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Abstract

Intra-cavity pumped Ho laser basing on the biaxial YAP host is investigated here for a direct LD pumped compact polarized
2.1 pm laser at room temperature, where the a-cut and b-cut Tm:YAP and Ho: YAP crystals were applied and placed with the
same crystallographic orientation. The maximum output power of 2.47 W at 2118 nm was obtained for the b-cut Ho: YAP
laser with a slope efficiency of 15.1%, which is higher than that of 1.08 W at 2130 nm for the a-cut Ho:YAP laser with a
slope efficiency of 8.9%, attributed to the better spectral overlap between the intra-cavity Tm laser and polarized absorption
profile of the Ho: YAP crystal. Scaling up the output power and slope efficiency of the current Ho: YAP laser is predictable
via improving heat management of the current structure further by diffusion bonding the Tm:YAP crystal with another un-
doped YAP crystal or using a slab Tm:YAP crystal structure for rapid heat transfer.

1 Introduction

Solid-state lasers with wavelength above 2.1 um have wide
applications including differential radar systems, remote-
sensing, optical communication, and surgeries [1-3]. Espe-
cially, owing to the wavelength is away from the two-photon
absorption band of the non-oxide mid-infrared nonlinear
crystals, they are also ideal pump sources for optical para-
metric oscillators (OPOs) to generate mid-infrared radiations
covering the molecular fingerprint region [4-6].

Single Ho>* ion-doped solid-state lasers are suitable for
high-power room-temperature 2.1 um laser operations due to
the significant decrement in cooperative up-conversion loss
compared with the traditional Tm>*, Ho>* ions co-doping
manner [7, 8]. Hence, in-band pumped Ho lasers received
intensively researched for the past two decades, where the
pump sources are usually the high-power Tm-doped bulk
or fiber laser systems [9, 10]. However, these cascaded
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pumping schemes are complex, expensive, and bulky [11],
which prohibit the development of a compact accessible Ho
laser for lidars or medical applications. Another attractive
way for an efficient Ho laser at room temperature is to intra-
cavity pump Ho-doped gain media by a diode-pumped Tm
laser, which facilitates the direct use of commercial GaAlAs
laser diodes.

This compact scheme was theoretically proved to be more
abstractive in conversion efficiency from absorbed LD power
to Ho laser [12], as the 1.9 pm Tm laser generated from
an efficient “2 for 1” cross-relaxation process [13] can be
well-confined intra-cavity for pumping the Ho-doped gain
medium without leakage outside cavity. Therefore, several
intra-cavity pumped Ho lasers had been reported since the
first demonstration by Stoneman et al. in 1992 [14]. In 2000,
Hayward et al. achieved a maximum output power of 7.2 W
at 2097 nm with a poor beam quality M~ 6 from a Tm:YAG
laser pumped Ho: YAG laser structure [15]. In 2003, Schell-
horn et al. replaced the Tm:YAG crystal by a Tm:YLF crys-
tal with the negative thermal lens for reducing the thermal
effects, where the output power of 1.6 W at 2090 nm was
obtained with a slope efficiency of 21.2% [16]. In 2013,
Zhu et al. demonstrated an 8 W Ho:YAP laser intra-cavity
pumped with two dual-end pumped Tm:YLF rods. In the
complicated hybrid cavity, incident LD power of 135 W was
consumed and the slope efficiency was 10.9% [17]. Besides
the mature YAG and YLF hosts, novel intra-cavity pumping
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mechanisms with the combination of other gain media such
as Tm:KLuW-Ho:KLuW [18], Tm:LuAG-Ho:CaF, [19], and
Tm:YAP-Ho:SSO [20] had been investigated recently for a
potential compact and accessible 2.1 pm laser.

In this paper, YAP host with similar thermal mechanical
properties with YAG crystal and the natural birefringence
for polarized operation [21-23] was considered for achieving
a compact polarized intra-cavity pumped Ho laser, where
the a-cut and b-cut Tm:YAP and Ho:YAP gain media were
applied and placed with the same crystallographic orienta-
tion. Maximum output power of 1.38 W and 2.47 W were
obtained from the a-cut and b-cut Ho lasers with lasing
wavelengths at 2129.7 nm and 2118.2 nm, respectively.

