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THERMAL FIRE ALERTER ON FIBER-BASED OPTICAL TEMPERATURE SENSOR
FOR OPERATION UNDER IONISING IRRADIATION

Building working model of radiation-resistant fiber-based optical temperature sensor and in-
vestigating of its measuring and other functional characteristics are performed in this paper. A sig-
nal response model was developed for the fiber optical temperature transducer based on chalco-
genide glass of the Ge 13As).18S€064 composition. Advantages of proposed sensor used in thermal
fire alerter are analyzed including combined ones as well as possible ways of its modification.
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.0. Yanui

BOJIOKOHHO-ONITUYHUIHA CEHCOP TEMIIEPATYPH TEILJIOBOI'O MOXKEXKXHOI'O
CIIOBIIYBAYA JIUIs1 POBOTHU B YMOBAX IOHI3YIOYOI'O OITPOMIHEHHA

[ToGyoBaHo poOOYy MOJENb padiamiiHO CTIKOTO BOJOKOHHO-ONITUYHOTO CEHCOpa TeMIIe-
paTypH Ta JOCHIKEHO MOro BUMIipIOBallbHI Ta iHINI (DyHKIIOHANBHI XapakTepucTtuku. bymo mpo-
MO/JICITbOBAHO CHUTHAJ BIITYKY TAaKOTO BOJIOKOHHO-ONITUYHOTO CEHCOPA TEMIIEpaTypH Ha OCHOBI Xa-
JBKOTEHITHOTO CKJa XimMiuHoro ckinany Geo1sAso18S€o64. [IpoaHamizoBaHO TIEpeBaru BUKOPUCTAH-
HS 3alPOTIOHOBAHOTO CEHCOPA Y TOKEKHUX CIOBINIyBauax (B TOMY YMCII KOMOIHOBAaHUX) Ta MOX-
JUBI IIJISXH 1X Mogudikaiii.

Kniowuosi cnosa: noxexHuil CrIOBINyBay, BOJOKOHHO-ONTHYHUM CEHCOP, 10HI3yI0YEe BHUIIPO-
MIHIOBaHHSI, XaJIbKOTEHITHE CKJIO.

H.A. anvui

BOJIOKOHHO-ONITUYECKHWI CEHCOP TEMIIEPATYPBI TEILIOBOI'O
IHOKAPHOI'O U3BEIHATEJIA AJIAA PABOTDBI B YCJIOBHUAX
NOHM3UPYIOLEI'O OBJYYEHUA

[TocTtpoena pabGovasi Moaenb pagUallMOHHO CTOMKOTO BOJIOKOHHO-ONTHYECKOTO CEHCOpa
TEMIEPATYPbl U UCCIEIOBAHO €r0 M3MEPUTENbHBIE U JIpyrue (QYHKIMOHAIBHBIC XapaKTEPUCTUKH.
Br1710 TpOMOIETMpPOBaHO CUTHANI OTKJIMKA TAKOT'O BOJIOKOHHO-ONTHYECKOTO CEHCOpa TeMIEPaTyphl
Ha OCHOBE XaJbKOT'€HUJHOIO CTEKJIa XUMUYEecKOoro coctaBa (Geo 13Asy 185€064. [IpoananmuzupoBano
MPEUMYIIECTBA UCTIOIB30BAHMSI MTPEIJIOKEHHOTO CEHCOPa B MOKAPHBIX M3BEHIATENSIX (B TOM YHCTIE
KOMOMHHPOBAHHBIX ) U BO3MOXKHBIE MYTH UX MOAU(DUKAITIH.

Knrouegvle cnoea: noxapHbIi U3BEIIATENb, BOJOKOHHO-ONITUYECKHA CEHCOP, MOHU3UPYIO-
1iee U3Ny4eHne, XalbKOT€HUIHOE CTEKIIO.

