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We report on high power and efficient operation of a compact Ho: YAP laser in-band
pumped at 1931 and 1943 nm with a high-power and narrow-linewidth Tm-doped
fiber laser. Using a 0.5at. % Ho3+ doped Ho: YAP cut along the b-axis and a simple
two-mirror resonator, up to 202 Wof output power has been generated at ~2118 nm
for 336W of absorbed pump power at 1931 nm, corresponding to a slope efficiency
of 61.2% with respect to the absorbed pump power. The laser output is linearly
polarized along the c-axis with a polarization extinction ratio (PER) of ~20.0 dB.
Results presented in this work verify the superior power scaling capability of Ho: YAP
at ~2.1 μm with high lasing efficiency.
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1 Introduction

High-power solid-state lasers operating in the 2.1 μm spectral region have numerous
applications in medical treatment, Lidar, material processing, and pumping the mid-infrared
optical parametric oscillators [1–5]. Conventionally, laser radiation at this wavelength regime could
be obtained via non-linear frequency conversion or Tm, Ho co-doped solid-state lasers pumped
with commercially available high power laser diodes (LD) at ~800 nm. Power and brightness scaling
of the Tm, Ho co-doped approaches, however, would be limited by the severe thermal problems
induced by the relatively low quantum efficiency, high energy transfer up-conversion (ETU) rate
and the energy migrations between the Tm3+ andHo3+ ions [6–8]. In-band pumping of Ho3+ doped
solid-state lasers directly to the upper laser level (5I7 manifold) with 1.9 μm laser diodes [9, 10], Tm-
doped bulk [11, 12] and fiber laser sources (TDFLs) [13, 14] has proven to be an attractive approach
for power and brightness scaling of ~2.1 μm lasers due to the inherent advantages of the low
quantum defect heating (~10%), reduced up-conversion rate and high lasing efficiencies. Moreover,
the good beam quality of Tm fiber and bulk pump sources makes it possible that relatively low Ho3+

concentrations can be usedwith reduced ETU rates and hence improved energy storage capability in
pulsedmode of operation. So far, high power and efficient laser operation ofHo3+ doped diverse gain
media, such as YAG, Y2O3, YLF, LuAG and LuLiF4 etc., have been demonstrated [12–19]. Up to
142W and 450W of continuous-wave (CW) output power at ~2.1 μm have been generated from
Ho: YAG oscillator and amplifier with slope efficiencies of 56.7% and 62.5% [12, 13]. In-band
pumping of high optical quality Ho: Y2O3 ceramic has yielded 210.5W of output power at 2117 nm
with a slope efficiency 60.0% [14]. With cryogenic cooling, pulses of 310 mJ energy and ~80 ns
duration has been generated fromQ-switched Ho: YAG laser [15], and up to 550 mJ and 260 mJ of
pulse energy with 14 ns and 16 ps of duration have been demonstrated fromHo: YLF oscillator and
amplifier [16, 17].
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Yttrium aluminum oxide (YAP), a biaxial crystal with
orthorhombic symmetry and a perovskite structure, has similar
thermal and mechanical properties as YAG but with lower phonon
energy (~580 cm−1) and natural birefringence favoring linearly
polarized laser operation without the need of extra intracavity
polarizer, and hence avoiding the unfavorable depolarization losses
[20–22]. To date, laser oscillation of YAP doped with Tm, Ho, Er and
Pr have been demonstrated at different wavelength region [23–25]. Up
to 254 W of 1.99 μm and 26.7 W of 2.7 μm output has been generated
with Tm3+ and Er3+ doping [23, 24]. Ho3+ doped YAP has broad 5I8
→5I7 absorption spectrum with peak absorptions centered at 1.917,
1.930 and 1.940–1.947 μm, allowing for more flexibility in pump
source selection [26]. Efficient laser operation of Ho: YAP at
~2.1 μm have been demonstrated with either Tm fiber or bulk
(YLF, YAP) laser pumping at 1.91–1.94 μm [27–31]. In the CW
mode of operation, up to 107 W of 2117 nm linearly polarized
output power have been generated with a slope efficiency of 50.6%
[30]. Narrow linewidth pulses of 8 mJ energy and ~150 ns width are
reported from a Q-switched and injection-seeded Ho: YAP laser in-
band pumped with a Tm: YLF laser [31].

