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Abstract: A fully 3-dimensional finite element model has been developed
that simulates the internal temperature distribution of short-length high-
power fiber lasers. We have validated the numerical model by building a
short, cladding-pumped, Er-Yb-codoped fiber laser and measuring the core
temperature during laser operation. A dual-end-pumped, actively cooled,
fiber laser has generated >11 W CW output power at 1535 nm from only
11.9 cm of active fiber. Simulations indicate power-scaling possibilities
with improved fiber and cooling designs.
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1. Introduction

Thermal problems have been of little concern to high-power cladding-pumped fiber lasers,
especially the Yb**-doped silica fiber lasers at ~1.1 pum. Many factors contribute to the
reduced importance of the thermal issue in this case: fibers have inherently large surface-to-
volume ratios; thermal loads are usually spread over meters or tens of meters of fibers;
cladding-pumping schemes effectively reduce the pump absorption coefficient; Yb**-doped
lasers at ~1.1 um have high quantum efficiencies (up to 90% if pumped at ~980 nm); and
silica has a high transition temperature (>1000°C). Yb*'-doped fiber lasers have been
predicted [1] and demonstrated [2] to generate CW optical power beyond 1 kW from a single
fiber. The reported kW fiber laser had an average thermal load of ~35 W/m and operated
without special cooling arrangements [2]. While heat hasn’t been an issue for fiber lasers at
~1.1 pm, it is an issue for Er’*-doped fiber lasers at the important eye-safe telecom
wavelength ~1.5 um. The quantum efficiency of these fiber lasers is limited to ~60% if
pumped at ~980 nm. This results in more heat generation compared with that of the Yb**-
doped fiber lasers. Cladding-pumped Er-Yb-codoped fiber lasers (EYDFLSs), which are the
most common fiber sources to generate high-power 1.5 um signals, usually require meter-
long active fibers to generate watt-level CW output powers [3-5]. For the highest reported
output power of ~100 W from a single fiber, the average thermal load was ~20 W/m and the
fiber wasn’t actively cooled except at the pump power launching end [5].

Heat becomes a serious concern when high power 1.5 pm signal is generated from a very
short fiber cavity, such as the recently reported short EYDFLs with watt-level CW output
powers from active fibers only a few centimeters long [6-8]. With an average thermal load
approaching ~200 W/m, passive cooling is insufficient to remove the excessive heat and
active (forced) cooling becomes a necessity, e.g., the short EYDFLs capable of delivering ~9
W CW output power became possible only after they were actively cooled by water [8].
Considering the heavy thermal load of short EYDFLS, plus the fact that these fibers are made
of phosphate glasses with a much lower glass transition temperature (T, = ~600°C) than
silica, the heat removal capability may become the limiting factor for power scaling.
Although the water-cooling scheme has been proven to be effective, it is preferable to cool
the EYDFL in a solid-state method, e.g., by a thermoelectric cooler (TEC), for the benefits of
compact device integration, simplified fabrication process, and easier operation.

Thermal analysis is an extremely important issue for these short high-power fiber lasers.
To calculate the internal temperature distribution of fiber lasers, analytical solutions have
been obtained for fibers with simple cylindrical symmetry [9-11], while numerical methods
have been applied to the more complicated microstructured and multicore fibers [12,13].
These numerical calculations have all been performed in a 2-D frame, ignoring any
longitudinal variation by averaging the thermal load over the fiber length. The averaged 2-D
simulations for long fibers with small pump absorption coefficients constitute reasonable
approximation to reality. However, this is not the case for end-pumped short EYDFLSs, where
the thermal load has a strong longitudinal dependence. On the other hand, the much shorter
length of the active fibers, e.g., a few centimeters, made a full-length 3-D simulation feasible.
Thus a 3-D thermal analysis is both necessary and possible for a short high-power fiber laser.
Furthermore, although it is essential to verify the simulated fiber laser temperature, it is
practically difficult to measure the internal temperature of a running fiber laser, which results
in a noticeable lack of experimental verification for the fiber laser thermal simulation in
literature.
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In this paper, we report thermal analysis and practical construction of compact fiber laser
assemblies that enable thermoelectric cooling. A fully 3-D finite element method (FEM)
model [14] is built for the entire assembly to calculate its internal temperature distribution. To
the best of our knowledge, going beyond standard cylindrical symmetry, this is the first
comprehensive 3-D thermal analysis for fiber lasers with complex geometry. The heat source
is formulated based upon detailed studies of the pump power absorption and heat conversion
efficiency. Our thermal modeling is accompanied by measurement of the core temperature of
a running EYDFL, which is, to the best of our knowledge, the first experimental attempt to
obtain the internal temperature of a high-power fiber laser under operation. Both experiment
and thermal analysis demonstrate that short TEC-cooled EYDFLs are capable of handling
high-power laser action. An EYDFL, only 11.9 cm short, has been built and 11.1 W 1535 nm
CW output power is obtained with combined 50.9 W 975 nm pump power launched onto dual
ends. The thermal modeling is further employed to optimize the design of the active fiber and
cooling setup, predicting that optimized TEC-cooled short EYDFLs have the capability to
handle up to 200 W pump power, equivalent to a ~1 kW/m thermal load.

