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Abstract

The design and characterisation of small and cost-effective reference black-body sources for radiometric calibration of Fourier trans-
form spectrometers in the mid and far infrared is presented. The paper describes the optimisation of the absorbing black-coating material
and the study of two types of cavity geometry, one designed for collimated beams and one for focused beams. These two reference
sources have been developed for the Radiation Explorer in the Far InfraRed spectrometer covering the 100-1400 cm ™! spectral range.
They are currently used on-board two prototypes for ground and stratospheric balloon based atmospheric emission measurements. An
emissivity of better than 0.9999 is obtained for both type of cavity geometry giving a calibration error, depending only on the temper-

ature gradient inside the blackbody, of less than 0.5 K.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In emission spectroscopy, the calibration of the
observed radiance requires the measurement of a known
source of radiation, which typically is given by the emission
of a blackbody (BB) cavity described by the Planck law of
radiation. The design of a well-characterised and reliable
BB source can be very demanding especially in which large
spectral ranges and different working temperatures are
required [1-3].

A BB cavity must absorb all the entering radiation in
order to show an emission well-characterised by the Planck
law. To approach this working condition, three require-
ments have the priority in the design of a BB reference
source. First of all the internal absorbing surface of the
cavity must have a low reflectance coefficient in the whole
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frequency range of interest. Secondly, the cavity geometry
must maximise the number of internal reflections, and
third, the temperature must be uniform and known as well
as possible. Depending on the spectral range of interest and
the range of temperature to be used, a BB cavity can be
designed to meet the previous requirements and therefore
to maximise the BB performances. We must also keep into
account that in the particular case of an instrument operat-
ing on-field, for example on an aircraft or balloon plat-
form, also limited size and weight must be added to the
requirement of a reference source.

In this paper, the described requirements have been
addressed for the design of two BB reference sources oper-
ating from about —10 to 120 °C in the wide spectral range
of 1004000 cm ™', one to be used in a collimated beam and
another to be used in a focused beam. These reference
sources are required to perform the radiometric calibration
of the space-borne FTS designed in the framework of the
feasibility study of the Radiation Explorer in the Far Infra-
Red (REFIR) project [4]. The BB sources have been
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fabricated and used in the REFIR-BreadBoard (REFIR-
BB) [5] and the REFIR-Prototype for Applications and
Development (REFIR-PAD) [6] prototypes of the FTS.
The design and the characterisation of the internal coating
is described in Section 2. Section 3 is devoted to the design
of the cavity geometry. In Section 4, the fabrication of BB
is described, and finally in Section 5, the characterisation of
the emission performance is shown.

2. Internal coating

The requirements of low reflectance and high thermal
conductance can not be easily met by a single compound
cavity, where the specularly reflecting surface is also the
supporting mechanical structure. BB cavities are usually
made with a composite structure: a metallic case with high
thermal conductance, typically with the drawback of high
reflectance, and a thin surface coating with high absor-
bance to reduce the internal reflectance.

The internal cavity can be coated with different materi-
als depending on working temperature and frequency
range. Different tests have been performed in order to iden-
tify the best choice for the infrared (IR) spectral range with
materials compatible with working temperatures in the
range of —10 to 120 °C. Table 1 reports the characteristics
of the tested coatings.

The characteristics of the fabricated coatings are sum-
marised in the following list.

e Xylan©' is a fluoropolymer (PTFE — polytetrafluoro-
ethylene) coating developed for low friction application
where mechanical components are operated at high tem-
perature. Xylan 1052 is hard, wear resistant, and stable
at over 260°C. Xylan was deposited after sulfuric
oxidation.

e OFROFIX is a black lack produced for painting motor
mufflers and therefore is resistant to high temperatures.
It is filled with pigments to increase blackness and ther-
mal conductivity.

e CAPEC is a nitro matt black lack for automotive appli-
cations. It is filled with pigments to increase blackness
and thermal conductivity.

e Oxidised copper is obtained by anodic deposition and
sulfuric oxidation. Black organic pigments are used to
increase surface blackness.

