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Abstract. The Physikalisch-Technische Bundesanstalt (PTB) expanded its capabilities of the absolute mea-
surement of radiant power to the spectral range of the mid-infrared (MIR) by implementing additional MIR
laser radiation sources at one of the PTB’s cryogenic electrical substitution radiometer facilities. This extension
enables absolute calibrations of the spectral responsivity of detectors in the MIR traceable to the International
System of Units (SI).

The thermopile detector TS-76 was characterized and calibrated in view of its spectral responsivity s(λ) in the
wavelength range between 1.5 and 10.6 µm at the expanded cryogenic electrical substitution radiometer facility.
The relative standard measurement uncertainty was significantly reduced to 1.4 % by developing an optimized
and thermally stabilized detector housing design. The TS-76 was established as a mid-infrared transfer detector
for the SI traceable measurement of radiant power and the dissemination of the spectral responsivity s(λ) in the
MIR.

1 Introduction

Radiation detectors for the near-infrared (NIR) and mid-
infrared spectral range are widely needed for different appli-
cations, e.g. remote sensing (Allison et al., 2016) or measure-
ment of climate-relevant atmospheric molecules (Rothman et
al., 2013). Some of these applications, e.g. the radiometric
measurement of thermodynamic temperatures (Gutschwager
et al., 2013), require high-accuracy traceability of the radio-
metric measurements to the International System of Units
(SI), which is realized by national metrology institutes like
the Physikalisch-Technische Bundesanstalt (PTB) by operat-
ing primary radiometric detector standards such as electrical
substitution radiometers. Furthermore, the PTB uses differ-
ent types of transfer detectors which have been calibrated in
view of their spectral responsivity s(λ) against these national
radiometric standards for the dissemination of the radiomet-
ric quantities. The spectral responsivity s(λ) is defined by the
ratio between the output signal of the detector – usually volt-

age or current – and the received radiant power8. The trans-
fer standards are typically calibrated at selected wavelengths,
and an interpolation of the spectral responsivity is performed
between these supporting points.

Existing calibration facilities at the PTB with cryogenic
electrical substitution radiometers as primary standards offer
absolute calibration capabilities in the spectral range from
X-ray, extreme UV (EUV), ultraviolet (UV), visible (VIS) to
NIR (Gottwald et al., 2006; Meindl et al., 2006; Noulkow
et al., 2009; Werner et al., 2000, 2009, 2014). Transfer stan-
dards are mainly based on quantum detectors in these spec-
tral ranges due to their high spectral responsivity. Measure-
ments of the spectral responsivity of detectors with a relative
uncertainty down to and even below 10−4 are realized at the
PTB (Müller, 2013). Figure 1 shows the spectral responsivity
of typical photon detectors which are calibrated at the PTB.
The corresponding measurement uncertainty realized at the
PTB is given in Table 1.

Published by Copernicus Publications on behalf of the AMA Association for Sensor Technology.



196 T. Pohl et al.: Measurement of the absolute spectral responsivity in the mid-infrared

Table 1. Transfer detectors in the UV, VIS and NIR and typical relative standard uncertainties of the spectral responsivity realized at the
PTB (Hartmann et al., 2010; Meindl et al., 2006; Noulkow et al., 2009; Werner et al., 2000, 2014).

Transfer detector type Used in the spectral range from Relative standard uncertainty

Si trap detector 200 to 1005 nm 0.01 % to 0.3 %
InGaAs photodiode 950 to 1650 nm 0.04 % to 0.4 %
Ge photodiode 1400 to 1900 nm 0.13 % to 2 %
Extended InGaAs photodiode 1500 to 2400 nm 0.08 % to 2 %

Figure 1. Spectral responsivity of transfer detectors in the UV, VIS
and NIR (PD: photodiode; trap: detector made of three photodiodes
in a “trap design”).

