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Abstract

We report on a passively Q-switched 2 μm Ho :YAG ceramic laser, using pure GaAs as a saturable
absorber. At an absorbed pump power of 1.28 W, the highest pulse repetition rate, shortest pulse
width, largest single pulse energy, and highest peak power are measured to be 295 kHz, 83 ns, 1.49 μJ
and 17.95 W, respectively. To the best of our knowledge, this is the first 2 μm passively Q-switched
laser with a pure GaAs absorber, the three-photon absorption is believed to play an important role in
the saturable absorption process.
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1. Introduction

2 μm lasers can be generated from Tm3+ and Ho3+ (Rare-Earth-ion-doped) laser materials, which can

find practical use in optical communications, coherent laser radar, atmospheric sensing, surgery, etc. [1–3].

The greater emission cross section and longer upper-level lifetime make Ho3+-doped materials preferable

to Tm3+-doped materials in 2 μm pulsed laser applications [4,5]. Among the Ho3+-doped crystals, YAG

crystal stands out as an ideal material, owing to its high thermal conductivity and excellent mechanical

properties. With the development of the sintering technology, large size Ho :YAG ceramics can be easily

grown [6,7]. Compared with Ho :YAG crystal, Ho :YAG ceramics exhibit superior thermal conductivity,

higher optical uniformity, and greater damage resistance, rendering them highly promising for applications

in passively Q-switched (PQS) lasers [8, 9].

PQS technology utilizing a saturable absorber (SA) represents an efficient method to obtain pulsed

lasers. As a robust SA, GaAs has been widely used in 1 μm wavelength band [10,11]. The photon energy

of 1 μm wavelength range is far below the GaAs band gap of 1.42 eV, and the saturable absorption is

believed to be realized by both the EL2 defect formed in the deep donor-level band gap and the nonlinear

absorption process of GaAs under a high laser cavity intensity [12, 13]. Absorption at 1.06 μm in GaAs

is attributed to photo-ionization of deep levels. These levels can be induced intentionally by doping with

elements like Cr or arise from stoichiometric defects. In undoped GaAs, the primary defect is EL2, a donor

level positioned approximately 0.8 eV below the conduction band edge. EL2 donors in undoped GaAs

play a crucial role in providing charge compensation, enabling the growth of semi-insulating samples.

Understanding the role of EL2 contributes to insights into absorption mechanisms and has implications
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for controlled development of semi-insulating GaAs materials in semiconductor physics and technology.

In 2 μm wavelength band, GaAs has been successfully used as SA in PQS Tm3+-doped lasers [14, 15],

the energy of laser photons in this context is approximately 0.61 eV, which is even lower than 1 μm

laser photons. The absorption phenomenon can be attributed to the flexible nonlinear effects in GaAs

material. It has been demonstrated that, under high cavity optical density, the two-photon absorption

and free carrier absorption become dominant in the nonlinear process and promote the occurrence of the

multi-photon absorption. The theoretical description of the multi-photon absorption process was first

described by Maria Goppert-Mayer and Bobrysheva [16,17]. The experimental multi-photon absorption

characteristics of GaAs have been also investigated in mid-infrared spectral range [18]. The energy of

laser photons generated in a Ho3+-doped material is close to the Tm3+-doped laser. Since the PQS

Tm3+-doped lasers based on GaAs has been realized, it is expected that the Ho3+-doped PQS lasers with

GaAs SA are also possible to be obtained.

GaAs is a semiconductor, whose band structure is complex and diverse for absorbing different types

of photons. The photon energy in the 2 μm band is lower than the band-gap energy of GaAs, approxi-

mately 0.59 eV [18]. According to the multi-photon absorption theory, three-photon absorption happens,

when the optical density inside the cavity is sufficient to surpass the band-gap energy [19, 20]. In this

process, there exists a proportional relationship between the three-photon absorption coefficient and the

intracavity energy [18].

In this paper, we demonstrate a 2 μm Ho :YAG ceramic laser, using GaAs SA. We discuss the three-

photon absorption mechanism of GaAs at 2 μm wavelength. We achieve a maximum output power of

0.44 W at an absorbed pump power of 1.28 W, corresponding to a slope efficiency of 41.3%. With a

1907 nm Tm-doped fiber-laser-pump source, stable pulses of 114 – 295 kHz repetition rate are generated

and the shortest pulse width, largest single pulse energy, and highest peak power are measured to be

83 ns, 1.49 μJ, and 17.95 W, respectively.

