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Abstract

Multi-wavelength pyrometry is an efficient tool for measuring high tempera-
tures in dynamic experiments. A fast 5-channel pyrometer was built and success-
fully employed in ion-beam heating experiments at the GSI Centre for Heavy Ion
Research (Darmstadt, Germany). Temperatures of metallic samples heated by an
intense focused heavy ion beam up to their melting points and beyond were meas-
ured with nanosecond time resolution and a spatial resolution of about 200 pm. The
modular instrument has demonstrated its high versatility also for temperature meas-
urements of exothermic reactions with millisecond temporal resolution.
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1 Introduction

Non-contact temperature measurements in the range of up to several thousand Kel-
vin are a challenging experimental problem. The pyrometrical determination of sur-
face temperatures by collecting and analyzing thermal radiation is one of the few
practically reliable methods for temperature measurements in this range [1]. The
brightness temperatures are obtained by absolute measurements of the emitted
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thermal radiation in a specific wavelength regime, and by fitting the recorded signals
to Planck’s law.

Multi-spectral pyrometers are divided into multi-wavelength (using several mon-
ochromatic channels) and multi-band (using wide-band channels) systems [2]. The
light emission of a sample is typically described by a set of equations with a given
number of variables which need to be determined experimentally. Depending on the
set-up and the mathematical model, the set of equations can be solved either analyti-
cally or by fitting. Generally, intensity determinations in narrow wavelengths bands,
which are well separated from each other, spread across a broad frequency spectrum,
and sample the lower wavelengths sufficiently well, provide more accurate solutions.
The subsequent data analysis strongly relies on the relationship between emissivity
and wavelength, which is, in turn, strongly dependent on the characteristics of a par-
ticular surface. Depending on the object properties, the expected temperature range,
and the process dynamics different multi-spectral techniques will be optimal.

In multi-wavelength pyrometry, the radiance of a hot source is measured at sev-
eral wavelengths, and, employing certain assumptions about the spectral and tem-
perature dependencies of the emissivity, the true temperature of the sample can then
be deduced [3].

For the “constant emissivity” assumption, the light intensity values at different
wavelengths can be transformed into so-called Wien coordinates: the independent
variable plotted on the horizontal axis is 2, while the vertical axis shows In(4°1).
Here ¢, = 1.4388 x 10* pm K is the second radiation constant, 4 is the wavelength
and [ is the light intensity. The slope of the straight line in these coordinates defines
the true temperature of the material under the assumption of constant emissivity.

For the “linear emissivity” model, a set of N equations with N variables is con-
structed, one for each wavelength 4; and, for example, in the case of three channels
N = 3. The variables are the true temperature T and the coefficients a and b for the
linear dependence of the emissivity, so that:

In(I4%) = ‘;._27 +1In(c,(a + b)), 0
1
where ¢; = 1.1910 x 103 W- pm*-m~2.sr™! is the first radiation constant. This set of
equations can be solved numerically, e.g., by the Levenberg—Marquardt algorithm.
Increasing the number of channels, so that intensities are recorded at more wave-
lengths generally helps to overcome the limitations of the constant and linear emis-
sivity models.

The pyrometer described here has been developed for heavy ion irradiation
experiments using the HHT (High energy, High Temperature) experimental area of
the GSI Centre for Heavy Ion Research (Gesellschaft fiir Schwerionenforschung,
Darmstadt, Germany). The main ideas of this instrument are based on earlier works
[4, 5]. Several of improvements have been made to increase the sensitivity of the
instrument in terms of temperature, including the integration of a new type of detec-
tor. The device has demonstrated its capability for temperature measurements in the
range from about one to several thousand Kelvin in various experiments within a
broad range of temporal resolution from nanoseconds to milliseconds. We were able
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to measure the temperature of tungsten, tantalum, iron, and copper foils, heated by
an intense focused heavy ion beam up to 1000 K—4000 K. The capability of the
instrument for the characterization of exothermic reactions with millisecond time
resolution was demonstrated in experiments using a pyrotechnic sparkler.

