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Abstract
A high-power, narrow-band, mode-locked sodium D2a laser with a high sum-frequency
efficiency is demonstrated by mixing actively mode-locked Nd:YAG 1064 and 1319 nm lasers
in two LiB3O5 (LBO) crystals. The mode-locked lasers at 1064 nm (23.02 W output) and
1319 nm (17.98 W output) are generated from two diode, side-pumped, Nd:YAG, master
oscillator power amplifier laser systems. A macro-micro pulse sodium beacon laser with a
30.2 W output power, 0.3 GHz (0.3 pm) linewidth, and a beam quality given by M2 = 1.23 is
obtained with a conversion efficiency of 73.6%. Compared with a single LBO crystal, the
sum-frequency efficiency is enhanced by 14.5%. A laser coupled amplitude equation model,
including the acousto-optic mode-locker, is applied for theoretical and numerical analyses of the
sum-frequency conversion efficiency. The experimental results agree well with the theoretical
calculations.
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1. Introduction

Lasers at 589 nm, which are a coherent light source in reson-
ance with sodium D2a [1], can be used for sodium laser guide
star adaptive optics (LGS AO) systems [2, 3]. When a 589 nm
laser enters a sodium layer at an altitude of 90 km, a bright arti-
ficial star is produced, which is considered to be an ideal artifi-
cial star for AO systems to correct for the fast-changing aber-
rations caused by atmospheric turbulence [4]. First-generation
sodium lasers were dye based [5], but these have been gradu-
ally phased out due to the sensitivity of their system, and prob-
lematic operation at remote astronomical observatories [6]. To
date, two new sodium laser devices with a higher coupling
efficiency, improved power output, and more reliable types
of construction have been studied and tested, e.g. the sum-
frequency generation (SFG) of all-solid-state Nd:YAG lasers

[7–10], and a frequency doubling technology for a Raman fiber
amplifier [11–14]. In addition, a 4.6W continuous-wave (CW)
mode-locked laser with an M2 = 1.12 in a single-pass SFG in
a PPMGO:SLT crystal has also been reported [15]. In another
work, Taylor et al demonstrated a 50 W CW sodium beacon
laser via frequency doubling from three coherentlycombined
narrow-band Raman fiber amplifiers [16]. This laser was suc-
cessfully applied to anAO system from the European Southern
Observatory. Compared with a 589 nm CW laser, a micro-
second pulse laser alleviates the stretching phenomenon in
the LGS by providing a gateable pulse to reduce the impact
of Rayleigh scattering from low-altitude atmosphere [17]. As
a special kind of microsecond pulse sodium laser, the peak
power for a macro-micro mode-locked pulse laser is N times
higher than its non-mode-locked value, where N is determined
by N= νYAG/(c/2l), with c being the speed of light, l being the
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Figure 1. Schematic of the 589 nm laser system. BS1 and BS3, 1064 nm beam shaper; M1–M3, 45◦ high-reflection (HR) coating at
1064 nm; BS2 and BS4, 1319 nm beam shaper; M4–M7, 45◦ HR at 1319 nm; M8, 45◦ HR at 1064 nm and antireflection (AR) coating at
1319 nm; L1–L2, lens; LM1–LM8, laser modules; M9, AR-coated filter for 589 nm, 45◦ HR coating at 1319 and 1064 nm.

Figure 2. Process for the sum-frequency generation.

cavity length, and νYAG being the spectral width of the fun-
damental laser. This result contributes to an increased SFG
conversion efficiency and output power [18], while avoiding
saturation of the sodium atoms, due to the chosen duty cycle
being shorter than the lifetime of the sodium upper energy
level [19].