In this paper, we report on power scaling performances of Ho: YAP
laser in-band pumped by a high-power and narrow-linewidth Tm fiber
laser. Lasing characteristics with 1931 and 1943 nm pumping were
investigated and compared, showing comparable lasing thresholds and
efficiencies with respect to absorbed pump power. Using a simple two-
mirror cavity, up to 202W of linearly polarized output at 2118 nm has
been generated for 336W of absorbed pump power at 1931 nm,
corresponding to a slope efficiency of 61.2%. The PER of the laser
output was estimated to be ~20 dB. This is, to the best of our knowledge,
the highest laser power so far extracted from a Ho: YAP laser.

2 Experimental setup

The .5 at % Ho3+ doped YAP crystal was b-axis cut to have
dimensions of 3 mm in diameter and 50 mm long with end
surfaces optically polished without any coating. For efficient heat
removal, the Ho: YAP crystal was directly water cooled at a
temperature of 15°C. Absorption characteristics of the Ho: YAP in
wavelength region of 1922 nm–1954 nm were measured using a
home-made tunable and unpolarized Tm fiber laser, as shown in
Figure 1. The absorbed pump power was derived by measuring the
input pump power before the laser crystal and the unabsorbed pump
power. To avoid ground-state bleaching and ensure the absorption
measurement small signal, incident pump power was kept <100 mW
(~750 μm beam diameter). It can be seen that the crystal has a broad
absorption band with absorption maxima centered at 1.93 μm and
1.94 μm. Output spectra of the Tm fiber pump laser centered at
1931 nm and 1943 nm are also shown in Figure 1 with a linewidth
of <.3 nm. The corresponding absorption efficiency for the two pump
wavelengths are ~95.3% and ~85.7%, respectively.

The experimental setup of theHo: YAP laser is depicted in Figure 2. A
simple two-mirror cavity was used, consisting of a plan input coupler with
high reflectivity (>99.8%) at 2050–2160 nm and high transmission
(>98%) at 1880–1980 nm, and a plan output coupler (OC) with
transmissivity of TOC = 50% at 2050–2160 nm and high transmission
(>95%) at the pump wavelength. The pump source is an in-house
constructed beam-combined high power Tm fiber master oscillator
power amplifier (MOPA). A single-mode narrow linewidth (~.25 nm)

FIGURE 1
Single-pass absorption of the 0.5at. % doped Ho: YAP crystal and
the pump laser spectra at 1931 and 1943 nm.

FIGURE 2
Experimental setup of the Ho, YAP laser pumped with a Tm fiber laser. IC, input coupler; OC, output coupler; DM, dichroic mirror. Inset, actual package
image of cooling system.
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Tm fiber oscillator at 1931 or 1943 nm was separated by a 1 × 3 coupler
for seeding three two-stage amplifiers. Outputs form the fiber amplifiers
were then power combined using a 3 × 1 signal combiner of 100 μm
diameter core (NA = .22), producing an overall pump power of ~800W
with a beam quality factor M2 of ~6.2. The combined beam was
collimated and focused into the Ho: YAP crystal by a plano-convex
lens assembly of 20 mm and 150 mm focal length, giving a pump beam
diameter of ~750 μm. The focus of the pump light was located roughly at
the center of crystal and the corresponding confocal parameter was
estimated to be ~140 mm. Both cavity mirrors were positioned as close as
possible to the laser crystal, forming a relatively compact resonator of
~56 mm cavity length. A pair of 45° dichroic mirrors (R > 99.8% at
2050–2160 nm, R < 5% at 1880–1950 nm) were utilized to separate the
laser and the residual pump light. The resonator optical axis was
positioned approximately ~4° away to the pump incident direction to
prevent any feedback into the TDFL pump source. Laser output power
was recorded using a thermal-sensor powermeter (Ophir, FL250A-BB50-

PPS) and laser spectrum was monitored by an optical spectrum analyzer
(AQ6375B, Yokogawa) with a resolution of .05 nm. The beam quality
factor, M2, was analyzed via a beam profiler (NanoScan, Photon Inc.)

3 Experimental results and discussion

Figure 3 shows output power as a function of absorbed pump
power at 1931 and 1943 nm. The absorbed pump power under lasing
condition was estimated according to the incident pump power and
unabsorbed pump power measured behind a pair of 45° dichroic
mirrors. The absorption efficiency at 1931 nm and 1943 nm was thus
estimated to be 92.0% and 80.0%, respectively. The laser reached
threshold at a pump power of 7.13 W and 7.75 W, and increased
linearly to 84.8 W and 85.2 W for an absorbed pump power of
148.3 W at 1931 and 145.1 W at 1943 nm, corresponding to a slope
efficiency of 61.5% and 63.0%, respectively. It can be seen that
comparable lasing thresholds and slope efficiencies are exhibited
for either 1931 nm or 1943 nm pumping. And not surprisingly,
pump absorption under lasing condition shows negligible ground-
state bleaching up to even the highest pump power level due to the fact
that population inversion nearly clamped once the laser get lasing.

