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We demonstrate a new method for measuring changes in temperature distribution caused by coupling a
high-power laser beam into an optical fiber and by splicing two fibers. The measurement technique is
based on interrogating a fiber Bragg grating by using low-coherence spectral interferometry. A large
temperature change is found owing to coupling of a high-power laser into a multimode fiber and to
splicing of two multimode fibers. Measurement of the temperature profile rather than the average
temperature along the grating allows study of the cause of fiber heating. The new measurement
technique enables us to monitor in real time the temperature profile in a fiber without the affecting
system operation, and it might be important for developing and improving the reliability of high-power
fiber components. © 2003 Optical Society of America
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1. Introduction

During past years there has been a growing interest
in developing high-power fiber components and
sources. Recently a fiber laser with an end pumping
that generates as much as 110 W of average power
has been demonstrated.1 A theoretical study indi-
cated that thermal, stress, and thermo-optics effects
may play a significant role in high-power lasers.2
Moreover fiber imperfections such as optical defects
at the fiber end may practically limit the maximum
power of the optical components. Therefore there is
a need to control and monitor the temperature of
high-power fiber components at critical points in the
system in order to maintain the performance and
avoid damage to components.

Fiber Bragg grating sensors are widely used for
measuring strain, pressure, and temperature.3 In
most research the whole grating is considered a sin-
gle sensor, and therefore the measurement result
gives the average temperature or stress along the
whole grating. Since a fiber grating is a distributed
element it is possible to measure the spatial distri-
bution of the temperature or the stress along the
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grating. The complex transfer function of a grating
can be measured with a tunable laser4 or a low-
coherence spectral interferometry technique.5 The
structure of the grating can be calculated from the
complex transfer function by using the Fourier trans-
form4 or the Gabor transform.5 Since the tempera-
ture or stress affects the grating structure, the profile
of the temperature or stress along the grating can be
calculated from the measured grating parameters.
In this research we experimentally study tempera-
ture distribution in a fiber caused by coupling a high-
power laser beam into a fiber and by splicing two
multimode fibers. Writing a Bragg grating into the
fiber allows the temperature to be measured. The
Bragg wavelength of the grating is different from the
wavelength of the high-power laser. Therefore the
measurement can be performed in real time without
affecting operation of the fiber system. A large tem-
perature increase was measured when an argon-ion
laser beam was coupled into the fiber and when two
fibers were spliced together. Measurement of the
temperature profile rather than measurement of the
average temperature allows study of the cause of fi-
ber heating.

2. Experimental Scheme

A schematic description of our experimental setup for
measuring the temperature change in a fiber is
shown in Fig. 1. Figure 1�a� shows the setup for
measuring the temperature distribution caused by
coupling a high-power laser into an optical fiber. A
uniform fiber Bragg grating was written at the end of



the fiber to measure the temperature profile. The
maximum reflection coefficient of the grating was
�50%. The grating was written in a hydrogen-
loaded optical fiber by illuminating the fiber with a
UV laser beam via a phase mask. After the grating
was written, the fiber was cleaved at the location
where the grating was written and was placed inside
a metallic holder. After the fiber was cleaved, the
length of the grating was �0.6 cm and the maximum
reflection coefficient reduced to �7%. The high-
power light source that was coupled into the fiber was
an argon-ion laser with power of 1–6 W that operated
in a multiline mode in the wavelength regime � �
458–514 nm. The argon-ion beam was coupled
through the grating. However, since the central
wavelength of the grating was 1542 nm, the grating
did not reflect the argon-ion beam and the measure-
ment could be performed in real time without affect-
ing the coupling. The temperature variation caused
by coupling the argon-ion laser affected the spatial
distribution of the grating parameters. The param-
eters of the grating were interrogated by using
low-coherence spectral interferometry.5 The low-
coherence light source was a broadband fiber laser
that operated in the noiselike mode of operation6,7

and generated pulses with a spectral width of �70
nm, an average power of 40 mW, a pulse duration of
�2 ns, and a central wavelength of �1560 nm. The
interference spectrum of a light beam reflected from
the grating and a light beam reflected from a refer-
ence mirror was measured with an optical spectrum
analyzer. The interference spectrum was used to
obtain the parameters of the grating and the temper-
ature profile as described below. The fiber used in
our experiments �bare Corning SMF-28 fiber with a
core diameter of 8.2 �m and a cladding diameter of
125 �m� supports only a single propagation mode at
the wavelength used to interrogate the grating.
However, the fiber becomes a multimode fiber at the
wavelength of the high-power argon-ion laser.

