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Abstract
A novel method for temperature measurement of active ﬁbers under conditions of
lasing and radiation ampliﬁcation is introduced. This method allows determination of
the longitudinal temperature distribution of active ﬁbers at different optical pump
powers. A piezoelectric resonator made of the quartz crystal in the form of a hollow
cylinder is used as a temperature sensor. Investigated segment of the active ﬁber
is put thorough the hole of the resonator. Heating temperature of the resonator is
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determined by measuring a frequency shift of the piezoelectric resonance, which
is preliminary calibrated under uniform heating conditions. In order to evaluate the
heating temperature of the investigated ﬁber segment, the last one was substituted
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with a copper wire coated with polymer. A copper wire was heated by transmitting
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an electric current and its temperature was determined by measuring the resistance
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change. Numerical simulations revealed that the heating temperatures of the active
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and copper ﬁbers differ by less than 9% at 11 W/m thermal load level. Heat transfer
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coefﬁcient was evaluated using cooling kinetics and stationary state temperature of
the ”copper” ﬁber. Heating temperature of the active ﬁber of the ytterbium ﬁber laser
was measured at different pump levels (up to 150W).
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1. Introduction

PhIO Conference Committee.

Radiation power of modern continuous wave ﬁber lasers reaches several tens kilowatts for single-mode and one hundred kilowatts for multi-mode lasing regimes
respectively. In the process of generation and ampliﬁcation of the radiation, a fraction
of the pump power inevitably converts into heat. The heating of the ﬁber leads to the
changes of the laser operation including such parameters as efﬁciency, output power,
beam quality, and the generation wavelength in the free-running mode [1].
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The polymer coating plays a crucial role in the heating of the ﬁber. Thermal destruction of the polymer coating [2] is one of the main limiting factors for further power
scaling of ﬁber lasers. Therefore, it is extremely important to be able to measure the
temperature of active ﬁbers in processes of generation and ampliﬁcation of radiation.
Several contact methods for measuring the temperature of active ﬁbers were proposed [3–5]. However, the temperature at the boundary “polymer coating-sensor”
differs from the temperature at the boundary “polymer coating-air”. Temperature of
an active ﬁber core was measured using the Mach–Zehnder interferometer [6], ﬁber
Bragg gratings (FBGs) written inside the investigated active ﬁber [7], the optical timedomain reﬂectometer [8]. All these methods require preliminary preparations of the
optical ﬁber, which is not always possible. Therefore, a design of the device for measuring the ﬁber temperature, which сan be used in industry, is still an actual task of
science and technology.

2. Experimental setup
In order to measure the temperature of active ﬁbers under conditions of generation
and ampliﬁcation of laser radiation, the quartz crystal in the form of a hollow cylinder is
used in present work. Dimensions of the crystal are Ø5×8 mm and the diameter of the
hole is 1 mm (see Figure 1). A block scheme of the electrical part of the experimental
setup is shown in Figure 2. A voltage at certain frequency from a radiofrequency (RF)
generator is applied to the capacitor with the quartz resonator placed between its electrodes. An electrical current ﬂowing through the capacitor is determined by measuring
a voltage drop across the load resistor R via the lock-in ampliﬁer. An amplitude and
phase of the measured frequency response are shown in Figure 3. A linear slope is
governed by the capacitance of the capacitor, which is about 1.0 pF. Notches in the
frequency response correspond to the resonances of the crystal eigenmodes with the
probe electric ﬁeld (see Figure 3 insets) [9].

3. Results
In the range from 20 ∘ С to 100 ∘ С the piezoelectric resonance frequencies of quartz
cylinder linearly depend on temperature in the case of its uniform heating. Figure 4
DOI 10.18502/ken.v3i3.2049
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Figure 1: 3D model of the quartz resonator.

Figure 2: Block-scheme of the experimental setup.

Figure 3: Amplitude (а) and phase (b) of the frequency respons measured on the load resistor R for the
quartz resonator.

shows frequency shifts of three resonances at different temperatures. Under nonuniform heating conditions the notion of equivalent temperature θ𝑒𝑞 is used for determination of piezoelectric resonator temperature[9]:
𝜃𝑒𝑞 = 𝑇0 + Δ𝜃𝑒𝑞 , Δ𝜃𝑒𝑞 =
DOI 10.18502/ken.v3i3.2049

Δ𝑅𝑓
.
𝐾 𝑝𝑟𝑡

(1)

Page 364

KnE Energy & Physics

PhIO-2018

Here T0 – initial temperature, Δθ𝑒𝑞 – equivalent heating temperature, ΔRf–induced resonance frequency shift, K𝑝𝑟𝑡 piezoelectric resonance thermal coefﬁcient measured under
conditions of uniform heating.
In order to compare the temperature changes of the quartz resonator Δθ𝑒𝑞 and active
ﬁber ΔT a ﬁber with the copper core and polymer coating is used [5]. Diameters of
the copper core and polymer cladding are 250 μm and 400 μm respectively. The ﬁber
is heated by transmitting the DC electric current through it. The temperature of the
copper core is evaluated by measuring its resistance. We have measured temperatures
of the “copper” ﬁber ﬁtted through the quartz resonator at different DC current levels
(see Figure 5). The relation of slope coefﬁcients measured for the temperatures of
the copper wire and quartz resonator is 0.36. It should be noted that the voltage is
measured on a relatively long segment of the ‘copper’ ﬁber (40 cm). Therefore, the
resonator, which length is 8 mm, has little effect on the overall measured resistance.
At a current level higher than 5 A, which corresponds to over 100 ∘ С copper core
temperature, the polymer coating degradation occurs.

