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The radiation temperature scales of PTB and MIKES were compared in the range of 1570-
2770 K using four filter radiometers of MIKES, one filter radiometer of PTB, and linear
radiation thermometers of both MIKES and PTB. The agreement was partial: two filter
radiometers and the linear radiation thermometer of MIKES agreed well with the equip-
ment of PTB, while two filter radiometers deviated from the other equipment. To get a dee-
per understanding of the reasons of the deviation, the results were studied in terms of both
temperature and radiance. The deviation was found constant in terms of radiance. A cor-
rection factor was calculated for the radiance level with help of a temperature fixed-point
calibration. The use of the correction factor improved the results.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Radiation thermometry is based on measurements of
spectral radiance. Temperature measurements are thus
strongly linked to precision spectroradiometry. The Inter-
national Temperature Scale of 1990 (ITS-90) is based on
the Planck’s radiation law above the silver freezing point,
1234.93 K. According to ITS-90, the temperature is mea-
sured relative to a temperature fixed-point using a linear
radiation thermometer [1]. The thermodynamic tempera-
ture of a blackbody can also be measured directly using
absolutely (radiometrically) calibrated filter radiometers.
Intercomparisons are commonly carried out to verify the
accuracies of the temperature and the radiance scales of
the national metrology institutes [2-5]. Filter radiometers
and linear radiation thermometers described and used in
this paper have previously been compared, e.g., in [6-9].

An intercomparison of the temperature scales between
the Centre for Metrology and Accreditation (MIKES,
Finland) and the Physikalisch-Technische Bundesanstalt
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(PTB, Germany) was arranged in March 2007, and it was
carried out as a part of an implementing the Metrology
European Research Area (iMERA) project using the Primary
Temperature Radiator (PriTeRa) special facility of PTB
[10,11]. One of the project goals was to enhance the inter-
national collaboration in the field of metrology in Europe,
and to open the national measurement and calibration
facilities for the metrologists from other National Metrol-
ogy Institutes. The measurements were carried out at the
Berlin site of PTB. The measurement artifact was a high-
temperature blackbody HTBB3200pg made of pyrolytic
graphite rings [12]. Temperatures between 1570 K and
2770 K were measured. The measurement equipment con-
sisted of four filter radiometers of MIKES with central
wavelengths from 600 to 900 nm, one filter radiometer
from PTB with central wavelength of 800 nm, and LP3 lin-
ear radiation thermometers from both PTB and MIKES.
With help of this comparison, the temperature measure-
ment equipment of MIKES was able to be tested at higher
temperatures, as MIKES only has blackbody sources up to
1800 K.

In this paper, we first describe the measurement equip-
ment, the setup and the measurement scheme. Then we
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present the results of the comparison. Finally, the results
are analyzed in terms of both temperature and spectral
radiance.

2. Materials and methods
2.1. Measurement equipment

2.1.1. Filter radiometers

To determine the radiation temperature of a blackbody,
one needs to measure its radiance. The radiance of a black-
body with a known radiating aperture can be measured
with an absolutely calibrated irradiance mode filter radi-
ometer equipped with a known limiting aperture set at a
known distance from the blackbody [11]. In such a mea-
surement, the photocurrent i of the filter radiometer de-
pends on the temperature T as

Am(1+ rLZ?BzE‘R
i=1%(UzD)8/ﬂ@“L”Ww )

where /1 is the wavelength and S(2) is the spectral irradi-
ance responsivity of the filter radiometer defined by the fil-
ter transmittance, the detector responsivity and the
aperture area. Function L(4,T) is the spectral radiance of
the blackbody output given by the Planck’s radiation law,
Agg is the aperture area of the blackbody, rgp is the radius
of the blackbody aperture, g is the radius of the filter radi-
ometer aperture, and ¢ is the emissivity of the blackbody.
The geometric factor D is defined as D* = d® + 12, + 12,
where d is the distance between the filter radiometer aper-
ture and the blackbody aperture.

All of the MIKES filter radiometers consist of a trap
detector made of three silicon photodiodes. The construc-
tion of the MIKES filter radiometers is described in [13].
The housing of filter radiometer FR1 has an interchange-
able filter, and its components are characterized sepa-
rately. The FR2-type housing is similar to FR1, except
that the filter is permanently installed. The filters used in
FR1 are narrow-band-pass interference filters at nominal
center wavelengths of 800 and 900 nm, and a broad-band
V(2)-filter. The FR2 has a narrow-band 800-nm interfer-
ence filter installed. In both filter radiometer constructions,
the interreflections between the trap detector and the filter
are around 0.01-0.02%. The temperatures of the filter radi-
ometers are electrically controlled.