The wavelength range of the mid-infrared (i.e. 3 to 50 µm)
is currently of increasing interest and market importance for
research and industrial applications; therefore, the dissem-
ination of radiometric units, e.g. of the spectral responsiv-
ity s(λ) of radiation detectors with high accuracy is of ris-
ing need as well in this spectral range. But in contrast to the
UV, VIS and NIR, the determination of the absolute spec-
tral responsivity s(λ) of semiconductor detectors in the mid-
infrared (MIR) is more difficult. The spectral responsivity –
which has a distinct dependence on the wavelength (Fig. 1)
– has to be calibrated absolutely at discrete wavelengths and
to be interpolated over the applicable wavelength range with
an appropriate physical or mathematical model. This is pos-
sible with low uncertainties only if the separation between
the discrete wavelengths is small enough. Hence, an inter-
polation of the spectral responsivity of semiconductor detec-
tors in the MIR would require a large number of absolute
calibrations against the cryogenic electrical substitution ra-
diometer. Therefore, the PTB’s approach for the dissemina-
tion of the spectral responsivity in the MIR is based on ther-
mal detectors. It is expected that an interpolation of the spec-
tral responsivity based on fewer supporting points is possible
with a sufficiently low uncertainty due to the spectral flat-

ness of their responsivity in a wide wavelength range. Conse-
quently, one electrical substitution radiometer facility of the
PTB has been expanded for absolute calibrations in the MIR
wavelength range by suitable laser radiation sources that pro-
vide sufficient radiant power. Furthermore, a disadvantage of
semiconductor detectors in the MIR is typically their small
sensitive area. Thus, they are usually used for irradiance in-
stead of radiant power measurements where the sensitive area
of the detector has to cover the whole extent of the beam pro-
file. In contrast, thermal detectors with larger sensitive areas
offer the possibility of radiant power measurements.

In the following sections the cryogenic electrical substitu-
tion radiometer facility, its expansion for the MIR and the op-
timization, and calibration of the thermopile detector TS-76
to be used as a transfer detector will be described.

2 Absolute calibration of the spectral responsivity
of radiation detectors

The PTB uses cryogenic electrical substitution radiometers
for absolute calibrations of the spectral responsivity s(λ)
of radiation detectors. These substitution radiometers are
primary detector standards for the measurement of radiant
power (Martin et al., 1985) because the measurement of ra-
diant power realized is traceable to the International System
of Units by substitution of the absorbed radiant power with
electric heating power. Electric power can be measured with
low uncertainty traceable to the PTB realizations of the elec-
trical quantities voltage and resistance.

The cryogenic electrical substitution radiometer (Fig. 2)
consists of an absorber cavity that is thermally linked to a
heat sink at the temperature of liquid helium. In addition, the
absorber is slightly electrically heated to a certain temper-
ature. This electric heating power is controlled to hold the
absorber at a constant temperature (1 in Fig. 2). If radiant
power 8 is additionally heating the absorber (2 in Fig. 2),
the electric heating power of the absorber has to be reduced
to remain at this temperature (3 in Fig. 2). The radiant power
8 is then – considering that all radiant power is absorbed in
the absorber – equivalent to the change in the electric heating
power. The heating power can be calculated from the heater
voltage UH and the heating current. The heating current is
measured by the voltage drop UN across a normal resistor
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Figure 2. Measurement principle of the cryogenic electrical substi-
tution radiometer.

with resistance RN:

PHeater = UH ·
UN

RN
. (1)

By running the electrical substitution radiometer in a vac-
uum and at the cryogenic temperature of liquid helium
(TLHe= 4.2 K), the sensitivity of the radiometer is consider-
ably increased and the uncertainty is reduced.

The PTB uses different types of radiation sources such as
laser sources, synchrotron radiation sources, or thermal radi-
ation sources (e.g. tungsten halogen lamps) at their measure-
ment facilities to cover different spectral ranges for absolute
calibrations of the spectral responsivity of radiation detec-
tors against the cryogenic electrical substitution radiometers.
One of these measurement facilities (Meindl et al., 2006) has
recently been expanded for the MIR by implementing addi-
tional MIR lasers:

– a quantum cascade laser (QCL) for 3.96 and 9.45 µm
and

– a CO2 laser for 10.6 µm.