Figure 4: Frequency shift of piezoelectric resonances under uniform heating conditions.

In the case of convective heat exchange with air having temperature T𝑐 , the temperature at the center of the “copper” ﬁber T0 can be obtained[10, 11]:
𝑇0 = 𝑇 𝑐 +

𝑟𝑝𝑜𝑙
𝑄𝑟2𝑐𝑢
𝑘
2𝑘𝑐𝑢
1 + 2 𝑐𝑢 ln
+
,
4𝑘𝑐𝑢 [
𝑘𝑝𝑜𝑙 ( 𝑟𝑐𝑢 ) 𝑟𝑝𝑜𝑙 ℎ𝑇 ]

(2)

where Q – Joule loses density, k𝑝𝑜𝑙 = 1.4 W/m/K, k𝑐𝑢𝑙 = 400 W/m/K – thermal conductivities of the copper and polymer respectively, r𝑐𝑢 , r𝑝𝑜𝑙 – radii of the copper wire
DOI 10.18502/ken.v3i3.2049
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Figure 5: Heating temperatures of the copper wire and the quartz resonator at different levels of: a)
electric current, b) heat power.

and polymer coating, h𝑇 – heat transfer coefﬁcient. Dependence of the heat transfer
coefﬁcient on the copper core temperature is introduced in Figure 6.
Alternative method for determination of the heat transfer coefﬁcient is based on
measuring the cooling kinetics of “copper” ﬁber after preheating. While “copper” ﬁber
cools, its core temperature T approaches to the ambient temperature T𝑐 :
𝑇 (𝑡) = 𝑇𝐴 + (𝑇0 − 𝑇𝐴 ) exp(−𝑡/𝜏), 𝜏 = 𝐶𝑃 /(ℎ𝑇 𝑆𝑠𝑢𝑟𝑓 𝑎𝑐𝑒 ),

(3)

where τ – time of the exponential decay, S𝑠𝑢𝑟𝑓 𝑎𝑐𝑒 = 2π·r𝑝𝑜𝑙 ·L – surface area, C𝑃 = (c𝑐𝑢 𝜌𝑐𝑢
πr𝑐𝑢 2 + c𝑝𝑜𝑙 𝜌𝑝𝑜𝑙 πr𝑐𝑢 2 )·L – heat capacity, ρ-density, c – speciﬁc heat, cu – copper, pol –
polymer. Figure 7 shows a block scheme of the experimental setup.

Figure 6: Heat transfer coefﬁcient at different temperatures.
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Figure 7: Block-scheme of the experimental setup for measurements of cooling kinetics.

Figure 8: Cooling kinetics.

Values of the heat transfer coefﬁcient measured using two different ways do not
coincide: 100 ± 15 W/K/m2 and 70 ± 3 W/K/m2 for the ﬁrst and second method respectively. The possible reason for this is the mismatch of the convective cooling conditions.
Since the transverse dimensions of the copper wire coated with polymer coincide with
that of active ﬁbers, the measured values can be also used for numerical simulation
of the heating and cooling processes of conventional ﬁbers as well as determination
of its stationary temperature distribution.
CW ytterbium ﬁber laser operating at 1063 nm wavelength with 100W output power
was assembled. The 13-meters-long GTWave active ﬁber with 5000 ppm ytterbium
DOI 10.18502/ken.v3i3.2049
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ions concentration was used. It was pumped by seven laser diodes with central wavelength 0.96 μm and maximal total power of 155 W.
Dependence of the heating of the resonator located at the distance of 20 cm from
the pump entering point is shown in Figure 9a. The excited-state level population and
the pump power longitudinal distribution can be estimated using the rate equation
modeling [12]. Heat power generated per unit length at the point z equals to the
fraction of absorbed pump radiation multiplied by the percentage of the pump photon
energy (quantum defect):
𝜆𝑝
𝑑𝑃
𝑝
= 1−
(𝜎𝑎 𝑁(𝑧) − 𝜎 𝑝 𝑁2 (𝑧))Γ𝑝 𝑃𝑝 (𝑧),
𝑑𝑧 (
𝜆𝑠 )

(4)

where P𝑝 (z) is the pump power at the point z, N(z) is the concentration of active ions,
N2 (z) is upper state population, σ𝑎 𝑝 , σ 𝑝 are the absorption and emission cross-sections
of Yb ions at the pump wavelength respectively, σ𝑝 = σ𝑎 𝑝 + σ 𝑝 , Г𝑝 is the overlapping
factor between the pump and the ﬁber doped area, λ𝑝 , λ𝑠 – the pump and signal wavelength. Figure 9b shows heating temperatures in cases of ‘copper’ and conventional
active ﬁbers at different heat power levels. The slopes of the linear approximation
differ by 25%.
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Figure 9: а) Resonator heating temperature at different pump levels; b) Resonator heating temperature
at heat loads.

