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High efficiency holmium-doped triple-clad fiber
laser at 2120 nm

Bastien Beaumont, Pierre Bourdon, Alexandre Barnini, Louanne Kervella, Thierry Robin, and Julien Le Gouét

Abstract—We developed a new holmium-doped triple-clad
fiber (Ho-3CF), reducing the clad diameter to improve the
overlap between pump and doped-core, and the holmium con-
centration to reduce the influence of ion clustering on the laser
efficiency. We illustrate here the performance of this fiber in a
laser oscillator configuration. The laser emission is centered at
2.12 um by a fiber Bragg grating, and the active fiber is pumped
in the clad by a 1.94 pm thulium-doped fiber laser. The slope
efficiency reaches 60 %, for a maximum signal power of 62 W
delivered on a quasi single spatial mode (M>=1.2). To the best of
our knowledge, this slope efficiency is the highest reported for
a high power clad-pumped fiber laser emitting at a wavelength
higher than 2.1 pm. We also analyze experimentally the impact of
the pump Numerical Aperture (NA), at the input of the Ho-3CF,
on the laser efficiency. Finally, we use our numerical simulation
to comment on the best choice of pump wavelength.

Index Terms—Holmium, fiber laser, high power.

I. INTRODUCTION

IGH power lasers are required in many applications like

defence systems, LIDAR, or free-space optical telecom-
munications. Considering a continuous regime of several kilo-
watts, the laser systems must be transportable, eye-safe for the
operators, and able to concentrate all the power in a specific
spot. Those system specifications are equivalent to require
a compact laser, robust to vibrations and temperature vari-
ations, with high electro-optical efficiency (typically>20%),
emitting at a wavelength higher than 1.5 um (for atmospheric
transmission and eye-safety) in a single spatial mode (gener-
ally gaussian), and low heat generation. In addition narrow
linewidth amplification must be possible, to allow coherent
beam combining of several laser sources.

To date, the highest laser power reported with all these
criteria is on the order of the kW, and has been obtained with
thulium (Tm) doped fibers [1], [2]. However for laser emission
beyond 2.1 pum, the power of this type of fiber source might be
limited by the thermal load caused by the exothermic cross-
relaxation pumping process [3]. Another approach, similar
to the ubiquitous erbium:ytterbium codoped fibers, consists
in adding Tm sensitizing ions in an holmium (Ho) doped
fiber [4], [5]. The downside of this approach lies mainly in
the difficulty of optimizing simultaneously the two dopant
concentrations, and in managing the thermal load.

Another promising approach consists in pumping an Ho-
doped fiber close to the absorption peak of the laser transition
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with several Tm-doped fiber lasers, which are pumped them-
selves by multimode fiber coupled laser diodes. An optical
efficiency of about 40% has already been demonstrated with
a record signal power of 407 W in a monolithic architecture
[6]. The efficiency reached about 50% in the lower power
regime (< 200 W). In these experiments, the holmium-doped
triple-clad fiber had a silica clad diameter of 118 pm [7].
We demonstrated a similar efficiency, reaching a laser signal
of 90 W with a fiber with two-fold larger clad diameter,
corresponding to a four-fold lower overlap between pump
beam and active core [8]. This result illustrated the high optical
quality of the glass, with low holmium clustering and hydroxyl
(OH™) concentration, which are the main contributions to the
propagation losses in this type of fiber [9], [10].

In this paper, we present the results that we obtained in
laser oscillator configuration with a new Ho-doped triple-clad
fiber, with a reduced clad diameter of 105 um, obtained by an
improved fabrication process. In the first part, we detail the
fiber properties and the experiment setup. In the second part,
we present our results with this new fiber and comment on our
pump coupling method. In the last part, we discuss about the
choice of pump wavelength for the high power applications.

II. FIBER FABRICATION AND LASER SETUP

The setup of the clad-pumped Ho-doped fiber oscillator
is presented on Figure 1. The pump beam is provided by a
continuous-wave Tm-doped fiber laser from IPG Photonics
(TLR-200) emitting at 1.94 pm with 120 W maximum power
on a gaussian spatial mode. The output of the fiber laser is an
integrated collimator.

Tm:fiber laser
120W @1950nm

O G @ .

passive- Ho-3CF
3CF
MMF 20/60/0.08NA
105/125/0.22NA 105/145/0.22NA

Fig. 1. Setup of the clad-pumped holmium-doped fiber laser, relying on a
single-mode thulium-doped fiber laser pump at 1940 nm.

We couple the pump beam into a standard multimode
silica fiber (MMF) with core/clad diameters 105/125um and
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numerical aperture NA=0.22, using an AR coated dry-silica
lens with focal length 100 mm. Each MMF is an input port
of a 2x1 combiner, which exits on an identical output MMF.