2. Single-end pumped TEC-cooled short EYDFL: 3-D FEM thermal modeling and
experimental validation

The fiber studied here is a phosphate glass fiber heavily co-doped with 1.0 wt% Er,O; and 8.0
wt% Yh,03. The glass was provided by NP Photonics Inc. and the fiber was drawn at the
Optical Science Center. The fiber has an off-center multimode core (Dcore = 201 pm) and a
D-shape cladding whose circular diameter is 130+2 um. Both the D-shape cladding and off-
center core are known to increase the pump absorption. In addition, the off-center core
positioning can improve heat dissipation, as shown from our thermal analysis.

The TEC-cooled EYDFL assembly is shown in Fig. 1(a). A piece of active fiber, with
both ends cleaved, is inserted into a borosilicate glass tubing whose inner diameter is slightly
larger than the fiber. The glass tubing is cut exactly to the length of the fiber and the tubing is
buried inside an aluminum (Al) block, which is attached to a TEC with 72 W heat removal
capacity. An enlarged drawing of the fiber cross-section inside the tubing is shown in Fig.
1(b). The EYDFL assembly can be pumped through either end.

To demonstrate the feasibility of a TEC-cooling scheme under high power operation, we
start with a relatively simple case of a single-end-pumped EYDFL in this section. We used
the assembly outlined above, measured the core temperature during laser operation, and
simulated the temperature distribution of the assembly using 3-D FEM modeling.
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Fig. 1. The drawings of a TEC-cooled short-length EYDFL assembly: (a) the side view (fiber
size not in proportion); (b) an enlarged end view with FEM meshes. The air gap in (b) (light
blue) is not shown in (a) and the inset of (b) is a microscopic photo of the real fiber in tubing.
The drawing (b) shows that the cladding (magenta) has a D-shape and the core (red) is in close
proximity to heat sink-the glass tubing (green).

In the experiment, a 10.2-cm-long EYDFL was constructed and end-pumped through a
multimode fiber, whose end was coated transparent to the pump light and highly reflective to
the signal. The coated pump end was butt-coupled to the active fiber end so that the coating
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served as the high reflector of the laser cavity. The other end of the active fiber was the output
end. As the pump source, fiber-coupled multiple semiconductor laser diodes were used and
their central wavelength was tuned to 975 nm, the Yb*" absorption peak, by temperature
control. The signal vs. absorbed pump power plot of the EYDFL is shown in Fig. 2(a). The
EYDFL generated 7.5 W output power at 17.5 W absorbed pump power, corresponding to a
29.2 W launched pump power. To determine the absorbed pump power, we experimentally
measured the pump coupling loss, scattering loss, and the pump leakage. The pump leakage
was ~5% at low pump power and ~15% at high pump power. The laser slope efficiency with
respect to the absorbed pump power (SEags) was ~47%. The slope efficiency with respect to
the launched pump power was ~25% over the full operation range and was only slightly
affected by absorption saturation at the highest pump power.
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Fig. 2. (a) The signal vs. absorbed pump power plot of a 10.2-cm long, single-end pumped
EYDFL, the squares are measured data and the red line is a linear fit; (b) normalized spectra of
Er®* green UPF at different pump levels.