Introduction

Today fire statistics shows that the number of fires continually increases [1,2], being accom-
panied by the simultaneous increase in the number of victims, size of caused material losses and envi-
ronmental damage. Analysis of the practice of large fires fighting shows that most often fires fighting
actions were applied at the too late stage when the fire goes to the most intense stage of destruction of
buildings. Despite of the large variety of fire alert system, the problem of early detection of fire signs
and timely initiation of fires fighting process remains unresolved, partially through imperfections of
existing instruments for detection of fire signs. Even more acute problem of such equipment obeying
for objects with increased levels of ionizing radiation. It is obviously that negative affects of the fire at
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such objects as nuclear power plants (NPPs) can have global catastrophic character for all humanity;
sad example of what is known occasions at the Chornobyl and Fukushima NPPs [3]. This problem for
Ukrainian NPPs became more exacerbated owing to equipment for their fire alarm systems (FAS)
was designed several decades ago [4-5] and now it is morally and physically antiquated. Moreover,
replacement of such equipment in areas with increased level of radiation is a complex technical chal-
lenge. It should be noted here that considering of fire safety as an integral part of NPP safety, the
IAEA recommends [6] to apply the principle of physical diversity and redundancy (duplication) in the
control of the state of dangerous objects. Above mentioned testifies for necessity to revise approaches
for the early detection of fire signs at the objects and areas with radiation level exceeding the normal
conditions. Analysis of specialized tools for control of radiation-hazard objects [7] reveals that, on the
one hand, (1) using of fiber-based optical sensors (FBOSs) of physical parameters of the object state
is the dominant trend and, on the other hand, (2) existing temperature FBOSs [8-9] does not have suf-
ficient radiation hardness to ensure the reliability of their functioning for a long time.

That is why a series of previous works of author [10-13] was devoted to investigation of
chalcogenide glasses (ChGs) of Ge,As,Se;., system (0.05 <x <0.30) as promising temperature-
sensitive and radiation-resistant media for the development of temperature FBOSs for operation un-
der ionizing irradiation. Particularly, ChGs with x = 0.18 (Geo13As0.185€064) and close chemical
composition were shown to be the best materials for application as active media for temperature
sensors owing to their temporal stability of properties, thermal sensitivity up to 200 °C and radia-
tion resistance up to 1 MGy absorbed dose [12-13].

In this paper, it was built the working model of such temperature FBOS, investigated its
measuring and other functional characteristics, evaluated prospects for using in thermal and com-
bined fire alerter for NPPs and other objects with increased levels of ionizing radiation.

Model of the temperature-induced changes in optical properties of the sensing element
based on Geo_1sAS()_1sS60,64 ChG

Temperature-induced long-wave shift of the fundamental optical absorption edge (FOAE) [13]
is a physical basis for operation of temperature FBOS [11]. It is know also that FOAE of the most ChGs
is described by the phenomenological model of modified Urbach rule for glassy semiconductors [14], so
for using of such a description is necessary to establish the model parameters from the experiment. With
this aim, optical transmission spectra of Gey 18ASg.18S€0.64 ChG were measured in situ using a spectro-
photometer AvaSpec-2048 (Avantes, Netherlands) and specially designed temperature chamber at tem-
peratures ranging from ambient to 200 °C. Presented at the Fig. 1 experimental data (recalculated in the
form of optical absorption coefficient) in semi-logarithmic scale confirm that in the investigated temper-
ature range the FOAE of Gey 13As0.18S€064 ChG shifts in parallel testifying for the modified Urbach rule
with a temperature-independent slope of the absorption edge spectral dependences [14]:

E T
a(E,T) a, exp(E0 +T0J, (1)
where a, is a constant, 7 is a characteristic temperature (determined from the experiment and hav-
ing no clear physical sense), and 1/ Ej is a temperature-independent logarithmic slope of the spec-
tral dependence. Approximation of the experimental data in Fig. 1 allowed to parameterize the em-
pirical expression of the optical absorption coefficient a of sensing material on the energy of prob-
ing light £ and temperature 7 in the form:

E T
o(E,T)=3,86-10"" ex + : 2
(£.7) p[0,0518 48,31j @

where the dimension of o is [cm '], energy E — [eV], and absolute temperature T — [K]. Equation
(2) allows to model temperature behavior of the optical absorption of ChG, being the basis for mod-
eling of signal characteristics of ChG-based FBOS.

