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Abstract To complement existing water bath blackbodies that now serve as NIST
primary standard sources in the temperature range from 15 ◦C to 75 ◦C, a gallium fixed-
point blackbody has been recently built. The main objectives of the project included
creating an extended-area radiation source with a target emissivity of 0.9999 capable
of operating either inside a cryo-vacuum chamber or in a standard laboratory envi-
ronment. A minimum aperture diameter of 45 mm is necessary for the calibration of
radiometers with a collimated input geometry or large spot size. This article describes
the design and performance evaluation of the gallium fixed-point blackbody, includ-
ing the calculation and measurements of directional effective emissivity, estimates of
uncertainty due to the temperature drop across the interface between the pure metal
and radiating surfaces, as well as the radiometrically obtained spatial uniformity of the
radiance temperature and the melting plateau stability. Another important test is the
measurement of the cavity reflectance, which was achieved by using total integrated
scatter measurements at a laser wavelength of 10.6µm. The result allows one to pre-
dict the performance under the low-background conditions of a cryo-chamber. Finally,
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results of the spectral radiance comparison with the NIST water-bath blackbody are
provided. The experimental results are in good agreement with predicted values and
demonstrate the potential of our approach. It is anticipated that, after completion of the
characterization, a similar source operating at the water triple point will be constructed.

Keywords Blackbody · Emissivity · Fixed point · Gallium

1 Introduction

The development of new blackbody (BB) sources operating in the near-ambient back-
ground temperature range for calibration of remote sensing or thermal-imaging sys-
tems with a total uncertainty of 0.1% is one of the main objectives for radiometric
standards development [1]. Many applications require a compact, extended-area stan-
dard BB for near-ambient temperature operating both in cryo-vacuum and in the open
air. An extended-area water-bath BB is well suited for many applications because of
its excellent temperature uniformity and stability, but it can be used only in air [2]. In
addition, there is a need for blackbodies that are linked to primary standards operating
under ambient conditions.

The phase transition of gallium enables the construction of a BB that does not
depend on, or requires, high-quality platinum resistance thermometers. In the past, it
has been demonstrated that it is possible to build a high-quality gallium blackbody
with a small aperture that can operate in vacuum [3] or in the open air [4]. To reduce
the influence of background conditions on a BB output, one can decrease the radiation
losses through the BB cavity aperture by installation of a concentrator of radiation
in front of the cavity. In this article, we describe the construction and realization of
a large-area BB with a reflecting concentrator based on the gallium phase-transition
temperature, which has a defined melting-point temperature of 29.7646 ◦C on the
International Temperature Scale of 1990 (ITS-90).

2 Design and Construction

The design of our gallium fixed-point BB that is capable of operation in both vac-
uum and open air is shown in Fig. 1. The BB cavity is constructed using a copper
conical shell which is coated with Chemglaze Z302* [5] specular black paint. The
gallium cannot directly contact the copper cavity because of contamination issues;
hence, it is contained in a Teflon cell. The thickness of the Teflon wall around the
cone is kept to a minimum value of 1.4 mm. A thermistor, located in the cavity wall
close to the opening, enables monitoring of the cavity temperature during melt/freeze
sequences, as well as use of the BB in a variable-temperature mode of operation. The
gallium cell is enclosed in a solid copper heat exchanger with brazed pipes attached
for heat exchange with a fluid, supplied via a vacuum feedthrough at the rear flange
of the BB case. Under normal laboratory conditions, BB operation can be controlled
by any refrigerated circulating bath. An additional electrical heater, wound around
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Fig. 1 Schematic of the gallium melting-point BB

the heat exchanger, enables operation of the BB inside a low-temperature vacuum
chamber without use of a heat transfer fluid. A second thermistor is attached to the
outer surface of the heat exchanger to monitor its temperature. The Teflon cell inside
the heat exchanger contains approximately 5 kg of 0.999999 purity gallium. The heat
exchanger is wrapped in multiple layers of foil insulation and fixed on the rear flange
with four stainless-steel rods inside a vacuum-tight case. For operation in vacuum, the
front flange of the case can be flanged to a vacuum chamber, or the entire BB can be
mounted on a heat sink inside the vacuum chamber.

To avoid the formation of a meniscus during painting of the copper cone, we drilled
a small hole at its apex and closed it with an inner inverse cone that fits tightly against
the main cone. To improve the thermal coupling between the Teflon cell and the copper
cavity, vacuum grease was used.

3 Cavity Geometry for Optimal Emissivity

The shape of the copper cavity was selected to be similar to the one used in our water-
bath BB [2]. The apex angle of the conical bottom was optimized to obtain a maximum
of the normal effective emissivity, taking into account the spectral reflectance of the
Z302 paint. As shown in Fig. 2, for constant linear dimensions of the cavity, the conical
bottom apex angle β was a parameter. Calculations of the emissivity were performed
by the Monte Carlo method according to the algorithm described in [6]. The results
of the calculations are presented in Fig. 3; the actual apex angle β was chosen to be
32◦. Addition of the inverse inner cone does not affect the calculated emissivity.
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Fig. 2 Copper cavity geometry, β is the apex angle
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Fig. 3 Calculated emissivity of the cone without the reflector vs. apex angle

A key element in the design of blackbodies with an extended aperture is a way to
reduce the radiation losses through the cavity aperture. This is primarily achieved by
either lengthening the cavity or using a reflecting concentrator (Fig. 4).