The holmium-doped fiber has a triple-clad structure, very
similar to the fiber described in [8]. Its main novelty lies in the
new geometry, with a reduced diameter of the silica clad, now
at 105 um flat-to-flat instead of 250 um and an outer diameter
of 145 um for the fluorinated clad. The pumping clad diameter
now fits the core diameter and NA of the standard MMF used
in the combiner. Compared to our previous fiber, the surface
ratio between active core and pump beam is thus increased by
a factor of almost 6. An interesting point of comparison is the
all-fiber laser from DSTG, which produced more than 400 W
at 2120 nm. The fiber there had core and clad diameters of
18 ym and 112 pm respectively [6]. The doping/pump surface
ratio in our fiber is 40% higher.

The interest of the reduced clad diameter, in addition with
the useful fitting with a 105/125/0.22 MMF, is that the pump
beam is absorbed on a shorter length, for identical core
diameter and holmium concentration pp,. As long as the
main propagation loss are caused by holmium-independent
mechanisms (such as OH bond absorption [9]), it is inter-
esting to maintain a high concentration pg,. However, a high
concentration of holmium can lead to the formation of ion
clusters, which affect the amplification efficiency through the
well-known mechanism of Pair Induced Quenching (PIQ) [10],
[11]. In a fiber with low propagation loss (e.g. with low
OH content), it can become more interesting to reduce the
concentration of rare-earth ions, which implies a longer fiber,
however compensated by a lower fraction of ions in clusters.

Owing to our fabrication method, the concentration of
hydroxyl groups OH is very low. In the previous fiber, we
estimated from the clad attenuation that the OH concentration
was approximately 0.04 pm. Since we did not modify the
fabrication process of the core, we assume that the hydroxyl
concentration is of the same order of magnitude in our
new fiber, i.e. much lower than the 1 ppm reported in the
Nufern fiber developed for the DSTG demonstrations [6], [7].
Therefore we decided to reduce significantly the holmium
concentration in the core, in order to reduce accordingly the
fraction of ions in pairs. On the other hand, we did not modify
notably the aluminum concentration, to preserve the solvation
of the remaining holmium ions.

By cut-back measurement in the Ho-3CF core at Apeax =
1950 nm, we find an absorption ayo(Apeak) = 43+ 1 dB/m for
the fundamental optical mode. In the meantime, we measured
the chemical composition across the core with an electron
micro-probe and energy or wavelength dispersive spectroscopy
(EDS and WDS), depending on the atoms. As shown on Figure
2, the average holmium concentration py, in the fiber core is
close to 3 10%® /m3. On a single-clad Ho-doped fiber with
similar core composition, we measured a fraction of clustered
ions 2k = 15 + 1% for a holmium concentration of about
4 10% /m? [8]. Assuming that the fraction 2k is proportional
to pyo in this range, we estimate that 2k ~ 11% in our new
Ho-3CF. As a comparison, the linear absorption was close to
70 dB/m at 1950 nm in the Ho-doped fiber used in the famous
work from DSTG [6], and the fraction of clustered ions was

later estimated by numerical simulation to 2k ~ 30% [12].
As for the peak absorption cross-section for the 5Ig —° I

transition in our alumino-silica host, we measure it in the fiber

core from the usual formula:

aHo()\peak)

pH0~F()\peak)

where I'(Apeak) is the overlap between the optical mode

guided in the core and the active region. The usual Marcuse

formula yields a mode diameter 2wmege = 23 um. Given

the active core diameter Dcore = 20 um, we thus find an

overlap mode/doping I'(Apeak) = 80%. The resulting value

is Oaps(Apeak) = 4.1 1072°m?, in good agreement with our

previous measurement in a similar host [8].
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Fig. 2. Profile of the holmium concentration across the fiber core, obtained
by electron micro-probe and an EDS detector. The dotted line represents
the refractive index profile in the core (see Fig. 4).The red lines correspond
approximately to the guiding core of the fiber.

The MMF of the combiner output is spliced to a 5 m passive
3CF, coiled with a diameter D, ~ 8 cm to guarantee an
optimal filling of the numerical aperture of the following Ho-
3CF. The passive 3CF has essentially the same dimensions as
the holmium doped fiber, except that it has no pedestal and
that the F-doped silica layer is not octagonal.

After this pump-mixing fiber, we splice the fiber Bragg
grating (FBG) that provides the spectral selectivity at the laser
wavelength. The FBG is realized by imprinting a phase mask
in the core of a sample of passive 3CF. It exhibits a high
reflectivity (HR) of 99% at 2.12 um, with a spectral linewidth
of about 1 nm. We tested the FBG in two versions, with and
without high power packaging, and measured the same results
with both samples. In our setup, where the FBG is simply in
contact with the optical table, we did not detect any heating
at this point of the fiber when injecting the maximal pump
power of 110 W in the fiber laser.

