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We demonstrate an Er-doped ZBLAN fiber laser emitting around 2.8 pum, with a distinctive dual-wavelength cladding-
pumped approach. The laser was jointly cladding-pumped by a 1.568 pm fiber laser and a 1.68 pm laser diode, potentially
lifting pump power constraints and achieving an enhanced efficiency. The corresponding simulation shows that the setup has
better thermal management than other conventional pumping methods. At the maximum output power of 1.3 W, the optical
efficiency was 19.1% relative to all absorbed pump and 42.5% relative to absorbed 1.68 um pump after injection. With a
higher pump power and further cavity optimization, the laser is expected to produce competitive powers. Moreover, optimal
pump wavelength, dual-wavelength pump power relationship, and basic pump choice were also investigated, providing
critical insights for high-power, high-efficiency and low-thermal-load 2.8 pum fiber laser systems.
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1. Introduction

Mid-infrared lasers operating around 2.8 pm have gar-
nered interest due to their potential in critical technological
domains, including materials processing, biomedical treat-
ment, remote sensing, defense, and security.!'* Compared
to other laser sources, fiber lasers exhibit advantages in
high beam quality, excellent spectral characteristics, large
power scalability, effective thermal management, and high
system stability.’~71 Due to powerful commercial 976 nm
laser diodes and mature fluorozirconate-based active fibers,
Er-doped ZBLAN fiber lasers have been effective sources to
generate a high-power 2.8 um laser relying on the *I;, 2=
#1135 transition of Er’* ions. However, the lifetime of the
upper lasing level (7.9 ms) is shorter than that of the lower las-
ing level (9.9 ms), also known as the self-terminating effect,
restraining laser generation and hindering efficiency improve-
ment.

To facilitate population inversion between the upper and
lower energy levels, there are two common strategies adopting
980 nm cladding-pumping: (1) utilizing the energy transfer up
conversion (ETU1) effect in heavily doped fibers (> 5 mol%)
to achieve 4113/2, 4113/2 — 419/2, 4115/2 and (2) cascading
1.6 um laser emission 4113/2 — 4115/2 in lightly doped fibers.
For the first strategy, the output power of 41.6 W and 35.4 W
was achieved, [#°! while the low slope efficiency of 22.9% ren-
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dered thermal management challenging. The alternative one
resulted in reduced 2.8 um output efficiency due to the newly
generated 1.6 um laser emission, and made the fiber more sus-
ceptible to optical damage.[1%-11]

As a matter of fact, using 1.68 pm pump-induced excited
state absorption (ESA) transitions (*I;3, — “Ig);) of Er*
ions to deplete ions on the lower lasing level can not only re-
cycle the population but also overcome the Stokes efficiency
limit. Aydin et al. first addressed the process and utilized the
1614 nm laser within the cavity to provide the ESA process
in the cascaded lasing structure, achieving a remarkable slope

121 Current research primarily fo-

efficiency of nearly 50%.
cuses on two categories. (1) Dual-wavelength pumping: This
scheme was first theoretically proposed for tellurite fibers,[!3]
where a 1.5 pm or 980 nm pump achieved population accumu-
lation at *T,5 /2 via GSA1 or GSA2 respectively, followed by a
1.68 um pump for ESA. Guo ef al. implemented this scheme
in ZBLAN fibers using 976 nm cladding-pump and 1.68 pum
core-pump in a lightly doped fiber, achieving an output power
of 1.2 W at 2.8 um, with 33% overall optical efficiency.!'¥]
(2) Single 1.68 um pumping: It was theoretically proposed
to use 1.68 pm core-pump drive GSA1 alongside ESAP! and
a 30.9% slope efficiency relative to absorbed pump power in
heavily doped fibers could be acquired.!'> Li et al. achieved
over 6 W, 2.8 um output laser in a lightly doped fiber with a

