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A novel 1 kHz single-frequency, Q-switched Er-doped yttrium aluminum garnet (Er:YAG) laser pumped by a
1470 nm laser diode is demonstrated. The 500 ns, 5.52 mJ single-frequency, diffraction-limited pulses are ob-
tained by using a ‘ramp-fire’ injection-seeding technique and an optical feedback architecture. The full width at
half-maximum of the pulse spectrum is measured to be 1.47 MHz by using the heterodyne technique. The beam
quality M2 factors are measured to be 1.18 and 1.24 in the x and y directions, respectively.
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Solid-state, single-frequency, Q-switched lasers have
many applications, such as coherent Doppler Lidar, differ-
ential absorption Lidar, and coherent imaging Lidar[1–6].
A common way to achieve stable operation of a single-
frequency, Q-switched laser is to inject a stable con-
tinuous wave (CW), single-longitudinal-mode laser into
a Q-switched slave laser with high energy. The ‘ramp-fire’
technique is an effective way to ensure successful injection
seeding[7,8].
For the coherent Doppler Lidar applications, the figure

of merit (FOM), defined as the product of the pulse energy
and the square root of pulse repetition frequency (PRF),
strongly determines the detection capability of the Lidar
system. Increasing the PRF improves not only the signal-
to-noise ratio (SNR) but also the detection range by signal
averaging. Thus, when the output energy is fixed, a higher
repetition rate could improve the detection capability of
the Doppler Lidar system[1].
In the last decade, 1.6 μm Er-doped yttrium aluminum

garnet (Er:YAG) lasers have attracted widespread inter-
ests for their operation in regions of high atmospheric
transmission and eye-safe wavelengths. Many research
groups demonstrated various 1.6 μm Er:YAG lasers used
in a Lidar system. In 2010, Chang et al. reported a reso-
nantly diode-pumped, CW, andQ-switched Er:YAG laser
at 1645 nm[9]. In 2014, Deng et al. reported a 100 Hz single-
frequency, injection-seeded, Q-switched Er:YAG laser
with a pulse energy of 3.5 mJ and a pulse width of
195 ns[10]. In 2015, Yao et al. developed a single-frequency,
injection-seeded Er:YAG laser based on a bow-tie ring
slave laser. The output energy of 2.9 mJ is achieved at
a PRF of 100 Hz[11]. In 2015, Yu et al. reported a
narrow-linewidth, linearly polarized, passivelyQ-switched
1645 nmEr:YAG laser with a pulse energy of 58.8 μJ and a
pulse width of 4.21 μs at a PRF of 53.2 kHz[12]. In 2016, Ye
et al. reported a single-frequency, injection-seeded,
Q-switched Er:YAG ceramic laser with a pulse energy

of 4.7 mJ and a pulse width of 250 ns at a PRF of
200 Hz[13]. However, a high-repetition-rate, single-
frequency, Q-switched Er:YAG laser pumped by a laser
diode (LD) has not been reported yet.

In this Letter, we demonstrate a novel 1 kHz single-
frequency, injection-seeded, Q-switched Er:YAG laser
with a pulse energy of 5.52 mJ and a pulse width of
500 ns. A stable Er:YAG non-planar ring resonator
(NPRO) laser with a power of 700 mW is utilized as
the seed laser. A ‘bow-tie’ ring cavity resonantly pumped
by a 1470 nm LD is employed as the slave laser. In order to
suppress the bi-directional operation and define the direc-
tion of the laser emission during injection seeding, a flat
mirror is placed behind the output coupler to provide
an optical feedback. The M 2 factors of the Q-switched,
injection-seeded laser are measured to be 1.18 and 1.24 in
the x and y directions, respectively. The full width at
half-maximum (FWHM) of the pulse spectrum is mea-
sured to be 1.47 MHz by the heterodyne beating tech-
nique. To the best of our knowledge, this is the first
time to report a diode-pumped, high-repetition-rate,
single-frequency, Q-switched Er:YAG laser with an opti-
cal feedback. Benefitting from the optical feedback, the
stable, single-frequency, un-directional operation is
achieved, which largely increases the optical efficiency.