2 Description of the Instrument
2.1 Detector Set

A commonly employed approach in multi-wavelength pyrometry is to use linear
photodiode arrays (PDA) or charge-coupled device (CCD) array detectors in con-
junction with a spectrally selective device such as a diffraction grating. This allows
to construct pyrometers with a high degree of flexibility in terms of the number of
channels and covered spectral regions [6]. However, PDA and CCD detectors are
not suitable for fast dynamic experiments because of their limited temporal reso-
lution. Instead one can use fast PIN (Positive-Intrinsic-Negative) photodiodes or
other fast optical detectors but only for a limited number of wavelengths (channels).
The choice of the optimal number of pyrometer channels for the best accuracy of
the measurements is a non-trivial problem and depends on the expected tempera-
ture range, geometrical and surface properties of the probed area, and features of the
optical system. It has been suggested that using more than 10 channels is not effec-
tive [7].

For our instrument, we have decided to use five channels in each of the two inde-
pendent and complementary “arms” of the spectrometer, distributed over the wave-
length range from the visible to the near-infrared (450 nm-1500 nm). This design
allows that the instrument can easily be adapted to different use cases according to
the temperature range of interest. It is also easy to add or exchange the detectors
in the different channels, thereby optimizing the system concerning the required
time resolution. This is important as the sample temperature may rapidly rise in the
course of a dynamic experiment, where the signal in each channel may vary by a few
orders of magnitude in less than a few microseconds, while in other experiments, the
temperatures will change appreciably only on the time scale of a second.

For detecting relatively slowly changing signals and low temperatures, Hama-
matsu C10439-10 PIN photodiodes are used which have low-level dark-currents,
about 5 ps rise-time, and a 1 mm active zone diameter. They are installed in the
channels for the near-infrared region above 1000 nm. For higher temperatures and
nanosecond time resolution, we use various PIN diodes with amplifiers and multi-
pixel photon counters (MPPC) which have the highest sensitivity among all com-
mon types of detectors. MPPC detectors do not require additional amplification and
have the best rise time (from 0.5 to 5 ns) and linear response, which is essential
for accurate measurements. Photodiodes generally have better accuracy and have a
lower noise level than MPPC.

A picture of the spectral discrimination system with the respective detectors is
shown in Fig. 1. The detector system is located in a control room far away from the
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Fig. 1 Two-arms, 5 X 2-channel detector system (PIN diodes and MPPCs) (a) and a drawing of one arm
with fast PIN diode modules (b)

experimental area, which protects it from radiation damage, stray electromagnetic
fields, and environmental temperature variations.

The initial set of detectors used in the experiments at GSI includes 3 MPPC
detectors (Hamamatsu C13852-1350GA) in the “fast” arm, 3 MPPC (Hamamatsu
C11209-110) in both “fast” and “slow” arms, and 4 amplified PIN photodiodes
(Hamamatsu C10439-10) in the “slow” arm. After testing, the detector system has
been further optimized for fast experiments by including two infrared (Femto HCA-
S-400 M-IN) and three visible (Femto HCA-S-400 M-SI) PIN-diode models with a
fast time response and 0 MHz—400 MHz bandwidth.