slope efficiency exceeding 50%. 16!
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However, due to the extremely small absorption of GSA1
and insufficient absorption in lightly doped fibers, core-
pumping of 1.68 pm seems necessary. It appears that the im-
provement of efficiency and pump injection capacity required
for high power cannot be achieved simultaneously. In this pa-
per, we report an advanced dual-wavelength cladding-pumped
configuration for an Er-doped ZBLAN fiber laser emitting
around 2.8 pm, adopting a 1.568 um fiber laser as the basic
pump through the GSA and a 1.68 um laser diode for pop-
ulation inversion via the ESA. This pump scheme achieved
an improvement in efficiency under dual-wavelength pumping
while simultaneously lifting pump constraints potentially un-
der cladding-pumping. Compared with the previous pumping
scheme, the present design generates a markedly lower ther-
mal load. The pump process is shown with energy levels and
other relevant processes in Fig. 1. The optimization of pump
parameters was also conducted in experiments.

Our pump scheme
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Fig. 1. Energy level diagram of Er*" ions in ZBLAN fiber with the
new pump scheme and relevant processes. VESA: virtual excited state
absorption; CR: cross relaxation.

2. Experimental setup

The experimental setup of the laser is shown in Fig. 2.
It had a backward-pumping configuration. The pump module
consisted of a homemade FL,, a 1.68 pm LD anda (24 1) x 1
PSC. The FL employed an Er/Yb co-doped fiber as the active
medium and operated at a central wavelength of 1.568 wm.!!”]
It was spliced to the 200/220 pm, NA-0.22 pump arm of the
PSC. The 1.68 um LD (supplied by Everbright Photonics) had
a tunable central wavelength regulated through cooling tem-
perature with a maximum output power of 40 W. It was deliv-
ered through a 200/220 pwm, NA-0.22 silica fiber and spliced
to the PSC’s 30/250 um, NA-0.065/0.46 signal fiber. Two
pump sources were combined by the PSC and output through
the 250 um cladding of the PSC’s signal fiber with a NA of
0.46. The gain medium was a 10-meter-long, 7 mol.% erbium-
doped ZBLAN double-clad fiber (supplied by Le Verre Fluor¢)
with perpendicularly cleaved ends, having core/inner clad di-
ameters of 15/240 x 260 pum, and core/inner clad NA of
0.12/0.45. The pump was collimated by a fused silica as-

pheric lens L1 (diameter of 25.0 mm, focal length of 20.1 mm)
and focused into the fiber cladding by a CaF, lens L2 (diam-
eter of 25.4 mm, focal length of 25 mm) after transmitting
through a dichroic mirror DM1 (R > 99% @2700-2900 nm,
T =97%@1550-1750 nm). The pump injection end utilized
~ 4% Fresnel feedback from the gain fiber facet to produce
laser oscillation in the gain fiber. The opposite end was butt-
coupled to a dichroic mirror DM2 (R > 99% @2700-2900 nm,
T = 97%@1550-1750 nm) to provide high-reflection feed-
back. Hence, a laser cavity was formed within the gain fiber.
The generated 2.8 um laser was collimated by L2 and reflected
out by the tilted DM1. Residual pump light was collimated
and output via another fused silica aspheric lens L3 (diame-
ter of 12 mm, focal length of 10.5 mm). The pump power
after DM1 and the residual pump power after L3 were mea-
sured using a power meter PM1 (Ophir, 30A), while the re-
flected signal power from DM1 was quantified with a power
meter PM2 (Thorlabs, S425C). The spectra of the pump and
signal light were characterized through optical spectrum an-
alyzers (Yokogawa AQ6370D and Yokogawa AQ6376) rela-
tively. The pump coupling efficiency of 42% at 1.68 um and
40% at 1.568 um could be measured using the passive fiber
with the same size. The actual absorbed pump power in the
fiber was determined by subtracting the residual pump power
measured after L3 from the total pump power coupled into the
fiber.
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Fig. 2. Schematic diagram of the 2.8 pum laser system.