Toowcesicna besnexa Ne27, 2015 143



ooooooooooooooooooo

Q9000000 Q009
C8ooocooocvx®

COPRNOLIOAN-TOFIRLIIBILI]

—_— o - — — — —

A

1.8

Ino

E eV

Fig. 1. Dependences of logarithmic optical absorption coefficient on the probing light energy
in the FOAE region of Gey 1sAs0.185e0.64 ChG for different temperatures.

Modeling of transforming characteristics of ChG-based temperature FBOS

The working scheme of the temperature FBOS of the probing type and design of the primary
converter are shown in Fig. 2. Light from source 1 goes through the optical fiber to the optical splitter 2,
and then to the primary converter 3, constructed from sensing element in the form of ChG plate 4, situ-
ated at the end face of the optical fiber, and a mirror 5 on the outer side of end face. Then light reflects
from the mirror 5 and passes again through the sensing element, and finally going back by the fiber to
splitter 3 reaches the photodiode detector 6. As the light source in our analysis, we considered commer-
cially available LEDs with known characteristics and relative low cost, in particular LEDs with optical
fiber output produced by Mightex Systems (USA) [15], which offers quite a wide range of monochrome
LEDs with roughly comparable emission half-width in 0.06-0.1 eV (35-55 nm) and different position of
maximum emission from ultraviolet to infrared range of the optical spectrum. Spectral emission intensi-
ty distribution was described by the Lorentz function with parameters, which are determined from the
approximation of the LED emission characteristic /,,, (E). As the photodetector, we considered pro-

duced by Thorlabs (USA) the silicon photodiode FDS1010-CAL with a calibrated conversion character-
istic, since it is typical for conventional silicon photodetectors and quantitative data for calibration of its
spectral dependence of current response is available at the web-site of Thorlabs [16]. Quartz fiber is
considered as a fully transparent within interesting for analysis wavelength range. Losses on the distri-
bution of the optical signal, reflection at the borders and in the optical splitters were not considered in
according to the assumption that they have no essential spectral features in the analyzed wavelength
range, and do not affect on the relative change in the intensity of the measured signal caused by temper-
ature changes of FOAE of sensing element.

Fig. 2. Optical scheme of the temperature FBOS of the probing type: 1 — light source (LED);
2 — optical splitter; 3 — primary converter, 4 — ChG-based sensing element with a mirror 5;
6 — photodiode.
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Intensity of the light with some photon energy E, which passes through the temperature-
sensitive sensor element, is expressed by Bouguer-Lambert law. Thereby, intensity of the light with
photon energy E, which passes through the whole optical scheme and is recorded by photodetector,
can be expressed as follow:

I(E,T)=1,,,(E)-exp(-(E,T)-2d)-1,,(E), (3)
where o(E,T)— dependence of absorption coefficient of temperature-sensitive ChG on the photon

energy and temperature, given by equation (1) with the experimentally-obtained model parameters;
d — thickness of the plate of ChG-based sensing element; factor 2 reflects that twice passing of the
light through the sensing element doubling the optical path in it; /,,,(E£) — dependence of the emis-

sion intensity on the photon energy in according to Lorentz function; /,,(E) — spectral dependence

of the photodetector current response.

The level of the measured signal from the photodiode, i.e. sensor output signal, as a function
of temperature (which is the input parameter of sensory transformation) is light-sum throughout the
actual spectral region and can be shown as:

I(T) = [ 1,5 (E)-exp(= a(E,T)-2d)- 1, (E)dE @
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Fig. 3. Spectral dependences of signal response at different temperatures for temperature FBOS
with double thickness of sensing element in 1 mm and red LED with maximum emission at 628 nm.

