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We report the first demonstration on three types of 1.3 μm spectral region in a Q-switched Nd:YAG laser. In order
to dissipate the heat deposition effectively to obtain good beam quality, the Nd:YAG rod crystal with 1° cut-angle on
end faces is side-pumped by the quasi-continuous-wave pulsed laser diode. A Suprasil etalon is well designed as the
intracavity mode-selector to obtain wavelength-tunable single line or power-ratio-controllable dual line operation at
1319 nm and 1338 nm. With the pump pulse width of 200 μs and pump power of 410 W, the acousto-optic
Q-switched laser delivered a pulse width of 117 ns at 400 Hz repetition rate, and the M 2 factor was measured
to be about 1.87. 1319 nm together with 1338 nm single-wavelength laser achieved an average output power
of 47.6 W and 39.9 W with a linewidth of 0.48 nm and 0.32 nm, and a tunable range of 111.2 pm and
108.6 pm, respectively. Among dual-wavelength oscillation, both lines can be tuned at almost equal intensity level
with 45.7 W total output power, which is input into an LBO crystal to generate red light of 11.4 W for 659 nm,
6.7 W for 664 nm, and 7.5 W for 669 nm. The 1.3 μm wavelength-selectable operation realized by using the
same laser configuration may enhance the application in the fields of tunable lasers and THz frequency
generation. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.462168

1. INTRODUCTION

High-power lasers in the 1.3 μm spectral region have attracted a
surge of attention for their immense applications in remote
sensing, surgery, military field, optical fiber communication,
information storage, and so on [1–3]. By frequency doubling
and frequency tripling, red and blue light can be further ob-
tained with 1.3 μm laser emission, which has important appli-
cations in laser display and medical treatment [4,5]. Compared
with continuous-wave operation, the Q-switching operation
can provide high peak power with a narrow pulse duration
in nanosecond scale. Therefore, the Q-switched lasers of
1.3 μm have been an interest of scientific research [6–9].
For instance, Wan et al. described a Q-switched 1319 nm laser
from diode-side-pumped Nd:YAG crystal, and a maximum
average power of 8.9 W of TEM00 mode was obtained at
the repetition rate of 8 kHz [6]. Zhang et al. reported a
high-power diode-side-pumped Nd:YAG laser emitting at
1338 nm, and the average output power at Q-switched

operation decreased from 70 W at 50 kHz to 55 W at
5 kHz [7].

In addition, the simultaneous dual-wavelength laser at
1319 nm and 1338 nm has potential for the generation of
ultrahigh repetition rate pulses by an optical beating, new-
wavelength laser via sum-frequency and coherent terahertz
(THz) radiation via difference frequency mixing [10,11].
However, the output power of dual-wavelength generation was
at a relatively low level [12–15]. In 2010, a dual-wavelength
operation Nd:YAG ceramic laser at 1319 nm and 1338 nm
was demonstrated, which achieved the passively Q-switched
average power of 226 mW with a pulse width of 15 ns at pulse
repetition rate of 133 kHz [12]. Recently, a dual-wavelength
passively Q-switched 1319 nm/1338 nm Nd:YAG laser by di-
rectly pumping at 885 nm was presented, and the maximum
total output power was 3.55Wwith a maximum repetition rate
of 64.10 kHz [14].
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In this paper, three types of high-power 1.3 μm Nd:YAG
Q-switched lasers are successfully developed for the first
time, operating at 1319 or 1338 nm single-wavelength, and
power-ratio-controllable dual wavelength of 1319 and
1338 nm. These lasers, which are realized by means of optimiz-
ing the angle and temperature of the etalon in the cavity, deliver
the output powers of 47.6 W for 1319 nm, 39.9 W for
1338 nm, and 45.7 W for balanceable dual-line oscillation.
With the quasi-continuous-wave (QCW) pulsed laser diode
(LD) pumping to mitigate the thermal effect in the crystal,
the pulse width of a Q-switched laser is about 117 ns at a rep-
etition rate of 400 Hz with a good beam quality ofM 2 � 1.87.
Furthermore, the red wavelengths of 659 nm, 664 nm, and
669 nm have been also studied by the frequency conversion
technology with an LBO crystal. It is of important practical
value that the versatile lasers at 1.3 μm could match the require-
ment of different applications.