Figure 1�b� shows the setup for measuring the tem-
perature distribution around a region where two fi-

bers where spliced together. In our experiment the
fiber was cleaved and spliced. Then a grating with a
length of �20 mm and a central wavelength of 1542
nm was written at the splice region of the fiber by
using a uniformly distributed phase mask. The
high-power laser was an argon-ion laser that was
coupled into the fiber. The splice region was located
at a distance of �20 cm from the fiber end, and there-
fore the temperature change due to coupling of the
argon-ion laser did not significantly affect tempera-
ture measurement at the splice region.

The grating structure was interrogated with a low-
coherence spectral interferometry method as de-
scribed above. Owing to fiber deformation induced
by the splicing, the grating parameters were not spa-
tially uniform even before the argon-ion laser was
turned on. However, we could measure the temper-
ature change by comparing the grating structure be-
fore and after the argon-ion laser was turned on.

3. Result Analysis

Fiber Bragg gratings are formed by a permanent pe-
riodic perturbation of the refractive index of the fiber
that can be described as8

n� z� � n0� z� � n1� z�cos�2�

�
z � 	� z�� , (1)

where n0�z� is the average refractive-index change,
n1�z� is the amplitude of the refractive-index modu-
lation, � is the periodicity of the grating, and 	�z� is
the chirp parameter that describes spatial changes in
the grating periodicity. Since a fiber Bragg grating
is a linear component, it can be characterized by its
impulse response h�t�. A temperature variation
along the grating changes the average refractive in-
dex 
n0�z� and the periodicity of the grating 
	�z�.
Therefore a variation in the temperature changes the
local Bragg wavelength �B along the grating. The
dependence of the local Bragg wavelength shift on the
change in the average refractive index and the chirp
parameter is given by


�B� z� � 2�
n0� z� �
�2navg

�

d�
	� z��

dz
, (2)

where navg is the average refractive index along the
whole grating. The first term in Eq. �2� is caused by
the temperature dependence of the refractive index,
while the second term is caused by thermal expansion
of the fiber material.

The connection between the local Bragg wave-
length shift and the temperature change 
T at a
wavelength � � 1.5 �m, of a silica fiber is given by3

1
�B


�B


T
� 6.67 � 106 °C1. (3)

Therefore the spatial temperature profile along the
grating can be directly obtained from the spatial dis-
tribution of the Bragg wavelength along the grating.

The measurement results of the interference spec-

Fig. 1. Schematic description of the experimental setup used to
measure the temperature profile caused �a� by coupling a high-
power argon-ion laser beam into a fiber and �b� by splicing two
optical fibers.
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trum can be analyzed with the Fourier or the Gabor
transform. A Fourier transform performed on the
measured interference spectrum gives the impulse
response of the grating.5 In general, the structure of
a grating can be found from its impulse response by
using a relatively complex algorithm based on the
inverse-scattering theory.9 However, when the re-
flection of the grating is weak the spatial distribution
of the grating can be directly obtained from its im-
pulse response by using the first-order Born approx-
imation.4 A comparison of the first-order Born
approximation with results of a numerical simulation
shows that the Born approximation becomes accurate
in a uniformly distributed grating when the maxi-
mum reflectivity of the grating is lower than �30%.
In gratings with a stronger reflection coefficient the
Born approximation can be used to analyze the region
at the beginning of the grating where the reflection
has not yet become strong enough.

When the first-order Born approximation is used,
the impulse response of the grating equals10

h� z� � �� z�exp�i�� z��, (4)

where ��z� � �n1�z� � � is the complex coupling
coefficient and

�� z� � 4��� �
0

z

n0� z��dz� � 	� z�

is the accumulated longitudinal phase. The connec-
tion between the shift in the local Bragg wavelength
and the change in the accumulate phase 
��z� is
given by


�B� z� � 
d�
�� z��

dz
�B�. (5)

The spatial distribution of the local Bragg wave-
length of the grating can be calculated from the im-
pulse response by using Eqs. �4� and �5�. Then the
temperature distribution along the grating can be
obtained from the profile of the local Bragg wave-
length by using Eq. �3�.

Another approach for calculating the distribution
of the local Bragg wavelength along a weakly reflect-
ing grating is based on use of the combined time-
frequency Gabor transform.11 The Gabor transform
enables the profile of the local Bragg wavelength
along the grating to be obtained directly without the
need to calculate the grating parameters.