It is known [7,8] that the effective emissivity of radiators can be increased with
the aid of a hemispherical reflecting concentrator with an opening for the radiation to
exit. Since a hemispherical mirror substantially increases the dimensions of a radiating
system, it is reasonable to replace it with another reflecting concentrator, even at the
expense of a small decrease in the effective emissivity. We approximate the hemi-
sphere by a sequence of conical surfaces, as depicted in Fig. 2, in front of the main
cavity. Every conical segment has its center of curvature coincident with the center of
the cavity aperture. The design causes all rays leaving the aperture center that arrive
at the concentrator to be retro-reflected.

The concentrator was diamond-turned from aluminum, polished, and gold plated.
The reflecting concentrator is mounted on a heat exchanger and its temperature is
maintained close to the cavity temperature, but it has no direct thermal contact with
the cavity to avoid thermal loading of the latter.
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Fig. 4 Distributions of view factor F(z) along the cavity generatrix computed for cavities with and without
a reflecting concentrator

In view of the fact that there are Teflon and copper walls between the gallium and
the radiation surface, the temperature drop across the walls needs to be estimated. We
assume that there is no radiative heat transfer among the nearly isothermal copper cav-
ity walls, and neglect the thermal radiation emitted from the reflecting concentrator.
The flux density q of the cavity-wall heat loss is then equal to

qr = εwallσ
(

Tcavity(z)
4 − T 4

a

)
F(z), (1)

where z is the axial coordinate, ε and Tcavity(z) are the hemispherical emissivity and
the temperature of the cavity wall at the point with coordinate z, respectively, σ is the
Stefan-Boltzmann constant, Ta is the ambient background temperature, and F(z) is
the view factor between the cavity wall at this point and the aperture of the reflecting
concentrator, taking into account all multiple reflections inside the cavity and the con-
centrator. To compute the view factor F for a point on the cavity surface, the Monte
Carlo technique was applied [6].

The heat transfer rate from the melting gallium across the walls is given by [9]

qc = keff A
(Tgal − Tcavity)

�X
, (2)

where Tgal is the temperature of the melting metal, �X is the thickness of the walls,
keff is the thermal conductivity of the two-layer (copper and Teflon) wall, and A is
the inner area of the cavity. Calculation results of the temperature drop �T across the
Teflon and cavity walls are presented in Table 1.

The effective emissivity of the cavity with the concentrator was calculated using
a Monte Carlo ray-tracing code [6] and determined to be 0.99996. The emissivity is
independent of the temperature of the concentrator.

The emissivity of the BB cavity was also evaluated using our infrared total inte-
grated scatter (ITIS) system [10]. The ITIS system consists of infrared laser sources
(10.6µm wavelength in this case), a diffuse gold infrared integrating sphere, pyro-
electric and MCT detectors, and a motion control system for manipulating both the
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Table 1 Temperature drop
across the Teflon and the cavity
walls

Mean view Ambient background �T (K)
factor temperature (K)

Without concentrator 0.06246 77 0.153
296 0.056

With concentrator 0.022979 77 0.013
296 0.005

Fig. 5 Reflectance of the cavity measured using the infrared total integrated scatter system

integrating sphere and the cavity under measurement. The ITIS is used to completely
measure the radiation reflected from the cavity under laser illumination from the nor-
mal direction. The emissivity ε is given by 1 − r , where r is the measured reflectance.
The laser beam is nearly collimated with a diameter of about 2 mm. A series of mea-
surements were made, producing a map of the spatial dependence of the emissivity.
The data have been integrated to produce the plot showing the variation of cavity
emissivity with viewed spot radius, as presented in Fig. 5. The ring spike at a radius
of about 6 mm can be explained by an imperfection in the machined cone. Additional
details can be found in the companion paper of [10].

4 Tunable-Filter Comparator

The radiometric characterization of the BB was performed using the tunable-filter
comparator (TFC), which is based on relative radiance measurements [11–13]. Two
reference blackbodies of known temperature and emissivity are used for calculation
of the system response function. The calculated radiance temperature of the test BB is
proportional to the signal from the amplifier and the response function of the system.
The TFC contains a small stable internal BB, which is only used as a reference viewed
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by a mirror chopper. The technique requires long-term stability of all systems of the
TFC.

