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A novel, to the best of our knowledge, thulium-doped sil-
ica fiber with a non-uniform core doping profile has been
utilized to demonstrate a high-power monolithic laser os-
cillator system. The fiber laser achieved a continuous-wave
(CW) output power of 272W at 1940nm with slope effi-
ciencies of 68% and 71% with respect to launched and
absorbed pump power, respectively. This novel Tm fiber de-
sign enabled the generation of the highest reported output
power from a single-mode, small core (<15um diameter)
non-pedestal fiber. Moreover, the slope efficiency achieved
is the maximum reported to date for a single-mode thulium
fiber laser operating at >100 W output power level. Published
by Optica Publishing Group under the terms of the Creative Com-
mons Attribution 4.0 License. Further distribution of this work must
maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.
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The 2-um wavelength band is important for various application
areas. Over recent years, Tm-doped fiber lasers have emerged
as a key player in applications such as medical treatments,
materials processing, spectroscopy, remote sensing, non-linear
frequency conversion to the mid-infrared band, LIDAR, and var-
ious defense applications [1,2]. This has driven the necessity to
scale the available output power from these devices, as well as
optimizing their efficiency [1,3].

Tm-doped active fibers have the option to be core or cladding
pumped. Core pumping typically utilizes a wavelength of
1.55um from Er-doped systems, which allow access to shorter
lasing wavelengths in Tm3* doped silica emission band [4,5].
However, the power scaling potential is limited due to the dif-
ficulties associated with the power scaling of the Er-fiber laser
pump source. Cladding pumping by laser diodes at 1710nm
allows direct pumping of upper laser level 3F,; hence, low
quantum defect and high laser efficiency can be achieved [6].
However, this method of pumping is not suitable for power scal-
ing because of the immaturity of the diode pump sources, which
so far have low brightness and a maximum output power of 80 W.
On the other hand, cladding pumping with 790nm laser diode
sources offers significant power scaling potential. For this rea-
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Fig. 1. Energy levels of Tm3* in silica host. CR, cross-relaxation,
modified from [1].

son, high-power Tm-doped fiber lasers are generally based on
a 790-nm cladding pumping scheme. Through the well-known
two-for-one cross-relaxation process, it is possible to achieve up
to two signal (laser) photons for each pump photon absorbed, as
shown in Fig. 1. This allows the theoretical maximum quantum
efficiency of 2 [1,7]. For given pump and laser signal wave-
lengths of 790nm and 1940nm, respectively, the theoretical
maximum slope efficiency is 81%. This requires a high dop-
ing level of Tm3* >3.5wt.%), which leads to effective energy
exchange between neighboring ions for efficient exploitation of
the cross-relaxation process Tm3* (*H,,*Hg - 3F4,%F,) [8].
This process has allowed demonstrations of cladding-pumped
single-mode Tm-fiber lasers in the multi-hundred-watt to kilo-
watt level in simple oscillator [7,9,10] and master-oscillator
power-amplifier (MOPA) configurations [3,11,12]. However,
when operating in this output power regime, slope efficiencies
are typically below 60% and hence well below the theoret-
ical limit (around 80%) expected when efficiently exploiting
the “two-for-one” cross-relaxation process. Indeed, the highest
power so far reported for a single-mode all-fiber monolithic cav-
ity oscillator is 680 W with a slope efficiency with respect to
absorbed power of 44% [13].

In this Letter, we present a Tm-doped fiber laser utilizing a
structured (nested-ring) core design delivering a single-mode
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Fig. 2. Monolithic Tm-doped fiber laser setup. HR FBG, high reflectivity fiber Bragg grating; OC FBG, output coupler fiber Bragg grating.

output power of 272W at 1940nm with a corresponding slope
efficiency with respect to absorbed power of 71%. To the best of
our knowledge, this represents the highest efficiency reported for
a Tm-doped fiber laser cladding-pumped at 791 nm operating at
>100 W output power.