Equation (3) allows to analyze the spectral features of the measured signal, as well as the
equation (4) — the output signal of the primary temperature transducer. Fig. 3 shows the typical
spectra of current response of the sensor (at the example of using of LED with a wavelength of 628
nm radiation maximum as a source). Temperature increase leads to the long-wave shift of the
FOAE position of the sensing element and can extinguish the optical system transmission in some
temperature range.

Level of the sensor output signal (defined by the equation (4)) as a function of temperature
is shown in Fig. 4a for LEDs with different positions of the maximum emission in yellow-red spec-
trum region. As it seen, the temperature dependence is characterized by the quasi-linear part with
the highest sensitivity in a certain temperature range. Therefore, for the same sensing element we
can choose special light source to adjust the temperature range of highest sensitivity. On the other
hand, the position of FOAE of the sensing element and the position of the temperature-related linear
range of the highest sensitivity depends on the optical beam path in an environment that is on the
thickness of the sensing element in the light direction. Calculated transformation characteristics of
the ChG-based temperature FBOS are shown in the Fig. 4b for different values of double thickness
of sensing element and the same red LED as the light source. It is seen that double thickness of
sensing element varying from 0.5 to 1 mm (that is in the technologically-accessible range) leads to
the linear part of the sensor highest sensitivity in the vicinity of temperature range from 0 to 100 °C.
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Fig. 4. Temperature dependences of the integral signal response of the temperature FBOS:
for I mm double thickness of sensing element and different LED of yellow-red spectrum region (a)
and for different double thickness of sensing element and red LED with maximum emission at

628 nm [16] (b).

Optimization of the characteristics of thermal fire alerter and analysis of its advantages

Further analysis is reasonable to be performed for the exploitation-required sensor characteris-
tics. The operation threshold of the maximum-type thermal fire alerter is often configured near the
60 °C [17-19]. Therefore, for LED with maximum emission on 628 nm we choose such sensing element
thickness which provide the operation threshold near the middle of linear conversion characteristic. Fig.
5 shows calculated conversion characteristic of the sensor with a thickness of 0.35 mm (double thick-
ness of 0.7 mm), where the response intensity is normalized to the response value for 20 °C temperature.
It is seen that optimal sensor characteristics correspond to the linear region of the highest sensitivity in
the temperature range from 25 to 90 °C, while sensor sensitivity equals to 0.8% of registered light inten-
sity change per 1 °C in respect to the intensity value at the 20 °C temperature. It means that measured
flow intensity will decrease by more than 30% or about the level of 3 dB at 60 °C temperature. Such
intensity changes can be relatively easy and with sufficient accuracy registered by conventional pho-
tometers, since typical sensitivity threshold of the optoelectronic sensors of fire alerters is significantly
better than 0.1 dB [17]. The absolute error of temperature measurements by such sensor does not exceed
+ 1.5 °C in a linear range of measuring characteristics if photometric accuracy is about 1 %. This accu-
racy is higher than its of typical thermal fire alerters.
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Fig. 5. Calculated conversion characteristic of the probe-type temperature FBOS with a
Gey 13450.185€0.64 ChG as a sensing element. There are used sensing element with 0.7 mm double
thickness, LED with maximum emission at 628 nm and silicon photodetector. Characteristics is
normalized in respect to the intensity value at the 20 °C.
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The linear part of the measuring characteristic of temperature FBOS, that is range of stable
sensitivity, allows to put and solve the problem of temperature measurement with smart functions of
processing of the obtained data, namely the rapid prediction of the next values. Such measurements
are based on an analysis of the rate of measured values change and allows to estimate with some
accuracy the future temperature values. To implement such a measuring, electronic scheme (that
provides signal conversion from primary converter) should determine not only the temperature, but
the current value of the rate of temperature changes too. The temperature growing rate at the stable
sensitivity of the primary convertor corresponds to the rate of change of the measured signal.
Therefore, estimation of the speed of temperature changing rate is easy to provide using known
circuit approaches. Obviously, under the growing of temperature changing rates in the case of fire,
there is not necessary to wait for the sensor reacting on the critical temperature (typically 60 °C),
the achievement of which should initiate fire-extinguishing means. It can be predicted earlier by the
current temperature value that is below the critical and the value of temperature growing rate. Based
on the fact that the thermal maximum-differential-type alerters triggering not only by exceeding the
threshold temperature, but also by exceeding the temperature growing rate of 3-7 °C/min. [20], so
we can activate the alarm "fire" in 4-7 minutes earlier by determining the critical temperature
growing rate. The specific values of critical rate and forecasting time should be considered on the
basis of the real development of fire alerters and their experimental tests, including the models of
fire progress and known approaches to the estimation of predicted values of the measured signal.

