, the trap detector can be employed to calculate the absolute
spectral radiance by measuring the spectral irradiance. With known effective areas of
the apertures and the distance between these two apertures, the geometric factor of
the radiance measurement can be calculated. The aperture areas have been separately
calibrated with the method described in [11] based of a laser scanning microscope
method. As perfect knife edges are obtained, the effective area is independent of the
angular distribution of the incoming radiation. The distance between these two aper-
tures is accurately determined by a precision length gauge and an interferometer. With
the absolute spectral power responsivity of the trap detector and the geometric factor
of the measurement, the absolute spectral radiance can be calculated via the measured
spectral irradiance [11]. The calculated spectral radiance is then compared to the pho-
tocurrent generated by the radiation thermometer to determine the absolute spectral
radiance responsivity of the radiation thermometer via

Loh RT
Sk =G IP :
ph,Trap

Strap(M) (1)

where G is the geometric factor, Iph rT and Ipn Trap are the photocurrents obtained
from the radiation thermometer and the trap detector, respectively, and Sﬁap (2) is the
spectral irradiance responsivity of the trap detector.

3 Uncertainty Estimation

Relevant uncertainty components for the absolute spectral radiance calibration of the
monochromator-based setup are given in Table 1. All components are given as stan-
dard uncertainties at a coverage factor of k = 1. One of the main contributions is
the spatial uniformity of the spectral radiance across the integrating sphere opening,
which is expected to decrease for an increasing sphere diameter. However, a larger
integrating sphere is not a straightforward solution to solve this problem, because for
a fixed opening area, the output radiance quadratically decreases with an increasing
sphere radius. Presently, the best radiance uniformity across the 5 mm aperture for
the 5.1 cm (2 in) integrating spheres at the monochromator-based facility is £0.2 %,
measured by scanning the aperture with the radiation thermometer under test at 650
nm with a bandwidth of 9 nm as shown in Fig. 2. Although a correction of the non-
uniformity can be applied for any measurement, it increases the overall uncertainty
due to the uncertainty of the uniformity measurement.
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Table 1 Summary of the

. . Contributions of uncertainty Monochromator-based (%)
relative standard uncertainty
- (k=1
contributions of the absolute
spectral responsivity of the . o
LP3 8005 Source instability 0.067
Spatial homogeneity 0.115
Spectral responsivity trap 0.025
Aperture area 0.013
Distance 0.050
Diffraction at two apertures 0.051
LP3 stability and noise 0.053
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Squared sum 0.169
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Fig. 2 Measured spatial uniformity of the spectral radiance across the radiating opening of the integrating
sphere at 650 nm with a bandwidth of 9 nm

Since the uncertainty attributed to noise decreases with increasing radiant power, the
repeatability of the integral responsivity is currently improved to better than 1 x 1073
for the monochromator-based method due to the higher radiance of the Xe lamp in
comparison to the QTH lamp. Although a correction due to the temporal instability of
the radiation sources was applied by using the monitor diode, the uncertainty due to
the temporal instability for the time interval of about 2 min is still 0.07 % due to the
rapid fluctuations of the radiation emitted by the Xe lamp.
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An uncertainty in the wavelength of less than 26 pm is obtained due to the tem-
perature-controlled room and the careful wavelength initialization by using a mercury
spectral lamp prior to every measurement. Finally, the overall uncertainty at the setup
is within 0.17 % (k = 1). At this stage, a correction due to nonlinearity of the radi-
ation thermometer under test was not considered, even though both of the absolute
calibrations are performed at different signal levels, because recent results showed no
significant non-linearity of the used radiation thermometer [12].

4 Calibration Results
4.1 Absolute Spectral Responsivity

In this article, the spectral radiance responsivity of a radiation thermometer LP3 (Ser.
No. 80-05)* equipped with a 650 nm interference filter was absolutely calibrated for
application to high-temperature measurements. At first a series of relative measure-
ments without the integrating sphere was performed to investigate the performance of
the single monochromator and to characterize the fine structure of the LP3’s interfer-
ence effect with different bandwidths. In the wavelength range from 400 nm to 1000
nm, measurements were conducted with bandwidths of 1 nm and 5 nm to measure the
stray light of the monochromator. It was found that the stray-light level for this single
monochromator is suppressed to less than 10~ even for a monochromator bandwidth
of 1 nm. As a result, the out-of-band responsivity of the LP3 on this setup will be
limited by this level.