The schematic of the single-frequency, Q-switched
Er:YAG laser is shown in Fig. 1. The laser system consists
of four parts: a stable NPRO laser (seed laser), a
Q-switched ‘bow-tie’ ring resonator (slave laser), a
‘ramp-fire’ electronic controlling system for injection seed-
ing, and a heterodyne beating system.

A stable, single-longitudinal-mode Er:YAG NPRO
laser pumped by a fiber-coupled 1470 nm LD is utilized
as the seed laser. The output power of the Er:YAG NPRO
laser is 700 mW. The pump beam is focused by a plano-
convex mirror f2 with a focal length of 100 mm. An
isolator is employed to protect the seed laser from the
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feedback of the backward pulses. A half-wave plate (λ∕2
plate1) and a polarized beam splitter (PBS) are used to
split the seed laser into two parts: one (500 mW) is in-
jected into the slave cavity through the first diffraction
order of the acousto-optic modulator (AOM), and the
other (200 mW) is used as reference of the heterodyne
beating system. The polarization state of the injected seed
laser is set to p polarized with a half-wave plate (λ∕2
plate2) for the convenience of injection seeding.
To eliminate the effects of spatial hole burning, a

‘bow-tie’ ring cavity configuration is employed for the
slave laser. The slave laser consists of two flat mirrors
and two curved mirrors. M1 and M2 are 0° dichroic flat
mirrors coated for high reflectivity at 1645 nm and high
transmission at 1470 nm. M2 is mounted upon a piezo-
electric actuator (PZT) to achieve the precise adjustment
of the cavity length. M3 is a dichroic curved mirror with a
radius of curvature of 500 mm. It is also coated for high
reflectivity at 1645 nm and high transmission at 1470 nm
just like M1 and M2. M4, a plano-concave mirror with a
radius of curvature of 500 mm, is employed as the output
coupler of the slave laser. It is coated for 20% transmis-
sion at 1645 nm. A 60-mm-long Er:YAG crystal with an
Er doping concentration of 0.25 at. % is employed as the
gain medium. Both end surfaces of the Er:YAG crystal
are antireflection coated in the wavelength range of
1470 to 1645 nm. The crystal is wrapped in indium foil
and clamped in a copper heat sink, which is maintained
at 18°C by a thermoelectric cooler (TEC). The slave laser
is end-pumped by a 1470 nm fiber-coupled LD. The
maximum incident pump power is 41 W. M6 and M7,
which are both 45° flat mirrors coated for high reflectiv-
ity at 1470 nm, are employed to fold the pump beam.
The plano-convex lens (f1) with a focal length of
125 mm is employed to focus the collimated pump beam.
M5 is a dichroic mirror coated for high reflectivity at
1645 nm and high transmission at 1470 nm. It is em-
ployed to protect the pump source from damage caused
by backward leaking pulses. A fused silica AOM is in-
serted into the slave cavity to achieve the Q-switched

operation and injection seeding. The radio frequency
of the AOM is 68 MHz.

In order to achieve stable, single-frequency, injection-
seeded operation by using the ‘ramp-fire’ technique, a
complex programmable logic device controlling system
is used. A digitized periodic voltage is amplified to drive
the PZT, and the interference signal leaking throughM3 is
observed by the photodiode (Dectector1). M16 and M17
are 45° dichroic flat mirrors coated with high reflectivity
at 1645 nm and high transmission at 1470 nm. They are
utilized to fold the resonance beam into Detector1. In or-
der to amplify the resonance signal, the plano-convex lens
(f5) with a focal length of 200 mm is employed to focus the
resonance beam. The peak of the resonance signal appears
when the seed laser is resonant with the slave laser. Once
the peak is detected, a latch signal is given to the AOM
driver to fire the injection-seeded, single-frequency,
Q-switched pulse.