All coatings are grown on Anticorodal 6082 T6 aluminium
alloy.

Coating reflectances were measured in the 400-
4000 cm ™! spectral range with 2 cm ™' resolution by using
a Nicolet™ FTIR spectrometer. The measurements were
performed with the probing beam incident at 4° on the
sample surface. Fig. 1 shows the results for the samples
reported in Table 1.

! www.whitfordww.com.

Table 1
Tested coatings

Coating Thickness Max temperature (°C)
(pm)

Xylan® 1052 25 285

CAPEC lack - -

CAPEC lack with pigments® - -

OFROFIX lack with pigments® — 300

Oxidised copper 15-20 -

Copper 15-20 -

# 22% smoke black, 11% silver graphite, 5% oxide black.
® 8% smoke black, 8% silver graphite, 8% oxide black.

Good performances (i.e. a reflectivity less than 10%) in
this spectral range are obtained with the Xylan family,
the oxidised copper, and the OFROFIX mixture coatings,
which also allow the usage at high temperature.

Scattering is not considered in this analysis since surface
in all the samples appears to be quite smooth. In the IR
range the effect is further enhanced by the longer
wavelengths.

3. Cavity geometry

The geometry of the cavity has to be designed in order
to maximise the whole BB absorbance, which depends on
both the internal surface reflectance and the number of
reflections. The surface reflectance depends on the material,
as seen in Section 2, and it can be minimised by selecting
the proper coating for the spectral interval of interest.
The maximisation of the number of reflections is instead
dependent on the cavity geometry and the field-of-view
(FOV) of the instrument observing the cavity itself.

General treatments have been developed in different
ways and under different conditions, see for instance Ref.
[7]. Here we present a simple approach, which is able to
identity a few geometric parameters that can be optimised
for different characteristics of the FOV required by the
instrumentation, where the BB sources has to be used. In
this analysis we limited our description to the output char-
acteristics required for the BB sources used in the REFIR
prototypes, i.e. one source to be used in a collimated beam
and another one is to be used in a focused beam.

3.1. Case of a collimated beam

In this case, the optical beam is collimated and therefore
is generally quite large. The BB source has usually a size
where the diameter D and the length L have more or less
the same value. This is the case of the REFIR internal ref-
erence BB (RBB), where D =64 mm and L =90 mm.
Because of the reduced length, the shape of the internal
bottom surface is chosen to be a reversed cone with the
tip toward the output aperture, while the lateral surface
is a cylinder, Fig. 2.

The number of internal reflections can be calculated by
the ray tracing for two particular cases, a near-lateral beam
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Fig. 1. Reflectance at 4° incident angles measured on the different samples described in the text.

(LB, continuous line), and a near-central beam (CB,
dashed line). For the LB, the first and third reflection
points are on the bottom surface whereas the other reflec-
tion points are on the lateral surface. In the limit of a LB
coincident with the vertex, ry is maximum and it is given by
ry = D(N — 3)tan (405—%), for N = 4. (1)
For the CB, the first reflection is on the bottom surface
whereas the following reflections are on the lateral surface.
The distance ry from the internal bottom to the Nth reflec-
tion point along the lateral surface is given by the equation
N -2)

D D
ry == tano + ~———+ ( for N = 2,

D
2 2tan 2o tan 2o’

(2)
where D is the distance of the beam from the lateral sur-
face, and « is the angle at the base of the internal cone.

These results have been used to calculate in these two
particular case the number of reflections as a function of
the base angle o. In the other cases, when the beam is

//LB
/

CB

Fig. 2. Internal cavity geometry for the RBB used for collimated beams.

located between LB and CB, the number of internal reflec-
tions is always larger. The results are shown in Fig. 3 for
the distance r normalised with respect to the diameter D
for the three first reflection points over the lateral surface
for N =4,5,6 in the case the LB (continuous line) and for
N =234 in the case of CB (dashed lines). The Figure
shows that for a cavity aspect ratio L/D > 1.4, as occurs
for RBB, there are at least four internal reflection points
when o is about 35 °.

