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A new multichannel fiber optical thermometer (FOT) system is described that utilizes the temperature de-
pendence of the band gap of a semiconductor (GaAs). Its modular design allows a flexible multichannel reg-
istration and enhances the reliability of the temperature measurement through an innovative sensor concept.
The FOT can be easily adapted to a variety of technical and economical requirements, especially those con-
cerning the measuring range, number of channels, accuracy, and cost per channel. lts measuring principle
and design make it a versatile tool for utilization under various conditions critical for conventional tempera-
ture measurement devices (strong electric and magnetic fields, radio-wave and microwave applications,
continuous process monitoring in environmental technology). The examples presented demonstrate the ap-
propriateness, special features, and advantages of the FOT system under microwave and radio-wave irradi-
ation, in a strong electric field and in a very intense static magnetic field in combination with pulsed radio-
wave excitation applied in nuclear magnetic resonance spectroscopy. In these cases, the benefits of this

multichannel temperature measurement system under in situ conditions become apparent.
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The reliable and, in most cases, accurate measurement
of temperature is of high importance for a wide variety
of technical processes and applications in medicine, engi-
neering, production, and monitoring. Under certain con-
ditions, namely in strong electric, magnetic, and electro-
magnetic fields (high voltage, radio-wave, and microwave
applications, electron spin resonance and nuclear magnetic
resonance (NMR) spectroscopy for small-probe testing), in
explosive environments, in contact with aggressive media,
or for medical applications (NMR tomography), conven-
tional thermocouples or resistance temperature devices
such as Pt100 thermometers cannot be used reliably,
safely, and without disturbance of the process to be moni-
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tored (see, e.g., Ref. 1). For these purposes a number of
optical measuring principles are available, based upon the
temperature dependence of

e the Raman scattering (ratio of Stokes and anti-Stokes
Raman bands),”

* relaxation times of fluorescence and luminescence
processes,” and

e certain properties of solid materials (lattice constant
and Bragg angle* and position of electronic states in

the energy spectrum, particularly the width of the band
5,6

gap™ ).

Additionally, the emission of light in the infrared or visible
range can be exploited to measure the surface temperature
of solids or liquids. In this communication, a new fiber
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optical thermometer (FOT) is described, together with its
application in various fields of science and engineering.

The system records the photon energy sufficient to ex-
cite an electron from the valence to the conduction band of
a gallium arsenide (GaAs) semiconductor crystal that is
mounted on the end of an optical fiber. The required amount
of energy is equal to the so-called band-gap energy, Eq,,.
The well-known underlying principle of operation is based
on the temperature dependence of the band gap of GaAs
(direct [zone center] intrinsic gap; Eq,, = 1.423 eV, corre-
sponding to 872 nm at 300 K; dE,,,/dT = —0.452 meV/K
at 300 K [Ref. 7]). For the FOT application, the spectrum
of a GaAs sensor crystal placed in a medium of unknown
temperature is measured in the transmission or (diffuse) re-
flectance mode, and the position of the characteristic edge is
analyzed to determine the temperature.

In the patented design for a new, cost-effective, and fast
multichannel thermometer® based on the above principle,
separate temperature measurements of the individual chan-
nels are made by switching on the light sources during a
defined time interval for only the selected channel while
using a single detector for all of them (at least for a set of
channels). The backscattering in the optical fiber, which
may complicate the evaluation of the spectrum (making
the FOT system faulty and susceptible to measurement un-
certainties), is reduced by separating the optical fiber path-
ways routing the light to and from the sensor crystal. A set
of optical thermometers has been developed for various
purposes with different requirements with respect to num-
ber of channels, accuracy, temperature range, and price
(FoTemp series from OPTOcon, Dresden, Germany). The
main components of a FoTemp-4 are outlined in Figure 1.

The light sources used are either small electric light bulbs
(maximum power | W) or light-emitting diodes (LEDs)
(1A226 from Mitel Semiconductors Tokyo, Japan; emission
peak at 900 nm, half-value width approx. 55 nm, optimized

Figure 1. Principal components of a modular four-channel FoTemp-4
fiber optical thermometer: 1, light sources: 2, ST connectors with inte-
grated optical coupling; 3, spectral detection unit (with CCD line and op-
tical grating); and 4, electronic interface.
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for coupling with optical fibers). The light is routed to the
sensors via optical fibers (100/110 pm visible/near infrared
(VIS/NIR) fibers) that are permanently connected to the
sources. The modified spectra of the different channels are
transferred to the common evaluation unit (charge-coupled
device [CCD] lines with a permanently calibrated optical
grating or a commercially available spectrometer [S 2000
from Ocean Optics Inc.; 100-pm slit]) designed for mea-
surement in a typical wavelength range of 850 to 1100 nm
via an optical mixer. This mixing unit consists of a light-
scattering polymer and is usually made spherical with a di-
ameter of about 10 mm. Interrogation of the individual mea-
suring channels is accomplished by the time-staggered
triggering of the corresponding light sources and suitable -
evaluation of the detector signal. Typically, four channels
are combined into one optical block with integrated data ac-
quisition and processing. This modular construction concept
significantly reduces susceptibility to various disturbances.