To measure the active core temperature, a piece of multimode fiber (core diameter of 100

um) was brought to the close vicinity of the pump end to collect the Er** green upconversion
fluorescence (UPF). The UPF collecting fiber was placed right at the pump power launching
end and was oriented perpendicularly to the EYDFL axis. Thus only the UPF emitted from
within a tiny cylindrical volume (< 100 um from the pump end along EYDFL axis and 20 um
core diameter) was collected. The core temperature measured by this geometry was actually a
volumetric average value, but it stood in good approximation to the highest temperature
inside the core, as will be shown later by comparison with the simulation. The green UPF
spectral shape has been known as a good temperature indicator for Er**-doped material
15,16]. The Er®* UPF has two emission peaks located at ~523 and ~547 nm, resulting from
Hio—"*l1s2 (1) and *Ssio—"l1sr (ls) transitions, respectively. Assuming that 2Hyy;, and *Ssp,
energy levels are in thermal equilibrium, the two emission intensities satisfy the following
relation [15]:

Ij:CTexp ( % (1)
g KgT

where AEys is the energy gap between the two levels, Kg is the Boltzmann constant, T is the
temperature of the emitting material, and C+ is a constant that was determined by calibration.
The green UPF was detected by a Hamamatsu H957-01 photo multiplier tube through a SPEX
270M monochromator. The normalized fluorescent spectra at different pump powers are
shown in Fig. 2(b). The change in relative emission intensity is clearly observed and the
deduced core temperatures are plotted with respect to the launched pump power as the red
diamonds in Fig. 3. We observe a nonlinear dependence of the temperature with increased
pump power, which will be explained by a nonlinear pump absorption coefficient discussed
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later. Please note that such a real-time temperature monitoring of running high-power fiber
lasers hasn’t been reported in literature, and its realization certainly will provide important
thermal information that otherwise could only be approached by simulation.

0.12¢% T . . . . . 0
0O 5 10 15 20 25 30 35

Launched pump power: W

Fig. 3. Left Y-axis: the effective pump absorption coefficient o at different pump powers, the
dots are the measured data and the line is fitted with formula o = ascr + o%ass /(1+P/Ps). Right
Y-axis: the highest core temperature at the pump end of a single-end-pumped EYDFL, the
diamonds are measured data and the curve is the 3-D FEM simulated result.

To calculate the internal temperature distribution of the short EYDFL under forced
cooling, we first establish the 3-D steady-state heat conduction equation inside the assembly:

Velk(r, T)VT(r)]=—q(r) @

where r = r(X, Y, Z) is the 3-D position vector, k(r, T) is the temperature-dependent local
thermal conductivity, T(r) is the local temperature, V T(r) is the temperature gradient, and
qg(r) is the volumetric heat generation rate. Because conduction is the dominant heat transfer
process under forced cooling in our setup, we neglect all other transfer processes such as
convection and radiation in our calculation. The internal temperature distribution T(r) can be
obtained by solving equation (2), accounting for heat fluxes in both radial and axial (Z)
directions. The boundary condition of equation (2) is decided by the method of cooling (TEC-
cooling in our case).

To numerically solve equation (2), a 3-D FEM model [14] for the EYDFL assembly was
built, which included 3-D models of the active fiber and the cooling components. SOLID90
[14], a second order 3-D 20-node thermal element, was used to mesh the entire fiber laser
assembly. A 2-D finite element mesh was generated first for the cross-section of the
assembly, and then extruded in Z direction to build the fully 3-D finite element mesh. Various
mesh sizes were used at different portions of the assembly, with smaller mesh sizes used at
the pump power launching end. Because of the high heat flux over this region, especially at
the radial direction (the forced cooling direction), the minimal node spacing used along the
radial direction was less than 2 um. The node spacing used along Z direction was 200 pum.
The much smaller heat flux and temperature variation along Z make it unnecessary to further
divide the mesh, and it would also be beyond the computational capacity of our FEM
software if we use a micrometer-level division along the extended Z direction (~10 cm). An
enlarged 2-D drawing of the cross-section of our FEM model is shown in Fig. 1(b). It
highlights the position of the active fiber and its core inside the tubing, and also shows the
arrangement of the FEM meshes. A minimal air gap was left between the fiber and the tubing
inner wall due to the size mismatch. The air gap was necessary to allow for fiber insertion,
but was found to be one of the critical factors limiting efficient heat dissipation.

