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Abstract: This article examines the utility of heat spreaders as an alternative to conventional
heat management techniques for fiber lasers and amplifiers by numerical modeling scalable for
prediction of heat loads in high power laser amplifiers and the model’s experimental verification.
A special focus is placed on the section of a fiber splice, given its importance and potential issues
associated with signal loss and subsequent heat generation during laser operation. Temperature
change is analyzed and compared both numerically and experimentally for three passive cooling
architectures: a loose, recoated fiber splice attached to a copper plate via Kapton tape, a recoated
fiber splice placed in a thermal interface material (TIM) filled U-shaped groove in an aluminum
plate, and finally a non-recoated splice placed in a heat-spreader, with the recoating material
serving instead of TIM. The benefits and utility of fiber heat spreaders are shown and discussed,
and their superior thermal transfer rate is demonstrated.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Efficient heat management is one of the key challenges for fiber laser and amplifier design and
operation. Fiber lasers operating in the SWIR (short-wave infrared) region have been pushed
to ever-higher levels of performance due to large gain length with high confinement of the
propagating mode, resulting in high output power and exceptional beam quality. These systems
offer a unique combination of attributes that make them a highly desirable solution when aiming
for size, weight, and power (SWaP) consumption optimization. Fibers can be coiled, making the
laser much less bulky than free space optical systems, and intrinsically offer a high surface area
to volume ratio for better heat dissipation. Furthermore, optimized silica fibers offer excellent
transparency [1] even up to 2 um and beyond.

Even so, heat generation in a fiber laser still occurs in the form of an intrinsic or an extrinsic loss.
The former includes nonradiative relaxation processes and quantum defect of the gain elements.
The latter is associated with optical loss at fiber joints and intrinsic absorption including the
presence of light-absorbing impurities such as Fe, Cu, or OH, which may be reduced through
careful control of fiber manufacturing [2,3].

While elastic scattering such as Rayleigh scattering does not produce heat directly, it can
subsequently be absorbed within the fiber [1,4]. Inelastic scattering such as Stimulated Raman
Scattering (SRS) and Stimulated Brillouin Scattering (SBS) also have a quantum defect and
therefore generate heat. However, quantum defect induced heat is only important when building
fiber lasers that use these processes intentionally for wavelength conversion [5].
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Adverse effects of heat in fiber lasers and amplifiers vary in severity, and include (but are
not limited to): change of absorption and emission cross-sections, degradation of fiber coating
polymers, and thermal non-linearities such as transverse mode instability (TMI) and thermal
lensing, and phase and intensity noise [2].

Additionally, excessive heat generation can lead to additional thermal induced mechanical
stress. Fiber coatings generally have a maximum handling temperature threshold at around
85°C as a standard, and up to 125°C for specialty coatings, setting a limiting point for laser
operation. The importance of sustainable power extraction cannot therefore be overstated, not
only for high-power applications, but also in lower-power, high-precision laser sensing systems
[2,6]. Heat spreaders are widely used in semiconductor industry [7] and in high power lasers
such as thin-disc lasers [8] or Ti:Sapph [9]. The main idea of this technology is the utilization
of a high thermal conductivity material like diamond or SiC and thermally connect it using
adielectric material to a dedicated heating zone - this distributes the heat load into a bigger area.
Thickness of the connecting dielectric material should be < 10 um to get the most benefits from
this technology.

2. Heat management options — similar and alternative technologies

Heat management generally involves a form of either active or passive cooling. While passive
cooling relies on natural thermal conduction or convection due to the temperature gradient
between e.g. a heat sink and the heat source, active cooling solutions such as a Peltier device
consume additional energy to operate. Both solutions usually add additional volume and weight
to the system, which is in conflict with the low SWaP potential of fiber architectures and can
induce added mechanical stress or vibrations and consequently influence refractive index through
photoelastic effect. Additionally, any asymmetry in cooling creates additional temperature
gradients which can result in mode distortion [4—6].