The heterodyne beating system is employed to test
the performance of the ‘ramp-fire’ electronic controlling
system and measure the spectral linewidth of the single-
frequency pulse. The single-frequency output pulse re-
flected by the wedge is spatially mixed with the seed laser
(200 mW) by M13, which is an uncoated 45° flat mirror.
The mixed signal is detected with another InGaAs photo-
diode (Detector2) and then recorded by a digital oscillo-
scope (TDS5025B, Tektronix).

The CW output power of the Er:YAG laser as a func-
tion of the pump power is shown in Fig. 2. The maximum
output power of 6.15 W is obtained with a slope efficiency
of 36.7%.

When injection-seeded, the average output power as a
function of PRF is shown in Fig. 3.When the PRF is below
500 Hz, the average output power increases with the in-
crease of PRF, and the maximum average output power
of 4.92 W is obtained at a PRF of 500 Hz. However, when
PRF is above 500 Hz, the average output power decreases
dramatically with the increase of PRF because of the bi-
directional instead of un-directional operation. In addi-
tion, the injection-seeded Er:YAG laser suffers from poor

Fig. 1. Schematic diagram of the 1 kHz injection-seeded,
Q-switched Er:YAG laser.

Fig. 2. CW output power of the slave laser versus the pump
power.
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stability of the output energy at PRFs of 750 Hz and 1 kHz
due to the bi-directional laser emission.
The heterodyne beating system is built to characterize

the performance of the electronic controlling system.
As the seed laser is injected into the slave laser from
the first diffraction order of the AOM, the frequency of
the injected seed laser is shifted by 68 MHz. The hetero-
dyne beating signal is detected by Detector2 and recorded
by the digital oscilloscope. The heterodyne beating signal
and its fast Fourier transform (FFT) spectrum are shown
in Fig. 4(a), which indicates that single-longitudinal-mode
lasing is achieved, and the central frequency of the hetero-
dyne beating signal is 69.92 MHz.
The laser pulses output in another direction

(un-injection-seeded direction) are also detected, and
smooth temporal profiles of the pulse are observed, which
indicates single-longitudinal-mode lasing. To further
confirm that, a heterodyne beating system is built to
analyze the pulse spectrum. The heterodyne beating sig-
nal and its FFT spectrum are shown in Fig. 4(b), which
indicates a high spectral purity without any other
harmonic components within 30 dB of the main peak.
The central frequency of the heterodyne beating signal
is measured to be 69.14 MHz. The results indicate that
even if the resonator is injection-seeded and operates
in single longitudinal mode, it is also possible to operate
the Er:YAG laser transmitter pumped by an LD in the
bi-directional mode. What is more, the laser characteris-
tics of the single-frequency output pulses emitting in two
directions are almost the same, which is very enlighten-
ing for providing an ideal method to achieve stable, high-
efficiency, LD-pumped, single-frequency operation at a
high PRF. A 0° flat mirror (M18) is employed behind
the output coupler to define the direction of the laser
emission. After placing M18 behind the output coupler,
the bi-directional operation is totally suppressed, and the
stable 1 kHz un-directional, single-frequency operation is
achieved. Adding M18 is equivalent to providing an op-
tical feedback for improving the gain of the injection-
seeded direction.

The output energies of the injection-seeded laser with
an optical feedback obtained at the PRFs of 500 Hz,
750 Hz, and 1 kHz are compared, as shown in Fig. 5.
The output energy increases linearly with the increase
of the pump power. The maximum output energies of
9.84 mJ, 6.95 mJ, and 5.52 mJ are obtained at PRFs of
500 Hz, 750 Hz, and 1 kHz, respectively. The correspond-
ing pulse widths are measured to be 353.7 ns, 420.5 ns, and
500.0 ns, respectively. Compared to the injection-seeded

Fig. 3. Average output power of the single-frequency, injection-
seeded laser as a function of PRF.

Fig. 4. (a) Heterodyne beating signal and the FFT spectrum of
the heterodyne beating signal in injection-seeded output direc-
tion. (b) Heterodyne beating signal and the FFT spectrum of
the heterodyne beating signal in un-injection-seeded output
direction.