In this paper, we report a high-power, narrow-band, mode-
locked sodium D2a resonance laser with a high sum-frequency
efficiency. Two LiB3O5 (LBO) crystals are used in the SFG.
Two mode-locked lasers with output powers of 23.02 and
17.96 W (power is measured by a FieldMax2 power meter,
which is produce by Coherent Inc., and the power meas-
urement error is ±1%) at 1064 and 1319 nm, respectively,
are generated from two diode side-pumped Nd:YAG MOPA
laser systems. Laser spiking is suppressed by inserting non-
linear crystals in the 1064 and 1319 nm oscillators. A sodium
beacon laser at a 30.2 W output power is obtained, with a con-
version efficiency of 73.6%, an increase of 14.5% over the
use of LBO crystals. The beam quality factor is M2 = 1.23,

Table 1. Parameters for the fundamental frequency laser and
Nd:YAG crystal.

Parameters Value

Pin (1319) 17.96 W
Pin (1064) 23.02 W
Linewidth (1319) 0.8 GHz
Linewidth (1064) 0.4 GHz
deff 0.96 10–12 m V−1

n1 1.6054
n2 1.6006
n3 1.5963
∆θ 56 mrad
∆T 3.6 ◦C
L 30 mm
d 0.071796 mm
F 1. mm

and the linewidth is 0.3 GHz (0.3 pm). To the best of the
authors’ knowledge, this is the highest output power and con-
version efficiency reported for a macro-micro pulse laser at
589 nm. In comparison with traditional microsecond pulse
lasers [20], although the output power of this paper is inferior,
the regime of mode-locking affords two advantages. Firstly,
the sum-frequency conversion efficiency of a macro-micro
mode-locked pulse laser is much higher than that of the micro-
second pulse, so the mode-locked pulse laser increases the
output power more easily, as well as possessing a compact
structure. Secondly, the peak intensity density of the sodium
beacon with a mode-locking pulse laser is higher than that in
a microsecond pulse laser [21, 22]. Thus, a brighter sodium
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Figure 3. Frequency and linewidth at (a) 1064 and (b) 660 nm.

beacon will be generated by the mode-locking macro-micro
pulse laser.

2. Experimental setup

A schematic of the experimental setup for the sodium laser
is shown in figure 1. The 589 nm laser consists of three
subsystems: a 1064 nm MOPA system, a 1319 nm MOPA
system, and a double-stage SFG. The 1064 and 1319 nm
MOPA systems are similar in their structure and features. The
1319 nm oscillator comprises two laser diode side-pumped

Nd:YAG laser modules (LMs), a pair of Fabry–Perot (FP) etal-
ons, a 90◦ quartz rotator (QR), an acousto-optic mode-locker,
a nonlinear crystal, a high reflection mirror, and an output
coupler. All of the laser modules share the same structure.
Each laser module involves a Nd:YAG rod, which is threefold
symmetrically side-pumped with three LD arrays at 808 nm.
The Nd:YAG rods are 70 mm long and 3 mm in diameter, with
an antireflection coating optimized for 1064 and 1319 nm. The
pump power for each LD is 80 W, which increases the max-
imum input power by up to 240 W for each laser module,
under a repetition rate of 500 Hz. By inserting a 90◦ QR at
1319 nm between the two laser modules, the depolarization
effects caused by thermal birefringence are compensated for.
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Figure 4. (a) Pulse profiles of the 1064 nm laser with and without
the nonlinear crystal and (b) the output power of the 1064 nm laser.

Etalon combination is used to tune the wavelength with a nar-
row linewidth at 1319 nm by controlling the temperature of
the FPs with a precision of 0.1 ◦C. The thicknesses of the etal-
ons are 0.5 and 2.1 mm, and both have a reflection of 50%. A
nonlinear crystal with an aperture size of 4 × 4 mm is used
as the intracavity frequency doubler to suppress the relaxa-
tion oscillations. The cavity mode frequency is determined as
f= c/2l, and the cavity length is controlled bymoving the high-
reflection mirrors, which are fixed to a high-precision transla-
tion stage. The cavity mode frequency is set to 100 MHz by
adjusting the cavity length to 1.5 m. The resulting laser, with
an output power of 8.01W at 1319 nm, a linewidth of 0.8 GHz,
and M2 = 1.21, is obtained as the seed source.

