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Estimation of the fibre temperature during the inscription
of arc-induced long-period gratings
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Abstract

The underlying formation mechanisms and the properties of long-period gratings produced through arc discharges are intrinsically
related to the temperature reached by the fibre during arc exposure. In this work, the determination of the fibre temperature was based
on Plank�s blackbody radiation law. The radiation emitted by the optical fibre during heating due to an electric arc discharge, detected
using a Cronin spectrometer, was fitted to the emission spectrum of the blackbody radiation, allowing the estimation of the temperature
range attained by the fibre. A peak temperature of 1400 ± 50 �C was obtained.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Long-period fibre gratings (LPFGs) are periodic struc-
tures, typically with periodicities of hundreds of microns,
which couple light from guided to cladding modes at spe-
cific wavelengths that satisfy the resonance condition [1].
LPFGs transmission spectra are characterized by dips at
those particular wavelengths which, in turn, depend on
physical parameters such as temperature and pressure.
Therefore, these gratings are wavelength selective tunable
filters that find a wide range of application as optical
communications devices and as optical sensors [2]. In
the latter domain, arc-induced LPFGs and UV-induced
fibre Bragg gratings (FBGs) have been used for the simul-
taneous measurement of temperature and strain [3]. The
search for new applications or optimization of these
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devices demands a detailed understanding of the physi-
cal mechanisms that determine their characteristics. In
the case of UV written LPFGs and FBGs, the underlying
physical principle is the photosensitivity of silica wave-
guides, which has been the subject of extensive research.
Arc-induced long period gratings proved already to be
an interesting alternative to the devices fabricated by UV
radiation [4]. In this context, the determination of the
temperature reached by the fibre during the electric arc
discharge is a key parameter in order to control adequately
the fabrication of these structures.

In this paper, we present a method based on the black-
body radiation to determine the temperature of the fibre
during electric arc exposure.

2. Methodology

The fibre temperature during an arc discharge is mea-
sured through the fitting of the blackbody expression to
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the radiation emitted by the fibre and detected using a
Cronin spectrometer. The low intensity radiation emitted
by the fibre section after being heated by an arc discharge
of short duration (1 s) is guided through the same fibre to-
wards the spectrometer where its spectral content is sepa-
rated by a holographic grating being afterwards detected
by an array of detectors. Note that each wavelength range
is allocated simultaneously to a particular detector (there is
no wavelength sweep). It should be stressed that an optical
spectrum analyzer (OSA) is not suitable for such kind of
measurements requiring high sensitivity and fast data
acquisition. Moreover, a commercial spectrometer, such
as, the USB 2000 from Ocean Optics with the appropriate
grating could be used to perform these measurements but,
instead we have used the Cronin spectrometer (a former
prototype). Therefore, to estimate the fibre temperature
several intermediate steps are required. First, the spectral
response of the spectrometer has to be determined. Second,
the method has to be tested by applying it to the measure-
ment of well known predefined temperatures. Third, the
fibre refractive index has to be determined since the radia-
tion is generated inside a medium different from vacuum.
Finally, the dependence of the fibre emissivity on tempera-
ture and wavelength, for the specified fitting range, has to
be known.

The basis of this method is the Plank�s blackbody radi-
ation law [5], given by

Iðk; T Þ ¼ c1
n2k5

1

ec2=nkT � 1
;

where c1 and c2 are constants with values equal to
3.7415 · 10�16 W/m2 and 1.4388 · 10�2 m K, respectively.
The other parameters have their common meaning.

Fig. 1 shows the blackbody emission spectra in vacuum
and in silica for two different temperatures. As it can be
seen, the increase of the refractive index or temperature dis-
places the spectrum towards shorter wavelengths and
increases its intensity.
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Fig. 1. Blackbody radiation for different temperatures and refractive
indices.
3. Results and discussion

3.1. Spectrometer spectral response

The Cronin spectrometer consists of a holographic dif-
fraction grating and an array of detectors which enables
detection over the 310–1100 nm wavelength range, with
an optical resolution of 10 nm. A superluminescent laser
diode with a peak wavelength at 846 nm and a bandwidth
at FWHM of 29 nm was used to determine the spectrome-
ter wavelength accuracy, Fig. 2. The spectrometer broad
spectral response (Fig. 3) was calibrated by comparing
the spectra of a white light source registered by the Cronin
spectrometer and by a calibrated OSA. It is interesting to
note that the spectral response of the Cronin spectrometer
is similar to the commercially available USB 2000 from
Ocean Optics using grating #3.