2.2 Light Collection and Transmission System

For relatively low temperatures, the efficient coupling of light into the detector sys-
tem plays a crucial role. In our applications, the light collection system has to be
rather compact in order to fit inside the vacuum target chamber, free from chromatic
aberrations, and should provide a spatial resolution down to a few tens of microme-
ters. As the thermal radiation is collected and analyzed in a wide spectral range from
the visible to the near-infrared, one cannot use glass lenses, and instead reflecting
optics have to be employed. For the light collection, a parabolic off-axis mirror con-
denser is used. This scheme was chosen because of the absence of chromatic aberra-
tions and because of the high light collection efficiency in comparison to any system
of lenses with the same numerical aperture. The mounting of the mirrors efficiently
solves the alignment problems (see Fig. 2). The sample is placed at one focal plane
of the parabolic mirror system with a focal distance of 100 mm and a fiber or fiber
array is located at the second plane. This arrangement provides a 1:1 imaging of the
target’s surface and covers a solid angle of 0.2. The spatial resolution (i.e., the diam-
eter of the region from which the emitted light is collected) is therefore completely
defined by the inner diameters of the optical fibers, typically 50 pm, 100 pm, 200
pm, or 400 pm. A laser beam can be sent backward through the optical system (see
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Fig.2 The pyrometer light collection system inside the experimental vacuum chamber (a) and a drawing
of this system (b)

Fig. 3), thereby facilitating the optical alignment and the location of the measuring
spot. An optical chopper, which is located in front of the optical fiber ending, is used
for the calibration procedure.
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Fig. 3 Layout of the detectors system; fast arm is above, slow arm is below
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2.3 Spectral Discrimination System

For spectral discrimination, a series of consecutive narrow-band interference filters is
used, so the wavelengths that are not transmitted are reflected. This arrangement does
not use beam splitters and is more effective than diffraction grating because of the
absence of polarization. Also, this arrangement is very flexible, because the filter can
be exchanged without having to exchange the detector and vice versa. Also, there is no
interdependence between a particular filter in one wavelength range and the detectors
and filters in adjacent wavelengths ranges [6].

The mounting order of the filters is chosen to provide optimal signal levels at all
channels for a particular experiment, taking into account the expected temperature
range, the sensitivity of detectors, and the spectral intensity of the source. For lower
temperatures, relatively wide (e.g., 40 nm) interference filters are used, and therefore,
the spectral ranges monitored with the available channels can not be too close to each
other. The present layout of the pyrometer detector system is shown in Fig. 3.

Another set of filters was used in the ion-beam heating experiments. This set
includes hard-coated bandpass filters from Thorlabs with the center wavelengths of
660(10), 780(10), 900(10), 1200(10) and 1540(12) nm (Full Width at Half Maximum
bandwidths in nm inside the parentheses).

For the acquisition system, a Tektronix MSOS58 oscilloscope was used. It has eight
12-bit channels, a 1 GHz bandwidth, and a sample rate of 6.25 GS/s. In later experi-
ments, we also used a Lecroy Waverunner 8208HD oscilloscope which has similar
parameters but a 2 GHz bandwidth.

3 Experimental Data
3.1 Calibration

A tungsten filament strip ribbon pharaoh-type lamp OSRAM W17/G was used for
absolute calibration of the pyrometer (see Fig. 4a). This lamp is calibrated in the tem-
perature range of 1000 K to 2300 K at 650 nm, and the brightness temperatures at other
wavelengths were calculated using available data for the tungsten emissivity [8]. The
calibration was done at normal incidence to the filament (target) surface both outside
and inside the experimental chamber with exactly the same geometry and arrangements
as during the experiment itself.

A pyrometrical calibration lamp (S6-100 by Pyrometer Inc.) (Fig. 4b) was used
for the calibration for exothermic reactions experiments. This lamp is calibrated from
1073 K up to 2573 K and has a cylindrical bulb, allowing to use of different angles of
view, e.g., 45°.

3.2 Heavy-lon Heating of Metallic Foils

A set of ion-beam irradiation experiments with Ta, W, Fe, and Cu foils (100 pm
thickness) was performed at the HHT experimental area of GSI-Darmstadt. Detailed
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Fig. 4 Calibration of the pyrometer for the experiments at GSI (a) and for the exothermic reaction experi-
ments at Goethe University (b)

information about these experiments will be available in a future paper under prepa-
ration (Hesselbach et al.). An intense lead ion beam accelerated in the SIS-18 heavy
ion synchrotron (E; = 450 MeV/u, N~ 4 X 10° ions) was focused to a 0.5 mm—1 mm
diameter spot at the target. The pyrometer was directed at 45° to the ion-beam heated
target or at a right angle, depending on the shot, while the angle between the beam
and the pyrometer was always equal to 135°.