Furthermore, material engineering of fiber glass has led to purely optical cooling methods that
have been explored in [1-3]. Detailed temperature investigation of a double-clad Tm3*-doped
fiber MOPA system for high-power operation has been presented in [10], with the recoated
splice clearly identified as the hottest fiber region. The focus of this paper, therefore, is to offer
an improved approach to thermal management of a recoated fiber splice using heat spreader
technology presented below; with the goal of bringing the thermal load on the splice below
the levels of thermal load observed in the rest of the fiber and subsequently improving overall
performance of the system.

3. Heat spreader architecture and properties

In this study, a 125 pm diameter fiber splice is recoated with a layer of polymer, adding a layer of
72.5 pum, totaling 270 um in diameter. This relatively thick layer of the polymer plays a detrimental
role due to its low thermal conductivity as listed in Table 1, relative to other presented materials.

Table 1. Thermal properties of used materials

Material Fiber glass Polymer TIM | Copper | Aluminum | SiC
coating

Thermal conductivity 1.38 0.18 3 400 201 490

coefficient [W- m-1-K-1]

Thermal expansion coefficient 0.51 50 70 17 23 35

[10-6-K-1]

Heat capacity at constant 772 1470 470 385 900 750

pressure [J/(kg*K)]
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Overview of all architectures investigated in this paper is presented in Fig. 1, heat spreaders, as
described in the schematic c) in Fig. 1, offer some inherent advantages due to their architecture,
and used materials’ structural and thermal properties, which are explained below:

A [a Copper plate o) Copper plate
-~*Kapton tape * | TIM —
v : '\@Recoat polymer
Recoated splice &9 Fiber splice
— Recoated splice P
- Copper plate - Aluminum plate * SiC heat spreader

Fig. 1. Schematics of investigated architectures: a) a recoated splice taped to a copper plate,
b) a recoated splice placed in an aluminum groove with thermal interface material (TIM),
and c) a splice recoated directly in a heat spreader.

When dealing with a recoated fiber taped to a cold plate, as presented in Fig. 1(a), difficulties
arise due to low thermal conductivity of the recoating polymer, and insufficient thermal contact
with the cold plate. This architecture is also challenging for numerical methods, as it is difficult to
accurately model thermal contact between the recoated fiber and the plate, even when accounting
for thermal expansion of materials.

Variously shaped grooves machined in metal plates as seen in Fig. 1(b) pose additional
challenges. Generally, when dealing with metal plates, U-shaped grooves offer an advantage from
a heat management point of view, and mechanically easier insertion of the fiber than V-shaped
grooves, however they are also more difficult to machine, especially for small diameter fibers.

While the groove is usually filled with a highly conductive thermal grease or other TIM, the
issues of the polymer recoat thickness and low thermal conductivity remains. Additionally,
aluminum and other metals possess a much higher thermal expansion coefficient than fiber glass,
also listed in Table 1, which adds mechanical stress and can lead to damage of the splice, despite
the recoating polymer’s elasticity [11]. Often, delamination will occur between the fiber and its
coating or recoating, leading to degradation of the pump propagation, and consequently of the
optical performance, creation of a hot spot, which can lead to permanent damage to the laser [12].

Compared to these, the heat-spreader architecture (Fig. 1(c)) offers inherent advantage when
dealing with splice heat management. The heat spreader silicon carbide (SiC) plate, into which a
V-shaped groove is machined, has comparable thermal expansion value to fiber glass, therefore
doesn’t add mechanical stress on the splice when heated, and has excellent thermal conductivity
properties. Additionally, very precise machining of the V-groove is possible, allowing for the
spliced fiber to be placed directly in the groove, which is then filled with the recoating polymer.
The resulting layer of polymer is much thinner than the recoating layer of a splice, going as low
as 10 ym and allowing for more efficient heat transfer from the fiber.

4. Numerical models

In most fiber laser systems, the splices between fibers generally require increased attention
and careful handling, as they are one of the critical points for thermal and mechanical stress
management. Therefore, a spliced segment of a fiber laser was chosen to be investigated in detail.
Total heating power in all versions of the numerical model was set to an estimated 50 mW/cm,
which corresponds to approximately 5 W of pump power in the following experiment and is
represented as a linear heat source with a radius of 1 um, co-axial with the fiber core to mimic
quantum defect induced heating. The ambient temperature is set at 293.15 K.