The Gabor transform of a spectrum I��� is defined
as

G�t, �� � �
�

�

I���W�� � ��exp�i�t�d�, (6)

where W��  �� is a window function centered
around a frequency � � �. The result of the Gabor
transform of the measured interference spectrum
gives the time response of the grating for pulses cen-

tered around the frequency �.5 The average reflec-
tion wavelength at time t, �B�t�, is given by

�B�t� �

�
�

�

��G�t, ���d�

�
�

�

�G�t, ���d�

. (7)

When the grating is weak the spectrum of the wave
reflected from a specific location of the grating is
centered around the local Bragg wavelength of the
region. Therefore, when the reflection coefficient of
the grating is small enough �R � 50%�, the average
reflection wavelength at time t, �B�t� approximately
equals the local Bragg grating of the grating at loca-
tion z � tc � 2navg, where c is the light velocity and
z � 0 is the location where the grating starts. The
shift in the local Bragg wavelength due to the tem-
perature change along the fiber can be calculated by
subtracting the local Bragg wavelength before and
after the argon-ion laser was turned on.

As explained below the Fourier analysis gives a
better spatial resolution than the Gabor analysis.
However, the results of the Gabor analysis are less
affected by measurement noise, and therefore the
Gabor analysis gave better and more stable results in
our experiments. We checked the accuracy of our
analysis by calculating theoretically the change in
the impulse response of a grating due to a given
temperature profile along the fiber. By comparing
the results of Gabor and the Fourier analysis with the
given temperature profile, we found that the Gabor
transform enables an accurate analysis of gratings
with a stronger reflection coefficient than can be an-
alyzed by using a Fourier transform. When the Ga-
bor transform was used, uniform gratings with a
reflection coefficient as high as 50% could be accu-
rately analyzed, while the maximum reflection coef-
ficient of the uniform gratings that could be
accurately analyzed by using Fourier transform was
only �30%.

The spatial resolution of our measurement is de-
termined by the minimum between the bandwidths
of the laser and the grating. Assuming a Gaussian
spectrum with a full width at half-maximum ��, the
temporal resolution of the impulse response equals


t �
4 ln�2��2

�c��
. (8)

Assuming that the reflection coefficient of the
Gaussian grating is smaller than �30%, the spatial
resolution of the measurement equals 
z � c
t/ 2navg.
For a light source with a bandwidth of 70 nm the
spatial resolution can be as short as 
z � 10 �m.5
When the Gabor transform is used, the bandwidth is
limited by the width of the Gabor window. When a
window with a bandwidth of 1 nm is used, the spatial
resolution reduces to �0.7 mm. The use of the Ga-
bor transform limits the spatial resolution of the mea-
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surement. However, the reduced resolution and the
low-pass filtering operation involved in calculating
the Gabor transform and the average wavelength sig-
nificantly reduce the effect of the noise in the results.
Therefore we found that the Gabor transform gave a
more repeatable and smoother result when we ana-
lyzed the result of our experiments.

The theoretical resolution of the temperature mea-
surement is limited by the resolution of our spectrum
analyzer. When a spectrum analyzer with a resolu-
tion 
� � 0.015 nm is used, the minimal temperature
resolution, calculated with Eq. �3� equals 
T �
1.45 °C. In practice the resolution in our measure-
ment was limited by the noise added to the measure-
ments. In our experiments the noise in the
temperature measurement was �3 °C, and we could
not observe a temperature change below this noise.

4. Experimental Results

A. Temperature Change Caused by Coupling a
High-Power Laser Beam into an Optical Fiber

The experimental results obtained when a high-
power argon-ion laser was coupled into a fiber are
shown in Figs. 2 and 3. When the argon-ion laser
was turned on, we measured large temperature fluc-
tuations for several minutes. After �20 min a
steady-state temperature profile was obtained when
the fiber end was thermally isolated. When the Ga-
bor transform was used, the amplitude of the tempo-
ral fluctuation of the measured temperature was only
�3 °C before the argon-ion laser was turned on.