2. Experimental Setup

In this subject, we use a simple parallel resonator configuration. The schematic of the experimental

setup is shown in Fig. 1. The pump source used in the experiment is a Tm-doped fiber laser comprising

a 5 m length of double clad fiber, which can supply 5 W continuous-wave pump power. The central

wavelength of the pump source is 1907 nm, the beam quality factor M2 is 1.05, and the spectral line

width is 0.7 nm. The pump laser beam is focused into the center of the Ho :YAG ceramic, using a 50 mm

focal length lens L2, resulting in a 150 μm pump laser radius inside the ceramic. The rear mirror M1 is

a dichroic mirror with high transmission coating at 1907 nm and high reflection coating (HR> 99.7%)

from 2000 to 2150 nm. The transmission rate of the output coupler is 10% from 1950 to 2150 nm. The

Fig. 1. Schematic of the experimental setup.
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a) b)

c) d)

Fig. 2. Simulated threshold power (a), output power (b) (here, pumping power in W is written on the curves),
slope efficiency (c), and optical conversion efficiency (d) at different output coupling transmittances.

size of the crystal is 3×3×4 mm, installed in a 15◦C water-cooled copper block. The SA is a 500 μm thick

pure GaAs wafer without active cooling and optical coating.

3. Experimental Results and Discussions

Fig. 3. Laser performance of the Ho :YAG ceramics
laser with 10% transmission optical cavity (OC) in PQS
(�) and continuous (�) modes; the inset shows the spec-
trum at the maximum PQS output power.

To optimize our experiment, we first performed

a data simulation. The results of the simulation

are shown in Fig. 2, where the threshold power,

output power, slope efficiency, and optical conver-

sion efficiency are present at different output cou-

pling transmittances. The slope efficiency, average

output power, and optical conversion efficiency are

basically saturated at 10% output coupling trans-

mittance. Therefore, we select a 10% transmitted

output coupler.

The relationship between the average output

power and the power of the absorption pump is

shown in Fig. 3. In the CW mode, the maximum

output power is 0.67 W, the slope efficiency is mea-

sured to be 57.1%, and the corresponding absorp-

tion pump power is 1.28 W. In the PQS mode, the

maximum average output power is 0.44 W, and the
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a) b)

Fig. 4. The pulse width (�) and repetition rate (�) versus the absorbed pump power (a) and the single pulse
energy (�) and peak power (�) versus the absorbed pump power (b).

a) b)

Fig. 5. The single pulse profile (a) and the pulse train at 1.28 W absorbed pump power (b). Here, the pulse
repetition rate is 295 kHz.

slope efficiency is 41.3%. No power roll-off is observed, and the excellent linear dependence implied a

further power scaling can be expected. The inset shows the output spectrum of the Ho :YAG ceramic

laser at the maximum average output power in the PQS mode. The central wavelength is located at

2091.3 nm, and the spectral line width is about 1.0 nm.

The variation of repetition rate and pulse width at different pump powers is shown in Fig. 4 a. As the

pump power increases, the pulse repetition rate continues to increase, and the pulse width decreases; the

highest repetition rate and shortest pulse width are 295 kHz and 83 ns, respectively. In Fig. 4 b, we show

the peak power and single pulse energy versus the absorbed pump power. As the pump power increases,

the peak power almost linearly increases; the highest peak power and largest pulse energy are 17.95 W

and 1.49 μJ, respectively.

In Fig. 5, we show the single pulse profile and the pulse train generated at an absorbed pump power

of 1.28 W. The single pulse width is 83 ns, and the pulse train repetition rate is 295 kHz. The pulse train

exhibits both fluctuations and timing jitter, which may be induced by the thermal load from the cavity.
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4. Summary

We reported on a successful application of GaAs as a SA for the generation of nanosecond pulses near

2.1 μm, using Ho :YAG transparent ceramics as a gain medium. An average output power of 0.44 W

at 2091 nm was obtained corresponding to a slope efficiency of 41.3%. The shortest pulse duration was

83 ns at a repetition rate of 295 kHz, and the pulse energy and peak power reached 1.49 μJ and 17.95 W,

respectively. To the best of our knowledge, this is the first report of 2 μm Ho :YAG ceramic/GaAs PQS

laser.
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