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A 3-kHz Er:YAG single-frequency laser with a ‘triple-reflection’
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A novel Er:YAG laser system operating at 1645 nm with high pulse-repetition-frequency (PRF) of kHz level is demon-
strated. A ring cavity with double gain medium end-pumped by two fiber lasers is utilized to obtain high pulse energy. A
novel ‘triple-reflection’ configuration on a piezoelectric actuator (PZT) is adopted to achieve high-repetition-rate at 3-kHz
operation with the ramp-fire locking method. Single frequency pulses with maximum average power of 18.3 W at 3 kHz
are obtained, and the pulse duration time is 318 ns. The full line width at half maximum (FWHM) of the pulses measured
by the heterodyne technique is 1.71 MHz at 3 kHz. To the best of our knowledge, this is the highest PRF single-frequency

laser pulses achieved based Er:YAG gain medium.
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1. Introduction

Single-frequency Er-droped laser system emitting around
1.6 um is widespread applied in wind measurement Doppler
Lidar, coherent imaging lidars.!'=3! In these applications, out-
put pulses with high pulse energy, high pulse repetition fre-
quency, and narrow line-width are essential to realize a long-
distance measurement.*l An effective way to achieve such
laser pulses is to utilize a single longitudinal mode laser output
with narrow line-width to pull a high energy Q-switched slave
cavity.>-81

The last decade has seen the rapid development of the
Er:YAG lasers at 1.6 pm for their operation in the atmo-
spheric window and eye-safe wavelength. In 2005, Setzler
obtained a Q-switched Er:YAG laser with pulse en-
ergy of 16 mJ under a pulse repetition rate of 250 Hz at

et al.

1645 nm." In 2010, Kim et al. reported a fiber laser pumped,
Er:YAG laser at 1617 nm with a pulse energy of 11.6 mJ at
a PRF of 250 Hz.!'% In 2014, Wang et al. demonstrated a
200 Hz, Q-switched, injection-seeded Er:YAG laser with a
single-frequency pulse energy of 4.75 mJ.l'!l Tn 2015, Yao et
al. presented a 1645-nm Er: YAG single frequency laser seeded
by a nonplanar ring oscillator (NPRO), they got 2.9-mJ pulse
output with a pulse width of 160 ns.!"?! In 2019, Zhang er al.
reported an Er: YAG single frequency laser with average power
of 8.4 W at PRF of 2 kHz.[!3 Besides, two pumping sources
pumped double crystals laser system was also reported in 2019
and 2020. They achieved 20.3-mJ, 110-ns single-frequency
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pulse output at 200 Hz!"#! and 28.6 mJ, 159 ns.['>! For the ap-
plication of a wind Lidar, the figure of merit (FOM) defined
by the pulse energy and the square root of PRF, can reflect the
detection capability. High PRF can not only reduce the time of
one scan cycle when it is necessary to obtain samples of dense
space, but also improve the signal-to-noise ratio (SNR) of the
measurement.!!]

In this paper, a PRF as high as 3-kHz single-frequency
Er:YAG laser is demonstrated. The output pulse energy is
6.1 mJ with a pulse duration of 318 ns, and the average power
is 18.3 W. The FWHM of the laser pulse is 1.71 MHz, which is
1.22 times Fourier transform limited. To achieve laser output
pulses with high PRF, a novel ‘triple-reflection’ architecture in
the cavity is designed. To our knowledge, 3 kHz is the highest
repetition frequency, and 18.3 W is the highest output aver-
age power achieved from an injection-seeded single-frequency
Er:YAG laser. This high PRF single frequency laser is an ideal
laser source for coherent Lidar system.

2. Experimental setup

The laser system consists of three parts: the seed laser, an
‘M-shaped’ slave ring oscillator, a control system (see Fig. 1).

The seed laser is an LD pumped Er:YAG NPRO with 700-
mW single-frequency output power. An isolator is set to pro-
tect the NPRO to prevent the feedback leaked from the ampli-
fier. By rotating the half-wave plate, before passing through
the polarizing beam splitter (PBS), the seed laser is divided
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into two parts: the one part (500 mW) is p-polarized, in-
jected into the slave cavity for seed with p-polarization has
much sharper resonance signal which has a benefit for injec-
tion seeding, 'l the other part (200 mW) is used as the ref-
erence for heterodyne beating with single frequency pulses.
M9, M10 are 45° flat mirrors for folding the seed laser into
the salve resonator.