The optical path including the necessary implementations of
MIR-suitable mirrors and radiation preparation devices is de-
picted in Fig. 3. Via moveable mirrors, either the QCL or the
CO2 laser can be inserted into the optical path. Furthermore,
a HeNe pilot laser (633 nm) can be used for setting up the
optical path and for controlling the adjustments of the mir-
rors and other optical elements. This is helpful because of
the invisibility of the IR radiation.

The QCL requires a Faraday isolator to prevent back re-
flections into the laser, which would cause damage to the
laser system. The radiant power can be reduced significantly

by using a variable attenuator with up to 36 dB attenuation
to avoid damage to the detectors and to conduct measure-
ments at different power levels, e.g. for the verification of
the linearity of tested detectors. A radiant power incident on
the detector between less than 1 µW and more than 1 mW is
available using this setup. A shutter for the automated mea-
surement of the dark signal is placed in front of the attenua-
tor. A ZnSe lens (f = 500 mm) images a pinhole of 2.4 mm
diameter onto the sensitive area of the detectors. About half
of the radiation is deflected onto another detector in the same
distance via a beam splitter for monitoring the laser power.

The absorber of the cryogenic electrical substitution ra-
diometer is run under a vacuum and therefore equipped with
a ZnSe window which is wedge-shaped with an angle of 3◦

to avoid inter-reflections of monochromatic radiation. The
thermopile detector TS-76 itself is windowless and operated
in air behind a similarly wedged ZnSe window, which is
mounted in front of the detector to obtain the same optical
path. The difference of the transmittances of these two win-
dows has to be measured and corrected. Due to the wedge
shape, another identically constructed window with the op-
posite orientation is needed to compensate for the refraction.

3 Calibration of the spectral responsivity of the
thermopile detector TS-76

A calibration of a thermopile detector called TS-76 in view of
its spectral responsivity has been realized at selected wave-
lengths by using the MIR expanded cryogenic electrical sub-
stitution radiometer facility at the PTB. This determination
of the spectral responsivity is the basis for establishing the
TS-76 as an MIR transfer detector.

3.1 Characteristics of the TS-76

The thermopile detector TS-76 has been chosen as a possi-
ble MIR transfer detector. This type of thermal detector is
manufactured by the Leibniz-Institut für Photonische Tech-
nologien e.V. (IPHT) Jena for radiometric purposes (Holsten-
berg et al., 1995). Thermopile detectors are thermal detectors
based on several thermocouples in series connection. A ther-
mocouple (Fig. 4) consists of a conductor of material A con-
nected to a conductor of material B. A temperature difference
1T between the test point and reference point causes a ther-
moelectric voltageUth due to the Seebeck effect. The amount
of this voltage depends on the material pairing A-B, which is
described by the Seebeck coefficient αA-B:

Uth = αA-B · (T1− T2)= αA-B ·1T. (2)

The temperature of the reference point is supposed to be sta-
ble and therefore connected to a heat sink. The temperature
increase at the test point is caused by the received and ab-
sorbed thermal radiation at the sensitive area.

The multi-junction thermopile detector TS-76 (Fig. 5)
is based on 76 BiSb-Sb thermocouples arranged circularly
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Figure 3. Optical path at the cryogenic electrical substitution radiometer facility for calibrations in the MIR.

Figure 4. Principle of a thermopile detector.

around the sensitive area of 7 mm in diameter (Fig. 6). The
sensitive area of the detector consists of a membrane with a
thickness of 800 nm and is coated with the absorber material
metallic silver–black. The reference points of the thermocou-
ples are connected to the silicon frame which serves as a heat
sink. The Seebeck coefficient αBiSb-Sb of this material pair-
ing is about 135 µV K−1 (Völklein and Kessler, 1987, 1990;
Budzier and Gerlach, 2010).