The temperature gradient and the effective thermal conductivity are used to evaluate the
conductive heat flux within the model using finite element analysis (FEA). The heat conduction
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is solved for using Fourier’s law for continuous media. Surface-to-ambient radiation is also
considered, as well as external free convection off the plate surface.

Key thermal properties of materials used in the model, including the thermal interface material
(TIM) are in Table 1. Values were obtained via communication with various suppliers, for the
polymer recoating as reported in [10].

Three different heat management solutions of the splice were considered:

1. Active-to-passive fiber splice, recoated to a diameter of 270 pm, secured to an actively
cooled copper plate using a Kapton film tape. Results of the numerical model are presented
in Fig. 2. A slight heat expansion is considered in the model, resulting in a homogenous
thermal contact between the fiber and the plate. This thermal contact is expected to be
lower in real, experimental setting.

Surface: Temperature (K) Max/Min Point: Temperature (K)

x10% um

¥ 293

i M
t
x

Fig. 2. Numerical model of heat distribution within the first configuration: A fiber splice is
recoated to 270 um in diameter and attached to a copper cold-plate using Kapton tape.

2. Identical fiber splice is inserted in a U-shaped groove machined in an aluminum block.
The groove is filled with thermal paste and subsequently covered with a copper lid. The
numerical model of the setup is rendered in Fig. 3, semi-transparent for better clarity.

3. Fiber splice with no polymer recoating is placed into a heat-spreader. The heat-spreader
consists of a block of silicon carbide (SiC) with a machined V — groove, and a copper
lid. The recoating polymer is poured directly into the V — groove and forms a thin layer
between the SiC block and the copper lid, as seen in Fig. 4.

Results for each model with rendered isothermal contours are presented in Figs. 5-7.

Each of the 3D models have the point of maximum temperature highlighted. With identical
heat load of 50 mW/cm, the first architecture with Kapton tape exhibits the highest maximum
temperature of 337 K. Thermal expansion of materials is considered, used values of TEC are
listed in Table 1. The aluminum U-groove setup and the heat spreader architecture offer similar
results regarding heat load, the former exhibiting a maximum of 299 K, the latter of 297 K.
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Fig. 3. Numerical model of heat distribution within the second configuration: A fiber splice,
recoated to 270 um, is placed in a U-groove in an aluminum block, with the groove filled
with thermal paste and covered with a copper lid. For greater clarity, the model is rendered
transparent.

5. Experimental setup and results

A schematic overview of the experimental setup is presented in Fig. 8. An optical backscatter
reflectometer (OBR) was used to measure the temperature change inside the passive/active fiber
core. Aside from the advantage of acquiring data directly from the fiber core [13], the OBR was
selected for future measurements of a complete Er-Yb co-doped fiber laser system or ASE source.
Er-Yb co-doped fiber has lower quantum efficiency and higher bleaching threshold level than Yb
doped fiber and has no emission or absorption around 1.3 pm wavelength, important for the OBR
measurement spectral window between 1270 to 1350 nm.

For the experimental evaluation, a 2 m long EY lactive fiber was selected, acting as an amplified
spontaneous emission (ASE) source. An ASE source has a higher temperature load of the active
fiber, and it should provide better resolution in relative measurement for comparison of different
fiber heat management methods. Using technical specifications of the fiber, and assuming the
pump wavelength of 976 nm, the total linear heat density of the fiber was calculated at 26 + 5 mW
/ cm per W of pump power. Real pump absorption was not the focus of this investigation, but
rather a robust comparison of different thermal management options. To reduce spontaneous
emission of Yb ions at around 1 um wavelength towards the OBR, a counter-pumped scheme was
used, as the forward ASE was exhibiting approximately 30 times lower power values than the
backward ASE. The passive 1550 nm double clad fiber resp. EY1 fiber single mode (SM) cut off
is reported by the manufacturer at 1440 nm, resp. 1470 nm.