3. Results and discussion

3.1. Temperature and pump wavelength influence on the
laser

We conducted the first comparative experiment with
1.68 um pump wavelength shifted by cooling temperature.
Initially, injecting 1.568 pm pump of 3.5 W resulted in a sig-
nal power of 0.516 W with a residual pump power of 0.059 W
when the 1.68 um pump was off, and an optical efficiency
of 14.9% relative to the launched pump power, depending on
the ETU1 process.!'8! Subsequently, the 1.68 wm pump laser
was introduced, and the cooling temperature of the LD ex-
erted a measurable influence on both its emission wavelength
and the system’s overall output performance. The emission

spectra were characterized as shown in Figs. 3(a)-3(c) at three

084204-2



Chin. Phys. B 35, 084204 (2026)

cooling temperatures (10 °C, 15 °C, and 20 °C) across differ-
ent pump powers (referring to the 1.68 pm pump power cou-
pled into the fiber). The center wavelengths red-shifted from
1674 nm to 1677 nm, 1680 nm, and 1684 nm with increasing
pump power at 10 °C. At 15 °C, they were 1678 nm, 1681 nm,
1684 nm, and 1686 nm, and at 20 °C, they were 1680 nm,
1684 nm, 1687 nm, and 1690 nm. The output 2.8 pm signal
power and 1.68 pum absorption efficiency as functions of the
absorbed 1.68 pm pump power are plotted in Figs. 3(d)-3(f)
at the three cooling temperatures. To the left of the dashed
line, the signal power exhibited an increasing trend with ab-
sorbed pump power. At 10 °C, the maximum signal power
reached 0.79 W with an optical efficiency of 49.4% relative
to the absorbed 1.68 um pump power (calculated as the ratio
of the signal power minus 0.516 W to the absorbed 1.68 pm
pump power). It should be mentioned that the change in resid-
ual 1.568 wm pump power of 0.059 W after the 1.68 um pump
injection was negligible. At 15 °C, these values were 0.87 W

—20

and 47%, and at 20 °C, they were 0.73 W and 41.4%. To the
right of the dashed line, the signal power showed saturation
because of thermal-induced deformation at the pump injection
end led by low coupling efficiency (observed fiber-end temper-
atures exceeding 45 °C), which further degraded the coupling
efficiency and wasted more pump. Under the three tested tem-
peratures, the system exhibited the highest output power and
optimal performance at 15 °C. While at 10 °C and 20 °C, pre-
mature saturation onset suggested partial diversion of pump
into ETU at the expense of ESA in this wavelength regime,
introducing additional heat besides the main thermal accumu-
lation from low coupling efficiency and bringing earlier de-
formation. This demonstrated that pump wavelength at 15 °C
in the region of 1678 nm—1681 nm enabled optimal ESA ab-
sorption efficiency while suppressing ion—ion interaction pro-
cesses, consistent with direct spectroscopic measurements re-
ported in Ref. [12].
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Fig. 3. Experimental results of the first experiment with a relatively low pump power of 1.568 um. (a)—(c) Emission spectra of 1.68 pm LD at
10 °C, 15 °C and 20 °C respectively; (d—f) 2.8 um signal power and 1.68 um absorption efficiency versus absorbed 1.68 pm pump power at
10 °C, 15 °C and 20 °C respectively. The pump wavelengths are shown by triangles with the same color of spectra.