The spectral responsivity s(λ) is in the range between 1
and 14 V W−1. The specific value depends – among other in-
fluencing factors – on whether the detector is windowless or
equipped with a window and gas filling. Although the win-
dow – e.g. a calcium fluoride window – offers a higher re-
sponsivity and lower noise level due to reduced convection,
windowless detectors have been chosen for the purpose of an

MIR transfer detector. This decision is based on three rea-
sons:

– to not limit the spectral range of the detector by the ab-
sorptance of the window,

– to avoid a spectral dependency of the responsivity due
to the spectral transmittance of the window, and

– to avoid interferences of laser radiation at the window.

The response time of the TS-76 is about 0.5 s. The TS-76 is
equipped with an integrated thermistor for temperature mon-
itoring of its heat sink. An additional thermal equalizing sil-
ver layer with a thickness of 2.8 µm is located beneath the
absorbing layer to improve the homogeneity: Holstenberg et
al. (1995) found out that the spatial distribution of the spec-
tral responsivity s(λ;x,y) is homogeneous within 5 % over
the whole sensitive area and homogeneous within 3 % in its
centre with a diameter of 5 mm, which is used in the calibra-
tion process described in this paper.

Deviations from a linear response are below 0.5 % for
input powers < 1 mW (Müller et al., 1999). The radiant
power used for the calibrations amounts to between 10 and
100 µW, hence far below the critical value. The noise equiva-
lent power (NEP) of the TS-76 was determined by Müller et
al. (1999) at < 5 nW.

3.2 Spectral responsivity of the TS-76

The measurement of the spectral responsivity s(λ) of the
TS-76 has been performed at the MIR expanded cryogenic
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Figure 5. Thermopile detector TS-76.

Figure 6. TS-76 sensitive area with 76 thermocouples.

electrical substitution radiometer facility by using the men-
tioned MIR lasers at 3.96, 9.45 and 10.6 µm, and furthermore
with monochromatized radiation of a supercontinuum laser
in the wavelength range between 1.5 and 2.4 µm. The lat-
ter measurements have been summarized to a mean value
assigned to a mean wavelength of 1.925 µm. The measured
spectral responsivity slightly increases with wavelength (Ta-
ble 2). The observed change in responsivity stays within the
expanded measurement uncertainty, however.

The measurements of the spectral responsivity at the QCL
wavelengths 3.96 and 9.45 µm have been performed in an
earlier state with a less optimal housing of the TS-76 and
therefore a worse stability of the detector signal. The mea-
surement uncertainty of these measurements is larger for this
reason. Hence, these calibrations have only been used for a
proof of plausibility but not as supporting points for an inter-
polation.

Former measurements of the relative spectral responsiv-
ity (Taubert et al., 2017) and of the reflectivity of the ab-
sorber material metallic silver–black suggest that the spectral
changes in the responsivity of this detector, if any, will be

minimal. Having this in mind, the dependence of the spectral
responsivity on the wavelength can most likely be expressed
with a linear interpolation:

s (λ)= c1 · λ+ c2. (3)

When neglecting the results at QCL wavelengths 3.96 and
9.45 µm due to the larger measurement uncertainty, and only
using the results at 1.925 and 10.6 µm, the coefficients of this
interpolation can be calculated as

c1 =
s2− s1

λ2− λ1
= 0.015 VW−1 µm−1, (4)

c2 =
s1λ2− λ1s2

λ2− λ1
= 3.737 VW−1. (5)

Following the rules of the “Guide to the Expression of Un-
certainty of Measurement (GUM)” (BIPM, 1995), the com-
bined measurement uncertainty uc for multiple input param-
eters has to be calculated as

uc (s (λ))=

√(
∂s (λ)
∂s1
· u (s1)

)2

+

(
∂s (λ)
∂s2
· u (s2)

)2

, (6)

uc (s (λ))=

√(
λ2− λ

λ2− λ1
· u (s1)

)2

+

(
λ− λ1

λ2− λ1
· u (s2)

)2

. (7)

The combined measurement uncertainty is between 0.3 %
and 2.5 % in the wavelength range between 1.5 and 10.6 µm.
It has to be mentioned that the measurements of the spec-
tral responsivity at the QCL wavelengths 3.96 and 9.45 µm
are completely consistent with this interpolation; see the red
markers in Fig. 7.