The multimode regime of EY 1 and the passive fiber could affect the OBR measurement and
could generate echo spikes or artefacts after high stress events [13]; therefore, the fiber structure
was fixed onto an aluminum plate by Kapton tape for stabilization of multimodal propagation to
achieve comparable measurement conditions, as referenced in Fig. 9. A water-cooled copper
block was also used in the area of interest, focusing on the most loaded passive to active fiber
splice and an approx. 100 mm zone around it. Thermal grease was used to provide better thermal
contact, especially in areas of active fiber elevation on interfaces such as aluminum plate to
copper block, recoating of fiber and heat spreader. A reflective wavelength-division multiplexer
(WDM) with additional filter was used to block ASE at 1 um from Yb ions to protect the OBR
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Fig. 4. Numerical model of heat distribution within the third configuration: A fiber splice
with no recoating is placed in a V-groove in an SiC heat-spreader, recoating polymer is used
to fill the groove and forms a thin layer between the heat-spreader and a copper lid. For
greater clarity, the model is rendered transparent.

Fig. 5. Detail of isothermal contours within the first configuration: a recoated splice
attached to a copper cold-plate using Kapton tape. Maximum simulated temperature 337 K.

HIERRBIEER

Fig. 6. Detail of isothermal contours for the second configuration: a recoated splice placed
in a U-groove within an aluminum block. Maximum simulated temperature 299 K.
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Fig. 7. Detail of isothermal contours distribution in the third configuration: A fiber splice
with no recoating is placed in an SiC heat-spreader. Maximum simulated temperature 297 K.
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Fig. 8. Schematic of the experimental setup. CMS: cladding mode stripper, WDM: reflective
type cold mirror wavelength-division multiplexer.

FC/APC

detector. The limiting condition of the experiment was determined at | mW safety threshold of
ASE power at the OBR detector. A maximum of 200 uW of forward ASE power at 5 W of pump
power was measured.
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Fig. 9. Echoes in passive LMA fiber placed on cold plate from fiber termination 20 cm
from measuring point. Reference was taken at 293 K.
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Three different fiber heat management architectures were investigated for comparison with
the numerical model. First, a recoated splice at 270 um total diameter, attached to a cold plate
with Kapton tape. Second, a recoated splice was inserted into a 40 mm long aluminum block
with a U shape groove approximately 550 ym wide and 1 mm deep. Finally, a splice of active
and passive fiber was inserted directly without a recoat into 20 mm long SiC heat spreader, with
2 mm separation length and a point contact to the cold plate.

Measurement errors were minimized by averaging over a 10 mm distance of the fiber, comparing
different techniques of splice management. Two points of interest were marked as indicated
by the vertical lines in Fig. 10: one directly on the active fiber on Al plate to compare with
the pump power value, and a second one directly at the splice between the active and passive
fiber. Reference measurement was taken before each measurement after thermal stabilization.
Evolution of temperature inside the active fiber in Fig. 10 was not smooth due to variations in
thermal contact of the active fiber and the Al plate taped down with Kapton at approximately 90°.
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Fig. 10. Temperature change from the ambient temperature in active and passive fiber for
different thermal management methods and pump power from 2 W to 5 W, R is fiber splice
recoated by polymer and taped by Kapton tape to cold plate, G is fiber splice recoated by
polymer and placed in U-groove inside Al cold plate, H is fiber splice recoated by polymer
directly in SiC heat spreader.

Difference in length of the aluminum U-groove and the heat spreader is indicated in close
detail in Fig. 11, which shows the temperature change measurement of the splice region for the
aluminum plate and heat spreader architectures in comparison.

35 v v
v v A

30 T
- v RSW
125 ® G5W
b H 5w
<3
20
5 b R: Recoated under Capton,
o G: Al groove
% 154 L H: Heatspreader
g
£ 104 e @
@«
= 5_3 e o o @

Active to passive
fier splice| L
04 —_— + 3
Heat spreader @
U-groove in Aluminium plate
r T T T T T J
1408 1410 1412 1414 1416 1418 1420
Position in fiber ( m )

Fig. 11. Detail of temperature change measurement in the splice region, with indication of
the heat spreader and aluminum plate sizes at 5 W of pump power.
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Fig. 12. Temperature change measured with 20 um resolution without averaging of active
to passive splice region inside SiC heat spreader in relation to pump power.