A Q-switched Er:YAG ceramic laser is employed as the
slave laser which is an ‘M-shape’ ring cavity and the total
length of the cavity is 2.1 m. The whole slave laser com-
posed of six mirrors. Two 45° dichroic flat mirrors M1, M3 are
anti-reflection coated at pumping wavelength of 1532 nm and
coated with high reflection at lasing wavelength of 1645 nm
MS5, M6 are 0° flat mirrors with high reflection at lasing wave-
length. M5 is mounted upon the piezoelectric actuator (PZT)
for finely adjusting the length of the cavity. M6 is used for
increasing the number of reflections to 3 bounces on the mir-
ror M5 to achieve high repetition frequency operation. M2
and M4 are dichroic curved mirrors with the same radius cur-
vature of 750 mm, where M2 is a pump mirror and M4 is
utilized as an output coupler with a transmittance of 20% at
1645 nm. Two fiber lasers (ELR-30-1532-LP IPG Inc) oper-
ated at 1532 nm are employed as the pump source which have
line width less than 0.2 nm and total 64 W of output. Com-
pared with LD, fiber laser can provide higher pumping rate and
better beam quality. For the purpose of reducing the energy
transfer up-conversion (ETU),!'”! we choose two Er:YAG ce-
ramics with doping concentration of 0.25 at.% and dimensions
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of 6 mm in length as the gain medium whose both sides are
antireflection coated ranging from 1532 nm to 1645 nm. Both
ceramics are wrapped with indium foil and tightly mounted in
a copper heat sink whose temperature is maintained at 18 °C
by thermoelectric cooler (TEC). The lens f1 and f3 are both
used for focusing pump beam to match with laser to get higher
optical efficiency. A fused silica AOM (MQHO068 Gooch Inc)
is used to produce Q-switched operation. The seed laser is in-
jected into the slave cavity through the first diffraction order
of AOM at Bragg angle, and its laser frequency is shifted with
40.8 MHz.

We adopt ‘ramp-fire’ technique to achieve injection-
seeded operation. A control program is written to realize the
resonance matching for seed laser and slave cavity. Lens f4
focuses the seed beam for seed mode matching with the slave
laser. A photodiode (PD1 in Fig. 1) is adopted to detect the
leaking resonance signal. Length of the slave cavity varies
with the vibration of PZT to match the seed laser. The AOM
is triggered when the resonance signal peak is detected. Then,
single-frequency pulses are obtained.

The mixed signal of single frequency pulse and seed laser
(second part) are sent to a photodiode and sampled by an os-
cilloscope (TDS5025B, Tektronix) to measure the results of
injection-seeding and the line width. The fused silica wedge
and M11 (uncoated fused silica) is used to reflect a small pro-
portion of the pulsed laser with high energy to beat with the
seed laser.
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Fig. 1. Lay out of the novel Er: YAG laser system. PD: photo detector; PBS: polarization beam splitter; HWP: half wave plate; ISO: isolator; LD: laser
diode; AOM: acousto—optic modulator; PZT: piezoelectric ceramic transducer.