The calibration procedure for the FR1 radiometers is
described in [14] and for the FR2 in [15]. The FR1-type
filter radiometers were characterized component by com-
ponent. The responsivity and the reflectance of the trap
detector were measured and modeled to cover the ultra-
violet, the visible and the near infrared wavelength
regions in autumn 2006. The transmittances of the filters
of MIKES-FR1-600, MIKES-FR1-800 and MIKES-FR1-900
were measured before and after the intercomparison in
spring 2007. The aperture area was measured in spring
2007. The spectral irradiance responsivity of FR2 was
measured for the combination of the detector, the filter
and the aperture, using a laser scanning method [15] in
spring 2006.

The detailed uncertainty analysis for the MIKES filter
radiometers is presented in [7]. The most dominant uncer-
tainty components associated with the MIKES filter radiom-
eters are the measurement wavelength, the transmittances
of the filters and the responsivity model of the trap detec-
tors. The combined expanded uncertainties associated with
temperature measurements are presented in Table 1.

The filter radiometer of the PTB has a pass-band of 20 nm
with central wavelength of 800 nm. The diameter of the
precision aperture is 5 mm. The filter radiometer is water-
cooled, which enables high stability. The calibration proce-
dures and the uncertainty determination of this filter
radiometer are described in [8,11,16] and its ultimate stabil-
ity is demonstrated in [9]. The calibration is carried out
using a spectral comparator facility. The stray light
contribution is reduced by using a prism monochromator
as pre-disperser for the grating monochromator. A Glan-
Thompson polarization prism is inserted behind the grating
monochromator to obtain the spectral responsivity for
unpolarized light. The measurement results are corrected
for diffraction effects [17].

2.1.2. Linear radiation thermometers

In this study, both PTB and MIKES used linear radiation
thermometers of type LP3 from KE Technologie GmbH
[18].

For the LP3-MIKES, the measured temperature is calcu-
lated from the measured photocurrent Iy, ; as

1 2 L, 17
T=|r——"Lin 2" 2
Tcal C C : Ical./L ( )

where ¢, = 1.4388 x 1072 Km is the second radiation con-
stant defined by the Commission Internationale de I'Eclai-

Table 1

Expanded uncertainties (k = 2) in temperature of the participating instruments at different temperatures. Values are given in Kelvin.
T (K) ITS-90 via C514 MIKES-FR1-600 MIKES-FR1-800  MIKES-FR1-900  MIKES-FR2-800 PTB-FR-800 PTB-LP3 MIKES-LP3
1570 03 0.5 0.5 0.5 0.3 0.2 0.8 0.8
1670 03 0.5 0.6 0.6 0.3 0.2 0.8 0.8
1770 0.3 0.6 0.6 0.7 0.4 0.2 0.8 0.9
1970 04 0.6 0.8 0.8 0.4 0.3 0.9 1.4
2170 05 0.7 0.9 1.0 0.5 0.3 1.1 2.0
2270 06 0.8 1.0 1.1 0.6 0.3 1.1 2.4
2370 06 0.8 1.1 1.2 0.6 04 1.2 2.7
2570 0.7 0.9 1.2 14 0.8 0.4 13 35
2770 08 1.1 1.4 1.7 0.9 0.5 1.5 44
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rage (CIE), Ao is the effective wavelength defined by the fil-
ter, the detector and the fore optics, T,y is the reference
temperature of the fixed-point cell calibration, I, ; is the
reference current and { = ketp combines the attenuation
factor x of the filter, the emissivity ¢ of the target, the
transmittance of the filter 7, and the reflectance of the opti-
cal components p.

The values T, I.q; and k are determined by calibration.
The effective wavelength .5 is defined by measuring the
silver and the copper fixed-point temperatures, T; and
T,, and recording the corresponding radiation thermome-
ter signals S(T¢) and S(T,). Applying Wien’s approximation
gives the effective wavelength as

_ali-4)
for = AT ®)
In <S(TZ>
1)

The resulting effective wavelength is 652.73 nm.

The characterization of the LP3-PTB is made by deter-
mining the linear relationship between the output signal
and the spectral radiance of the measurement source at
the range of 1200-3000 K in temperature steps of 200 K.
The resulting photocurrent Iy, is fitted to the Sakuma-Hat-

tori equation [19], and the temperature calculation is
carried out as

Cy b

=" (Ipn;/c) @

(4)

where Ty is the radiation temperature, and a,b and c are
constants defined by the calibration. The calibration is per-
formed against a high-temperature blackbody BB3200pg,
which is traceable to gold fixed-point [5].

The expanded uncertainties associated with the linear
radiation thermometers are presented in Table 1. The
uncertainty associated with linear radiation thermometer
measurements arises from the uncertainty of the reference
temperatures, repeatability of the measurement signal and
the non-linearity of the radiation thermometer.

