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Abstract
In this work, we present normal spectral emissivity data of solid and liquid molyb-
denum at a wavelength of 684.5 nm. The presented results are novel measurements 
on molybdenum, a material, which was already measured 15 years ago by our group. 
The present results indicate a lower emissivity in the liquid phase. The novel meas-
urements were done within the European Metrology Programme for Innovation and 
Research (EMPIR) project 17IND11 Hi-TRACE. The optimized measuring system 
is an ohmic pulse-heating apparatus combined with microsecond Division of Ampli-
tude polarimetry.

Keywords  Normal spectral emissivity · Microsecond polarimetry · Molybdenum · 
Pulse heating · Subsecond thermophysics

1  Introduction

When investigating thermophysical properties, i.e., temperature-dependent proper-
ties, of liquid metals and alloys at high temperatures, measurements need to be per-
formed contactless and containerless. Especially contactless temperature measure-
ment poses manifold complications. Above a temperature of 1234.93 K, the melting 
point of silver, the international temperature of 1990 (ITS-90) [1], is defined by 
spectral pyrometry. Pyrometry is based on the fact that every object with a tempera-
ture higher than absolute zero, 0 K, emits thermal radiation, which can be detected 
by, e.g., a photo diode. However, the ratio between emitted thermal radiation of an 
object and the emitted thermal radiation of a so-called black body (a perfect thermal 
emitter) under the same conditions needs to be known in order to obtain correct tem-
peratures. This ratio is called the emissivity of the material. Especially, the normal 
spectral emissivity, meaning the temperature-dependent emissivity, perpendicular to 
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the surface of the object analyzed at the wavelength of the pyrometer used for meas-
urement, needs to be known.

At the thermo- and metalphysics group of the institute of experimental physics of 
Graz University of Technology, a fast ohmic pulse-heating system is used to measure 
thermophysical properties of liquid metals and alloys, see, e.g. [2]. The setup was 
extended by a microsecond Division of Amplitude Photopolarimeter ( μs-DOAP) in 
2001 [3]. The μs-DOAP allows the measurement of normal spectral emissivity at 
a wavelength of 684.5 nm. After a longer period of inactivity, the μs-DOAP sys-
tem was re-established as part of Graz University of Technology’s contribution to 
the European Metrology Programme for Innovation and Research (EMPIR) project 
17IND11 “Hi-TRACE.” After ensuring the functionality of the apparatus, the nor-
mal spectral emissivity of solid and liquid molybdenum at 684.5 nm was measured 
and compared to previously published data in 2004, Cagran et al. [4], 2005, Cagran 
et al. [5] and 2013, Pottlacher et al. [6].

A discrepancy between the previously published data and the newly obtained data 
was detected. After re-evaluating the original data, obtained by Cagran et al., we 
conclude that the previously reported data in the liquid phase are too high. There-
fore, newly measured and evaluated values are published in this work.

2 � Experimental Methods

The methods used to obtain normal spectral emissivity of solid and liquid molybde-
num are a combination of an ohmic pulse-heating apparatus with a μs-DOAP. Both 
measuring systems have been thoroughly described in previous publications, e.g. [7, 
8]. Only a short description of the measuring system is given in this work.

2.1 � Ohmic Pulse‑Heating Apparatus (OPA)

The ohmic pulse-heating apparatus (OPA) works as follows: A large current pulse 
(some 1000 A) is distributed through a wire-shaped sample, with a diameter of 0.5 
nm. Due to its electrical resistivity, the sample heats up, melts, and once it reaches 
the material’s boiling point, it explodes. Thus, the technique was also called explod-
ing wire technique. The whole process of heating up through the solid phase, melt-
ing, and passing through the liquid phase only takes around 30 μ s to 50 μ s. Besides 
the prevention of chemical reactions with any surroundings, this short experimen-
tal time also ensures that the liquid wire can be observed, without collapsing due 
to gravitational forces. The temperature measurement is performed by pyrometry. 
An especially designed pyrometer for very fast time responses, operating at a wave-
length of 649.7 nm, is used to measure the radiance temperature of the sample. The 
radiance temperature can later be used, to calculate the true temperature if the nor-
mal spectral emissivity of the sample is known, measured, or estimated. Additional 
information about the measuring system can be found, e.g., in [9].
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2.2 � Microsecond Division of Amplitude Photopolarimeter ( �s‑DOAP)