Fig. 5. Output energy of the single-frequency, injection-seeded
laser with suppression mirror as a function of the pump power.
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laser without M18, the output energy of the injection-
seeded laser with M18 improves largely at PRFs of
750 Hz and 1 kHz. This is because when M18 is employed,
the bi-directional emission of the ring laser is suppressed,
which contributes to higher optical efficiency.
The pulse build-up time of the Q-switched Er:YAG la-

ser at a PRF of 1 kHz is presented in Fig. 6. The pulse
build-up time decreases with the increase of the pump
power. At a fixed pump power, the pulse build-up time
of the injection-seeded laser is much shorter. This is
because the laser pulse is built from the weak seed laser
instead of spontaneous emission in the injection-
seeded mode.
The heterodyne beating system is built to measure

the pulse spectrum of the injection-seeded, Q-switched
Er:YAG laser with an optical feedback. The heterodyne
beating signal is shown in Fig. 7(a). The spectral intensity
profile of the beating waveform is analyzed by an FFT
technique, as shown in Fig. 7(b). The central frequency
of the heterodyne beating signal is measured to be
70.09 MHz. The spectral intensity profile of the hetero-
dyne beating signal fits with the Gaussian distribution,
and the FWHM of the pulse spectrum is measured to
be 1.47 MHz.
Under the maximum pump power, the fluctuation of the

relative central frequency of the laser pulses is measured
for 1 h with our homemade LabVIEW software. The root
mean square (RMS) is 1.65 MHz, and the mean is
69.19 MHz.
TheM 2 factors of the single-frequency, injection-seeded

laser under the maximum pump power are measured by
using 10-90 knife-edge technique. The beam diameters
at different positions along the beam propagation are
shown in Fig. 8. The picture inserted is a beam profile
of the single-frequency pulsed laser. By fitting the beam
diameters with a hyperbolic curve, the M 2 factors are
calculated to be 1.18 and 1.24 in the x and y directions,
respectively, which indicate that the injection-seeded,
pulsed laser is in transmission electron microscopy
(TEM00) mode oscillation.

Under the maximum pump power of 41 W, the
fluctuation of the output energy for the PRF of 1 kHz
is measured for 1 h, and the results are shown in Fig. 9.
The RMS of 0.94% is achieved, and the mean is measured
to be 5.52 mJ. Benefitting from the optical feedback, the
stability of the output energy for 1 kHz improves largely,
which has great potential for the application of coherent
Doppler Lidar.

Fig. 6. Pulse build-up time of the single-frequency, injection-
seeded laser with M18 as a function of the pump power.

Fig. 7. (a) Heterodyne beating signal of the single-frequency,
injection-seeded laser. (b) FFT of the heterodyne beating signal
with self-feedback as a function of the pump power.

Fig. 8. M 2 factors of the single-frequency, injection-seeded,
Q-switched laser.
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In summary, we report a novel high-repetition-rate,
single-frequency, injection-seeded, Q-switched Er:YAG
laser with an optical feedback. The 5.52 mJ, 500 ns
single-frequency, diffraction-limited laser pulses at a
PRF of 1 kHz are obtained. The spectral linewidth of the
single-frequency pulsed laser is measured to be 1.47 MHz
by the heterodyne beating technique. The fluctuation of
the output energy under the maximum incident pump
power is measured to be 0.91% (RMS) in 1 h. The
measured M 2 factors are 1.18 and 1.24 in the x and
y directions, respectively.
For achieving stable, single-frequency, un-directional op-

eration, a flat mirror is employed behind the output coupler
to provide an optical feedback. It is the first time, to
the best of our knowledge, to report a single-frequency,
injection-seeded laser with an optical feedback, which is
capable of realizing stable, single-frequency, un-directional
operation. In addition, the optical feedback also contributes

to realizing high optical efficiency and stable output energy
of the high-repetition-rate, injection-seeded laser pumped
by an LD. The single-frequency, Q-switched Er:YAG laser
pumped by a 1470 nm LD has great potential as the optical
source of coherent Doppler Lidar.
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