When increasing the pump power from 3 W to 5 W, experimental measurements in the heat
spreader showed a measurement artefact, by not corresponding change of temperature to pump
power. The measurement artefacts, as seen in Fig. 12, were likely caused by a change in stress in
the fiber because measured temperature change decreased with increase of pump power. Another
measurement was taken with 20 um step resolution without averaging over the fiber length [13].
Also, one of the cold mirror filters was removed to increase OBR resolution by widening the
spectral window. The reference start position inside the fiber was changed by approximately 2 m.

High resolution measurement of temperature change inside the heat spreader in Fig. 12 is
exhibiting non-linear dependency on pump power and random behavior at 4 W and 5 W pump
power in both directions from active to passive fiber splice (artefact) indicating mechanical stress
change. This stress could be caused by microbubble formation inside the low index polymer or
by micro-bending due to a dust particle. Excluding this error by removing part of measurement
artefact data, the temperature change inside the heat spreader was measured at 5.8 K for 5 W of
pump power.

Comparison of temperature change values obtained from the numerical models and experimental
measurements for each configuration is presented in the table in Table 2. The reference point
indicated in the graphs and the table served as a benchmark for the experiment, to ascertain
that no loss caused by contamination of the splice occurs and that full pump power reaches the
examined splice.

Table 2. Temperature change values obtained from experimental measurements and
the numerical models

Experiment - Reference point | Experiment - Splice location | Numerical model
Position 13.784 14.154 -
Pump power (W) 2 3 4 5 2 3 4 5 5
Recoated splice (K) | 31.59 | 36.50 | 38.69 | 41.89 | 2547 |29.52 | 32.44 | 34.59 42.85
Recoated splice 31.38 |34.79|38.63 4191 | 7.10 | 7.34 | 831 | 9.20 5.85
inside Al-groove (K)
Splice inside heat 31.59 | 36.54|39.69|42.73 | 6.23 | 7.11 | 814 | 823 3.85
spreader (K)
Splice inside heat - - - - 4.33 | 504 | 550 | 5.80 3.85
Spreader in high
resolution (K)

Both numerical model and experimental measurement indicate improved thermal transfer rate
in the heat spreader architecture, and a decrease in temperature change in the fiber splice. The
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temperature change in the heat spreader is shown to stay below the value of temperature change
in the active optical fiber section, making the properties of the active fiber the limiting factor for
thermal management, rather than the splice itself.

Additionally, temperature sensitivity to increased levels of dust contamination was documented
throughout the experiment, mostly resulting from manipulation of the fiber without its polymer
coating.

6. Discussion and conclusion

Throughout this work, heat spreaders were investigated as an important method of passive
thermal management architecture for fiber lasers. The focus was on the region surrounding an
active to passive fiber splice, as splices represent a critical point for thermal and mechanical
stress management in fiber laser systems. Three different approaches were compared both
experimentally and numerically: A recoated splice placed on a water-cooled copper block and
secured by Kapton tape, a recoated splice placed in a U-shaped groove in an aluminum block,
and a splice with a recoat layer of polymer directly inside a heat spreader.

For the simple recoated fiber taped to a cooled plate approach, a higher value of the temperature
change was predicted in the numerical model that the value measured experimentally. This is
likely due to a smaller area of thermal contact predicted in the model compared to the experiment,
as thermal properties of the soft recoating polymer are often insufficiently defined for optical
fibers. Other cause of discrepancy between the numerical model and the experimental data is
likely caused by inherent splice loss. Even so, the model and the experimental data correlate very
closely.

Temperature change measured and modelled within the heat spreader architecture during
operation is below the values measured throughout the regular section of the active fiber, making
the fiber itself the limiting factor for heat management, not the cooled splice area.

Heat spreader architecture was demonstrated as promising compared to other fiber thermal
management methods for multiple reasons, including the possibility of significantly reducing
polymer recoating thickness. This resulted in a reduction of fiber splice temperature below the
value measured in the originally coated active fiber and lessened thermal-induced stress load on
the splice due to similar thermal expansion coefficient to that of fiber glass, corresponding to the
temperature change from the fiber core to coolant.

Obtained experimental data was proven highly accurate even during mildly multimode
operation, and a small temperature change generated a microbubble in the recoating polymer was
documented. Splice and recoat quality were thoroughly evaluated.
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