Power scaling characteristics of the Ho: YAP laser was further
investigated with 1931 nm pumping, which allows for more efficient
pump absorption. Output power as a function of absorbed pump power
is plotted in Figure 4. The laser output power increased linearly to
202W for an absorbed pump power of 336W, corresponding to a slope
efficiency of 61.2%. This should represent, to the best of our knowledge,
the highest power so far reported from a Ho: YAP laser at ~2.1 µm. It is
noteworthy that the output power obtained in this experiment is limited
only by the available incident pump power, further attempt in power
scaling is hindered by the thermal induced fracture of the focusing lens.
A typical output spectrum of the Ho: YAP laser is shown in the inset of
Figure 4, characterized with multi-peak structure and centered at
~2118.1 nm with a wavelength span of ~2.4 nm.

Figure 5 shows the absorption efficiency of Ho: YAP at 1931 nm
under both lasing and non-lasing conditions. One can see that the

FIGURE 3
Output power of the Ho, YAP laser versus the absorbed pump
power pumped at 1931 and 1943 nm.

FIGURE 4
Output power as a function of the absorbed pump power at
1931 nm. Inset, typical output spectrum of the Ho, YAP laser.

FIGURE 5
Sing pass absorption of the Ho: YAP under both lasing and non-
lasing conditions versus incident pump power at 1931 nm.
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measured absorption curves exhibit typical absorption characteristics
of in-band pumped quasi-four-level laser system. Single-pass
absorption under non-lasing condition is ~96.8% for .1 W of
incident pump power, and dropped to ~54.3% for 365 W of
incident pump due to severe ground state bleaching. Absorption
efficiency under lasing condition, however, exhibits only slight
reduction from 92.3% at just above threshold to 86.3% for 388 W
of incident pump. This is because the fact that the population
inversion tends to clamped at the threshold of the laser.

Polarization state of the laser output was analyzed using a Glan
Prism Polarizer. Benefitting from the inherent birefringence of YAP,
linearly polarized operation along c-axis of the crystal was confirmed
with a PER of ~20.6 dB at 5 W and ~19.8 dB at 100 W of output
power, as depicted in Figure 6A. This suggests that Ho: YAP should be
especially attractive for construction of high power and linearly
polarized laser sources at 2.1 μm without the need of extra
intracavity polarizers, which eliminates the detrimental
depolarization losses and ensure high lasing efficiencies.

With a plano-convex lens of 100 mm focal length placed behind
the output coupler to focus the output beam onto a beam profiler, the
beam quality factor, M2, of the Ho: YAP laser at ~100 W of output
power was estimated to be 3.38 and 2.75 in the horizontal and vertical
direction, as shown in Figure 6B. The beam quality difference in the
orthogonal directions could be attributed to the slight difference of
cooling efficiency at high power levels in the two directions. The inset
of Figure 6B shows the near-field 3-D profile of the laser beam
(~100 W) with a near-Gaussian intensity distribution.

4 Conclusion

In summary, we report on a high power and efficient Ho: YAP
laser in-band pumped by a high-power and narrow-linewidth Tm-

doped fiber laser at 1931 and 1943 nm. Using a simple two-mirror
resonator, the laser generated a maximum output power of 202 W for
336 W of absorbed pump power pumped at 1931 nm, corresponding
to a slope efficiency of 61.2%. This, to the best of our knowledge,
should represent the highest power so far obtained from a Ho: YAP
laser at ~2.1 µm. Owing to the inherent birefringence of YAP, the laser
output is linearly polarized with a polarization extinction ratio of
~20 dB. The results presented in this work confirms the great potential
of Ho: YAP in generation of high power and high energy 2.1 µm lasers.
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FIGURE 6
(A) The polarization extinction ratio of the Ho: YAP laser as a function of output power. Inset is the polarizationmeasurement of laser beam (B) The beam
quality factor of the Ho: YAP laser at ~100 W of output power. Inset shows the 3-D transverse beam profile.
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