4 Evolution of an optimized, temperature-stabilized
detector housing for the TS-76

The experiences of the measurements with the TS-76 have
given clear evidence of the necessity of stabilizing the TS-76
in view of fluctuating thermal influences of the surroundings.
Therefore, an optimized detector design for the TS-76 has
been developed and realized for the establishment of the ther-
mopile detector as an MIR transfer detector for the dissemi-
nation of the spectral responsivity to offer flexible measure-
ments in view of place and ambient conditions.

4.1 Realization of the optimized detector housing

A signal of the thermopile detector is caused by a tempera-
ture difference 1T between the sensitive area and the heat
sink of the TS-76 (Eq. 2). Such a temperature difference 1T
is supposed to be only generated by received and absorbed
measurement radiation and not by other disturbing influenc-
ing factors. Hence, the goal of the optimized detector hous-
ing is to minimize thermal disturbances of the heat sink and
the sensitive area of the TS-76. This thermal stabilization is
achieved by
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Table 2. Measurements of the spectral responsivity of the TS-76 performed in the MIR.

Wavelength Spectral responsivity Standard measurement Relative standard measurement
λ/µm s/(V W−1) uncertainty u(s)/(V W−1) uncertainty urel(s)/%

1.925 3.767 0.011 0.3
3.96 3.82 0.23 6.1
9.45 3.86 0.23 6.0
10.6 3.901 0.098 2.5

Figure 7. Spectral responsivity of the TS-76 in the MIR: absolute calibrations with a supercontinuum laser in the range 1.5 to 2.4 µm and
a CO2 laser at 10.6 µm have been used as supporting points for a linear interpolation. The interpolation is consistent with further absolute
calibrations with a QCL at 3.96 and 9.45 µm.

– a separation of the housing into an inner detector hous-
ing – holding the TS-76 thermopile itself – and an outer
housing for thermal and radiation shielding (Fig. 8),

– thermal decoupling and isolation of inner and outer de-
tector housing to avoid any thermal instabilities and un-
wanted heat flow through the inner housing,

– an additional water-cooled temperature control system
of the outer housing, including a Pt100 sensor for tem-
perature monitoring,

– a limitation of the field of view via a baffle of three aper-
tures in front of the TS-76 detector (Fig. 9) with an angle
of acceptance of 7◦,

– reduction of air convection near the sensitive area due
to this baffle, and

– coating the inner surfaces with IR absorber material
Nextel (Adibekyan et al., 2017) to reduce stray radia-
tion.

The sensitive area is not protected by a window (see Fig. 5)
and is therefore in direct contact with the surrounding air.
The effect of thermal fluctuations of the air near the sensitive

area can be calculated from the Seebeck coefficient αBiSb-Sb
of BiSb-Sb thermocouples of about 135 µV K−1, the num-
ber of thermocouples being 76, and the spectral responsiv-
ity of the TS-76 of roughly 4 V W−1: short-term temperature
fluctuations of the air of 100 mK correspond to an incident
optical radiation of 250 µW. Therefore, the dark signal of
a windowless and uncased TS-76 could easily fluctuate by
an amount of the same dimensions as the signal caused by
the radiation which is to be measured. The concrete value of
these fluctuations depends on how directly the air – e.g. com-
ing out of the air conditioning outlets – reaches the sensitive
area.