Within the band-pass region of the LP3’s interference filter, relative measurements
were performed with spectral bandwidths of 0.2 nm and 0.1 nm to find the optimum
spectral bandwidth for calibration of the radiation thermometer. An oscillation pattern
was not observed even for a bandwidth of 0.1 nm, which is in contrast to previous
results obtained with another LP3 (Ser. No. 8013) as shown in Fig. 3 [10]. However,
since the relative difference between the integral responsivity for 0.2 nm and 0.1 nm is
less than 5 x 1074, a spectral bandwidth of 0.2 nm is used in favor of a time effective
measurement.

By applying an integrating sphere for absolute calibration, the dynamic range of
the monochromator setup was lower than that for the relative measurement, whereas
most of the total radiation was directly introduced onto the LP3’s field of view. With
an effective bandwidth of 1.0 nm, the signal-to-noise ratio of the LP3 at the peak
wavelength was approximately 103, using an integrating sphere of 5.1 cm (2 in) in
diameter for a signal averaging time of 5 s. With the expected bandwidth of 0.2 nm,
the LP3’s signal-to-noise ratios were lower than the required level (>10%); hence, a
spectral bandwidth of 1 nm is applied to measure in the band-pass region (650 nm =+
15 nm) for the absolute measurement. During the calibration, five runs were taken to
evaluate the repeatability of the measurements, resulting in a relative repeatability of
the integral responsivity of 5.3 x 10™*. The repeatability of the effective wavelength
for each run is better than 25 pm. In the blocking region, the results of the relative mea-
surements were used by adjusting them with an absolute result at the peak wavelength
to determine the absolute out-of-band responsivity of the LP3.
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Fig. 3 Relative spectral radiance responsivity of the LP3.8005 and LP3 8013 with the spectral bandwidth
of 0.1 nm measured at the monochromator-based setup

The absolute spectral radiance responsivity of the LP3 is plotted over the mea-
surement range on a logarithmic scale in Fig. 4a and on a linear scale in Fig. 4b, in
combination with the relative results with a bandwidth of 0.2 nm. It can clearly be seen
that out-of-band suppression of the LP3 by the monochromator-based measurement
for the relative measurement is less than 107> in the wavelength range from 400 nm
to 1000 nm.

4.2 Measurement at the Au and Cu Fixed Points

To check the accuracy of the absolute calibration, the LP3 under test was applied to
measure the photocurrents at ITS-90 fixed points, such as gold and copper, and com-
pare these with photocurrents calculated based on the calibrated spectral responsivity.
The calculated photocurrents at any thermodynamic temperature of a blackbody can
directly be determined from integration of the absolutely calibrated radiance respon-
sivity multiplied by Planck’s function according to

iph = / SELL(x, T)da, )

where i, is the calculated photocurrent, S{gT is the absolute spectral radiance respon-
sivity of the radiation thermometer, and L(A, T) is the spectral radiance given by
Planck’s law at the temperature of the gold or copper fixed-point temperature. The
calculated photocurrents at the fixed-point temperatures assigned by ITS-90 should
be in agreement with the measured values within their combined uncertainties.

In this measurement, an established gold fixed-point blackbody of PTB was used.
All performances and details of this blackbody on differences in plateau shape and
repeatability can be found in [13]. The emissivity of the cavity has been calculated
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Fig. 4 Absolute spectral radiance responsivity of the LP3 8005 measured on the monochromator-based
facility: (a) on a logarithmic scale, and (b) close to fine structure on a linear scale

to be 0.999988. For Cu, a small fixed-point cell manufactured by PTB [14] was
employed by operating it inside a Nagano M furnace®. The emissivity of the Cu
fixed-point cell is calculated to be 0.9997 (40.0003) using a Monte Carlo technique
based on the geometry of the crucible cavity [11]. The effective emissivities were
considered to correct the measured signals.