The optical fibers connecting the GaAs sensor crystal with
the light source and the detector in the evaluation unit, res-
pectively, may have a length of up to several hundred meters.
Two different types are used, where either a long or a short
part of the optical fibers for light routing to and from the sen-
sor crystal is separated. All probes are completely nonmetal- |
lic: the fiber material is polyimide-coated silica, and the sen- |
sor crystal at the tip (GaAs, fixed with a temperature-resistant
adhesive) is covered with polytetrafluoroethylene (PTFE)
(Teflon). The diameter of the tip is about 1.5 mm. A second
advantage in addition to its small size is the low heat capacity
of the sensor, preventing a significant disturbance of the sys-
tem to be measured (whether in a gaseous, liquid, or solid
state) and making the measurement fast. The sensor is con-
nected with the thermometer by conventional ST (straight
tip) or other user-specific connectors. Depending on the type
of sensor and instrumentation, the measuring range is from
—50 °C to 300 °C. After appropriate multipoint calibration,
an accuracy of 0.1 K can be achieved with the use of an ade-
quate CCD line. However, a low-cost version with 3 K sys-
tem accuracy is available for monitoring tasks (e.g., with
high-power transformers or electric motors). The measuring
time per channel can be varied from about 100 ms to several
seconds. Because of the block-wise construction, a quasi-
parallel measurement mode can be applied for multichannel
FoTemp thermometers. An automatic internal calibration
procedure is applied for each individual channel to optimize
the integration time related to the temperature, the sensor
properties (including their lengths), and the sensitivity of the
detector. Some components of the optical thermometer
shown in Figure 1 (detector, sensor design, optical coupling)
may vary, depending on the FoTemp type.

In addition to its heat capacity, the heat conductivity of a
temperature sensor is an important property that controls
the degree of interference with the original temperature
profile to be measured. Because of the use of optical fiber
connections, the FOT sensors have a minimal impact on
the surrounding medium.
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In the following, some test measurements under “criti-
cal” conditions and applications of the FOT in environ-
mental technology will be presented without a discussion
of the results of the specific investigations in detail.

One of the motivations to develop the FoTemp thermo-
meters was the necessity to measure small temperature
differences during environmental studies dealing with sea-
sonal changes, influences of dielectric heating with radio-
waves on soil cleaning, and microbiological processes at
elevated temperatures.” In Figure 2, the temperature course
in a soil reactor used for microbiological decontamination
is compared for optical (different integration times) and
conventional measurements showing that differences of
0.1 K can be monitored with adequate instrumentation.

The phase transition of suitable media can be used to
calibrate the temperature or check the accuracy in a con-
venient manner. The transfer of the melting heat or the
heat of evaporation to the system to be heated usually cor-
responds to a stabilization of the temperature at the melt-
ing or vaporization point, respectively, for a certain time.
As an example, microwave heating of ice in a household
oven (maximum power 900 W) up to the evaporation of
water is shown in Figure 3. The expected temperature
plateaus at 0 °C and 100 °C indicate the accuracy of the
measurement by the FoTemp-8 thermometer. As is char-
acteristic for dielectric heating (using frequencies in the
microwave as well as in the radio-wave range from MHz
to GHz), the energy absorption of the liquid phase is
larger than in the ice, leading to a significant overheating
of the water. This effect is due to the different dielectric
losses (imaginary part of the relative dielectric constant) of
the components.

The dependence of the melting point of confined water
on the pore size is used to characterize porous materials
by cryoporometry.'® To distinguish between the states of
aggregation, several thermal and spectroscopic methods
can be applied. The utilization of one such method, NMR
spectroscopy, is described later in this communication.
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Figure 2. Temperature development in the upper part of an open soil
compartment as measured either by a FoTemp optical thermometer with

two different integration times (200 ms and 2 s) or by a conventional
Pt100 resistance thermometer.
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Figure 3. Stabilization of the temperature due to melting of ice and
evaporation of water at 0 °C and 100 °C, respectively. as measured by a
FoTemp-8 thermometer during heating in a microwave oven (pulsed
microwave application, 900 W; temperature measurement every | s).