3.2. Case of a focused beam

In this case, the optical beam is focused at the output of
the BB cavity. The BB aperture D is therefore smaller and
L can be generally larger than 2 — 3 D. This is the case of
the REFIR internal cold and hot BBs (CBB and HBB,
respectively), where D =22 mm and L = 55 mm. Because
of the greater length, the shape of the internal bottom sur-
face is chosen to be a cone with the tip toward the bottom,
while the lateral surface is a cylinder, see Fig. 4. Also in this
case, the number of reflections can be calculated by ray
tracing for the beams CB and LB.

Let us take the beam aperture equal to 2i, then LB forms
with horizontal axis of the cavity an angle equal to i. LB
reflects from the bottom to the lateral surface and the dis-
tance ry from the bottom to the Nth reflection point is

2L tan(i)

| 4 2Lt

for N = 2. (3)
For the CB, the worst condition is when the beam is inci-
dent on the cone tip with an angle equal to i. In this case,
ry is given by the equation

2L tan(i) 3-N tan o
= - > .
N D(l + D ) Lan(4o¢ +1) 2 for N > 3

)
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Fig. 3. Normalised distance r/D for a different number N of internal reflections in the case of LB (continuous line), and CB (dashed lines) for RBB

geometry.

Fig. 4. Internal cavity geometry for the HBB/CBB used for focused
beams. LB and CB form with the cavity horizontal axis an angle equal to i.

Fig. 5 shows the results for three reflections on the lateral
surface for N = 3,4,5 in the both cases. With a cavity aspect
ratio L/D = 2.5, as in the case of HBB/CBB, there are four
internal reflections when o is about 33°.

4. Fabrication and characterisation

Both BB types described in the previous section were
used on-board the REFIR prototypes. The type for colli-
mated beams was used as reference for the second input
port (RBB), and the smaller type for focused beams as
the hot and cold calibration sources (HBB and CBB).
The mechanical layout is shown in Fig. 6 and meets the
requirements established in the previous Section for a num-
ber of internal reflections >4.

The BB cavities are made by two aluminium pieces, as
shown in Fig. 7 in the case of the HBB/CBB type (the col-
limated beam type is similar): a bottom part (Bp) and a
cylindrical shield (Cs). The assembly of these two parts is

fixed to an aluminium support (Sp) using a Peltier element
(Pe)? as a spacer and plastic screws. A resistive heater (Ht)*
is wrapped around the BB allowing high-temperature oper-
ation if needed. Stabilisation near room temperature is
achieved through the Peltier element. The source is
wrapped in a multilayer insulating sheet and enclosed in
a double cylindrical casing (Ca) composed by an internal
aluminium shield and an external insulating PTFE
sheath.

Four temperature sensors are embedded in the black-
body source, a NTC thermistor (10 kQ at 25 °C) is used
for active stabilisation of the source temperature, and three
PT100 resistors for accurate temperature measurement.
The position of the PT100 elements, one in the centre
and one in the side of the bottom part Bp (PT1 and PT2
in Fig. 6) and one in the front edge of the cylindrical shield
Cs (PT3 in Fig. 6), is selected to identify all kind of temper-
ature gradients in the BB.

A single electronic board has been designed to perform
both active temperature stabilisation through the Peltier
element and the NTC thermistor, and temperature mea-
surement through the three PT100.