To observe the photocurrents at the fixed points, the calibrated LP3 was aligned to
the center of the cavity opening of the fixed-point cells at a distance of 700 mm. Melts
and freezes were performed by varying the furnace temperature in steps of 5 K for
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Table 2 Summary of the measured and calculated photocurrents of the LP3 8005 at the fixed-point
temperatures using the calibrated absolute spectral responsivity

Fixed point Measured Calculated Relative Combined Thermodynamic
photocurrent photocurrent difference uncertainty temperature (K)
(A) (A) (%) k=1 (%)

Au 6.431 x 10711 6427 x 10711 —0.07 0.19 1064.232 & 0.154

Cu 8.235 x 10711 8240 x 10711 0.06 0.20 1084.570 £ 0.158

the Au fixed point and +25 K for the Cu point, with respect to the temperature defined
by ITS-90. During the freezing plateau of the fixed points, the signal is stable within
the relative standard deviation of 1.2 x 10~* over a period of more than 5 min for the
copper blackbody and 1 h for the gold blackbody. The photocurrents at the freezing
temperatures can be estimated as the average between 25 % and 75 % solid fractions
of the freeze plateau. For each fixed point, a difference between this average value and
the maximum of the freezing curve is less than 2.4 x 1074,

A summary of the corrected photocurrents at the Au and Cu freezing tempera-
tures measured by the LP3 under test is shown in Table 2, along with the calculated
photocurrents and the obtained thermodynamic temperatures according to the spec-
tral responsivities from the absolute calibration. The results show good agreement
between the measured and calculated photocurrents within the combined calibration
uncertainty at the monochromator-based facility. Furthermore, thermodynamic tem-
peratures of the fixed-point blackbodies with estimated uncertainties (k = 1) are also
presented in Table 2. Using these experimentally determined thermodynamic tem-
peratures, the T — Ty value at the gold point is 52 mK and at the copper point is
—50 mK.

5 Discussion and Outlook

In this investigation, an OSRAM 75 W Xe lamp* with a maximum radiance around
the bandpass of the radiation thermometers at 650 nm has already been used. With this
setup, the signal-to-noise ratio of the LP3 photocurrent for the absolute calibration at
the monochromator-based facility is currently limited to 10° with a spectral bandwidth
of 1 nm. The output radiant power could be further increased by adapting the f-num-
ber of the Xe-arc lamp to the used monochromator. Another solution to increase the
signal level of the setup could be possible by applying novel radiation sources such as
supercontinuum lasers or laser driven lamps as input sources for the monochromator.
The continuous spectrum laser sources are currently available with a spectral power
of up to 5 mW - nm~!; however, their instabilities due to noise are more than 0.4 %
for an average time of 30 s and they are also wavelength dependent [15].

The comparison of the measured thermodynamic temperatures with the ITS-90
temperatures shows 7' — Tog = 52 mK for the gold and T — Top = —50 mK for the
copper freezing-point temperature. In comparison to the current best estimated values
of T — Ty in Ref. [16], the determined 7" — Ty value at the PTB Au primary fixed
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point shows good agreement. With regard to the Cu point, the T — Ty value seems
to be lower than the best estimate and also well outside its elaborated uncertainty,
but well within the obtained measurement uncertainty. One reason for this result is
attributed to the impurity of the copper fixed-point material in the blackbody crucible
due to its small cell design, for which the original intention was to investigate plateau
lengths and not thermodynamic temperature measurements. Therefore, a new Cu cell
blackbody will be fabricated and applied in the future to determine the thermodynamic
temperature of the Cu point with higher accuracy.

Additionally, the measurements should be performed also with a 950 nm interfer-
ence filter to evaluate the consistency of the measurement at various wavelengths.
However, the absolute calibration for the LP3 at this wavelength region was not pos-
sible at that time due to further decreasing radiant power in this wavelength range.
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