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Abstract

An all-solid-state single-frequency 1064 nm laser with a 100 s pulse width, 500 Hz repetition rate and 700 mJ single
pulse energy is designed using seed injection and a three-stage master oscillator power amplifier (MOPA) construction.
Using this as a basis, research on long-pulse laser frequency doubling is carried out. By designing and optimizing
the lithium triborate (LBO) crystal, the theoretically calculated maximum conversion efficiency nmax reaches 68% at
M2 = 1, while Nmin 18 33% at M 2 = 3. Generation of 212 mJ pulses of green light with a repetition rate as high as
500 Hz is obtained from a fundamental energy of 700 mJ. The experimental conversion efficiency reaches 31% and the

power stability is better than £1%.

Keywords: all-solid-state; frequency doubling; MOPA construction; single-frequency laser

1. Introduction

In recent years, with the development of adaptive optics,
quantum optics and optical communications, high-power all-
solid-state lasers are required!!: %], Single-frequency lasers
are among the most important and active research fields
owing to their good beam quality, long coherence length
and narrow spectral linewidth> 1. In particular, as a high-
repetition-frequency, long-pulse single-frequency green light
laser with an ultra-narrow linewidth can measure distance
by time gating, it has special applications in the field
of astronomical observations; moreover, it has significant
advantages in the field of laser processing compared with
short-pulse lasers.

At present, twisted-mode cavities, short cavities and ring
cavities are the proven methods to obtain single-frequency
lasersl>~71, The first two methods are mainly applied in low-
power all-solid-state single-frequency lasers. The ring cavity
can achieve higher power operation, but the oscillation of
multiple longitudinal modes and mode skipping are liable to
occur, and astigmatism is difficult to avoid. Thanks to the
mature technology of single-frequency CW fibre lasers, it
is a perfect way to achieve high-repetition-frequency, high-
energy single-frequency laser pulses by injecting an exter-
nally modulated single-frequency CW seed laser into the
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following mixed fibre and solid-state laser amplifier!®10],
The mixed amplifier structure has some unique advantages:
(i) the temporal profile is smooth, the pulse width and
frequency repetition rate are easy to control and the central
wavelength is tunable. (ii) Both the single-frequency features
of the highly elliptical core fibre laser amplifier and the
high extraction efficiency and good beam quality of the
solid-state laser amplifier are maintained. (iii) Stimulated
scattering and amplified spontaneous emission (ASE), which
are easily caused in short-pulse and high-repetition-rate fibre
laser amplifiers, are avoided.

An efficient way to obtain a green laser is by nonlinear
frequency conversion!' > 121 Intra-cavity frequency doubling
can take advantage of the higher power density of the
fundamental light in the cavity to achieve a high conversion
efficiency and low pump threshold, but the beam quality is
difficult to control. In comparison, extra-cavity frequency
doubling is a better choice for the mentioned seed light
injection amplification structure since the optical-optical
efficiency is high and the beam quality is easily controlled.

In this paper, a single-frequency long-pulse seed laser
(with a pulse length of a hundred microseconds) is obtained
by externally modulating a super-narrow spectrum linewidth,
single-frequency CW fibre laser. After injecting the seed
laser into a series of solid-state amplifiers, a 1064 nm
long-pulse single-frequency laser is achieved with a high
repetition frequency, high power and high beam quality.
In addition, based on frequency doubling this fundamental
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Figure 1. Schematic diagram of the high-repetition-rate, long-pulse, single-frequency seed laser.
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Figure 2. Schematic diagram of the MOPA construction.

1064 nm laser, a green laser with an pulse output of 212 mJ
is achieved. There have been no similar green lasers reported
so far, but in 2006 Yarrow reported on a 1064 nm single-
frequency laser with a long pulse duration and an average
power of 11.3 W. In 2012, Wang demonstrated a high-
energy, single-frequency long-pulse laser with a hundred
microsecond pulse length, a pulse energy of 180 mlJ, a
repetition rate of 50 Hz and a pulse width of 150 s in 2012.
Lu reported a high-energy all-solid-state sodium beacon
laser with a pulse energy of 380 mJ at a repetition rate of
50 Hz with a pulse width of 150 s 14151, To the best of
our knowledge, this is the highest power yet achieved for
a long-pulse, single-frequency green laser with a repetition
rate of 500 Hz.