The output voltages, Vref1, Vref2, from a lock-in amplifier are obtained for two refer-
ence blackbodies at known temperatures Tref1, Tref2, and emissivity εref1(λ), εref2(λ).
Also, VUUT is obtained for the tested gallium BB:

Vref1 = k

⎡
⎢⎣

λ2∫

λ1

εref1(λ)L(λ, Tref1)Sλdλ

⎤
⎥⎦ + Vbg, (3)

Vref2 = k

⎡
⎢⎣

λ2∫

λ1

εref2(λ)L(λ, Tref2)Sλdλ

⎤
⎥⎦ + Vbg, (4)

VUUT = k

⎡
⎢⎣

λ2∫

λ1

L(λ, T )Sλdλ

⎤
⎥⎦ + Vbg, (5)

where Vbg is a combination of all the constant factors, including background and dark
current that affect the output voltage. Vbg should be constant during the short measure-
ment time required to obtain the three signals. Sλ is the relative spectral responsivity
of the system, and L is the spectral radiance according to Planck’s radiation law. The
coefficient k is determined by the gain and throughput of the system.

From Eqs. 3 and 4, we can calculate k and Vbg. Having k and Vbg, we obtain the
unknown temperature TUUT by solving Eq. 5 by Newton’s method [14]. The optical
system of the TFC is shown schematically in Fig. 6. The optical system consists of an
aperture stop, a focusing elliptical primary mirror, a reflective chopper, an internal ref-
erence BB, a field stop, a continuously variable filter (CVF), a relay mirror, and InSb
and HgCdTe (MCT) manually changed detectors. Two water bath-based blackbodies
were used as the references with emissivity of 0.99997 and standard uncertainties
of (4–8) mK [2]. The TFC instrument enabled us to compare BB radiance tempera-
tures with standard deviations from 5 mK to 15 mK, at temperatures in the range of
(10–150) ◦C, across the (3–5)µm and (8–12)µm atmospheric bands with a relative
spectral resolution of (2–3) % (k = 2).

5 Measurement Results and Discussion

The typical melting cycle of the gallium fixed-point BB and the uniformity of the
radiance across the aperture of the BB were measured with the TFC and the results
are shown in Figs. 7–9. The temperatures of the two reference water-bath blackbodies
during the measurements were 29.875 ◦C and 23.010 ◦C. The temperature of the cop-
per heat exchanger was 33.5 ◦C. In Fig. 7, a melt plateau duration of 7 h was obtained
with a variation in stability of less than 10 mK. The uniformity scans shown in Figs. 8
and 9 were performed at a wavelength of 10µm after the start of melting was identi-
fied. The vertical radiance temperature uniformity was found to be ±10 mK and the
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Fig. 6 Schematic of the TFC. 1: aperture; 2: elliptical mirror; 3: flat mirror; 4: laser; 5: internal blackbody;
6: reflective chopper; 7: field stop; 8: CVF; 9: re-imaging mirror; 10: Lyot stop; 11: front water-cooled wall;
12: down-looking detector with Dewar

Fig. 7 Melting plateau

horizontal uniformity was ±5 mK. The spectral radiance temperature was measured
by the TFC, and the result is shown in Fig. 10. The radiance temperature at a wave-
length of 10µm was 29.76 ◦C, and the reproducibility of the temperature was better
than 10 mK for different values of the heat exchanger temperatures as shown in Fig. 11.
The measured radiance temperature gives an effective emissivity of 0.99992, in good
agreement with the predicted value. Calculation of the effective emissivity involves
taking into account the room temperature of 23 ◦C and the temperature drop across the
wall. The uncertainty budget for the radiance temperature measurement of the gallium
BB is given in Table 2.
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Fig. 8 Horizontal scan across the aperture during the melt
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Fig. 9 Vertical scan across the aperture during the melt
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Fig. 10 Spectral radiance temperature during the melting phase
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Fig. 11 At a wavelength of 10µm, the influence of different heat exchanger temperatures on the radiometric
temperature of the melting plateau. Straight line indicates the ITS-90 Ga melting temperature

Table 2 Uncertainty budget of
TFC measurement

Uncertainty components u (mK )

Reference blackbodies 7
Tunable-filter comparator 5
Radiance-temperature repeatability 5
Uniformity, horizontal 5
Uniformity, vertical 10
Combined uncertainty (k = 2) 30

6 Conclusion

A gallium-point BB has been designed, constructed, and tested. It has been demon-
strated that a melting duration of 7 h is achieved with a plateau stability and repro-
ducibility on the order of ±0.005 ◦C. The horizontal non-uniformity of the aperture
radiance field is ±0.005 ◦C and the vertical non-uniformity is ±0.010 ◦C. The mea-
sured radiance temperature is in good agreement with the ITS-90 value of 29.7646 ◦C,
and the only substantial source of uncertainty is the spatial non-uniformity of radia-
tion. The BB has yet to be tested in the environment for which it was mainly intended
(cryo-vacuum). Based on our experience with the Ga BB performance, we intend to
build similar blackbodies with interchangeable sealed stainless-steel cells containing
water and mercury.
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