2 Experimental setup

Before the intra-cavity pumped Ho:YAP laser, samples of
the 0.5at.% Ho:YAP crystal were cut with thicknesses of
1 mm for measuring polarized absorption spectra of the
Ho:YAP crystal with a Perkin Elmer UV-VIS—NIR spec-
trometer (Lambda-950). As shown in Fig. 1, the existence
of several absorption peaks such as 1917 nm (E//a), 1928 nm
(E//b), and 1977 nm (E//c) facilitates the selection of reso-
nant pump wavelengths for in-band pumped Ho: YAP lasers
[25-27]. However, rigorous spectral control on the extra-
cavity 1.9 pm pump sources was needed for sufficient pump
absorption in a commonly one-way pumping. Regarding
the intra-cavity pumping scheme where Tm laser can be
well confined without leakage, pump wavelength at absorp-
tion sideband of the Ho-doped gain medium with absorp-
tion coefficient above 0.1 cm™' was enough for an efficient
Ho:YAG laser pumped by the Tm:YAG laser [28]. Hence,
efficient intra-cavity pumped Ho:YAP laser could be pre-
dicted as a wide absorption band from 1860 to 2060 nm with
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Fig.1 Polarized absorption spectra of the Ho:YAP crystal. The
shadow region indicates the effective intra-cavity pump region with
an absorption coefficient above 0.1 cm™
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absorption coefficient above 0.1 cm™" was depicted in Fig. 1,
which covers the emission band of the Tm:YAP lasers [29].

Experimental setup of the Tm:YAP laser intra-cavity-
pumped Ho:YAP laser is depicted in Fig. 2. The pump
source is a fibre-coupled 792 nm LD with a core diam-
eter of 200 um and NA of 0.22, which was collimated
and focused into the Tm:YAP crystal by a pair of plano-
convex lenses F1 and F2 with the focal lengths of 30 mm
and 60 mm, respectively. The plano-concave cavity con-
sisted of a pump input mirror (M1) antireflection (AR)
coated at 780-810 nm and high-reflection (HR) coated at
1.9-2.15 um, and an output coupler (M2) with a curvature
radius of 200 mm which was HR coated at lasing band of
the Tm:YAP laser (1.9-2.02 pm) and had a 10% transmit-
tance at lasing wavelength of Ho: YAP (2.04-2.15 um). The
a-cut and b-cut Tm:YAP (3at.%) and Ho:YAP (0.5at.%)
crystals with a cross-section of 3 mm X3 mm were used,
where the Tm:YAP and Ho: YAP crystals were placed with
the same crystallographic orientation intra-cavity for seeking
potential integrated Tm/Ho: YAP lasers as the reported Tm/
Ho:YAG laser in Ref.[24]. End faces of the Tm:YAP and the
Ho:YAP crystals were AR coated at the pump wavelength
(780-810 nm) and the laser wavelength (1.9-2.15 pm),
which were wrapped with the indium foil before mounted
into copper heat-sinks for water cooling at 16 °C separately.
The a-cut and b-cut Tm:YAP crystals had identical lengths
of 17 mm for absorbing the pump light sufficiently. The a-cut
Ho:YAP crystals with lengths of 5 mm, 7 mm, and 9 mm and
the b-cut Ho: YAP crystals with a length of 5 mm and 7 mm
were applied for the a-cut and b-cut Ho lasers, respectively
(For simplification, x-cut Ho laser denotes crystallographic
x-axes of both Tm-doped and Ho-doped hosts are parallel to
the resonator axis). M3 was a dichroic 45°-mirror HR coated
at 1.9-2.15 pm and AR coated at 792 nm. The laser power
was measured by a power meter (OPHIR, 30 (150) A-LP1-
18), and the lasing wavelength was measured by a mid-IR

Spectrum analyzer

Power detector

Fig.2 Experimental setup of the Ho:YAP laser intra-cavity pumped
by a diode-pumped Tm:YAP laser
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spectrum analyzer (771A-IR, BRISTOL). The total physical
length of the plano-concave cavity was 40 mm.

3 Results and discussion

The Tm:YAP laser was studied first before the operation
of the Ho laser. In the same experimental setup, M2 was
replaced by a plane output coupler with an output coupling
of 2% at 1.9-2.02 pm, and the Ho: YAP crystal was removed.
The dependences of output power on incident pump power at
the temperature of 16 °C was demonstrated in Fig. 3, where
maximum output powers of 5.82 W at 1958 nm and 4.18 W
at 1999 nm was obtained under incident pump powers of
22 W for the a-cut and b-cut Tm: YAP lasers respectively and
the corresponding slope efficiencies were fit to be 32.9% and
23.8%. Polarizations of the a-cut and b-cut Tm:YAP laser
were measured to be parallel to the crystallographic c-axis
and a-axis of the YAP crystal, respectively.