The typical brightness temperature signals of an ion-beam heated copper foil are
shown in Fig. 5. The ion pulse duration was about 500 ns, followed by a slow cool-
ing process.

3.3 Temperature Measurements for Slow Processes

A set of experiments with pyrotechnic sparklers was performed to test the capa-
bilities of the pyrometer to measure the temperature of exothermic reactions with
a millisecond time resolution. For this purpose, 4 infrared PIN diodes were used.
The pyrometer measured the temperature on the sparkler surface over a 400 pm spot
during its burning and subsequent cooling (see Fig. 6). First, only the brightness
temperatures were measured, while emissivity behavior assumptions were applied
later, in order to choose the best emissivity model. One can see the burning of the
sparkler during the first second and a smooth cooling afterward. The peak visible at
2.2 s in Figs. 6 and 7 could be due to a spark passing through the spot viewed by the
pyrometer and we therefore believe it to be an artifact. The true temperatures calcu-
lated for these experiments under the assumption of a grey emissivity model fit well

@ Springer



29 Page8o0f12 International Journal of Thermophysics (2024) 45:29

1400 A —— 900 nm
~——— 850 nm
w1350 —— 800 nm
i
5 1300 A
E
8 1250
£
£ 1200 A
2 1150
)
= 1100 A
m
1050
0 20 40 60 80
Time, Us

Fig.5 Brightness temperature curves for copper foil heated by lead ion beam (shot #365°, 90° angle
between the pyrometer and the surface)
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Fig. 6 Brightness temperature curves of a pyrotechnic sparkler

with the expected surface temperature of a sparkler, which is close to 1873 K [9].
This experiment demonstrates that the developed modular pyrometer is also suitable
for temperature measurements of exothermic processes where moderately high tem-
peratures are reached within a few seconds.

4 Data Analysis Methods

Theoretical predictions of the spectral emissivity of a sample at high temperatures
are extremely challenging and generally not very reliable due to multiple reasons
[10]. Therefore, the empirical models for the emissivity introduced above are often
used instead.
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Fig. 7 Typical true temperature curves of a pyrotechnic sparkler

The most widely used model is the grey-body approximation [4, 5], although it
provides sufficient accuracy only for certain materials and in a narrow temperature
and wavelength range. As the next level, a polynomial (usually linear) dependence
of the emissivity on the wavelength is often assumed, or, alternatively, an exponen-
tial raised to a polynomial emissivity model [11].

In our experiments, the brightness temperature for each channel has been
obtained by calibration. We have used either the grey-body model or the linear
wavelength emissivity dependence assumption. More complex emissivity models
would not provide a better accuracy due to the limited number of channels and a
relatively narrow wavelengths range (800-900 nm) used in our experiments.

The temperature resolution of the pyrometer, defined as the smallest temperature
increment that can be resolved, depends mostly on the change of the emitted radia-
tion energy as a function of temperature. The digitization of the analog signals by
the oscilloscope also plays a role but can be significantly improved by averaging the
signal, at the cost of a limited temporal resolution. The absolute temperature resolu-
tion is a function of temperature and the absolute uncertainty increases with increas-
ing temperature.

The absolute temperature accuracy is mainly determined by the calibration, by
the quality of the representation of the spectral emissivity of the surface, and also
by noise. The temperature of our calibration lamp is accurate within 10 K for tem-
peratures lower than 1873 K and within 8 K for higher temperatures, which is about
0.5 %. The influence of noise is only important for small signal-to-noise ratios,
i.e., at low temperatures. For the infrared PIN diodes used in the sparkler experi-
ment the noise voltage equals 2 mV while the typical signal voltage varies from
50 mV to 1V, so the uncertainty varies from 0.5 % to 4 %. For the fast visible and
infrared range PIN diodes output noise equals 20 mV for a 1 V output range, so the
uncertainty is always higher than 2 %. The unknown emissivity of the surface can
contribute an error of 5 % or higher [12]. In summary, the primary source of the
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absolute error for the measured temperature is the unknown surface emissivity at
high temperatures and noise at low temperatures.