3.2. Validating the method

Two pieces of multimode fibre (�2 m long) were used to
collect the radiation from an oven at different temperatures
Fig. 2. Spectrometer wavelength accuracy.
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Fig. 3. Spectrometer responsivity.
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Fig. 6. Measured temperature using Plank�s law versus oven temperature.
Two sets (#1 and #2) of independent measurements are shown in the
figure.
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above 1000 �C. One piece was connected to the OSA and
the other one to the computer controlled spectrometer
(Fig. 4). The recorded optical spectra were then fitted to
the blackbody radiation expression in the 400–900 nm
range. Note that in this case the value of n was set equal
to 1 since the optical fibre was only used to guide the light.
Fig. 5 shows the emission spectra of the oven at tempera-
tures above 1000 �C, as measured by the OSA. The fitting
of blackbody radiation expression to the emission spectrum
corresponding to an oven temperature of 1350 �C is also
shown (c is an experimental constant resulting from fit-
ting�s optimization). The relative error in the determination
of the oven temperature (Toven) was lower than 2%, as shown
in Fig. 6 for two (#1 and #2) separate measurements per-
formed by using the OSA (circles) and the spectrometer
(squares).

3.3. Fibre refractive index

To determine the refractive index of the fibre, a short
length was placed inside an oven with one end connected
to the OSA and the other one connected to the spectrome-
ter, allowing simultaneous detection by both devices. The
temperature of the oven was increased slowly up to
1350 �C. In this case, the radiation detected corresponds
to the emission of the fibre while in thermal equilibrium
with the oven. Fitting the blackbody radiation expression
(450–900 nm range) to the spectra of several independent
experiments resulted in a value of 1.48 ± 0.03 for the fibre
refractive index. Taking into account that the refractive
MM Fibre
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Fig. 4. Diagram of the set up used.
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Fig. 5. Fitting blackbody radiation expression to the oven emission
spectra, as detected by the OSA (c is an experimental constant and Toven is
the temperature of the oven as determined from the fitting process).
index of pure silica at room temperature is 1.456 (675 nm),
that the core to cladding refractive index difference, Dn, is
0.012 and assuming that the temperature dependence
of the refractive index dn/dT is �2.5 · 10�5 �C�1 [6], the
refractive index calculated for a temperature difference of
1330 �C is �1.50. Note that the thermo-optic coefficient
was estimated for temperatures up to 1000 �C. However,
for higher temperatures, it is expected that this value falls
due to a large increase of the silica thermal expansion coef-
ficient [6,7]. Therefore, the refractive index value obtained
experimentally agrees well with the one expected for the
considered temperature. Finally, also note that the material
dispersion for silica, obtained through Sellmeier�s equation
[8], has low influence on the temperature determination,
being the difference within 10 �C (Fig. 7).

3.4. Fibre emissivity

To determine the fibre emissivity, the dependence of
the silica based glass emissivity on wavelength and on
temperature has to be known. It is also required knowl-
edge of the geometry of the cavity and its respective
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Fig. 7. Fibre emission.
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Fig. 9. Experimental set-up.
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dimensions. As can be seen in Fig. 1, considering typical
values for the fibre temperature the wavelength range of
interest is between 0.4 and 3.0 lm. Note however that
the spectral response of the spectrometer is limited to
about 0.9 lm. Unfortunately, there is a lack of data
regarding the emissivity of silica in this spectral range
since it corresponds to a region of high transparency.
The absorption is mainly due to the tail of the ultraviolet
absorption band and therefore the respective absorption
coefficient is relatively low, decreasing with increasing
wavelength at room temperature [9]. However, recent re-
sults indicate a possible inversion of that dependence at
high temperatures. In fact, it was observed that the
absorption coefficient at 1.06 lm is higher than at 0.5 lm
[10]. Regarding the temperature dependence, for the
same wavelength range, it is known that the absorption
increases rapidly for temperatures above 1050 �C. These
results were explained considering the formation of de-
fect centres and due to electronic conduction [10].

Another important factor is the geometry of the cavity.
For a cylindrical cavity it was shown [11] that its effective
emissivity could be given by the following equation:

eeff ¼ e
1þ 4L=D

1þ eð4L=DÞ ;

where e is the emissivity of silica, L is the length and D the
fibre diameter. For a fibre inside the oven, in which the
length (L = 180 mm) is much larger than its diameter
(Dcore/Dclad = 52/125 lm), the effective emissivity is close
to 1. This result makes the dependence of the silica emissiv-
ity on wavelength and on temperature secondary issues in
this particular case. The fitting of the fibre emission is
shown in Fig. 7. A good agreement is obtained between
the blackbody radiation and the experimental results.