2.1.3. High-temperature blackbody

The thermal radiation source used is a well-character-
ized high-temperature blackbody (HTBB) of type
BB3200pg. The cavity is formed by pyrolytic graphite rings.
The housing of the HTBB is water-cooled. The temperature
of the HTBB is continuously monitored with a radiation
thermometer from the back side. The length of the cavity
is approximately 250 mm and the diameter is 37 mm.
The emissivity is 0.999 4 0.0005. The construction and
the operation of the BB3200pg are described in more detail
in [11,20]. A water-cooled precision aperture is mounted in
front of the blackbody. This allows the radiance of the cav-
ity to be measured with irradiance mode filter radiome-
ters. The diameter of the aperture is (20.012 +0.001)
mm. The uncertainty associated with the HTBB consists
of the stability of the temperature, the size-of-source effect
and the uncertainty of the emissivity. The expanded uncer-
tainty associated with the reference temperature is
presented in Table 1.

2.2. Measurement setup and procedure

The setup used in the measurements is presented in
Fig. 1. The measurement devices were installed on a trans-
lation stage to allow fast interchange of the equipment.
The devices were aligned using a laser beam and a mirror.
The distance between the blackbody and the detector was
set to about 1 m for the filter radiometers, and it was mea-
sured with a calibrated rod. The distance between the
blackbody and the front plates of the linear radiation ther-
mometers was 700 mm. The distance was measured to a
plate which was 15.2 mm in front of the defining aperture
of the blackbody. The measured photocurrents were con-
verted into voltage signals using a current-to-voltage con-
verter and read with a calibrated high-accuracy digital
multimeter.

One measurement round consisted of 10 signal and 10
dark current measurements using all filter radiometers
and the linear radiation thermometers. A tungsten strip
lamp C514 was used to measure the HTBB temperature
according to the ITS-90. The measurement round was re-
peated five times for each filter radiometer at each temper-
ature. Two to four temperatures were measured per day at
200 K steps.

3. Results

The radiation temperature measurement results for the
filter radiometers are shown in Fig. 2. In the early stage of
the analysis it became apparent that some of the MIKES fil-
ter radiometers deviated from the others, and it was
decided that the filter radiometers of MIKES are compared
to the filter radiometer of PTB. This approach allowed
direct comparison of the measured thermodynamic tem-
peratures. The filter radiometers MIKES-FR1-600 and
MIKES-FR2-800 show agreement with PTB-FR-800 over
the whole temperature range. The results are also consis-
tent with each other. The typical deviation from PTB for
MIKES-FR1-600 and MIKES-FR2-800 is around 0.4 K for
the lower temperatures and around 1.2 K for the higher
temperatures. The deviations of MIKES-FR1-800 and
MIKES-FR1-900 from the reference values are larger, high-
er than the expanded uncertainties. The typical deviation
for MIKES-FR1-800 and MIKES-FR1-900 is around 1.0 K
for the lower temperatures and around 3 K for the higher
temperatures.

The results of the linear radiation thermometers are
compared to PTB-FR-800 in Fig. 3. The results are in good
agreement. The difference between the linear radiation
thermometers and PTB-FR-800 is between 0.05 K and 1.0 K
for MIKES-LP3, and between 0.08 K and 0.46 K for PTB-LP3,
depending on the temperature. Using PTB-FR-800 as the ref-
erence allowed the comparison of direct thermodynamic
temperature and ITS-90 based scale realization.

To get an understanding on the level of agreement in
radiometric measurements, the results of the MIKES filter
radiometers were also analyzed in terms of spectral radi-
ance. The spectral radiance values of the HTBB at the effec-
tive wavelengths, calculated using Planck’s radiation law,
were used as the reference values with which the mea-
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Fig. 1. Measurement setup. The filter radiometers and the linear radiation thermometers are installed on a translator stage. The defining aperture is placed

in front of the HTBB (BB3200pg).

¢ MIKES-FR1-600
0 MIKES-FR1-800
A MIKES-FR1-900
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Lo U(PTB-FR-800)

Difference to PTB-FR-800, K
(=]
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Fig. 2. Difference between the temperature measurement results of MIKES filter radiometers and PTB-FR-800. Typical expanded uncertainties are given for
MIKES-FR1-800 and MIKES-FR2-800. The dashed lines represent the expanded uncertainty of PTB-FR-800.

sured spectral radiances were compared. The results are
presented in Fig. 4. As the figure shows, the differences in
radiance are quite constant. The relative average devia-
tions in radiance are —0.23%, —0.66%, —0.51% and —0.19%
for the filter radiometers MIKES-FR1-600, MIKES-FR1-
800, MIKES-FR1-900 and MIKES-FR2-800 at their respec-
tive wavelengths.