In the a-cut Tm:YAP laser pumped a-cut Ho: YAP laser,
maximum output powers of 1.08 W, 1.02 W, 0.58 W were
obtained with Ho:YAP crystal lengths of 5 mm, 7 mm and
9 mm respectively, where corresponding slope efficiencies
were 8.9%, 7.3%, and 5.9%. We attribute the decreased laser
efficiency with the increased Ho: YAP crystal length to the
increased insertion loss intra-cavity. Although higher lasing
efficiency was obtained in the a-cut Tm:YAP laser (Fig. 3),
the efficiency of the a-cut Ho: YAP laser was worse com-
pared with the b-cut Ho: YAP laser, where maximum out-
put powers of 2.47 W and 1.38 W were obtained with the

7 mm and 9 mm long b-cut Ho: YAP crystals respectively
(Fig. 4b). Moreover, pump thresholds around 5 W of the
b-cut Ho: YAP laser were lower than those around 9 W of the
a-cut Ho: YAP laser. This is due to the fact that wavelength
around 1958 nm of the a-cut Tm:YAP laser (E//c) was fell
into the valley of the polarized absorption spectrum (E//c) of
the Ho: YAP crystal as depicted in Fig. 3c. Although wave-
length around 1999 nm of the b-cut Tm:YAP laser (E//a)
also tended to fell into the absorption valley of the Ho: YAP
crystal in Fig. 3d, absorption coefficient at 1999 nm was
0.25 cm™' for laser polarization parallel to the a-axis and
larger than that of 1.41 cm™! at 1958 nm for laser polariza-
tion parallel to the c-axis. Hence, lower lasing threshold and
the highest slope efficiency of 15.1% can be obtained from
the b-cut Ho: YAP laser due to the better spectral overlap
between the intra-cavity Tm laser and absorption profile of
the Ho: YAP crystal, even though the efficiency of the b-cut
Tm:YAP laser was relatively lower (Fig. 3).

As shown in Fig. 5a, wavelengths for the a-cut and b-cut
Ho:YAP lasers were stabilized at 2118.3 nm + 0.6 nm and
2129.3 +£0.5 nm respectively during the power scaling pro-
cesses, where typical lasing spectra at each maximum out-
put powers are depicted in Fig. 4a. Beam quality factor M?
measured by a beam quality analyzer (Nanomodescan, Ophir
Optronics Ltd.) at the maximum output powers of the a-cut
and b-cut Ho: YAP lasers were 2.19 and 1.72 respectively
(Fig. 4b). The poor beam quality of the a-cut Ho: YAP laser
is attributed to the higher thermal effects due to the low
lasing efficiency. Moreover, as the relative lowest thermal
conductivity was measured along the b-axis (Pbnm notation)
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Fig.4 Power curves of the a-cut Ho:YAP laser (a) and the b-cut
Ho:YAP laser (b) with corresponding slope efficiencies (#,)

[22], the a-cut Ho: YAP laser with b-axis as the main conduc-
tion cooling direction shows weaker heat management and
lead to the deteriorated beam quality (as shown in Fig. 5b).

4 Conclusion and perspectives

We have demonstrated a Ho:YAP laser in-band pumped
with a diode-pumped Tm:YAP laser in a compact structure,
where both Tm:YAP and Ho: YAP crystals were placed with
identical crystal orientation intra-cavity. The maximum out-
put power of 2.47 W was obtained at 2118 nm with beam
quality factor M2 ~ 1.72. Although lower lasing efficiency of
23.8% was obtained in the b-cut Tm: YAP laser comparing
with that of 32.9% in a-cut Tm:YAP laser, a higher Ho laser
slope efficiency 15.1% was obtained in the b-cut Ho:YAP
laser comparing with that of 8.9% in a-cut Ho laser, attrib-
uting to the better spectral overlap between intra-cavity Tm
laser and absorption profile of the Ho:YAP crystal. Scal-
ing up the output power and slope efficiency of the current

@ Springer
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Fig.5 Laing wavelengths (a) and beam quality (b) at the maximum
output powers of the a-cut and b-cut Ho:YAP lasers respectively.
Inset: typical 2D and 3D beam profiles of the b-cut Ho:YAP laser at
247 W

Ho:YAP laser is predictable via improving heat manage-
ment of the current structure further by diffusion bonding
the Tm:YAP crystal with another un-doped YAP crystal or
using a slab Tm:YAP crystal structure for rapid heat transfer.
The results pave the way to develop a Tm/Ho:YAP laser
by diffusion bonding the Tm:YAP crystal with the Ho:YAP
crystal and seek the potential Q-switch mode operation [30].
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