3.5. The arc discharge

An arc discharge is a complex phenomenon during
which a number of processes occur. In simple terms, it
can be said that electrons are emitted by one electrode,
the cathode, due to the high intensity electric field gener-
ated at the electrodes tip, and while in transit between
the electrodes ionizes nitrogen and oxygen atoms, through
impacts, creating a high temperature plasma comprising
electrons and ions [12]. Fig. 8 shows the arc emission spec-
tra as recorded by the PR-714 Photo Research spectroradi-
ometer and by the Cronin spectrometer. For the former,
the radiation during the arc discharge was detected by
the spectroradiometer placed �2 m away from the splicing
machine whilst focusing on the discharge area. For the lat-
ter, the arc radiation was detected by a multimode fibre
placed in the vicinity of the arc. Similar non-normalized
spectra were obtained for both arrangements.

3.6. Fibre temperature

The experimental set-up consists of a fusion splicing ma-
chine to produce the arc discharges, a piece of multimode
fibre to generate and guide the radiation and a computer
controlled Cronin spectrometer (Fig. 9). One end of a short
piece of fibre (l < 0.5 m) was placed between the electrodes
of a splicing machine (electrodes gap = 1 mm, tip angle
�40�) and the other end was connected to the spectrome-
ter. An electric arc discharge (I = 9 mA, t = 3 s) was then
produced on the fibre, close to its end, and the radiation
was detected by the spectrometer during one second after
thermal equilibrium. The process was repeated for increas-
ing electric arc currents up to 13 mA. The registered spectra
were corrected for the spectrometer response and fitted to
the blackbody radiation expression over the 450–650 nm
range, from which the fibre temperature (Tf) is obtained
(Fig. 10). In this estimation, the fibre refractive index was
set equal to 1.48 and it was considered that the fibre emis-
sivity was independent of the wavelength, being its value
set equal to 1. Fig. 11 shows the measured dependence of
the fibre temperature with current. For an electric current
of 9 mA an average temperature of 1365 �C was deter-
mined. Note that for higher currents, the temperature
dependence of the refractive index was not taken further
into account and therefore it is possible that the slope of
the linear fitting is higher than the value shown in
Fig. 11. The dispersion of the values measured for the
low and high current limits is probably related with the
low level of the signal detected and the deformation of
the fibre, respectively. It should be highlighted that the
region heated by the arc has a non-uniform temperature
distribution, and consequently the fibre emission spectrum
is the sum of all contributions that result from dividing the
heated region in smaller regions, each having a constant
temperature. Therefore, the peak temperature values ob-
tained for each arc current are underestimated. Detailed
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Fig. 10. Fitting blackbody radiation expression to the fibre emission
spectra detected by the spectrometer. The grey line corresponds to the
fitting of the fibre�s emission at an arc current of 13 mA (h and c are
experimental constants resulting from optimization to the fitting).
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Fig. 11. Fibre temperature versus arc discharge current.
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Fig. 12. Effect of having a non-uniform fibre temperature.
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studies on non-isothermal cavities can be found in [13]. To
have a better understanding of this effect, a particular fibre
temperature profile having a peak temperature of 1320 �C
[14] was assumed and its division in 9 smaller regions con-
sidered. Taking into account that the silica emissivity in-
creases considerably with temperature, only regions above
1150 �C contribute significantly to the overall spectrum.
U:/ES/DTD501/Optics/10881The silica emissivity, for a
particular temperature, was estimated considering that it
would be the same as the absorption in a length of 1 mm,
at the same temperature. Moreover, to determine the effec-
tive fibre emissivity, the ratio L/D of the cavity was consid-
ered equal to 20 (1000/50). It arose from the calculations
that the emissivity at 1320 �C was about 3 and 8 times high-
er than the one at 1230 and 1150 �C, respectively. Fig. 12
shows the blackbody emission spectrum of each region with
temperatures above 1150 �C and the overall spectrum. Fit-
ting these curves to the blackbody radiation expression re-
sulted in a temperature of 1280 �C. Therefore, taking into
account the uncertainty in the refractive index (±40 �C)
and the temperature distribution (�40 �C), the estimated
peak value of the fibre temperature, correspondent to an
arc discharge of 9 mA, is 1400 ± 50 �C.

4. Conclusion

A method based on the blackbody radiation model was
presented to determine the temperature of a short piece of
fibre exposed to an electric arc discharge. The radiation
emitted by the fibre was first detected using a Cronin spec-
trometer and then its spectrum was fitted to the theoretical
blackbody radiation. An average temperature of about
1365 �C was obtained for the region exposed to an electric
current of 9 mA. However, a peak temperature of
1400 ± 50 �C was estimated assuming a realistic tempera-
ture profile. It should be stressed that these calculations
are strongly influenced by the thermal behaviour and the
wavelength dependence of two physical parameters of the
fibre, namely its refractive index and emissivity.
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