Figure 7 shows the grey-body temperature of the sparkler (see Sect. 3.3). The
true temperature is determined with rather good accuracy during the cooling pro-
cess, i.e., starting from circa 0.5 s, while before this time the chemical reactions take
place at the target surface, and the temperature measurements become problematic.
The application of the linear emissivity model gives a very similar result for the true
temperature.

However, similar true temperature calculations for the fast heavy-ion experiment
using constant and linear emissivity models did not fully agree with each other. The
possible reasons for this are the 45° angle of view of the pyrometer due to geo-
metrical constraints inside the target chamber as well as the temperature gradients
along the spot size. The emissivity of liquid metals for such light emission direc-
tion is unknown and cannot be predicted reliably. Therefore, currently reliable meas-
urements require optical access along the surface normal and the smallest possible
observation spot size, i.e., the smallest fiber, which still can provide a reasonably
high optical intensity.

5 Conclusion

A fast multichannel pyrometer for high temperature measurements has been
designed and successfully tested. Several improvements, including a new calibration
lamp and new types of detectors, have substantially enhanced its accuracy up to a
few tens of Kelvin, depending on the temperature range and the characteristic time
of the experiment.

This final version of the pyrometer uses five wavelength channels in each arm
from 500 to 1550 nm, two arms (with different spot positions on the target) simul-
taneously, and different types of detectors, such as various infrared and visible PIN
photodiodes and Multi Pixel Photon Counters (MPPC). This enables temperature
measurements in a broad range up to a few thousand Kelvin with a nanosecond tem-
poral resolution.

It was found that modern PIN photodiode detectors such as Femto HCA-S-
400 M-IN and Femto HCA-S-400 M-SI are better suited than MPPC for fast multi-
wavelength pyrometry measurements on a nanosecond time scale because the meas-
ured effective time resolution of MPPC is slightly worse due to their intrinsic noise
and relatively low dynamic range.

We have shown that the capabilities of the developed instrument can be used for
dynamic ion-heating experiments as well as for any type of “slow” (millisecond)
experiments. With only minor modifications, the pyrometer can also be used for
other types of experiments, such as temperature determination in laser-heated dia-
mond anvil cell experiments.

The new aspects of the system presented here rest, in part, on the use of MPPCs,
which, to the best of our knowledge, have never been used for the pyrometrical
applications before. The use of two complementary “arms” and the resultant high
degree of flexibility of the system is also novel. Incorporation of state-of-the-art
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components, such as detectors (PIN diodes and MPPCs) in conjunction with a high-
end oscilloscope provides a unique combination of very high temporal and good
temperature resolution.

In comparison to established single- or double-channel pyrometers, our multi-
channel pyrometer allows a much more detailed and wavelength- dependent obser-
vation of the changes in the emissivity during the experiment. This additional infor-
mation allows us to explore the use of different kinds of emissivity functions in the
data analysis. This is important as it is generally unclear, which emissivity function
is best suited for a given experiment, and the multi-channel measurements allow to
derive this information with the use of alternative and complementary approaches in
the data analysis.

We have very low light intensities in our dynamic experiments in comparison
to conventional temperature measurements allowing time averaging, as we need
to collect the data on a nanosecond time scale, the signal-to-noise ratio increases
with adding more channels. The emissivity can change drastically during the fast
experiments in an unpredictable way due to phase transformations (melting, boiling,
plasma) and changes of the surface. Here again, three to five channels are found to
provide an optimal balance between sensitivity, signal-to-noise ratio, and temporal
resolution in the expected temperature range in our experiments.
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