3. Result and discussion

The main parameters of PZT are as follows: voltage

U, capacitance C, motion frequency f, the average electrical

power which can be expressed as
P~ f-C-U?% (1

where, the rated electrical power (P) and the capacitance (C),
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are both the fixed properties of the PZT, and are not changed
by other factors. Therefore, the motion frequency (f) is neg-
atively related to the voltage (U) applied to PZT. If the mo-
tion frequency (f) increases, U must be reduced, which will
shorten the scanning range of PZT. Meanwhile, the number
of resonance signal peaks decreases that will lead to unstable
injection locking.!'3 In this work, a novel ‘triple-reflection’
structure is proposed. The most important element of this
structure is M6 in Fig. 1, which is used to ensure that the
laser reflects on M5 mounted upon PZT three bounces. The
displacement of the optical path can be increased during the
movement of the PZT, which implies that the required voltage
of the PZT can be reduced at the same optical path displace-
ment. According to Eq. (1), under the same driving power of
the PZT, the lower voltage means higher operating frequency
of the PZT, and the lower voltage can also reduce the hys-
teresis effect of the PZT and improve the stability of the laser
system as well. Therefore, we design the ‘triple-reflection’
configuration to achieve high repetition operation. The dis-
placement of the PZT can be increased during the movement
of PZT, which means that a lower required voltage applied to
the PZT with the same displacement range.
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Fig. 2. (a) Output power in the CW mode. (b) Pulse energy and pulse width
at the PRF of 2 kHz and 3 kHz in the Q-switch operation.

We firstly investigate the free running operation (with-
out Q-switcher) of the slave cavity. Continuous wave (CW)
power properties of the laser system are demonstrated in
Fig. 2(a), under full pump power, maximum CW output power
is 19.08 W. Figure 2(b) shows the Q-switched pulse properties
at the PRF of 2 kHz and 3 kHz without seed injection. The

maximum pulse energies are 8.6 mJ, 6.1 mJ, and pulse widths
are 203 ns, 294 ns, respectively.

The essence of injection-seeding is the competition be-
tween the seed mode and the free oscillation mode in the res-
onator. Therefore, the key factors for the success of injection-
seeding are the initial values of seed mode and oscillation
mode of the slave cavity, and the speed of extraction gain of
the seed mode and free oscillation mode. To achieve injection-
seeding successfully, the seed beam must have a certain inten-
sity, which can suppress the free oscillation mode in the reso-
nant cavity, while the seed laser mode is dominant. Based on
the laser equations set up by Kurtz, ') the equation describing
the phase can be written as

d(]()lt(t) + 01 — wp
= YC?(SI)) sin [4) (t) - (Pl (t)} ) (2)

where o is the natural radian frequency which is driven by the
seed signal with radian frequency @; and 7. is the rate of out
coupling, which can be described as

Y% =In(1/Ry) - Afrsr, 3

and R is the reflectivity of the output couple, Afrsr is the
free spectral range of the slave cavity, for a ring laser, the
Afrsr = ¢/nL. Assuming that equation (2) can be solved in
the steady state, the frequency and amplitude of the resonator
are constant over time and making use of that [sin¢| < 1
Ay — |1 — |
2
El _ln(l/Ro)C Il

- = . 4
Ey 2rnL Iy )

= Pv1—vol <%

The relationship between the maximum frequency detun-

ing to achieve injection seeding and the cavity parameters can
be obtained from Eq. (4). Frequency detuning versus light
intensity of seed laser at different cavity lengths is shown in
Fig. 3(a). This demonstrates that the longer the slave cavity
is, the smaller the maximum frequency detuning allowed by
the injection seeding laser is. But for a Wind Lidar, a longer
cavity is necessary to get a longer pulse width, and under the
same cavity length, the free spectral region of the ring cavity
is twice that of the standing wave cavity, which means that
the ring cavity can make more effective use of the energy of
seed light. Therefore, we comprehensively consider that the
resonator is designed as a ring laser with a length of 2 m. Fre-
quency detuning versus light intensity of seed laser at differ-
ent output coupler transmissions is shown in Fig. 3(b), from
which we can know that the higher the transmissivity of the
output coupler, the greater the frequency detuning of the fre-
quency locking that can be realized by the same seed power,
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but, too high transmittance will reduce the output efficiency.
So that the transmittance of the output coupler is 20%. When
the cavity parameters are determined, increasing the power of
the injected seed laser can effectively improve the frequency
detuning of the injection seeding. For high PRF operation,
the resonance peak is hard to be detected, so we lock the cav-
ity’s length of slave laser to the wavelength of the seed laser to
minimize the difference with free-running operation. Besides,
a higher seed laser (500 mW) is used to inject into the cavity
to ensure high success rate of injection-seeding. Figure 3(c)
shows the detected resonance signal. The detected resonance
peak (channel 2 in Fig 3(c)) is sufficiently higher to achieve the
injection-seeding operation. The frequency of PZT’s voltage
(channel 1 in Fig. 3(c)) shows that pulse is operated up to the
PRF of 3 kHz. The Q-switched gate (channel 3 in Fig. 3(¢c)) is
open at the resonance peak so the single-frequency pulses can
be quickly built up from the seed laser. Finally, we used 10-V
voltage loaded the PZT to achieve 3-kHz operation (previously
the same voltage was up to 2 kHz).
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Fig. 3. (a) Frequency detuning versus light intensity of seed laser with dif-
ferent cavity lengths. (b) Frequency detuning versus light intensity of seed
laser at different output coupler transmissions. (c) The detected resonant
signal at 3 kHz when scanning the length of the slave cavity.