3.2. 2.8 um laser operation with higher pump power

The second experiment was performed with more
1.568 pm pump power, maintaining the 1.68 um LD cooling
water temperature constant at 15 °C. Increasing the 1.568 pm
pump power to 6.09 W produced a signal power of 0.96 W
and a residual pump power of 0.093 W. Upon introducing the
1.68 wm pump, the pump absorption ratio peaked at 15% to the
left of the dashed line, which was a measurable improvement
over the results in Fig. 3(e). The system achieved a maximum
output power of 1.3 W, corresponding to an overall optical effi-
ciency of 19.1% relative to all absorbed pump power shown in
Fig. 4(a). The optical efficiency reached 42.5% after 1.68 um

pump injection at maximum power operation (calculated as

the ratio of the signal power minus 0.96 W to the absorbed
1.68 wm pump), verifying the efficiency improvement brought
by the 1.68 um pump. The inset illustrates the relationship
between the signal and the 1.68 um coupled pump, suggest-
ing the need for system optimization to improve fiber absorp-
tion. Saturation effects persisted after increasing the pump
power due to coupling efficiency degradation. The increase
in the 1.568 wm pump raised the population of the I3 /2 en-
ergy level, which drove the absorption of the 1.68 um pump.
Spectral measurements were recorded at both the maximum
signal power and the final signal power, centered at 2839.6 nm
and 2810.2 nm, respectively, as depicted in Fig. 4(b). Spectral
shift originated from longitudinal mode competition under the
broadband reflectivity spectrum of DM1.
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Fig. 4. Experimental results of the second experiment with a relatively
high pump power of 1.568 um. (a) 2.8 um signal power, 1.68 um ab-
sorption efficiency versus absorbed 1.68 pm pump power; inset: 2.8 pm
signal power versus coupled 1.68 um pump power; (b) spectral evolu-
tion of the max signal power and the final signal power point.

3.3. Basic pump choice and simulation for thermal load

To compare the performance between 1.568 pum and
976 nm as the basic pump, we conducted the third experiment
by using the 976 nm pump as a basic pump source to achieve
population accumulation in the *I;5 /2 level.['* The 1.568 um
FL was replaced with a 976 nm LD. Still maintaining the
1.68 um LD cooling temperature at 15 °C, we increased the
976 nm pump to 1.01 W, achieving 0.26 W signal output with
0.003 W residual pump. With the 1.68 um pump turned on,
the absorption ratio remained comparatively low due to the di-
minished contribution of the 976 nm pump to the left of the
dashed line. The system reached a maximum output power of
0.38 W to the left, with an overall optical efficiency of 28.6%
relative to all absorbed pump power and an optical efficiency
after 1.68 um pump injection of only 38.8% versus the ab-
sorbed 1.68 wm pump shown in Fig. 5(a). The limited effi-
ciency might originate from stronger ETU2 under the 976 nm
pump. Similar saturation behavior emerged on the right of the
dashed line. Therefore, the 1.568 um pump demonstrated a
certain slope efficiency advantage as a basic pump source.

To evaluate the thermal performance of our pumping
scheme under high power, the thermal load at the pump in-
jection end of three cladding-pumping schemes was simu-
lated: the 976 nm pumping scheme for 8 m fiber, the 976 nm
+1.68 pm pumping scheme with the 976 nm basic pump of
30 W for 8 m fiber, and the 1.568 pm + 1.68 wm pumping

scheme with the 1.568 um basic pump of 30 W for 10 m fiber,
neglecting external thermal factors like coupling. As shown in
Fig. 5(b), the other two schemes exhibit more severe baseline
thermal load and heat generation rate compared with our new
pumping scheme under the same signal power due to stronger
ETU1, ETU2, and insufficient population recycling, leading
to increased non-radiative transitions. This fully demonstrates
the thermal advantages of the new pumping scheme in high-
power 2.8 um fiber laser systems.
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Fig. 5. Experimental results of the third experiment and simulation re-
sults for thermal load. (a) 2.8 pm signal power, 1.68 pum absorption
efficiency versus absorbed 1.68 pm pump power with 976 nm LD as a
basic pump source; (b) thermal load at the pump injection end of three
pumping schemes.