A correction factor for the radiance level of the MIKES
filter radiometers was calculated with help of an Ag
fixed-point calibration carried out at MIKES. First, the ex-
pected radiance was calculated using the Planck’s law at
the silver freezing point temperature. The measured radi-
ance in the Ag point calibration was calculated from the

photocurrent using Eq. (1). Then the measured and
expected radiances, L(Z,Ty) and L(Z,Tqe), were compared
to calculate the correction

L(/“v TQO) - L(Av TM)
LiTu) ®)

The differences of the measured and the radiance cor-
rected temperatures to the PTB-FR-800 at each measure-
ment point are presented in Fig. 5. The deviations from
the PTB-FR-800 reduced for the filter radiometers MIKES-
FR1-600, MIKES-FR1-900 and MIKES-FR2-800. The radi-
ance correction did not improve the results of the MIKES-
FR1-800, and it was thus left out from Fig. 5.



M. Ojanen et al./ Measurement 43 (2010) 183-189

187

T T T T T T
X PTB-LP3
- MIKES-LP3

1
==
i p—

Difference to PTB-FR-800, K
(=]

3k

1400 1600 1800

2000

2200

2400 2600 2800

Temperature, K

Fig. 3. Difference between the temperature measurement results of the linear radiation thermometers and PTB-FR-800.
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Fig. 4. The deviations of the MIKES filter radiometers analyzed in terms of radiance, given as deviations from the HTBB radiance. Typical expanded

uncertainties (k = 2) are given for MIKES-FR1-800.

Possible causes for the deviations of MIKES-FR1-800
and MIKES-FR1-900 could be instability of the filter radi-
ometers, differences in the measurement geometries for
the filter transmittance and the radiation temperature
measurement, spatial non-uniformities of the filters, and
diffuse transmittance components in the filters. The stabil-
ity of the filters was studied by measuring the filters before
and after the comparison. The measurements showed no
significant changes. The stability of the detector was also
studied in autumn 2007, and it was found to be stable.

The measurements with the V(1)-filter and the FR2
type housing were successful, which indicates that the
problems are related with the interchangeable interfer-
ence filters. The f~-number in the temperature measure-
ments is 1/60. Two different setups have been used for
transmittance measurements. The reference spectrometer

has an f-number close to infinity [21]. For the other com-
mercial device, the f~number is 1/10. The results obtained
with the two setups have been compared, and they agree
within uncertainties. Another difference between the
geometries is the distance between the filter and the
detector. In the transmittance measurements with the
commercial device, the filter is placed at a distance of
20-30 cm from the detector. When attached to the filter
radiometer, the distance between the filter and the detec-
tor is approximately 5cm. The shapes and sizes of the
beams in the setups vary, which also might explain some
of the deviations.

When the interference filters age, diffuse transmittance
components may appear. The diffuse transmittance com-
ponents may produce differences in the observed signal
levels at different measurement distances.



188 M. Ojanen et al./ Measurement 43 (2010) 183-189

T T T T T T T T T T T
3L ¢ MIKES-FR1-600 .
|l & MIKES-FRI1-600, corrected
o 2| © MIKES-FRI-900 i
= I A  MIKES-FR1-900, corrected
= 0  MIKES-FR2-800
E‘é I~ e MIKES-FR2-800, corrected . .
Eool—y M. :
IR e
8 8 °
s T A © ¢
5 | A
E oL A A i
| paN
3+ A
" 1 " 1 " 1 1 " 1 " 1 " 1
1400 1600 1800 2000 2200 2400 2600 2800

Temperature, K

Fig. 5. Raw measurement results of the MIKES filter radiometers (open symbols) and the corresponding results corrected for radiance (closed symbols). The

dashed lines represent the expanded uncertainty of PTB-FR-800.

4. Conclusions

The radiation temperature scales of PTB and MIKES
were compared at the range of 1570-2770 K. The thermal
radiation source used was a high-temperature blackbody
of type BB3200pg formed by pyrolytic graphite rings. Four
filter radiometers of MIKES, one filter radiometer of PTB
and LP3 linear radiation thermometers of both PTB and
MIKES were used. The filter radiometer of PTB was used
as the temperature reference.

The agreement of the measured temperatures was
within k = 2 uncertainty limits for the MIKES filter radiom-
eters MIKES-FR1-600 and MIKES-FR2-800, and for the both
LP3 radiation thermometers. The deviations of MIKES-FR1-
800 and MIKES-FR1-900 from the reference values were
larger, higher than the expanded uncertainties.

The results were also analyzed in terms of spectral radi-
ance. The relative radiance deviation from the reference
was found to be quite constant for each filter radiometer
of MIKES. With the help of a calculated radiance correction,
the agreement in temperature was significantly improved.

In the separate characterization of the interference fil-
ters and the detector, the geometries in the transmittance
measurement setups should be carefully matched with the
geometries used in the temperature measurements. The
advantage of the FR2 type filter radiometer is that the filter
and detector are characterized simultaneously in the same
arrangement in which they are used in the temperature
measurement.
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