4.1. Temperature gradient in the BB coating

The real internal surface temperature of the BB coating
can be slightly different from the values measured by PT100
sensors located in the mechanical structure. The tempera-
ture gradient AT inside the coating can be estimated by
making equal the output energy flux, which depends on
the BB aperture surface S, the ambient temperature T,

2 Melcor CP 1.0-127-05L.
3 Minco Flexible Thermofoil™.
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Fig. 5. Normalised distance /D for a number N of internal reflections in the case of LB (continuous line), and CB (dashed lines) for HBB/CBB sources.
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Fig. 6. Mechanical layout for the REFIR RBB (left side) and HBB or CBB (right side). PT1-3 are PT100 temperature sensors, and NTC is a 10 kQ

thermistor.

and the cavity temperature 7, with the energy transport
through the coating internal surface S;. It is found [8]

AT = o 4 (T4 = Tiy). 5)
where d and k are, respectively, the thickness and the thermal
conductivity of the coating, and ogg is the Stefan—Boltz-
mann constant. Eq. (5) is calculated for both RBB and
HBB/CBB geometry for the Xylan coating (d = 25.5 pm,
measured with Tencor Instruments Alpha-Step 200 dia-
mond profilometer and k = 0.25 WK ' m™!, typical value
for PTFE). Fig. 8 shows AT as a function of the temperature
difference between the BB and the environment. The temper-
ature gradient can be neglected since it is less than 0.02 K,
even in the worse case of the larger temperature difference
between the BB and the external environment.

5. Emission performances

In both types of BB and under different heating or cool-
ing conditions, usually a temperature gradient parallel the
BB surfaces has been found. Typically along the lateral
walls the gradient (temperature difference between PT2
and PT3) can be as high as 5-10 K, instead the difference
inside the bottom BB circular structure (temperature differ-
ence between PT1 and PT2) is limited to 1-2 K.

Under these typical working conditions, a very simple
model has been considered in order to characterise the
BB emission law as a function of the three temperatures.
The internal cavity has been divided into three regions,
the bottom circular surface, the first half lateral surface clo-
ser to the bottom, and the second lateral surface closer to
the top BB aperture. Each region is characterised by a
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Fig. 7. Exploded view of the blackbody source (focused beam version). Bp: blackbody bottom, Cs: blackbody cylindrical shield, Sp: support, Pe: Peltier

element, Ca: external casing, Ht: heater.
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Fig. 8. Temperature gradient AT inside the coating as a function of the temperature difference between the BB and the environment. The calculation has

been performed with the environment temperature of 20 °C.

single effective temperature, Tyop, Tla, and Ty, respec-
tively. Ty 1s given by the average of the temperatures mea-
sured in PT1 and PT2. Instead for the lateral surface, a
linear gradient between PT2 and PT3 is considered and
T and Ty, are taken equal to the average in the two sep-
arated regions. The total output emission as a function of
optical frequency Lgg(o) is given by adding the emission
of these regions considering the possible number of reflec-
tions. According to the cavity geometry model described in
Section 3, the bottom region emits directly through the out-
put BB aperture and through one reflection, the first lateral
region through two reflections, and the second lateral
region through three reflections. Therefore Lgg(o) is given
by the following equation

Lyp(0) = eB(Tpor, @) + eRB(Tpor, 0) + +eR*B(Thai1, 0)
+ eR*B(Tha2, ), (6)

where R is the coating spectral reflectance, e = (1 — R) is its
emissivity, and B(T,c) is the Planck emission function. The
first two terms in Eq. (6), which depend essentially only on
the temperature of the bottom surface, produce the domi-
nant effect when R is small, as usually occurs in the mate-
rials used for the BB internal coating.

Eq. (6) can be used to calculate the emissivity of a BB
when the temperature is uniform (i.e. Tpot = Tiat1 = Tlar2)-
In the case of a BB coated with Xylan, R can be taken
equal to 0.09, which well approximates reflectance, as
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Table 2
BB heating laboratory conditions

BB PTI1 temperature PT2 temperature PT3 temperature
source (°O) (°O) (°C)
HBB 82.9 83.3 91.5
RBB 62.3 62.7 66.3
RBB 14.3 13.7 224

shown in Fig. 1, over the whole spectral bandwidth, and
Eq. (6) gives an emissivity better than 0.9999.