3.4. Discussion

It is worth noting that the power saturation observed in
the letter was predominantly from thermal distortion induced
by low free-space coupling efficiency, rather than the dual-
wavelength pumping scheme itself whose superior thermal
management has been validated through simulations. The
apparent increase in the 1.68 um absorbed efficiency to the
right of the dashed line confirms the saturation from cou-
pling efficiency degradation, which reduces measured residual
pump power and leads to an overestimation of calculated ab-
sorbed pump power, while actual absorbed power decreases.
The saturation also differs from the VESA-induced quenching
in Er-doped ZBLAN fiber during 3.5 um lasing under dual-
wavelength pumping.!'®! Conversely, our pumping scheme it-
self exhibits enhanced resistance to quenching at a high power
level with the reasons listed below: (1) The lifetime of the
lower VESA level (8 us) is far shorter than the one (177 ps)
in Ref. [19], allowing most ions to undergo non-radiative
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transitions towards the upper lasing level rather than VESA.
(2) Cladding-pumping further suppresses VESA compared to
core-pumping because of the much lower pump overlapping
coefficient. The deformation-induced saturation effect can be
mitigated by optimizing the PSC, notably through reducing the
cladding diameter and NA of the output fiber, as the core diam-
eter and NA of the 1.68 wm LD were much smaller than those
after combination. Precise focal length matching of L1 and
L2 can also improve pump coupling, as in our setup the image
spot after collimation and focusing was 1.25 times larger than
the object spot, exceeding the fiber cladding and thus limiting
efficiency.

The above experimental results provide a verification
of the feasibility of the proposed dual-wavelength cladding-
pumping scheme. The introduction of the 1.68 pm pump in
the novel pumping scheme has shown a substantial efficiency
enhancement up to 42.5% versus absorbed pump power com-
pared with the conventional 976 nm cladding-pump scheme.
The dual-wavelength pumping scheme treats the *I;5 /2 level
as a virtual ground state and gains an advantage in quantum
efficiency. The adoption of the 1.68 um LD and cladding
pumping enables the possibility of achieving and injecting
high pump power. These aspects highlight the potential of
the proposed scheme for high-power implementation upon im-
provement of the coupling efficiency. Furthermore, the long-
term stability of the laser is also important.?’! This pumping
scheme enables long-term operation owing to its more uniform
thermal distribution along the fiber and stable lower laser level
population.

Compared with the 58.4% efficiency of core-pumped
lightly-doped fibers,'®! our cladding-pumped heavily doped
fiber shows slightly lower efficiency, mainly due to doping
concentration rather than pump—core overlap. The reduced ef-
ficiency and weak absorption can be addressed by optimizing
fiber parameters toward lightly doped and large core fibers. In
heavily doped fibers, intense interaction like the ETU1 com-
petes with the ESA, depleting the *I;3 /2 population, thereby
reducing 1.68 wm absorption. Meanwhile, the ETU2 causes
the loss of one photon energy through non-radiative transition,
decreasing laser efficiency and increasing thermal generation.
Overall, our simulation suggests that optimizing the fiber pa-
rameters to a doping concentration of 3 mol% and a core di-
ameter of 35 um can enhance the absorption coefficient of the
1.68 um pump to 90%.

4. Conclusion

In summary, we demonstrated an Er-doped ZBLAN
fiber laser emitting around 2.8 wm, with a distinctive dual-
wavelength cladding-pumped approach. The system achieved
a maximum output power of 1.3 W with an optical efficiency
of 19.1% relative to all absorbed pump power and an op-
tical efficiency of 42.5% relative to the absorbed 1.68 pm

pump. Three experiments confirmed the optimal pump wave-
length, investigated the dual-wavelength pump power rela-
tionship, and showed the advantage of the 1.568 um as a
basic pump. Despite being confined to lower power oper-
ation by coupling efficiency constraints, the efficiency im-
provement demonstrated in experiments, the potential pump
power injection capability, and the thermal advantage veri-
fied through simulations provided critical insights for advanc-
ing high-power, high-efficiency, and low-thermal-load 2.8 pm
fiber laser systems.
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