4.2 Dark signal comparison and lower detection limit

Measurements of the detector dark signal have been per-
formed to validate the optimized detector design. Figure 10
shows the dark signal of the TS-76 at different iterations of
the development of the detector housing: as might be ex-
pected, the TS-76 without housing did not offer measurement
possibilities due to overly high signal noise (see the left panel
in Fig. 10). In contrast, the dark signal has substantially been
reduced and stabilized by mounting the detector into an ap-
propriate housing and thus reducing and stabilizing the fluc-
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Figure 8. Inner and outer housing (not pictured: outer sheet cover).

Figure 9. Inner housing with three apertures in front of the TS-76.

tuating temperature difference1T between the sensitive area
and the heat sink of the detector (see the right panel in Fig.
10). The noise is no longer overlaid by any drift correspond-
ing to thermal instabilities of the ambient conditions. It has
been found that this remaining noise is caused by air pressure
instabilities in the laboratory because the windowless TS-76
is slightly sensitive to air pressure changes. These air pres-
sure fluctuations are induced by the air conditioning which
pumps a certain amount of air through the laboratory.

The noise equivalent power of the detector system consist-
ing of TS-76, housing, active temperature stabilization, and
amplifier under the given laboratory conditions has been de-
termined based on the measurements of the spectral respon-
sivity and of the noise of the dark signal of the TS-76. The
standard deviation of the dark signal (measured for 120 min)
can be transformed into a corresponding radiant power by
using the measured spectral responsivity. The result of about
90 nW is equivalent to the lower detection limit of the com-
plete system under the given laboratory conditions.

4.3 Use of the external temperature control system

Under laboratory conditions, no further improvement to the
signal stability has been found by using the active temper-
ature control system; see the right panel in Fig. 10. Further
measurements have been conducted with additional thermal

disturbances of the detector housing to simulate rough envi-
ronmental conditions.

A thermal interference has been simulated by touching the
outer detector housing for 1 min by hand – an incident that
for example could happen while aligning the optical com-
ponents. Figure 11 shows the temperature progression at the
inner housing (measured via the thermistor of the TS-76) and
at the outer housing (measured with the Pt100). The experi-
ment has been conducted twice, first without the temperature
control system and afterwards with the temperature control
system turned on. The following results have been found.

– The influence of the thermal disturbance on the tem-
perature of the outer and inner housing is significantly
decreased almost by half when using the temperature
control system.

– The temperature of the outer housing stabilizes in half
the time when using the temperature control system.

– The active temperature control system additionally bal-
ances the temperature in case of changes in the sur-
rounding temperature such as at t = 75 min in panel (a)
in Fig. 11.

– Furthermore, these experiments demonstrate the ther-
mal decoupling between the outer and inner detector
housing because the change in the temperature of the in-
ner detector housing is only about one-third of the tem-
perature change in the outer detector housing.

– Additional comprehensive FEM simulations confirm
the realized thermal stabilization with the optimized de-
tector housing design (Pohl, 2018).

4.4 Thermal isolation between inner and outer detector
housing

The thermal isolation between the inner and outer housing
has been measured by applying a persistent rise in the outer
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Figure 10. Measurement of the dark signal of the TS-76 at different iterations of the housing development. The fluctuations of the dark
signal correspond to an equivalent power value given for each panel considering the spectral responsivity of the TS-76 of roughly 4 V W−1.

Figure 11. Recorded temperature of outer and inner housing for a thermal disturbance at time t = 10 min. The thermal disturbance is
simulated by touching the outer housing cover for 1 min by hand. The experiment has been conducted with a disabled (a) and activated
external temperature control system (b). The temperature of the outer housing has been measured with a Pt100 sensor and the temperature
of the inner housing with the thermistor at the TS-76.

housing temperature (1T = 0.8 K) and monitoring the tem-
poral change in the inner detector temperature (Fig. 12). This
temperature step has been realized by using the temperature
control system. The change in the inner housing temperature
over time can be fitted by using an exponential function. The
time constant which reflects the quantity of the thermal iso-
lation has been found to be about 63 min.