A simple monolithic all-fiber laser configuration was em-
ployed, as shown in Fig. 2, with feedback for lasing provided
by a high reflectivity (R > 99.5% @ 1940 + 3nm, bandwidth
1.5nm at -3 dB) fiber Bragg grating (FBG) spliced to the pump
input end of the active Tm fiber and an output coupler FBG with
reflectivity R = 15% @ 1940 + 3nm and bandwidth 0.42nm at
—3dB spliced to the output end of the active fiber. The active
fiber was fabricated in house with a non-uniform (ring-shaped)
Tm doping profile, which we refer to as a nested-ring design.
The confinement of Tm3* doping to a thin ring towards the
outer edge of the fiber core reduces the spatial overlap between
the propagating fundamental mode and the doped region re-
ducing the gain for parasitic emission at longer wavelengths
in the Tm emission band compared to conventional uniformly
doped double-clad Tm fibers facilitating efficient operation at
mid-band wavelengths (1907 nm for example [2]). The spatial
overlap is fairly uniform across the wavelength band of inter-
est but is lower than in standard uniformly doped fibers, leading
to reduced gain at all wavelengths. This helps suppress para-
sitic emission at longer wavelengths, though in our nested-ring
fiber the effect is marginal, with the main benefit being re-
duced thermal loading density. One of the main advantages
of this design is also reducing the pump absorption per unit
length and hence thermal loading density, while still main-
taining a high Tm3* doping concentration within the doped
region of the core (4 wt.%), to enable efficient exploitation of
the “two-for-one” cross-relaxation process. Thermally induced
degradation or damage to the fiber’s polymer outer coating is
typically the main limiting factor on average output power for
conventional double-clad Tm fiber designs, so this design fea-
ture offers the potential for considerably higher output power to
be achieved before the thermal limits are reached [2]. The nested
ring active fiber used in our experiments is shown in Fig. 3
and has the following specifications: concentration of Tm3*
4wt.%, core diameter 8.2um (NA=0.15), and an octagon-
shaped silica inner cladding with dimensions 122 um (flat-to-
flat) and 132 um (corner-to-corner) with cladding NA 0.46. The
robustness of the single-mode operation was simulated using
Optiwave OptiFiber software to confirm that only supported
mode is fundamental LP(;. Complete fiber specifications and
more details about this type of nested-ring fiber can be found
in [2].

Pump light at 791nm was provided by three 180W fiber-
coupled laser diodes supplied by AeroDiode with 105/125 ym
(0.22NA, 2um signal isolation of 30dB) delivery fibers that
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Fig. 3. Refractive index profile of Tm-doped nested-ring fiber
with Tm>3* confinement, top left inset is photography of fiber from
microscope.

were spatially combined with the aid of a tapered fiber
bundle (Gooch & Housego, TFB-MMM312A8]1, 3 x 1, output
fiber 10/125 um, NA 0.15/0.45). The pump power per diode was
limited to 164 W to minimize any power degradation, resulting
in a maximum of 492 W of pump available. This was further re-
duced by the tapered fiber bundle transmission loss and splice
losses to yield a maximum pump power of 460 W launched into
the Tm fiber.

A superluminescent diode (SLED, 790 + 40nm) source was
used to measure transmission in a short piece (6.4 cm) of active
fiber to evaluate the absorption spectrum presented in Fig. 4.
The absorption spectrum (*Hg — *Hy) has its maximum value
at 787nm; therefore, the diode pump wavelength during the
laser experiments was temperature tuned to 790 + 1nm to be
close to this maximum. The effective pump absorption coeffi-
cient for pump light launched into the fiber’s inner cladding was
determined via a cut-back measurement to be 2.1dBm™! cor-
responding to an overall absorption efficiency of 95% for the
6.4-m length of active fiber in use.

As a precaution against possible damage to the pump diodes
from parasitic lasing at longer wavelengths in the Tm emis-
sion band 12-m coils of high OH fiber (Thorlabs, 105/125 pm,
0.22NA) were spliced between each diode and the pump com-
biner. The latter has high absorption in the two-micron band
preventing any parasitic emission from reaching the diodes. Fi-
nally, the output pigtail of the OC FBG was angle cleaved (8°)
to prevent broadband feedback to the oscillator and thereby help
prevent parasitic lasing. Residual pump power was separated
from the Tm fiber laser output in free-space by a dichroic mir-
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Fig. 4. Absorption spectrum of nested-ring Tm-doped fiber.
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Fig. 5. Emission spectrum of nested-ring Tm-doped fiber, inset

lifetime measurement at >F, multiplet.

ror with a transmission of 94.5% @ 791 and reflectivity of
98.65% @ 1940nm. All fibers and laser components were ac-
tively cooled using water-cooled heat sinks maintained at 17°C
to provide effective thermal management. Tight bending was
avoided to prevent signal leakage into the polymer coating. The
output power at 1.94 pm and unabsorbed power at 791 nm were
measured by Gentec-EO PS-1K and UP19K-110F-H9 power
meters, respectively, both with a power calibration uncertainty
+2.5%. Laser emission wavelengths were measured using an
optical spectral analyzer (OSA) Yokogawa AQ6375 (resolution
0.05nm). The laser beam spatial profile was measured for an
attenuated collimated beam by the Spiricon Pyrocam IITHR
(pixel size 75 um, active area 12.8 x 12.8 mm). All splices were
performed using a Fujikura FSM-60S arc fusion splicer.

Prior to operating the laser, preliminary experiments were
performed using an in-house built Er-fiber laser emitting at
1565nm as a pump source to measure the emission spectrum
(®F, - 3Hg) of the Tm-doped nested ring active fiber, as pre-
sented in Fig. 5. It can be observed that the measurement reveals
a number of narrow absorption lines from 1800 nm to 1950 nm
due to water vapor in the free-space part of the diagnostic ar-
rangement. Ideally, the Tm fiber laser’s operating wavelength
should be fine-tuned to avoid these and hence any loss of out-
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put power. The inset in Fig. 5 shows the fluorescence decay
time for upper laser level 3F4. The measured data are fitted by
a first-order exponential decay curve. From an average of sev-
eral measurements, the decay time was evaluated to be 420 +
6 us. More details about fluorescent decay, lifetime measure-
ments, and data processing can be found in [14]. Even though
the nested-ring active fiber has a structured core, its spectro-
scopic parameters are comparable with those of commonly used
uniformly doped Tm-doped active fibers [1,15,16].