The 1319 nm seed source is injected into a single-stage
single-pass power amplifier (PA1), which is comprised of two
laser modules, LM7 and LM8, and a 90◦ QR after the beam
shapers (BS2). The QRs are used to reduce depolarization
losses. The MOPA system at 1064 nm is similar to that at
1319 nm, except for the AR coatings and etalon thicknesses
to narrow the linewidth. As a result, the output powers at 1064

Table 2. Theoretical and experimental conversion efficiency of the
589 nm laser.

Theoretical Calculations Experimental Results

Type of sum-
frequency

Without mode-
locking

With mode-
locking

With mode-
locking

Single-pass LBO 20.1% 63.7% 59.1%
Double-stage LBO 33.4% 77.0% 73.6%

and 1319 nm are 23.02 W (M2 = 1.21, linewidth of 0.4 GHz)
and 17.96 W (M2 = 1.23, linewidth of 0.8 GHz), respectively,
subsequent to single-pass amplification.

The output beams at 1064 and 1319 nm are well matched
using a telescopic lens combination (BS3 and BS4), and are
injected into the first LBO crystal to produce a 589 nm laser
via the beam combiner M8, and a lens with a focal length of
150 mm. After the first SFG, the output beams are collim-
ated and focused into the second LBO crystal with the BS5
and lens (L2). Two LBO crystals with a type-I phase match-
ing both at a size of 7 × 7 × 30 mm are AR coated at 589,
1064, and 1319 nm on both faces. The crystals are placed in
ovens to accurately control their temperatures with a precision
of 0.1 ◦C. The double-stage SFG beam is split from the fun-
damental beams using a filter (M9), and is injected into the
sodium cell to lock the wavelength of the SFG by tuning the
1064 nm wavelength.

3. Theoretical and numerical analyses

Theoretical and numerical analyses of the sum-frequency gen-
eration using two mode-locked lasers are presented. The SFG
process is depicted in figure 2. Three electromagnetic waves
satisfy the energy relationship for the frequencies w3 = w1 +
w2 (ωm is the angular frequency) and the momentum relation-
ship for the wave vectors k3 = k1 + k2 (κm is the wave vector).
The theory of SFG is well established, and presented in the
Handbook [23], and the conversion efficiency for a high con-
sumption is given by [24]:

ηconsum = tanh(L/lm) (1)

lm =

[
1
c2

(
w2

2w
2
3

k2k3

)1/2

deffE0(w1,0)

]−1

(2)

where L is the crystal length and lm is the interaction
length, deff =

χeffi

2 = ai ·χ2 : ajak is the effective nonlinear coef-
ficient, and E0(w2,0) are the initial electric fields for the fun-
damental laser frequencies. Due to imperfect phase match-
ing, ∆k ̸= 0. Thus, the total theoretical conversion efficiency
of the SFG is defined by:

ηtheory = ηconsum× ηangle× ηtem (3)

where ηangle = sinc2(2.78θ1L/10∆θ) is the influencing factor
for the angle mismatch, ∆θ = 56mrad is the acceptance
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Figure 5. (a) Macro-micro and (b) micro pulse profiles of the mode-locked 589.159 nm laser.

Figure 6. Parameters of the macro-micro pulse 589.159 nm laser using two crystals, showing its (a) power, (b) wavelength and linewidth,
and (c) beam quality.
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angle, θ1 = 8λ1/n1πd is the divergence angle, d is the dia-
meter of the incident laser at the crystal end face, ηtem =
sinc2 (2.78α1L/10∆T) is the influencing factor of the tem-
perature mismatch, α1 = 0.5◦C is the absorption coefficient,
and ∆T= 3.6◦C is the acceptance temperature.