The temperature of the active ﬁber core center can be estimated [10]:
𝑟𝑝𝑜𝑙
𝑟
𝑘
𝑘
𝑑𝑃 1
1 + 2 ln( 𝑐𝑙𝑎𝑑 ) + 2 𝐹 ln(
,
)+2 𝐹
𝑇0 = 𝑇𝑐 +
(
𝑑𝑧 4𝜋𝑘𝐹
𝑟𝑐𝑜𝑟𝑒
𝑘𝑝𝑜𝑙
𝑟𝑐𝑙𝑎𝑑
𝑟𝑝𝑜𝑙 ℎ𝑇 )

(5)

where k𝐹 – the thermal conductivity of the fused quartz, r𝑐𝑜𝑟𝑒, r𝑐𝑙𝑎𝑑 – the active core and
silica cladding radii. The heat transfer coefﬁcient h𝑇 of the investigated active ﬁber is
assumed to be equal to that of the “copper” ﬁber. The heating temperatures of the
active ﬁber (calculated) and the “copper” ﬁber (measured) coincide within the error
limits (see Figure 10).
DOI 10.18502/ken.v3i3.2049
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Figure 10: Heating temperature of ﬁbers at different heat power level per unit length.

4. Discussions
Transverse temperature distributions for “copper” and active (double-clad (DCF) and
GTWave) ﬁbers were simulated numerically using the ﬁnite element method. Simulation parameters: the heat transfer сcoefﬁcient h𝑇 is 117 W/K/m2 , the heat power
per unit length dP/dz is 11 W/m. This heat power is maximal for the ”copper” ﬁber
when no degradation of the polymer coating was observed. The simulation results
are presented in Figures 11, 12. Simulation shows that the heating temperatures of
GTWave and DCF ﬁber cores differ by 1.7%. Therefore, the analytical expression (6),
which was deduced for a double-clad ﬁber, can produce relatively good accuracy in
the case of GTWave ﬁbers, which have complex geometry. Simulations reveal that
the copper core temperature is 9% less comparing with the core temperature of the
conventional active ﬁber. This fact should be taken into account when using ‘copper’
ﬁbers for the calibration.
Using (2), (5) the optimal radius of the copper core can be evaluated.
Temperature of the copper wire equals to active ﬁber core temperature, when the
radius of the wire is 15-16 times larger comparing with ﬁber core radius.
It is worth noting that in present conﬁguration the resonator considerably affects
the ﬁber temperature: due to the relatively large ratio of its internal and external
diameters, as well as high thermal conductivity of quartz (in comparison with air)
as it acts like a radiator. In order to minimize the inﬂuence of the resonator on ﬁber
DOI 10.18502/ken.v3i3.2049
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temperature, it is necessary to reduce the external diameter of the resonator. Nevertheless, the heating temperature of the resonator depends on heat power. In order to
perform correct calibration the heating temperature of the ‘copper’ ﬁber should also
be measured prior to it is putting thorough the hole of the resonator. It will allow more
accurate measurements of the active ﬁber temperature in lasing conditions.

Figure 11: Transverse temperature distribution at heat power 11W/m.

Figure 12: Temperature distribution along radius at heat power 11W/m.

5. Conclusions
It was demonstrated that piezoelectric crystals can be used for temperature and heat
power measurements. The dependences of the quartz resonator temperature on the
DOI 10.18502/ken.v3i3.2049

Page 370

KnE Energy & Physics

PhIO-2018

heating temperature of active and “copper” ﬁbers coincide within accuracy of measurements.Thus using a copper wire with polymer coating substituted for an active
ﬁber is expedient for the investigation of the thermal processes occurring inside the
ﬁber and polymer. The degradation of the polymer coating initiated at 95-105 ∘ С in the
case of “copper” ﬁber. A heat transfer coefﬁcient of the “copper” ﬁber was evaluated
using two methods: measuring steady-state temperature at different current levels
and measuring cooling kinetics after preheating by an electric current. The temperature
sensor design is suitable for measurements of the longitudinal temperature distribution of active ﬁbers under conditions of lasing and ampliﬁcation. Heating temperature
of an ytterbium active ﬁber was measured in lasing conditions at different pump levels.
This method can be used for the development of ﬁber lasers and its testing.
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