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Fig. 1 Overall experimental scheme. (a) Energy level diagram of GSA and ESA dual-wavelength pumped scheme;

(b) experimental arrangement for GSA and ESA dual-wavelength pumped Tm: YAP laser
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GSA and ESA Dual-Wavelength Pumped 2.3 pum Tm:YAP Lasers
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Abstract

Objective Midinfrared lasers emitting in the 2-3 pum range are a popular research topic in laser science and
applications. Presently, the majority Tm-doped laser research is focused on the *F,—*H; transition, with the laser
wavelength ranging from 1.8 to 2.1 um. Tm®" ions have multiple potential laser transition processes owing to their
rich energy level structure. Exploring the potential laser transition process of activating ions outside of the
conventional waveband is an important step toward directly obtaining a new midinfrared wavelength. The *H,—"H;
transition in Tm®" ions at 2.3 pm has attracted considerable attention lately. The following are the advantages of
achieving a 2.3 pm laser operation in a Tm-doped laser medium. Tm®" ions absorb strongly at ~800 nm, which is
the emission wavelength of commercial AlGaAs laser diodes (LDs). Then, a low-cost LD-pumped all-solid-state
2.3 pym Tm-doped laser can be designed. Furthermore, the *H,—’H; transition is a four-level structure that can
support room temperature laser operation with a negligible reabsorption effect. The 2.3 pm region is in the weak
absorption zone of water, and the laser operation is less affected by the surrounding air humidity. Compared with the
scheme of using Cr*" -doped II-1V media to realize 2.3 pm laser, the preparation of Tm-doped laser materials is more
mature and reliable, and the types of the matrix are more abundant (such as Tm:YAG, Tm:YAP, Tm:YLF), which
provides more possibilities for finding Tm-doped laser materials with excellent spectral characteristics, high thermal
conductivity, high optical transmittance, and stable physicochemical properties. However, the population trapping
effect of the °F, level limits the power scaling of a 2.3 pm Tm-doped laser on the transition of *H,~>°H;. On one
hand, Tm®" ions (°H, + *H;—"F, +°F,) have a strong cross-relaxation process. On the other hand, the long lifetime
of *F, level will result in a large accumulation of Tm®" ions at the °F, level. This will reduce the population at the *H,
level which is essential for the 2.3 pm laser transition. Methods for effectively depopulating the °F, level must be
investigated.
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Methods This paper validates the scheme of 785 and 1470 nm dual-wavelength pumped 2.3 pm Tm-doped laser.
The pumping at 785 nm corresponds to the ground state absorption (GSA) of the *H; —°H, transition. The pumping
at 1470 nm corresponds to the excited state absorption (ESA) of the *F,—*H, transition. Tm®" ions are pumped to
the *H, level by the *H;—*H, transition to populate the upper laser level. The Tm®" ions that have accumulated on
the °F, level are then accurately transferred to the *H, level via the *F,—°H, transition. This effectively increases
the Tm®" ions at the *H, level (Fig. 1). The laser medium used in the experiment is Tm: YAP crystal, which was
chosen based on the following criteria. The YAP crystal has high thermal conductivity and low phonon energy from
the perspective of the matrix, which is conducive to achieving high output power. Because of the anisotropy of the
Tm: YAP crystal structure, the absorption, and emission spectrums are anisotropic. The *H; — *H,absorption
spectrum of Tm: YAP crystal covers 770—810 nm waveband, which is suitable for using high-power AlGaAs LD as the
pump source. The fluorescence emission spectrum of Tm: YAP for *H, >’H; transition can cover 2.25-2.5 pm,
which can support multiple lasing wavelengths. The GSA pump source is a fiber-coupled, 785 nm LD with a core
diameter of 400 pm and a numerical aperture of 0.22. The ESA pump source of 1470-nm LD has a core diameter of
200 pm and a numerical aperture of 0.11. The a-cut TmYAP crystal has a doping concentration (atomic number
fraction) of 2% and a size of 4 X 4 x 8 mm®. Its two light-passing faces are antireflective coated at 780-810 and
2250—2500 nm. The laser crystal is wrapped in indium foil and installed in a copper block cooled using water at 15 C .

Results and Discussions The effectiveness of using GSA and ESA dual-wavelength pumping to increase the output
power of a 2.3 pm Tm-doped laser has been experimentally validated. In GSA and ESA dual-wavelength pumped a-
cut TmYAP crystal, a maximum laser output power of 2.28 W is obtained with a T =1.5% output coupler at dual-
wavelengths of 2274 and 2383 nm, an increase of 65.2% compared with the case of single-wavelength pumping
scheme (Fig. 5). Witha T =2.8% output coupler, 942 mW at 2383 nm laser is obtained, an increase of 84.3%
compared with the case of the single-wavelength pumping scheme (Fig. 6). A specially coated output mirror with a
high transmittance at 2200-2350 nm and transmittance of 0.5% at 2400-2500 is used to further realize the 2446 nm
laser operation. The maximum output power is 1.62 W, an increase of 48.6% compared with the case of the single-
wavelength pumping scheme (Fig. 5). Further, when 1470 nm pump light is introduced, the laser oscillation
thresholds for incident 785 nm pump power are greatly reduced from 18.9 t0 9.9 W, 29.9 to 23.4 W, and 12.1 to
6.6 WforOC1 (T=1.5%), OC2 (T=2.8%) and OC3 (T =0.5%), respectively (Fig. 6). These results indicate
that 1470 nm ESA pumping can accurately depopulate the °F, level while effectively increasing the populations at the
*H, level.

Conclusions The GSA and ESA dual-wavelength pumped Tm:YAP laser emitting in the 2.3 pm region have been
realized successfully. The Tm: YAP crystal has a maximum output power of 2.28 W at 2.3 um. To the best our
knowledge, this is the highest CW output power obtained in a 2.3 pm Tm-doped solid-state laser. Making full use of
the broadband emission spectrum of the *H,—~*H; transition of the Tm: YAP crystal, a watt-level LD-pumped 2.5 pm
Tm:YAP laser is achieved using the dual-wavelength pumping scheme. Our results show that GSA and ESA dual-
wavelength pumping is an effective technical means to achieve a high power output of 2.3 pm Tm-doped laser.

Key words lasers; 2.3 pm thulium-doped lasers; ground state absorption; excited state absorption; dual-
wavelength pumping; Tm:YAP
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