2. EXPERIMENTAL SETUP

The Nd:YAG crystal is a very superior laser material because of
the excellent thermal properties and laser characteristics [16].
In Nd3� ions, there exist two strong overlapped stark transi-
tions in the vicinity of 1.3 μm corresponding to
4F3∕2 → 4I13∕2, which are the R2–X1 transition irradiating
1318.8 nm wavelength and the R2–X3 transition irradiating
1338.2 nm wavelength. Their effective stimulated emission
cross sections are as large as 8.7 × 10−20 cm2 and
9.2 × 10−20 cm2, respectively, which are only one-fifth of that
of the R2–Y3 transition at 1064 nm. Because of the larger
quantum defect and the stronger excited-state absorption,
the thermal lens effect at 1.3 μm was stronger than that at
1.06 μm. Therefore, it is a challenge for 1319 nm and
1338 nm to obtain high-power coherent radiation at single
wavelength or simultaneous dual wavelength.

It is essential to minimize the thermally induced negative
impact on the stability of the laser cavity and laser efficiency.
Here, the operation of a pulsed diode-pump is used for
alleviating the thermal effects of the gain medium, which con-

tributes to the generation of a more energetic pulse with good
beam quality. The schematic of a 1.3 μm Nd:YAG Q-switched
laser is shown in Fig. 1. Two laser modules LM1 and LM2
are homemade for power scalability, where a Nd:YAG rod
of length 102 mm and diameter 3 mm with Nd3� doping con-
centration of 0.6% was used as the gain medium. The central
72 mm of the rod was threefold symmetrically side-pumped by
the QCW LD bars emitting at the wavelength of 808 nm, pro-
viding a maximum pump power of 360 W for the single laser
module (LM) at 200 μs pulse width and 400 Hz repetition rate.
A 90° quartz rotator (QR) was placed between the LMs to com-
pensate the thermally induced birefringence. To obtain higher
peak power, the Q-switched operation was realized
using two fused silica acousto-optic modulators (AQs) driven
at 27.2 MHz with a modulating signal in the range 100 Hz–
50 kHz, which were placed orthogonally with each other to
improve the hold-off capacity. Two concave lenses F1 and
F2 are inserted into the cavity to enlarge the volume of the
fundamental mode and filter out higher-order traverse modes,
so as to obtain high output power with good beam quality.
In order to suppress 1064 nm oscillation, the rear mirror M1
was coated with high reflection (HR) at 1.3 μm (R > 99.8%)
and high transmission (HT) at 1064 nm (T > 95%), and the
output coupler M2 was coated with a partial transmission at
1.3 μm (T � 60%) and HT at 1064 nm (T > 98%). The
thin-film polarizer P1 was coated with HR at laser lines in
the vertical direction and HT in the parallel direction at an
incidence angle of 45°. The cavity length of the symmetric
resonator was optimized to be 560 mm.

Specifically, both end faces of the Nd:YAG rods were not
only anti-reflection coated for 1064 nm and 1.3 μm, but also
had a 1° cut-angle to ensure it has sufficient loss for 1064 nm
strongest line to prevent lasing inside the two laser rods under
high gain Q-switched mode. Moreover, a Fabry–Perot etalon
FP is inserted into the cavity to achieve selectable wavelength
oscillation by using the same laser. The angle of the etalon is
precisely controlled by a piezo-driven tip/tilt platform, and its
temperature is maintained by a temperature controller with a
precision of �0.05°C. In order to detect the wavelength of the
output laser, the lasing beam was reflected into an optical spec-
trum analyzer by a beam splitter BS1. Based on the application
requirements, the spectral purity of the single and dual wave-
length at 1319 and 1338 nm could be chosen through the angle
and temperature servo control of the etalon in a closed loop by a
proportion-integration-differentiation (PID) module.