When the argon-ion laser was turned on for �20 min,
the temporal fluctuation of the temperature in-
creased to �10 °C. The measured temperature pro-
file became significantly different each time the fiber
end was replaced. Figures 2 and 3 show two typical
temperature profiles analyzed with the Gabor and
Fourier transforms, respectively. The temperature
profiles were measured in a steady-state condition
when the power of the argon-ion beam was �3 W.
The first temperature profile, shown in Figs. 2�a� and
3�a�, indicates that the highest temperature is ob-
tained at the input end of the fiber, probably due to
defects caused by the cleavage operation. In previ-
ous research it has been shown that surface imper-
fections, such as dust, cleaning residues, impurities,
and scratches, absorb and�or scatter light at a glass
surface.12 The maximum temperature increase in
this case is �3 times higher than the average tem-
perature change along the whole grating, 26 °C.
The temperature peak analyzed with the Fourier
transform is narrower and has a higher amplitude
than obtained with the Gabor transform, owing to the
reduced spatial resolution in the Gabor transform.
The full width at half-maximum of the Gaussian win-
dow used in the Gabor transform was 0.5 nm and
therefore the spatial resolution was limited to 1.5
mm. Figures 2�b� and 3�b� show another typical
temperature profile that was measured at the same
power of the argon-ion laser that was used to obtain
the results in Figs. 2�a� and 3�a�. The temperature
profile in this case is uniform and implies that the
main heating cause is not the input surface of the
fiber. The relatively low heating of the fiber might
be caused by absorption of leaky modes and scattered
waves generated by the coupling of the high-power
beam and absorbed at the cladding surface. Hydro-
gen loading and grating fabrication might also affect
absorption of the fiber. The attenuation of the opti-
cal fiber in the wavelength region of our argon-ion
laser is �15 dB�km, and therefore it should not cause
significant heating of the fiber. The average tem-
perature change in Fig. 2�b� equals 16 °C. This re-
sult is in accordance with the result from measuring
the shift in the Bragg wavelength of the whole grat-
ing, 15 °C. The use of our measurement technique
allows the temperature profile of the grating to be
found rather than the average temperature of the
whole grating. Therefore we could separate be-
tween heating effects caused at the input surface of
the fiber, shown in Figs. 2�a� and 3�a� and heating
effects caused at the input section of the fiber, shown
in Figs. 2�b� and 3�b�.

B. Temperature Profile in a Splice Region of Optical
Fibers

We also studied changes in the temperature around a
splice region of two optical fibers. The power of the
argon-ion laser in the experiment was �3 W and the
coupling efficiency was �40%. The location of the
splice region could be measured by performing a Fou-
rier analysis on the measured interference spectrum
before turning on the high-power argon-ion laser.

Fig. 2. Two typical temperature profiles measured in a steady-
state condition when an argon-ion laser with a power of 3 W was
coupled into a fiber. The results are analyzed by using the Gabor
transform.

Fig. 3. Two typical temperature profiles measured in a steady-
state condition when an argon-ion laser with a power of 3 W was
coupled into a fiber. The results are analyzed by using the Fou-
rier transform.
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Strong phase distortion was observed in part of the
impulse response that corresponds to the wave that
was reflected from the splice region. Figures 4�a�
and 4�b� show the measured temperature profile an-
alyzed by using the Gabor and the Fourier trans-
forms, respectively. Both Figs. 4�a� and 4�b� show a
significant increase in the temperature around the
splice region. The maximum temperatures mea-
sured by using Fourier analysis was �125 °C. The
temperature peak analyzed with the Fourier trans-
form is narrower and has a higher amplitude than
obtained with the Gabor transform, owing to the re-
duced spatial resolution in the Gabor transform.
The strong heating might be caused by absorption at
the outer interface of the cladding of leaky modes and
scattered waves generated from the splice and by
absorption of light by localized defects generated by
the splicing process.

When the power of the argon-ion laser increased to
more than 6 W for more than few minutes, we ob-
served an irreversible erasure of the grating in the
region of the fiber where high temperature was mea-
sured, as shown in Fig. 5. Figure 5 shows the abso-
lute value of the normalized impulse response after
erasure of part of the grating. The hole in the am-
plitude of the impulse response indicates that the
grating was erased around the splice region. The

length of the part of the grating that was erased is �3
mm. The erasure of the grating is another indica-
tion of the high temperatures generated in the splice
region since a fast erasure of fiber gratings was ob-
served in previous research only at very high tem-
peratures ��200 °C�.13

5. Conclusion

We have experimentally demonstrated a new method
for measuring the change in the temperature distri-
bution when a high-power laser beam is coupled into
an optical fiber and when a high-power laser beam
propagates through a splice region of two optical fi-
bers. High-temperature changes have been mea-
sured. The measurement of the temperature profile
rather than the average temperature along the grat-
ing enables the study of the cause of the fiber heating.
The temperature measurement can be performed in
real time without affecting the operation of the inter-
rogated fiber system. The new measurement tech-
nique might be important for developing and
improving the reliability of high-power fiber compo-
nents.
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Fig. 4. Temperature distribution around the splice region of a
multimode fiber analyzed by using �a� the Gabor transform and �b�
the Fourier transform. The power of the argon-ion laser was 3 W,
and the coupling efficiency was �40%.

Fig. 5. Amplitude of the impulse response of a grating, written at
a splice region of a fiber, measured after the power of the argon-ion
laser was increased to 6 W for �5 min. The hole in the amplitude
of the impulse response indicates that the grating was erased
around the splice region.
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