Finally, the low reflectivity of the output coupler of the laser
oscillator cavity is obtained either by the Fresnel reflection of
a straight cleave on the Ho-doped fiber (R=3%), or by another
FBG imprinted on another sample of passive 3CF. At the fiber
laser output, we collimate the signal and residual pump beams,
and separate them with a dichroic mirror (HR at 2.12um, AR
at 1.94um).
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III. LASER EFFICIENCY

In order to estimate the Ho-3CF optimal length in terms
of laser optical efficiency, we use our numerical simulation.
Considering approximate values in the simulation for holmium
concentration, interaction cross-sections, cluster rate, attenu-
ation (OH groups, silica), and FBG specifications, we find
an optimum length close to 8 m. We then precise the Ho-
3CF optimal length for laser efficiency by cutback method.
Experimentally, we reach an optical-optical efficiency of 60%
for a 9 m fiber, and obtain 62 W at 2120 nm for 106 W pump
power (see Figure 3).

The laser efficiency is thus improved compared to the
previous state of the art of about 50% for clad-pumped all-
fiber lasers at 2120 nm [6], [8]. As mentioned above, this
performance results from two notable achievements in the
fiber fabrication process. First, the ability to realize a complex
structure (core/pedestal/silica/fluorinated silica) in a reduced
diameter, which allows a better overlap between pump beam
and active region compared to our previous work. Second,
the low OH concentration in the fiber allows the reduction
of the holmium concentration, to reduce the effect of PIQ
while maintaining the background attenuation low enough to
preserve the laser efficiency.
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Fig. 3. Output powers for the signal (red dots) and residual pump (blue), for
the optimal fiber length of 9 m, as a function of the coupled pump power.
The dashed line is a linear fit with a slope of 60%.

Interestingly, our first measurement showed a higher effi-
ciency for a slightly shorter optimal length of Ho-3CF, across
the same range of pump power. At first, we were coupling the
pump beam into a 3 m long standard MMF (105/125/0.22)
that was spliced to the passive 3CF containing the FBG. In
this configuration, the laser efficiency was close to 65% for
an optimal length of about § m.

Then we prepared the experiment to couple a second pump
laser, and replaced the MMF by the 1 m long input port of the
bundle presented above (Fig. 1). With this modified coupling
setup, we found that the efficiency was notably lower (about

62%), even though we were already taking into account the
pump loss in the combiner. We finally identified the coupled
pump beam NA as the cause of the efficiency difference, and
thus made sure to fill the pump clad NA (using longer passive
MMEF, reduced coiling diameter...). The laser efficiency of 60%
corresponds to the configuration with the maximal NA.

It should be noted that the pump beam in the clad of the
Ho-3CF is neither gaussian nor flat-top, so the concept of
an absolute beam diameter that would define the numerical
aperture is not relevant. In order to determine the NA values at
the fiber input, we thus measure the second moment diameter
D,, of the far field image of the beam, and assume that the
value NA=0.22 corresponds to the maximum value of Dy,
that can be delivered.

IV. REFRACTIVE INDEX PROFILE AND BEAM QUALITY

We also checked the beam quality of the output signal, as
the measurement of the refractive index across the Ho-3CF
diameter revealed a shape quite distinct from the ideal flat
step profile (see Figure 4). The beam parameter measurement
yielded a surprising good value of M2 = 1.2 & 0.1 for the
two orthogonal directions. It should be noted however that the
M? value could be notably degraded (up to 1.9 in one of the
directions) by tightening slightly the Ho-3CF. This sensitivity
of the beam quality to the fiber coiling or position may be due
to the uneven index profile of the fiber core.
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Fig. 4. Absolute variation of the refractive index profile (RIP) of the holmium-
doped alumino-silicate fiber across the pedestal (65 um diameter) and core
(20 um diameter), compared to the pure silica clad refractive index.

Ongoing work consists in fabricating a core host matrix
based on a co-doping of aluminum and phosphorus, to test an
approach that already showed interesting results with other
rare-earths such as erbium [13], [14], ytterbium [15], or
neodymium [16]. Indeed, this type of host offers low molar
refractivity composition, and the possibility to reduce the
refractive index of the rare-earth-doped core, which could
eventually allow the suppression of the pedestal.
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V. ON THE PUMP WAVELENGTH

In several recent communications [17]-[19], the choice of a
pump wavelength at higher energy (typically around 1850 nm)
has been presented as an innovative advantageous approach, as
compared to the 1950 nm wavelength used in lasers dedicated
to high power [6], [8], [20]-[22]. Here we propose a brief
analysis of the interests and drawbacks of these wavelength,
based on numerical simulations.