In order to examine the performance of 1.3 μm Q-switched
laser, we carried out the nonlinear frequency conversion of the
laser. An LBO crystal with cut of θ � 0° and φ � 0° and a size
of 4 mm × 4 mm × 30 mm was selected as the nonlinear
material, which has the advantage of high conversion efficiency,
high damage threshold, and no walk-off effect. The crystal is
placed inside an oven and accurately manipulated by a temper-
ature controller, by which type-II noncritical phase matching
was realized. The combination of HWP1 and P2 was used
to inject the output laser into powermeter PM1 or LBO crystal.
HWP2 was used to adjust the polarization plane to fulfill the
phase-matching condition. We employed two lenses F3 and F4
to reduce the beam diameter of the 1.3 μm laser with a ratio of
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Fig. 1. Schematic diagram of the experimental setup for the 1.3 μm
Nd:YAG Q-switched laser. M1, high reflector; M2, output coupler;
P1, P2, thin-film polarizer; LM1, LM2, laser module; QR, 90° quartz
rotator; AQ1, AQ2, acousto-optic Q-switch; F1–F4, lens; FP, Fabry–
Perot etalon; HW1, HW2, half-wave plate; BS1, BS2, beam splitter;
LBO, LiB3O5 crystal; PM1, PM2, powermeter.
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2:1 and reach proper input intensity, where the nonlinear con-
version efficiency should be acceptable and the coatings should
not be damaged. The collimated beam radius inside LBO was
managed to be around 600 μm. A beam splitter BS2 was placed
ahead of PM2 to separate the residual fundamental beam from
the red beam.

3. RESULTS AND DISCUSSION

The pulse temporal characteristics of LD pumping and oscil-
lating laser were recorded by a 1 GHz bandwidth digital oscillo-
scope (Tektronix DPO 4014B-L). Figure 2(a) shows the
typical pulse trains of the LD pump and free running mode
at a pulse repetition rate of 400 Hz. An extended single pulse
profile of the free running laser is presented in Fig. 2(b) with
the full width at half-maximum (FWHM) of 180 μs, indi-
cating the laser building up time of ∼20 μs. To realize high-
energy pulse output, the time delay between the LD pumping
and Q-switched modulator is set to be 200 μs. From the
Q-switched pulse trains in Fig. 2(c), the peak-to-peak fluc-
tuation is smaller than 6%, which can demonstrate the stable
Q-switched operation. Figure 2(d) depicts an expanded sin-
gle pulse profile of Q-switched operation with FWHM of
about 117 ns.

Based on the theory of etalon [17], the thickness and reflec-
tivity of the etalon should be optimized to make sure that the
transmission curves of the 1319 nm and 1338 nm lines could
be separated, so as to control the losses at the two lines. In the
experiment, the etalon made of Suprasil 3002 (Heraeus) is
designed to be 1 mm thick with the free-spectral range of
103 GHz and fineness of 1.1. Figure 3 depicts the transmission
curves at 1319 nm and 1338 nm versus the tilt angle and tem-
perature of the etalon. As shown in Fig. 3(a), maximum trans-
mission difference between the 1319 nm and 1338 nm could
be obtained by tuning the etalon to a proper tilt angle, where it
will tend to oscillate at a single wavelength as a result of the
mode competition, and the other one is restrained due to
the higher insertion loss. On the other hand, simultaneous dual
wavelength can occur at a certain value of transmission differ-
ence, and the intensity proportion varies with the transmission

curves. It could be found from Fig. 3(b) that it is the same for
the temperature tuning, which will be described below as a
proof-of-concept demonstration.

The lasing spectra under different rotation angles of etalon
are monitored with an optical spectrum meter (NIRQuest256-
2.5 Ocean Optics Inc.), which is displayed in Fig. 4. When the
etalon is maintained at an angle of 0.7 deg, one can see from
Fig. 4(a) that only the single wavelength of 1338 nm was
detected with a linewidth of about 0.32 nm. With rotating
the angle to a certain value, the 1319 nm line began to oscil-
late, and the laser simultaneously operated at dual wavelength.
At the beginning, the 1338 nm line was dominant, and the
intensity proportion of the 1319 nm laser rose rapidly with
the increase of the rotation angle. For example, the ratios
between the intensities of 1319 nm and 1338 nm were near
1:2, 1:1, and 2:1 for the angle of 1.08 deg, 1.21 deg, and
1.3 deg, as shown in Figs. 4(b)–4(d). When the angle is
increased to 1.5 deg, Fig. 4(e) shows that the laser operated
at 1319 nm single wavelength with linewidth of about
0.48 nm. Consequently, three types of 1.3 μm Q-switched
lasers were successfully developed, and the experimental result
was well in agreement with the theoretical analysis.