The oxidation of hazardous volatile organic compounds
(VOCs) in an electrical discharge, a so-called nonthermal
plasma (NTP), is a relatively new method for cleaning con-
taminated gas streams.'"" '? Because of the nonequilibrium
conditions (“hot” electrons with a kinetic energy corre-
sponding to about 10* K; neutral gas molecules remain
nearly cold), this method is expected to achieve a high en-
ergetic efficiency, especially for low VOC concentrations.
Under these conditions, conventional thermal and thermo-
catalytic methods do not work effectively. Recently, the
combination of NTP and catalytic processes has been
tested with the use of a barrier reactor (described in detail
in Ref. 11; discharge gap of 5 mm in a coaxial-electrode
reactor, applied voltage up to 35 kV, basic frequency
50 Hz). The FOT was successfully used to measure the
temperature in the discharge zone. No influence of the
strong electric field in the NTP discharge zone was ob-
served (Figure 4). As expected, the gas temperature in the
nonthermal plasma is not significantly higher than that at
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Figure 4. Temperatures in the discharge zone of a nonthermal plasma,
at the inlet of the plasma reactor, and in the water electrode as a function
of time (coaxial barrier discharge reactor,'" applied voltage 15 kV, basic
frequency 50 Hz, air flow 78 ml/min, residence time 9.2 s).
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the inlet of the NTP reactor. In contrast, a marked heating
occurs in the water used as the outer electrode of the coax-
ial glass-barrier arrangement.

The temperature plays an important role for many para-
meters and processes relevant to the remediation of conta-
minated soils and other materials. Thus, the microbiologi-
cal degradation rates are optimal at about 35 °C for most
microorganisms. The water solubilities, vapor pressures
and mobilities of the pollutants are enhanced by heating
the medium above ambient temperature. This is a central
feature of several technologies, such as thermally enhanced
soil vapor extraction. Radio-wave (dielectric) heating is a
unique method for producing temperature changes in the
soil in a wide range up to more than 400 °C, under in situ,
ex situ, and on-site conditions and for many materials (dry
and humid, sandy and tenacious soils).” Continuous temper-
ature monitoring by optical sensors is an essential prereq-
uisite for an effective process control. At a field site for
thermally enhanced microbiological remediation of soils
(Figure 5; HF power source IS 15 from Hiittinger Elektronik,
Freiburg/Brsg., Germany; maximum RF power 15 kW, fre-
quency 13.56 MHz) contaminated with organic com-
pounds, about 50 fiber optical temperature sensors have
been applied to measure soil heating in a reactor with a
sizeof 3 X 3m? (I m depth). For example, the temperature
profiles in the horizontal planes at four different heights
are shown in Figure 6. The sufficiently homogeneous tem-
perature distribution in the stationary period of the remedi-
ation (constant 7') demonstrates the appropriateness of the
system for radio-wave heating, including the temperature
measurement avoiding, for example, significant overheat-
ing, which would reduce the number of microbes. The RF
method has been successfully tested in long-term experi-
ments (lasting several months) for thermally enhanced bio-
remediation as well as soil vapor extraction.” It is expected
to be especially effective under conditions where ambient
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Figure 5. Soil reactor with electromagnetic shielding for thermally
enhanced biodegradation of contaminants via radio-frequency dielectric
heating (bioremediation facility of Bauer & Mourik Umwelttechnik in
Hirschfeld, Germany).
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Figure 6. Temperature profiles in the soil reactor after radio-wave
heating to an optimum temperature of approx. 35 °C during a long-term
investigation of stimulated biodegradation (at four different heights) as
measured by a FOT.

temperatures are low or when remediation times have to be
kept short.

The characterization of liquid phases, especially water,
in natural materials such as rocks, sands, and soils is of great
importance not only in geology (e.g., during prospecting for
oil and other raw materials) but also in environmental sci-
ence and technology (remediation of contaminated soil).
When radio-wave heating is used under cold climatic condi-
tions (permafrost) to mobilize the contaminants and stimu-
late biodegradation, the state (frozen or melted) and alloca-
tion of water must be determined to avoid an unwanted
mobilization of pollutants. "H NMR spectroscopy is a suit-
able tool for studying the ice-water transition under various
conditions (soil material, porosity, and pore size distribu-
tion). The method uses the freezing point depression of
water with decreasing pore size (Kelvin law) and the large
differences in transverse (7,) nuclear magnetic relaxation
time between liquid water and solid ice in the pore system.
In particular, pore size distributions can be determined by
analyzing the relative amount of the liquid water phase as a
function of temperature (NMR cryoporometry'®).