One of the most important characteristics of the fire alerter is forecasting time that characterizes
the sensor inertia and therefore the speed of its response to the changes in environmental temperature.
Typical values of forecasting time of the thermal alerters vary from a few to hundred of seconds [18-
19]. The response time on the temperature changes for FBOS is limited only by the rate of heat transfer
process from the controlled object to the sensitive element, which in turn limited by the finite heat con-
ductivity and heat capacity of the sensor material and optical fiber. It means that a thin plate of the sens-
ing element (with a thickness less than 1 mm) should provide minimum inertia of the sensor.

It should be noted that the analysis of signal sensitivity of the proposed temperature FBOS
based on radiation-resistant ChG in its simplest implementation does not exclude the application of
known solutions used in fire alerter systems, including the combined two-functional detector of
temperature and smoke or three-functional detector of temperature, smoke and flame simultaneous-
ly. For optoelectronic sensors it is relatively easy to implement, because measuring of the optical
signal changes is the physical basis of signal registration in all cases. Furthermore, an additional
advantage of such systems is the ability to use common signal transfer channels that simplifies
technical implementation, increases reliability and noise immunity, reduces costs, simplifies instal-
lation and improves maintainability. So, using of considered optoelectronic thermal alerter allows
to develop a combined alerters with a fully optical signal recording, while the existing types of
combined alerters join optical and thermoresistive sensors in one system [17].

Additionally, it should be mention that one of the main applications ChG are optical fibers.
A huge variety of ChG compositions and the corresponding optical properties gives possibility to
use them in temperature FBOS for operation under ionizing radiation not only as a sensitive ele-
ments, but as a passive waveguide too. Obviously, in this case the FOAE of ChG for waveguide at
room temperature should be shifted to the short-wave region in respect to FOAE of thermal-
sensitive ChG (for excluding of prevention of the sensing element operation). On the other hand,
the using of thermal-sensitive ChG as a fiber allows to develop temperature FBOS of distributed
type, which can react on the temperature increase of fiber with high sensitivity.

Conclusions

It was developed in this work the principles for practical development of radiation-resistant
temperature FBOS for thermal fire alerters based on ChG of Geg 13As¢.185€0.64 composition, which
exhibits a wide range of operating temperatures, high time stability and radiation resistance. It was
established that the temperature behavior of the FOAE of this glass corresponds to the modified
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Urbach rule and the parameters of the respective model were determined. The model of signal re-
sponse of the temperature FBOS of the probing type was built and the analysis of its sensitivity
characteristics and linearity range was performed. It was shown selection of wavelength of mono-
chrome LED emission and thickness of sensitive element allows to control the position of the linear
region of the highest measuring sensitivity and to achieve sensitivity of the temperature measuring
near 0.8 %/°C. that allows with sufficient accuracy to measure the temperature by conventional
photometric means. It was noted that dynamic characteristics of considered temperature FBOS are
limited only by the inertia of the heat exchange with sensing element of optimized extremely small
mass. It was analyzed the possible ways of modifying the proposed temperature FBOS to provide
the smart functions of processing of the obtained data, namely the rapid prediction of the next tem-
perature values. Particularly, it was shown that due to sufficient linear region of the highest measur-
ing sensitivity of temperature FBOS, it is technically easy to implement the estimation of the tem-
perature in the nearest time through the temperature growing rate, which potentially reduces the
time of the fire detection for 4-7 minutes.
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