(c) (d)2 ms/div 400 ns/div)))

(a) (b)2 ms/div 120 µs/div

Fig. 2. Temporal profile of (a) the pulse trains for LD pump and
free running mode, (b) enlarged single pumping pulse and free
running laser pulse, (c) the pulse trains for Q-switched laser, and
(d) enlarged single Q-switched laser pulse.

Fig. 3. Transmission curves at 1319 and 1338 nm versus (a) the tilt
angle and (b) temperature of etalon with 1 mm thickness.

Fig. 4. Spectra with a wavelength range from 1300 nm to 1360 nm
at different angle of etalon: (a) 0.7 deg, (b) 1.08 deg, (c) 1.21 deg,
(d) 1.3 deg, and (e) 1.5 deg.
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Fine wavelength tuning and stability are critical issues for
the single-wavelength operation, accomplished by adjusting the
temperature of the etalon. At normal incidence, Fig. 5 shows
the measured laser’s wavelength with a wavelength meter
(WS-7 HighFinesse GmbH). When the temperature was
changed from 30°C to 40°C, the wavelength at 1338 nm was
continuously tuned from 1338.5652 nm to 1338.6738 nm,
as shown in Fig. 5(a), corresponding to a tunable range
of 108.6 pm. For 1319 nm single line, a tunable range of
111.2 pm from 1319.0834 nm to 1319.1946 nm could be
obtained with the increasing temperature from 70°C to 80°C,
as shown in Fig. 5(b). The slope of both tuning curves was
about 11 pm/°C, and the step-length of temperature was
0.05°C, which corresponds to wavelength tuning resolution
of 0.55 pm. Meanwhile, there were no significant changes
in the output power as the temperature of the etalon changes.
Figures 5(c) and 5(d) show the stability measurement of output
wavelength at 1338.673 nm and 1319.161 nm, where the
standard deviations were less than 2.35 pm and 1.64 pm in
20 min, corresponding to a frequency stability of �392 MHz
and �282 MHz, respectively.

Operating under single-wavelength and balanceable dual-
wavelength oscillation of 1319 and 1338 nm, the dependence
of the output power and pulse width on pumping power is plot-
ted in Fig. 6. At a 400 Hz repetition rate, the output power of
the 1.3 μm Nd:YAG laser grew gradually with the incident
pump power from 300 W to 410 W, and the corresponding
pulse width would be decreased from 338 ns to 117 ns. As the
pump power increased to more than 410 W provided by two
LMs, the output power exhibited roll-over behavior, which was
presumably caused by the serious thermal lens effect that shifts
the resonator’s operation status away from the stable region and
into the unstable zone. An analogous effect was also reported in
previous publication [18]. As a result, 1319 nm together with
1338 nm single-wavelength laser achieved a maximum output
power of 47.6 W and 39.9 W, respectively, corresponding to an
optical-to-optical conversion efficiency of 11.6% and 9.7%.
From the results, the highest peak power was numerically esti-
mated to be as high as 1.02 MW with a pulse energy of 119 mJ

at 1319 nm and 0.853 MW with a pulse energy of 99.75 mJ at
1338 nm. With simultaneous dual wavelength at 1319 nm
and 1338 nm with intension ratio of 1:1, the measured average
output power was 45.7 W with the optical conversion effi-
ciency of 11.1%, corresponding to the peak power of
0.976 MW and single pulse energy of 114.25 mJ. The inset
of Fig. 6 shows that the fluctuation at the maximum output
power is measured to be better than 0.6% over 10 min, indi-
cating the laser is a stable and reliable system, which is a pre-
requisite for practical applications. The beam quality recorded
by a laser beam analyzer (CINOGY Technologies CS300-HP)
is presented in Fig. 7. The beam quality factors areM 2

x � 1.76
in the horizontal axis andM 2

y � 1.98 in the vertical axis, which
correspond to an average value of M 2 � 1.87. The inset in
Fig. 7 exhibits a far-field two-dimensional (2D) beam intensity
profile, which demonstrates that the laser operates at the fun-
damental transverse mode.

The output beam maintaining almost equal spectral con-
tributions at 1319 nm and 1338 nm was employed as the
fundamental pump source for the frequency conversion. The
second harmonic generation (SHG) and sum-frequency
generation (SFG) have been realized by manipulating the

Fig. 6. Output power and pulse duration of 1.3 μm Q-switched
laser as a function of incident pump power at 808 nm. Inset, power
stability in 10 min.