2. High-repetition-rate 1064 nm single-frequency laser

The primary problem in developing an all-solid-state single-
frequency laser with a high repetition rate, high energy and
high beam quality is to obtain a long-pulse single-frequency
seed laser with an easily controlled wavelength. The scheme
to obtain the seed laser is shown in Figure 1. The single-
frequency CW seed source is a high-quality distributed
feedback laser, with an output power of 10 mW and a
linewidth of less than 5 kHz. Combined with high-precision
wavelength control technology, precise stability control can
be implemented, giving a tuning range for the central wave-
length from 1064.3 to 1065.0 nm. With the help of the fibre
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amplifier, the output power of the single-frequency CW seed
source can reach 7 W. After the collimator, isolation and
electro optic modulator (EOM), a 500 Hz, 0.7 mJ single-
frequency pulse laser with a standard rectangular waveform
is obtained. On reflection at the Brewster angle on the
polarizer and injection into the subsequent amplifier, the seed
source can reach a very high degree of polarization.

As the energy of pulse seed laser is only 0.7 mJ, multi-
stage amplification is necessary to obtain a hundreds of
millijoule laser. Due to the severe thermal effects of the high-
repetition-rate amplification system, the operating current
should not be too high. Considering all the requirements —
laser output energy, beam quality, system complexity and
other factors — a three-stage master oscillator power amplifier
(MOPA) system is proposed.

As shown in Figure 2, the first stage is a double-pass
amplifier, including two 25-bar LD-pumped Nd: YAG mod-
ules. The pumping structure of the modules is cyclic, consist-
ing of five tori with five LD arrays around the circumference,
and the diameter of the Nd:YAG rod is 4 mm. The peak
pump power of the module is 3800 W, with a pump pulse
width of 250 ws, which is 160 s ahead of the seed pulse
in the time domain. Considering the requirements for the
output energy and control of the beam quality, the second-
stage amplifier also uses two 25-bar LD-pumped Nd:YAG
modules, while the amplifier is a single-pass design. The
pump pulse width is again 250 ws, which is 170 s ahead
of the seed pulse. The third-stage amplifier is the main
amplifier, where, to control the beam quality, four 54-bar
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Figure 3. SHG efficiency of (a) an ideal Gaussian laser beam (M 2= 1) and (b) a non-perfect Gaussian laser beam (M 2= 3).

LD-pumped single-pass Nd:YAG modules are proposed to
reduce thermal effects, and 90° quartz rotators and 4f imag-
ing systems are used to compensate the depolarization loss
caused by the birefringence. The module is cyclic with a
9-6 annular pumping structure surrounding a Nd: YAG rod of
diameter 10 mm. The peak input pump power of the module
is 5300 W with a pump pulse width of 250 ps, which is
180 s ahead of the seed pulse in the time domain. The LDs
of the different stages are triggered at different times in order
to achieve better coincidence of the incident laser pulse and
the drive power pulse in the time domain — in such a case, the
maximum output laser power is obtained and the relaxation
oscillation peak is weakened.

3. Long-pulse single-frequency green laser

It is feasible to obtain a conversion efficiency of more than
50% in frequency doubling with a short-pulse fundamental
laser. But the conversion efficiency decreases rapidly, as the
peak power is much lower in the long-pulse fundamental
laser condition. The situation can be improved by increasing
the length of the frequency-doubling crystal, but in turn the
angle mismatch factor and temperature mismatch factor are
also increased, which will limit any further improvement
of efficiency and destroy the system stability. It will be
advantageous for obtaining a high conversion efficiency
to focus the incident laser, because the power density is
enhanced as the beam spot size gets smaller. However, the
Rayleigh length will also get shorter, which will decrease the
conversion efficiency. Therefore, to obtain a high conversion
efficiency, we should take into account the combined effects
of the crystal length, the phase mismatch, the incident laser
aperture and the focusing properties.

Furthermore, the nonlinear crystal should have low ab-
sorption for both the fundamental laser and the frequency-
doubled laser, because absorption of the fundamental laser in
the crystal may produce large thermal gradients, which will
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result in a temperature mismatch, or even damage to the non-
linear crystal. Taking all these factors into consideration, a
lithium triborate (LBO) crystal working in type I noncritical
phase matching at a temperature of 149 °C is an ideal choice.
At this temperature, the absorption coefficients of both the
fundamental and the harmonic laser are less than 50 ppm,
and the reception parameters (angle, linewidth, temperature,
etc.) are large.