Based on this measurement, an effective thermal resistance
Rth of the isolation between outer and inner housing can be
determined. The thermal resistance is defined as the ratio be-
tween the temperature difference 1T between outer and in-
ner housing and the correspondent heat flow Q̇:

Rth =
1T

Q̇
. (8)

The heat Q that has been flown into the inner detector hous-
ing at the time ti can be calculated by

Q= (Ti − T0) ·m · c. (9)

The temperature increase Ti − T0 in the inner detector hous-
ing has been measured by using the thermistor of the de-
tector (Fig. 12), the mass of the inner detector housing is
m= 0.38 kg and the specific heat capacity of aluminium is
approximately c ≈ 900 J kg−1 K−1. The heat flow Q̇ can be
determined numerically during the heating process for each
time increment i in approximation as

Q̇i ≈
1Q

1t

∣∣∣∣
ti

=
Qi −Qi−1

ti − ti−1
. (10)
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Figure 12. Temperature of the TS-76 measured at the outer hous-
ing with the Pt100 and at the inner housing with the thermistor. The
outer housing temperature has been increased by about 0.8 K with
the temperature control system at t = 0 min. Furthermore, the de-
tector dark signal, which correlates with the temperature of the in-
ner detector, and an exponential fit of the measurement of the inner
housing temperature are depicted.

The thermal resistance has been averaged over the time in-
crements during the heating process:

Rth =
1
n

n∑
i=1

(
1Ti

Q̇i

)
≈ 11KW−1. (11)

The calculation of the effective thermal resistance Rth en-
ables us to calculate the temperature increase in the inner
detector housing due to received radiant power. The result of
a thermal resistance of about 11 K W−1 implies that a con-
tinuous radiant power of 100 µW – which is typically the
maximum radiant power used during measurements – the-
oretically heats up the inner detector housing only by about
1.1 mK, an amount that is completely negligible. Addition-
ally, the detector is typically only exposed to radiation for a
few minutes and not permanently. Therefore, it is not neces-
sary to remove heat from the inner housing at these power
levels, e.g. via an additional thermostat for the inner detector
housing. Furthermore, it is helpful to avoid an active temper-
ature stabilization of the inner detector housing because the
heat flow within the inner housing is then reduced to a min-
imum. Any heat flow through this housing would otherwise
lead to temperature gradients and consequently to detector
signals caused by temperature differences over the thermo-
couples.

Table 3. Contributions to the relative measurement uncertainty for
the measurement of the spectral responsivity of the thermally stabi-
lized TS-76 against the cryogenic electrical substitution radiometer
at 10.6 µm.

Noise of TS-76, radiant power, and cryogenic radiometer 0.35 %
Measurement of ZnSe window transmittances 1.3 %
Stray radiation 0.19 %
Wavelength uncertainty 0.16 %
Misalignment and inhomogeneity of TS-76 0.017 %
Electric power measurement 0.015 %
Cavity absorption of cryogenic radiometer 0.003 %

Relative standard uncertainty 1.4 %

Additionally, the thermoelectric voltage Uth of the TS-76
has been measured during the temperature increase in the
housing. This voltage has decreased by about 2 µV during
the heating process (Fig. 12) due to the related increase in
the temperature of the detector heat sink. This corresponds to
a background signal sensitivity of about 0.65 µW K−1. Obvi-
ously, this sensitivity can be neglected considering that typi-
cal temperature fluctuations of the stabilized housing are less
than 0.1 K (compare Fig. 11).