Polarimetry is a powerful tool to measure normal spectral emissivity (see, e.g. 
[10]). Usually polarimetry instruments depend on rotating or other moveable 
parts. For fast experimental time scales, like OPA measurements, a polarimeter 
with moveable parts would suffer from insufficient resolution. Such instruments 
might even not be capable to obtain one data point during one OPA experiment. 
In 1982, Azzam [11] designed an instrument without moveable parts. The work-
ing principle is as follows: An incident laser beam with a wavelength of 684.5 nm 
passes the so-called polarization state generator (PSG), which as the name sug-
gests generates a linearly polarized beam. This laser beam is then reflected by the 
wire-shaped sample inside the experimental chamber of the OPA, which changes 
the state of polarization. At an angle of incidence of 70◦ , the reflected laser beam 
hits the polarization state detector (PSD). A coated beam splitter then splits up 
the laser beam and the two resulting beams each pass a Glan–Thompson prism. 
Finally, there are four laser beams, which are detected by separate photo diodes. 
By calibrating the measuring system beforehand, these four detector signals are 
used to calculate the so-called Stokes vector. From the Stokes vector, the normal 
spectral emissivity of the sample at the wavelength of the incident laser beam can 
be calculated. More information on the measuring system and the data analysis 
can be found in previous publications [3, 4, 8, 12, 13].

3 � Results

Normal spectral emissivity data for solid and liquid molybdenum are presented in 
the following. Figure 1 shows normal spectral emissivity data as a function of radi-
ance temperature Tr for both the solid and the liquid phase. Keep in mind, that nor-
mal spectral emissivity in the solid phase is highly dependent on the surface con-
dition. The samples were prepared by polishing them with abrasive paper (grade 
1200) and subsequently cleaned by acetone. This procedure was performed consist-
ently over all experiments to ensure comparability.

The data were evaluated for a radiance temperature of 2520 K (at the pyrometer 
wavelength), the melting point of molybdenum [6]. The linear regression lines were 
calculated from 1650 K to 2490 K for the solid phase and from 2550 K to 3190 K 
for the liquid phase. The measurement range of the pyrometer limits the temperature 
ranges. In the solid phase, the linear regression line of the normal spectral emissivity 
is given by

However, in the solid phase, two clusters of data can be seen. Additional to the fit 
of all data in the solid phase, both clusters were also evaluated separately. There are 
three datasets in the upper cluster, denoted with top, which can be approximated by 
a linear regression line of

(1)�684.5 nm,s(Tr) = 0.623 − 6.31 × 10−5 ⋅ Tr for 1650 K ≤ Tr ≤ 2490 K.
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In the lower cluster, denoted with bottom, four datasets can be found. This suggests 
an approximately equal distribution between the two bulks. The following linear 
regression line approximates the lower bulk:

In the liquid phase, a linear regression line approximates the normal spectral emis-
sivity by

By extrapolating the linear fit of the liquid phase towards the melting point, the nor-
mal spectral emissivity at the melting temperature can be estimated by

(2)�684.5 nm,s, top(Tr) = 0.734 − 8.36 × 10−5 ⋅ Tr for 1650 K ≤ Tr ≤ 2490 K.

(3)
�684.5 nm,s, bottom(Tr) = 0.540 − 4.83 × 10−5 ⋅ Tr for 1650 K ≤ Tr ≤ 2490 K.

(4)�684.5 nm,l(Tr) = 0.153 + 4.71 × 10−5 ⋅ Tr for 2550 K ≤ Tr ≤ 3190 K.

(5)�684.5 nm(Tm) = 0.272 ± 0.027.