In addition, beam quality is an important factor affecting
the frequency-doubling efficiency of the long-pulse laser —
we can obtain a smaller focused laser spot size and a higher
intensity with better beam quality from the same incident
conditions and focusing system. Following the model in
Ref. [13], the conversion efficiency with different beam
quality factors (M?> = 1and3) is calculated, using the
same incident energy (700 mlJ), pulse width (100 s), crystal
length (50 mm) and phase matching type (type I). The results
are shown in Figures 3 and 4, respectively. This model takes
full consideration of the influence of the crystal length and
the coupling incidence conditions.

As shown in Figure 3(a), we get the highest conversion
efficiency (68%) in the case of beam quality M? = 1.
However, this falls to 33% with beam quality M?> = 3, as
shown in Figure 3(b). Accordingly, the beam quality of the
fundamental laser has a significant impact on the frequency-
doubling efficiency, so we should try to ensure good beam
quality in the fundamental laser as well as a low level of
aberrations induced by the coupling focusing system.

4. Results and analysis

Figure 4 shows the laser power and beam quality (M?) of
each amplifier on injecting the 500 Hz, 0.7 mJ seed laser.
The first stage amplifies the 0.7 mJ seed laser to 45 mJ
(a amplification factor of 65) — which can be considered as
small-signal amplification — and the beam quality M2 is 1.2.
The output of second stage is 140 mJ (an amplification factor
of 3.1) and M? is 1.4.
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Figure 4. Output laser power and beam quality (M 2 of each amplifier.
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Figure 5. Waveform of the output pulse from the main amplifier.

The third amplifier is the main amplifier, giving an output
energy of 700 mJ (an amplification factor of 5). The temporal
profiles of the pump and final output laser pulse are shown in
Figure 5. The laser pulse is smooth, with a full-width at half-
maximum (FWHM) of 100 ps. The large diameter of the
laser rod (@ = 10 mm) leads to serious spherical aberration
and poor beam quality as a result. A 4f system comprising a
pair of positive lens is applied to compensate the spherical
aberration, the focal length of the lenses used is 200 mm
and the image plane is the principal plane of the thermal
lens. This 4f system improves the beam quality M? from 4.8
to 2.8.

The short fibre delayed self-heterodyne method is used
to measure the linewidth of the single-frequency laser. The
results are shown in Figure 6. The measured linewidth is
37.4 kHz, i.e. the actual value is 18.7 kHz according to the
measuring principle, which is half of the measured value.

The experiment on the long-pulse single-frequency green
laser is carried out using the injected fundamental laser of
pulse power 700 mJ — the beam quality M? = 2.8 and
the beam spot size is 5 mm before the focusing lens (f =
250 mm). The temperature of the nonlinear crystal LBO
is precisely controlled in an oven with a control accuracy
of £0.05°C and the damage threshold of the crystal is
higher than 18 GW/cm? in order to meet the high peak
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Figure 6. Linewidth of main amplifier output laser measurement.
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Figure 7. (a) Beam profile and M 2 of the single-frequency green laser, and
(b) far-field and (c) near-field beam profiles of the fundamental laser.

power requirement of the fundamental laser. The power
obtained for the green laser is 212 mJ, with a conversion
efficiency reaching 31%, which agrees well with the results
of theoretical calculations. The measured beam quality of
the green laser is shown in Figure 7(a), the results being
M? =341, M} =3.62.

The stability of the output power and the green laser
wavelength are measured over a period of 15 min. Thanks
to the excellent stability of the fundamental laser and the
nonlinear process, the root mean square (RMS) power sta-
bility is better than +0.5%, with a peak-to-valley (PV) value
of better than £=1%. Because of the superior features of the
fundamental seed laser, the PV value of wavelength is better
than +0.04 pm and the linewidth of the green laser is 37
kHz. Furthermore, the wavelength is tunable from 532.15 to
532.50 nm.

5. Conclusions

By injecting the long laser pulse (with a duration of hun-
dreds of microseconds) obtained by externally modulating
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a single-frequency CW fibre laser into multi-stage ampli-
fiers, a 1064 nm single-frequency laser with a linewidth of
18.7 kHz is achieved. The single-shot energy is 700 mJ,
with a pulse width of 100 ws, a repetition rate of 500 Hz,
and a beam quality M> = 2.8. In the next stage, we carry
out an investigation of a green laser based on frequency
doubling that 1064 nm single-frequency laser. The output
of the single-frequency green laser is 212 mJ, with a beam
quality of M? = 3.5, a linewidth of 37 kHz, and a conversion
efficiency higher than 30%.
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