Figure 6 shows the measured output power of the laser system
as a function of absorbed pump power, including a correction
factor to account for the 3.4% loss at the output angle cleaved
facet. The angle of the output facet must be precise, and the
facet must be kept clean; otherwise, the output fiber suffers
from failure due to laser fusing. During operation, pump power
was slowly increased up to 414 W of incident power (396 W
absorbed power). The inset of Fig. 6 shows the output beam
transverse intensity profile (at 100 W), indicating that this is
dominated by the LP,, fundamental mode. The M? value for
multi-watt level operation was determined to be 1.06 for both
x- and y-axes as expected since the output beam emerges from
a single-mode passive fiber that only supports the LP; mode.
However, due to significant heating of the collimating aspherical
lens (f=14.8mm, AR coated at 2pum) at power levels exceed-
ing 100 W and residual water vapor absorption causing thermal
blooming there is some degradation in the output beam at high
power levels resulting from the free-space diagnostic setup.
No methods to resolve this issue (e.g., using a dry nitrogen
atmosphere) were practical in our setup. For this reason, a de-
termination of the M? parameter was limited to low powers to
confirm the single-mode nature of the output fiber. The maxi-
mum output power of 272 W was achieved at an absorbed pump
power of 396 W. This represents the highest output power in the
two-micron band for pedestal-free fibers up to a core diameter
of 15 um. This corresponds to slope efficiencies of 71 + 2% and
68 + 2% with respect to absorbed and launched pump power,
respectively, and, to the best of our knowledge, represents the
highest published efficiency for powers exceeding S0 W. The up-
per limit on output power in our experiment was determined by
the onset of damage to the splice between the passive and active
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Fig. 7. Recorded optical spectra of emission lines at various out-
put power levels.

fiber at the pump input end of the oscillator. This is believed to
be due to a small amount of pump light leaking from the splice
due to a slight mismatch in the circular passive and octagonal
active inner claddings. Further optimization of the active Tm
fiber to allow a slightly larger inner cladding size would be ex-
pected to remedy this problem, allowing further power scaling.
It is worth noting that the theoretical efficiency of 81.5%, de-
rived from the quantum defect and assuming a 100% efficient
2-for-1 process, represents an upper limit. In high-power sys-
tems, the observed quantum efficiency is closer to 1.85 [17],
which brings the practical limit down to about 76%. Addition-
ally, background propagation losses at 2 um further attenuate the
signal and should be considered [18].

The results presented in Fig. 7 show the laser emission spectra
recorded by Yokogawa AQ6375 spectrum analyzer at different
output power levels up to 250 W. Before discussing the results
it is important to note that both HR and OC FBGs have tech-
nical specifications, as previously stated, that were guaranteed
up to 200W of pump and 100W of signal power. The laser
was operated significantly above these values. Even though the
FBGs were actively water cooled to 17°C, one can see that
the full-width-half-maximum (FWHM) emission line broadens
from 0.12nm at 20 W output up to 0.59nm at 250 W output. Up
to 170 W of output power, the linewidth correlates with the spec-
ification of the OC FBG. It is also evident that there is a small
shift in the central emission wavelength towards longer wave-
lengths as the power is increased. The latter observations are
consistent with heating of the FBGs due to residual absorption
at the lasing wavelength resulting in chirping of the FBG period.

In conclusion, we have presented a high-power monolithic
“all-fiber” laser system utilizing a novel nested-ring Tm ac-
tive fiber. The maximum output power achieved was 272W at
1940nm and with a corresponding slope efficiency of 71+2%
with respect to absorbed pump. Compared to previous publica-
tions [2], we increased the output power almost five times and
managed to increase efficiency while maintaining purely single-
mode operation, which, we believe, is a significant improvement
and progress in 2 um laser research. This non-uniform core de-
sign has allowed effective power scaling and fundamental mode
emission from a small core design without the use of a pedestal
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layer. To the best of our knowledge, this result represents the
highest slope efficiency for a Tm fiber laser operating in the
multi-hundred-watt regime. In our experiments, the upper limit
on output power was determined by the onset of damage to the
splice between the pump input passive fiber and the active Tm
fiber. Even so, these results are believed to be close to the ther-
mal damage limit of the active fiber’s polymer outer coating.
Further modification to the fiber design (e.g., using a thinner
Tm-doped ring) to spread heat loading over a longer length of
fiber should offer the potential to scale to significantly higher
power, benefiting a range of applications.
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