For rare-earth ions, infrared optical transitions are available
between electronic energy states that contain themselves sev-
eral Stark shifted substates. As it is well-known, pumping
towards the highest energy states can convert an apparent
two-level system into a quasi three-level system [23], [24].
A higher population inversion and better gain can thus be
obtained by pumping at wavelengths shorter than the peak
absorption Ayeak, where the probability of emission is also at
its maximum. This is exactly the case for a fiber short enough
to avoid pump depletion, and where the population inversion
remains almost constant.

Let us consider now the spectral variation of the saturation
intensity Iy = hv/ [7.(Cabs + Oem)], Where 7T is the excited
state lifetime and o, and o, are the absorption and emission
cross-sections [25]. As a consequence of the highest absorption
and emission at Apcax (about 976 nm for Yb, 1530 nm for
Er, 1950 nm for Ho), Iy, reaches its lowest value for this
wavelength. For example, I, is higher by a factor of 6 at
920 nm compared to 976 nm in an Yb-doped fiber, and a factor
of almost 10 at 1850 nm compared to 1950 nm in Ho-doped
fiber. Therefore, for a high pump intensity Ipump (compared
to Iy at any wavelength), the pump beam will bleach the
fiber on a longer section if it is set at Apeax, and thus provide
population inversion on a longer section, and finally higher
gain integrated over the fiber.

We illustrate this aspect by two examples: first the core-
pumped fiber amplifier described in [18], but without ion
clustering, and second the clad-pumped high power laser
oscillator reported above (taking clusters into account). On
Figure 5 we present the corresponding results of our numerical
simulation for the signal and pump powers (straight and dotted
lines respectively), for a pump beam at 1850 or 1940 nm (red
and blue lines).

Although hypothetical, the case of the holmium-doped fiber
without ion clustering is interesting, as it brings to a conclusion
that differs from the cited works [17]-[19]. As detailed above,
a given pump power saturates more efficiently the holmium
ions at 1940 nm (close t0 Apeax) than at 1850 nm. Even though
the maximum population inversion is lower for 1940 nm
pumping, it is provided on a longer path, which eventually
results in a higher output signal. For the parameters mentioned
in [18], but taking into account the Ho ion pairs, our simulation
confirms the results presented in the cited article.

Finally, the example of clad-pumped high power laser re-
minds that shifting the pump wavelength out of the absorption
peak requires to increase the fiber length. In particular, since
the Ho3T absorption is about 5 times lower at 1850 than at
Apeak the optimal fiber laser would be almost 5 times longer at
1850 nm in absence of any fiber loss. This has several negative
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Fig. 5. Numerical simulation of the laser signal (straight lines) and pump
powers (dotted lines), for a pump beam at 1850 nm (red) or at 1940 nm (blue).
Top: amplifier described in [18] for a hypothetical Ho3*-doped fiber without
ion clustering (2k=0). Bottom: fiber laser oscillator in the configuration
reported above.

consequences: first, in copropagative pumping, the population
inversion is high at the very beginning of the fiber, and
becomes depleted long before the output, so there is less gain
available towards the fiber end. In a real fiber laser, various
propagation losses (multi-phonon transitions, OH ™ absorption,
pair-induced quenching...) contribute to reducing the optimal
length and the maximum power. Therefore, the shorter the
fiber and the less affected the output power, which comes as an
advantage again of pumping at 1940 nm instead of 1850 nm.
In addition, in the context of narrow-linewidth high power
laser amplifiers, nonlinear effects such as Stimulated Brillouin
Scattering are more limiting for longer fiber length. The same
arguments are also valid for Yb or Er-doped fibers for example,
which explains why most high power fiber sources are pumped
at the absorption peak of the laser transition [14], [26], [27].
As a conclusion, defining a systematic judicious choice of
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pump wavelength seems difficult, as it depends on the specific
configuration of the laser.

VI. CONCLUSION

By modifying the fabrication process of our holmium-
doped fiber, we managed to reduce the diameter of the silica
clad down to 105 pm, instead of 250 um for the previous
successful realization. Thanks to a better overlap between
pump and active core, a lower holmium concentration and
non-saturable absorption by PIQ, we achieve a signal power of
62 W at 2120 nm, with a slope efficiency of 60% considering
the pump power at 1940 nm. We believe that this is the
highest value reported so far for a clad-pumped single-mode
continuous-wave holmium-doped fiber laser. We also report
on the influence of the pump numerical aperture at the fiber
input on the laser efficiency. Finally, we use our numerical
simulation to show why the pump wavelength should be set
to the peak holmium absorption for a high-power clad-pumped
fiber laser.
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