The thermal conductivities of Al, borosilicate glass, and phosphate glass were chosen to
be 190 [17], 1.14 [17], and 0.85 W/(m-K) [18], respectively, and were assumed temperature
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independent. The thermal conductivity of air has a strong temperature dependence, which
cannot be ignored, and values were chosen from Ref. 17. The temperature of the Al block was
monitored during laser operation by a thermal couple embedded inside. Both the
measurement and simulation showed that the maximal temperature difference across the Al
block was less than 2°C. In our calculation, this difference was neglected and the measured
temperature was used as the thermal boundary condition at the Al surface attached to the
TEC. Adiabatic thermal boundary condition was applied to other part of the Al surface, due to
the dominance of the TEC-forced cooling compared with any natural heat transfer processes.

An essential part in the thermal analysis is to correctly formulate the heat source. Instead
of averaging the absorbed pump power (i.e. the thermal load) over the length, the heat source
inside the active core was formulated under detailed study of the pump power propagation
inside the core. Since our pump light was highly multimode, we assumed it had a flattop
intensity distribution across the core area (ho radial dependence). Thus the propagating pump
power only had an exponential decaying Z dependence inside the active core:

P Z)=Pmse 3)

where P(Z) is the pump power at position Z, assuming that the initial pump power Py is
coupled into the active fiber at Z = 0 with a coupling efficiency nc = 85%. a is the effective
pump absorption coefficient (a combination of the pump absorption coefficient aags and the
scattering coefficient asct), which is a function of pump power. a was experimentally
measured at different pump powers and fitted using the following formula:

=]
O = Ogor +Olagg = Olgor ¥+ (X‘OABS/ + P_) “)
s

Here ascr = 0.02 cm™ is the pump scattering coefficient, assumed to be power independent;
o®ags = 0.24 cm™ is the small-signal pump absorption coefficient. All ne, ascT, and o’ ags Were
experimentally obtained by cutback measurements. Ps = 36.0 W is the saturation pump power
obtained from data fitting in Fig. 3.

With the internal pump power distribution established, the heat (dQ) generated inside core
at position Z with infinitesimal incremental length dZ can be formulated as:

dQ ) = Nyear %apgsP B dZ ()

Assuming that all absorbed pump power is converted either to signal power or heat, the heat
conversion efficiency nyear is given by npear = 1 — SEags, Where SEags can be calculated
from the signal vs. absorbed pump power plot, e.g., SEags = 47% in Fig. 2(a). The volumetric
heat generation rate q(r) in equation (2) can finally be determined from equation (5). Assume
that q(r) is zero everywhere except inside the active core. We also assume that g(r) is constant
across the core, reflecting the pump light intensity distribution. q(r) is then given by:

1dQ 6
AN =0a2) =1 = ©)
where A is the active core area.

Combining the heat source, thermal boundary conditions, material thermal properties,
with the geometry and meshing shown in Fig 1(b), the 3-D FEM model was established and
solved to obtain the temperature distribution inside the whole EYDFL assembly. The
simulated highest temperatures (Tax) are plotted at different pump powers as the red curve in
Fig. 3. Tmax is located near the center of the core at longitudinal position Z = 0. The 3-D
simulation shows that at all pump power levels, the temperature variation across the core area
is less than 20°C. The longitudinal temperature variation along the cylindrical axis in the
measurement is even smaller. At the same transversal coordinates, the temperature difference
between positions at Z = 0 and Z = 200 um (the second node along Z from Z = 0) is less than
2°C. Because the measured temperature was a volumetric average along and across the first
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100 um of the active core pumped, we concluded that the measured temperature should be
within 10°C below the actual maximum temperature. Comparing the red curve with the red
diamonds, we notice that the agreement between the measurement and simulation is very
good. Please also note that our simulation and measurement have used completely
independent approaches to obtain the temperature; the coincidence of their line shapes is
excellent, which strongly confirms the validity of our 3-D thermal modeling. The thermal
behavior of the emitting core is well explained by the nonlinear pump absorption coefficient
curve in the same figure.

3. Optimized dual-end pumped short EYDFL: experimental improvement and 3-D
FEM thermal optimization

The previous experiment demonstrates that our 3-D thermal modeling provides a good
description of the internal temperature of the EYDFL assembly. As the next step, we build
and analyze an advanced dual-end-pumped EYDFL. The dual-end-pumping scheme not only
eases the thermal problem by splitting the pump power between both ends [1], but also
provides more uniform gain along the length.