Fig. 7. Measured beam quality and far-field beam profile at the
maximum output power.

Fig. 5. Wavelength tuning of (a) 1319 nm and (b) 1338 nm versus
the temperature of etalon, and stability measurement of (c) 1319 nm
and (d) 1338 nm within 20 min.
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phase-matched temperature of the LBO. The spectra of the vis-
ible lasers were measured by a spectrometer (AvaSpec-2048 FT-
SPU), as illustrated in Fig. 8. When the temperature of LBO
was set at 45°C, 42°C, and 58°C, red light with the
wavelengths of 659.56 nm (SHG), 664.41 nm (SFG), and
669.29 nm (SHG) was detected without any other wavelength,
respectively. The SHG and SFG output power as a function of
the fundamental pump power was measured using a power-
meter (OPHIR, FL400A-LP1-50), as described in Fig. 9. It
is found that the red output power was almost linearly varying
with the input fundamental pump power at 1.3 μm. At the
highest input power of 46 W, we obtained 11.4 W at
659 nm, 6.7 W at 664 nm, and 7.5 W at 669 nm. The cor-
responding conversion efficiency was calculated to be 49.6%
from 1319 nm to 659 nm, 14.6% from IR to 664 nm, and
32.6% from 1338 nm to 669 nm, respectively. And, it can
be clearly found from Fig. 9 that they are not saturated, which
suggests that there is a potential to obtain higher red power by
means of increasing the input pump laser.

Figure 10 gives the measured power stability of the red
659 nm laser over 1 h. The mean power and standard deviation
were 11.35 W and 0.088 W, corresponding to 0.8% relative
deviation. The unstable laser power was attributed to the varia-
tion of fundamental pump power and the fluctuation of tem-
perature of LBO. The red beam distribution is also shown in
the inset of Fig. 10, and the average beam qualityM 2 value was
about 1.7, which was better than that of fundamental light,
due to the fact that the nonlinear process during frequency

doubling can filter out the stray light with low peak power.
Besides, considering the practical application, one would be
greatly concerned about the brightness B, which was propor-
tional to laser power and inversely proportional to the square
of the beam quality factor [2]. Accordingly, the maximal bright-
ness of the frequency-doubled beam could be calculated to be
903 MW sr−1 cm−2. Compared with the previously published
works in Ref. [5] (6 W, M 2 � 2.47, B � 218 MW sr−1 cm−2)
and Ref. [19] (8.2 W, M 2 � 1.65, B � 691 MW sr−1 cm−2),
the present result is a significant improvement, especially for
generating the ultraviolet 330 nm laser for the polychromatic
laser guide star and the shortest deep-ultraviolet wavelength
165 nm laser for angle resolved photoemission spectroscopy.

4. CONCLUSION

In summary, high-power tunable single-wavelength and power-
ratio-controllable dual-wavelength operations of a Q-switched
Nd:YAG laser around 1.3 μm were demonstrated for the first
time to our knowledge. The pulsed pumping technique was
employed to improve the efficiency of the heat exchange in laser
crystal. At a pump pulse duration of 200 μs with the repetition
rate of 400 Hz, the laser for Q-switched operation delivered
a pulse width of 117 ns with a beam quality of M 2 � 1.87.
By introducing an etalon within the cavity, a single-wavelength
Q-switched maximum output power is achieved to be 47.6 W
at 1319 nm and 39.9 W at 1338 nm, whose linewidths are,
respectively, 0.48 nm and 0.32 nm with a frequency stability
of �392 MHz and �282 MHz. The simultaneous dual-
wavelength oscillation with a balanceable and stable propor-
tion delivered 45.7 W output power. Moreover, red light of
659 nm, 664 nm, and 659 nm was achieved by nonlinear fre-
quency conversion of the laser. The experimental results prove
to be a significantly improvement on 1.3 μm lasers to meet the
versatile application.

Funding. National Natural Science Foundation of China
(62005295); National Key Research and Development
Program of China (2016YFB0402103).

Fig. 8. Spectra of the red laser at (a) 659 nm for 45°C of LBO,
(b) 664 nm for 42°C of LBO, and (c) 669 nm for 58°C of LBO.

Fig. 9. Output power of the red laser as a function of the input
power at 1.3 μm.

Fig. 10. Power stability test of red 659 nm laser over 1 h. Inset, 2D
beam spatial profile.
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