The output single-frequency pulse properties of the
Er:YAG laser at the PRFs of 2 kHz and 3 kHz versus the pump
power are demonstrated in Fig. 4(a). Maximum output energy
is 8.2 mJ, 6.1 mJ, and the pulse width is 214 ns and 318 ns,
respectively. Figure 4(b) shows the pulse build-up time of the
Q-switched laser pulses with and without seed-injection at the
PRFs of 3 kHz. With the increase of the pump power, the
pulse build-up time is shortened at the same pump power, it is
also shortened after the seed laser injected into the cavity for
the power of the seed laser is much higher than spontaneous

radiation, the pulse is much easier to build-up.
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Fig. 4. (a) The output properties of single-frequency pulse versus pump
power. (b) Build-up time before and after injection-seeding at the PRFs of
3 kHz versus the pump power.

An InGaAs photodetector (EOT5000, EOT Inc.) is used
to detect the pulses profile after injection-seeded, and the pro-
file is shown in Fig. 5(a), a smooth profile illustrates that
the pulses operating at 3 kHz are in single-frequency op-
eration. We measure the spectrum of the single-frequency
pulses by heterodyne technique to inspect the successful prob-
ability of injection-seeding and the spectrum of the single-
frequency pulses could be retrieved from it. The spectrum
intensity profile is provided for the analysis of beating signal
by fast-Fourier transform (FFT). The central frequency of the
single-frequency pulse is calculated at 36.56 MHz, FWHM is
1.71 MHz (shown in Fig. 5(b)), which is 1.22 times Fourier
transform limited (318 ns, Gaussian pulse shape). And fig-
ure 5(c) shows the heterodyne beating signal at 3 kHz.
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Fig. 5. (a) The pulse temporal profiles of single-frequency pulse at a PRF of 3 kHz. (b) The corresponding spectral characteristics of the single-frequency

pulses. (c) The heterodyne beating signal at 3 kHz.

The beam profiles of single-frequency pulses are mea-
sured in different positions by using a PY-III camera (Spricon
Inc.) under the maximum output (Fig. 6(a)). The M? factors
are 1.51 and 1.54 in x and y directions. Figure 6(b) demon-
strates the single-frequency pulse energy fluctuation at 3 kHz
within 30 minutes, whose RMS is less than 1.23%.
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Fig. 6. Characteristics of 3-kHz single-frequency pulse: (a) beam quality
and (b) pulse energy fluctuation.

4. Conclusion

In conclusion, a single-frequency Er: YAG laser with high
PRF and high pulse energy at 1645 nm is demonstrated. An
‘M-shape’ ring resonator with two Er:YAG gain mediums is
utilized to achieve high pulse energy, and a ‘triple-reflection’
configuration is designed to ensure the success of injection-
seeding at high PRF. The single-frequency pulses energy up

to 8.2 mJ and 6.1 mJ at a PRF of 2 kHz and 3 kHz with the
corresponding pulse widths of 214 ns, 318 ns are obtained.
At the PRF of 3 kHz, the line width is almost Fourier limited
(1.71 MHz), the measured M? factors are 1.51 and 1.54 in x
and y directions, respectively and the stability of the maximum
output pulse energy is less than 1.23% (RMS) measured within
30 minutes. According to what we know, this is the highest
PRF single frequency laser pulse achieved based on Er:YAG
gain medium. We believe the laser system in this work is an
ideal laser source for fast scan wind measurement Doppler Li-
dar system.
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