Eq. (6) can also be used to calculate the brightness tem-
perature (i.e. the effective BB temperature) that can be
attributed to the BB emission in the case a temperature gra-
dient inside the BB. The evaluation has been performed in
three real conditions measured in laboratory and reported
in Table 2. The calculations have been extended down to
100 cm ™! by taking R = 0.09 also below 400 cm ™', where
no measurements are available, and the results are shown
in Fig. 9. Fig. 9 also shows that the modeled emission cor-
responds to a constant BT that is equal to the average of
the measurements from the PT1 and PT2 sensors (i.e. the
temperature of the bottom surface) within 0.01-0.02 K

83.12 . I .

temperature error in case of a heated source. In the case
of a BB temperature near to the ambient the variation of
BT with the optical frequency is larger and can reach a
few degrees.

To verify this model, an independent measurement of
BT has been performed by the IR camera Probeye® TVS
2000, which is sensible to the 1852-3333 cm™! (3-5.4 um)
spectral range. The thermal images of the BB aperture
emission are shown in Fig. 10 for the three heating condi-
tions reported in Table 2.

The images show a very uniform temperature field that
can be evidenced through a plot of the vertical and hori-
zontal profiles as shown in Fig. 11 for HBB, and in
Fig. 12 for RBB heated (top panel) and cooled (bottom
panel). When the instrument FOV is inside the central area,
i.e. when the beam diameter is smaller than 20 mm for
HBB and 60 mm for RBB (as occurs in REFIR-PAD),
the BB emission has a constant BT within 0.1 °C.

The BT measured with the IR camera can also be com-
pared with the model estimation given by Eq. (6) and cal-
culated for the same heating conditions. From Fig. 9 we
obtain the average of BT in the IR camera spectral range,
83.11 °C for HBB heating condition, 62.51 °C for RBB
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Fig. 9. Brightness temperature calculated from Eq. (6) as a function of optical frequency in three heating conditions, typically used for RBB and HBB.

Fig. 10. Thermal images for (a) RBB at about 14 °C, (b) RBB at about 63 °C, and (c) HBB at about 83 °C.
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Fig. 13. Calibration BT error measured with REFIR-PAD during the stratospheric flight performed in June 2005 from Brazil [9].

heated, and 16.53 °C for RBB cooled. These values are very
close to the IR camera measurements, shown in Figs. 11

and 12, and allow to verify the model with a 0.5K
precision.
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These two kind of BB sources were used for on-board
calibration of REFIR-PAD for the spectral measurement
of the outgoing atmospheric emission during a strato-
spheric balloon flight [9]. The flight, performed from Brazil
near Teresina (5° 5 S, 42° 52 W) on June 30th, 2005,
reached the float altitude of 34 km for 8 h. At this altitude,
the atmosphere above the instrument is almost transparent
at those spectral frequencies where no emission lines of the
residual gasses are present. These spectral intervals can be
used to evaluate the calibration error by measuring the
radiance error with respect to the zero emission of the deep
sky observation. The result measured during the flight is
shown in Fig. 13, where the radiance error has been con-
verted to brightness temperature error with respect to a ref-
erence temperature of 280 K.

The oscillations are within +1 K peak-to-peak with a
small bias (the average error is about —0.04 K). This result
indicates a good calibration performance obtained dur-
ing field operation of the instrument. The calibration
error is also compatible with the laboratory uncertainty,
shown previously (Figs. 11 and 12), of the BB source
emission.

6. Conclusions

In this paper a detailed description of two kinds of
blackbody reference sources and the characterisation of
their performance is presented. The sources here described
are not intended as state-of-the art devices for ultimate pre-
cision, but as high-accuracy systems that can be used as a
transfer standard between laboratory characterisations
and field-based measurements, for which the use of an
absolute standard is not feasible due to requirements of
size, weight and operating environment.

Thanks to a simple mathematical model, and extensive
laboratory characterisation measurements, the accuracy
that can be achieved with an absolute and precise standard
reference can be transferred to the field measurements with
only a little increase of computational load. The emission
characteristics of the fabricated sources are measured both
in laboratory and in field operations with the REFIR-PAD
FTS instrument. The emission turns out to be known with

an emissivity better than 0.9999 and a temperature error of
about 0.5 K.
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