To use the FoTemp thermometer in the low-tem perature
range, it must be multipoint calibrated because the depen-
dence of Ey,, on the temperature becomes more nonlin-
ear.’ Additionally, the strong magnetic fields used in mod-
ern NMR spectrometers (up to 19 T) cause small shifts of
the band-gap width of GaAs (compare Ref. 13). In our ex-
periments with a home-built NMR spectrometer (FEGRIS
400 NT equipped with a Bruker Spectrospin superconduct-
ing [sc] magnet, 'H resonance frequency 400 MHz; tem-
perature control of the NMR sample by a stream of air or
nitrogen with known temperature'®), a static magnetic

field of By = 9.4 T led to an apparent temperature shift of |

about 5 K, as recorded with the FoTemp FOT without re-
calibration. This effect and, as a typical example, the tem-
perature values obtained after a normal calibration proce-
dure was carried out (two-point calibration at 30 °C and
60 °C) are presented in Table I.
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Table I.  Measured temperatures after two-point calibration (reference
temperature determined by Hg thermometer) of a FoTemp-16 thermo-
meter at 30 °C and 60 °C outside and inside a strong magnetic field with
and without recalibration.

Ti*u’l‘cmp {DC) TE-‘n‘I‘cmp °C) AT (K)
B=94T B=94T T shiftin B
Trer °C)  TrgTemp (°C) before after without
B=10 B=0 recalibration  recalibration  recalibration
25.0 252 20.6 25.1 4.5
30.0 29.9 254 209 4.5
40.0 39.6 353 39.7 4.4
60.0 59.6 55.5 60.0 4.5

In Figure 7, the increase in the sample temperature as
measured by a fiber optical thermometer (FoTemp-16) is
shown after the temperature of the nitrogen flow around the
sample (measured by a Pt100 thermometer outside the radio-
frequency [rf] coil of the NMR spectrometer) was raised
from —5 °C to —2 °C and then to 2 °C. The sample con-
sisted of sand with a grain size ranging from 125 to 180 um
and a water content approx. 60% of the pore volume. The
temperature change in the gas flow occurs within about 20 s,
and the temperature increase in the sample reflects the heat
transfer kinetics and, as can be seen from the plateau at 0 °C,
the melting of the ice mainly present in the interparticle
space (phase-transition point). As shown in Figure 8, this
process can also be observed with the NMR relaxation time
7', measured with the CPMG" NMR pulse sequence, which
detects and analyzes the intensities of a series of spin echoes
(echo spacing 240 ps) arising after a pulsed rf excitation of
the proton nuclear spins of the water. The rf pulses did not
interfere with the FoTemp temperature measurements, al-
though the sensor was placed in the center of the sample vol-
ume and, thus, in the center of the rf field. The liquid phase
in the volume between the sand grains (characterized by rel-
atively long 75, values of about 5 to 15 ms) dominates at 7' >
0 °C, whereas the short T, for ice is observed at T = —2 °C.
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Temperature / °C
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Figure 7. Development of the temperature measured directly in an ini-
tially frozen sample (sand with a water content approx. 60% of the pore
volume) after the temperature of the surrounding gas flow was increased
from =5 °C to —2 °C (after 2.1 min) and from —2 °C to 2 °C (after
5.8 min; each heating step within about 20 s).
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Figure 8. Distribution of NMR relaxation times 75 of a humid sand
sample (water content approx. 60% of the pore volume) as a function of
temperature continuously measured by a FoTemp FOT placed in the cen-
ter of a sand/water sample in an NMR coil.

The wide relaxation time distribution between the melting
point and 60 °C is typical for liquid water between sand
grains.'® Because of a decreasing self-diffusion coefficient
of liquid water with decreasing temperature, the center of
gravity of the 7, distribution is shifted to larger relaxation
times. A special case is supercooled liquid at a temperature
slightly below the freezing point, which shows the NMR re-
laxation time typical for liquid water (Figure 8). In this state,
slight mechanical vibration of the NMR sample holder initi-
ated the freezing process of water between the sand grains.
The melting heat that is released during freezing increases
the temperature in the center of the sample to 0 °C, as mea-
sured by the FOT, although the stream of nitrogen outside
the sample is kept at —2 °C. Such processes, of course, could
not be followed by conventional thermometers because the
space in the NMR sample volume needs to be free of any
electrically conducting material (wires, metals) because of
its disturbing influences on the (pulsed) rf field.

The in situ applications of the FoTemp FOT in the vari-
ous fields briefly described here demonstrate its suitability
for (continuous) temperature measurement under conditions
where conventional temperature monitoring usually fails.
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