Comparing to the previous EYDFL, a second pump source was added onto the other fiber
end and the active fiber was increased to 11.9 cm. Our thermal modeling predicted that it was
thermally safe at ~50 W pump power. Thus a 50.9 W combined pump power (18.6 W at Z =0
and 32.3 W at Z = 11.9 cm) was launched and 11.1 W CW output power was obtained. The
signal vs. launched pump power plot is shown in Fig. 4. To the best of our knowledge, this is
the first 1.5 um fiber laser capable of delivering beyond 10W CW output power with the
length scale of a few centimeters. No sign of signal saturation was seen and the output power
was only limited by the available pump power. Since the same active fiber was used, the laser
performed similarly to that in Ref. 8. The spectrum was centered at 1535 nm with a 2-nm
linewidth, and the measured M? value was < 4.0. There was no thermal damage at the two
fiber ends up to the highest pump level, demonstrating that the TEC-cooled assembly
adequately handled an average thermal load of ~180 W/m.

12

10

1535 nm signal power: W

Launched 975nm pump power: W

Fig. 4. The signal vs. launched pump power plot of the dual-end pumped EYDFL.

To simulate the dual-end pumped EYDFL, the pump power propagating inside core
should be reformulated to include pump lights propagating along both +Z and —Z directions:

PD=Fne.e 2 + PorNcr€ * ©2 @)

Here the left fiber end is placed at Z = 0; L is the fiber length; Po and Por are the launched
pump powers on both ends, respectively; nc. and ncg are the pump coupling coefficients at
the two fiber ends; o is treated the same as in equation (4).
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Fig. 5. Temperature distributions in short TEC-cooled dual-end-pumped (except the magenta)
EYDFLs: (a) core temperature along the fiber length; (b) temperature profile across the fiber
facet at the stronger pump end. Green: simulations for the experimental configuration;
magenta: single-end-pumped EYDFL; red: centered-core fiber; navy: double-cladding fiber in
contact with Al heatsink.

In our 3-D FEM simulation, we placed the active fiber at the same position as in Fig. 1(b).
The simulations for the tested design are plotted as the green curves in Fig. 5: 5(a) shows the
core temperature along the fiber length and 5(b) shows the temperature profile across the fiber
facet at the stronger pump power end. Although the calculated highest temperature (Tpax =
~400°C) reaches a substantial fraction of the phosphate glass transition temperature, the laser
is still operational, as proven by the experiment. For comparison, the same calculation was
done for a single-end-pumped EYDFL (pump power of 32.3 W launched on one end) and the
results are plotted as the magenta curves in Fig. 5. We notice that Ty of the dual-end-
pumped EYDFL was only 32°C higher than that of the single-end-pumped one. Adding a
second pump increased the output by ~50% but the T by only ~10%, a clear demonstration
of the thermal advantage of dual-end pumping scheme. We also calculated the temperature
distribution for a dual-end-pumped EYDFL with the active core in the circular center of D-
shape cladding. The results are plotted as the red curves in Fig. 5. At the highest pump power,
Tmax increased by 24°C, compared with our off-center-core design under otherwise identical
conditions. This calculation demonstrates the thermal benefit of the off-center core that is
closer to the heat sink.

Although our fiber laser assembly enabled operation up to ~50 W of pump power, it did
not leave much room for further power scaling. As a next step, we used the 3-D FEM
modeling as a powerful tool to guide further improvement in the thermal management of our
short EYDFL assembly. Obviously the air gap is the largest obstacle to efficient heat
dissipation. A double—cladding fiber structure with the same off-center core and a second
200-um diameter circular cladding was considered, which allowed direct contact between the
fiber and a metallic tubing (e.g., an Al tubing). Our calculation showed a significant
temperature drop, as shown by the navy curves in Fig. 5. At the highest pump power, Tax
dropped more than 250°C to only 145°C. This calculation demonstrates that heating problems
can be solved even for a heavy thermal load within a small volume for optimized fiber and
cooling setup. Our simulation shows that a short TEC-cooled fiber laser could handle a
combined pump power of 200 W, corresponding to a thermal load of ~1 kW/m.

4. Conclusion

We demonstrated a 3-D FEM thermal analysis of short-length, actively cooled, high-power
fiber lasers and experimentally verified the modeling results. Both simulation and experiment
demonstrated the heat handling capability of the TEC-cooled EYDFLs. A dual-end-pumped
EYDFL was built and more than 11 W CW optical power at 1535 nm was generated. The
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thermal simulations further predicted that TEC-cooled fiber lasers have the potential to
dissipate thermal loads up to ~1 kW/m.
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