The peak power of the macro-micro pulse is N times the
peak power without mode-locking; this is done to increase the
sum-frequency conversion efficiency, where N is determined
by [18]:

N=
vYAG
(c/2l)

. (4)

The linewidth of 1319 nm and 1064 nm is shown in figures
3(a) and (b). The linewidth at the second harmonic of 660 nm is
measured using a wavelength meter, as 1319 nm is beyond the
range of the equipment. By solving the coupled equations (1),
(3), and (4), using the parameters of the fundamental lasers
and Nd:YAG crystal listed in table 1, the theoretical single-
pass SFG conversion efficiency of the AO mode-locked pulse
laser is 62.7%, which is 3.1 times higher than its non-mode-
locked value.

In order to increase the output power and conversion effi-
ciency, the output lasers are collimated and focused into the
second LBO crystal after passing through the first crystal. The
theoretical and numerical analyses are similar to those for the
single-pass SFG, unless the power densities of the incident
lasers are different. The output power is 30.96 W after passing
through the two LBO crystals. Compared with the single LBO
crystal, the SFG efficiency increases by 12.8%.

4. Experimental results and discussion

In general, relaxation oscillations cause pulse-pumped solid-
state lasers to have a low SFG efficiency. To improve the SFG
efficiency, a nonlinear crystal is inserted into the fundamental
laser to suppress its spiking behavior. The pulse profiles at
1064 nm are measured with and without the nonlinear crys-
tal, as shown in figure 4(a). The relaxation oscillations of the
lasers are significantly suppressed, and the output power at
1064 nm, as emitted from the oscillator, is shown in figure
4(b). The pulse profiles at 1319 nm are similar to those of the
1064 nm laser.

An acousto-optic mode-locker is inserted into the basic
laser cavity to increase the output power and number of LGS
photon returns. The macro-micro pulse profile of the AO
mode-locker is 589.159 nm, and the duration of the micro-
second pulse is 150 µs, as shown in figure 5(a). The macro
pulse contains tens of thousands of micro pulses, resulting
in a high peak power for the macro-micro pulse laser. The
period and duration of the micro pulse is 10 and 1.18 ns, as
shown in figure 5(b); this is chosen to be shorter than the life-
time of the sodium upper energy level (16 ns). Therefore, this
duration limits the saturation of the sodium atoms. A digital
signal delay device is applied to control the synchronization
between the fundamental lasers by adjusting the delay times
of the power supplies. The 589.159 nm laser, with an output
power of 24.13 W, and a 58.9% SFG efficiency, is obtained by

adjusting the delay between the 1064 and 1319 nm lasers. The
experimental SFG efficiency is in excellent agreement with the
theoretical calculations.

Subsequent to collimation and focusing, the laser output
from the first LBO crystal is combined into the second LBO
crystal. The average output power and linewidth of the 589 nm
laser at a repetition rate of 500 Hz is measured to be 30.2 W
(peak power is 1200 W, which is almost three times the peak
power without mode-locking) and 0.3 GHz (0.3 pm), respect-
ively, as shown in figures 6(a) and (b). The SFG efficiency is
73.6%, which is an improvement of 14.5% compared with a
single crystal. The 589.159 nm laser beam quality factors are
measured to be 1.227 (M2

x = 1.208,M2
y = 1.246) according to

the beam quality analyzer, as shown in figure 6(c). The illus-
tration shows that the 589.159 nm laser operates in a Gaussian
mode, while the coherence relationship between the two stages
is not obvious.

The results of the theoretical calculations and experiments
are shown in table 2. It can be seen that the experimental results
agree well with the theoretical calculations, and that the SFG
efficiency value with mode-locking, after passing through two
LBO crystals, is twice as high as its non-mode-locked value.
To the best of our knowledge, a 30.2 W output power, and a
conversion efficiency of 73.6% are the highest reported values
for a macro-micro pulse laser at 589.159 nm.

5. Conclusion

We demonstrated a macro-micro mode-locked pulse laser gen-
erated using a double-stage single-pass SFG with two LBO
crystals, based on actively mode-locked 1064 and 1319 nm
lasers. The output power is 30.2 W, with an SFG efficiency
of 73.6%, and a linewidth of 0.3 GHz (0.3 pm). The experi-
mental sum-frequency conversion efficiency agrees well with
the theoretical calculations.
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