1800 2000 2200 2400 2600 2800 3000 3200
Radiance Temperature,

Tr / K

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
N
or
m
al
sp
ec
tr
al
em

iss
iv
ity

at
68
4.
5
nm

,
68
4.
5
nm

Linear fit: Solid phase
Linear fit: Liquid phase
Literature Cagran et al.

Fig. 1   Normal spectral emissivity at 684.5 nm �
684.5 nm

 as a function of radiance temperature T
r
 for 649.7  nm, 

seven independent measurements with linear regression lines and statistical uncertainty analysis, errorbars rep-
resent single standard deviations in the solid phase and k = 2 standard deviations in the liquid phase. gray lines: 
measurement data, solid red lines: linear regression lines for solid and liquid phase, dotted red lines: linear regres-
sion lines for the two clusters in the solid phase, blue line: literature data from 2004, Cagran et al. [4].
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4 � Discussion

The resulting normal spectral emissivity in the liquid phase is, close to the melt-
ing temperature, outside of the calculated k = 2 uncertainty interval and overall 
lower by about 20 % than the values presented in the articles 2004, Cagran et al. 
[4], 2005, Cagran et al. [5], and 2013, Pottlacher et al. [6]. After revisiting of the 
original data from 2004, Cagran et al. [4], one dataset was omitted because of 
an incorrect temperature allocation and one dataset was taken out because of an 
atypical evolution of the emissivity in the liquid phase. By removing these two 
datasets, the resulting emissivity decreases significantly.

Within this work, two different clusters of data were measured, with a signifi-
cant difference in emissivity in the solid phase. The surface treatment was per-
formed consistently over all experiments with a certain number of strokes in cer-
tain directions with abrasive paper and acetone. Although the experiments were 
performed over several days, no correlation of the data with any external influ-
ences was found. Measurements with results in both clusters were performed on 
each day and the room temperature as well as the nitrogen atmosphere was com-
parable during all experiments.

5 � Uncertainty

Uncertainty estimation of the emissivity measurements with the μs-DOAP is 
challenging. While at first glance the obtained data seem to have a rather high 
uncertainty of about 30 % , comparison with other institutes in the past showed a 
good agreement of the measured data. The uncertainty is increased by single data 
points, which do not follow the characteristic, linear temperature evolution.

In 1970, Jaeger [14] suggested that these peaks are caused by magnetohydrody-
namic oscillations on the surface. Before the experiments, the measurement devices 
are adjusted to the position of the wire. If the wire would start oscillating, the meas-
urement devices are not adjusted properly any more because the reflection of the 
laser after the wire might not be correctly directed in the detector. Therefore, the 
oscillations are influencing the measurement of the emissivity by changing the 
geometry. If only the normal spectral emissivity is considered, the uncertainty can 
be estimated significantly lower. Therefore, only the linear regression lines for every 
single experiment are used for the uncertainty estimation of the normal spectral 
emissivity. The uncertainty is calculated by looking at the deviation between these 
averages. To quantify a reasonable uncertainty, we suggest the following routine:

The uncertainty estimation was performed separately for the solid and the liq-
uid phase. A linear regression line was calculated for every single measurement, 
for both the solid and the liquid phase. Then, the average of the linear regression 
lines together with the standard deviation was calculated. In Fig. 1, the average 
of the standard deviation, together with the average as a function of the radiance 
temperature, is shown.
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This method weights single peaks in the data only very lightly, because of the 
averaging process. On the other hand, it allows a good understanding of the devia-
tions between the different experiments. For the solid phase, an average single stand-
ard deviation of Δε684.5 nm,s(Tr) = 0.068 was calculated if all data points are included. 
If only the upper bulk is considered, the single standard deviation for the solid phase 
is Δε684.5 nm,s,top(Tr) = 0.024. If only the lower bulk is considered, the single standard 
deviation for the solid phase is Δε684.5 nm,s,bottom(Tr) = 0.016. For the liquid phase, 
an average single standard deviation of Δε684.5 nm,l(Tr) = 0.027 is reached with this 
evaluation method. This equates to about 10 % of the value for the liquid phase. 
After considering several different types of  B uncertainties, we concluded that the 
combined uncertainty is mainly governed by the statistical uncertainty.
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