4.5 Measurement uncertainty obtained with optimized
detector housing

The measurement of the spectral responsivity of the ther-
mopile detector TS-76 has been repeated at a wavelength
of 10.6 µm by using the optimized detector housing. As ex-
pected, the uncertainty contribution due to the detector noise
has been reduced by the thermal stabilization of the ther-
mopile detector. The relative statistical uncertainty due to
noise of the TS-76, of the radiant power, and of the cryo-
genic radiometer is about 0.35 %. This contribution can fur-
thermore be reduced by repeating the measurement a conve-
nient number of times. Additionally, the optimized housing
is equipped with an aperture of the same size compared to
the aperture of the cryogenic radiometer. The effect of stray
radiation on the measurement of the spectral responsivity is
therefore reduced to a minimal level. For this reason, the rel-
ative uncertainty contribution due to stray radiation has been
reduced from 2 % to 0.19 %. The limiting contribution to the
measurement uncertainty is now given by the uncertainty due
to the measurement of the ZnSe window transmittances.

The wavelength of the CO2 laser is constrained to a cer-
tain number of laser lines around 10.6 and 10.25 µm. Assum-
ing a wavelength uncertainty of 0.4 µm and considering the
measured wavelength sensitivity 0.015 V W−1 µm−1 of the
TS-76, the uncertainty contribution due to the wavelength
uncertainty is only about 0.16 %. Furthermore, the wave-
length uncertainty of the QCL is below 0.01 µm, as speci-
fied by the manufacturer. This specification of the QCL has
been verified by using the tuneable radiation of this QCL
for the measurement of the known transmission curve of a
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bandpass filter. Finally, the wavelength uncertainty of the
monochromatized radiation of the supercontinuum laser is
below 0.001 µm. In this case, the wavelength scale of the
monochromator has been calibrated traceable to the SI by
using the radiation of a HeNe laser at 633 nm. The uncer-
tainty contributions caused by the wavelength uncertainty
can therefore be neglected.

Finally, the combined relative standard uncertainty for the
calibration of the spectral responsivity of the thermally sta-
bilized TS-76 against the cryogenic electrical substitution
radiometer has been reduced from about 2.5 % to 1.4 % at
10.6 µm (see Table 3). It has to be mentioned that the rel-
ative standard uncertainty of the measurement of the win-
dow transmittance is much lower in the spectral range below
2.4 µm because windows made of fused silica have been used
in this spectral range.

Calibrations of the spectral responsivity s(λ) with reduced
measurement uncertainties in the spectral range between 1.5
and 10.6 µm will be realized by using the optimized TS-76
detector housing design. The interpolation of the spectral re-
sponsivity in the MIR will be improved based on these cal-
ibrations. This allows a deeper characterization of the slight
increase in the spectral responsivity with increasing wave-
length (see Fig. 7) as well.

5 Conclusion and outlook

The traceability of radiometric physical quantities to the
International System of Units (SI) is realized by national
metrology institutes like the Physikalisch-Technische Bun-
desanstalt by operating radiometric detector standards like
cryogenic electrical substitution radiometers. This traceabil-
ity is furthermore important for SI traceable measurements
in radiation thermometry or in photometry. Such a cryogenic
electrical substitution radiometer facility at the PTB has re-
cently been expanded for measurements in the MIR spectral
range by implementation of additional mid-infrared laser ra-
diation sources. This enables us to perform SI traceable cali-
brations of the spectral responsivity s(λ) of MIR detectors in
the wavelength range up to at least 10.6 µm.

The thermopile detector TS-76 has exemplarily been es-
tablished as a transfer detector standard for the measurement
of optical radiant power in the mid-infrared spectral range
that can be used for the dissemination of the spectral respon-
sivity s(λ) at other measurement facilities. The development
of an optimized detector housing design for the TS-76 signif-
icantly reduces the measurement uncertainty of the calibra-
tion of the spectral responsivity. The instability of the TS-76
is no longer the main contribution of the measurement uncer-
tainty.

The PTB will also characterize other types of mid-infrared
detectors (e.g. pyroelectric detectors) at the expanded cryo-
genic electrical substitution radiometer facility in the near
future. This work will also include semiconductor detectors

which usually have much smaller sensitive areas in the MIR.
Furthermore, a new comparator facility will be built to cali-
brate customer detector devices with respect to their absolute
and relative spectral responsivity traceable to the SI.
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