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In this paper, we report a passively mode-locked Nd∶Y3Sc2Al3O12 (Nd:YSAG) laser using a periodically poled LiNbO3 (PPLN)
superlattice. Nonlinear mirror mode locking based on PPLN intracavity frequency doubling was theoretically analyzed. The
modulation depth of nonlinear reflectivity of the nonlinear mirror is approximately 8.8%. Optical performances of the mode-
locked laser including output power, radio frequency spectrum, and optical spectrum were experimentally investigated. An
average output power of 710 mW with a slope efficiency of 14.6% was obtained at the pump power of 6.5 W. The repetition
rate is 101.7 MHz, and the signal-to-noise ratio of the mode-locked pulse is 45 dB. The mode-locked pulse width was approx-
imately 9 ps.
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1. Introduction

All-solid-state passively mode-locked lasers have received wide
attention due to their broad applications in industrial process-
ing, spectroscopy, and medicine[1–4]. In passively mode-locked
lasers, ultrafast pulses are mostly produced by using intracavity
saturable absorbers (SAs), such as a semiconductor SA mirror
(SESAM)[5], carbon nanotubes[6], graphene oxide SAs[7], and
graphene-like two-dimensional (2D) materials[8]. Besides SAs,
passive mode locking based on intracavity frequency doubling
is a promising method. There are generally two types of mech-
anisms: frequency doubling nonlinear mirror (NLM) mode
locking[9–11] and cascaded second-order nonlinear mode lock-
ing (CSM)[12,13]. The NLM is based on the phase-matching
method in nonlinear crystals and can provide a low self-starting
threshold. The CSM is based on the nonlinear phase shift in
phase-mismatched nonlinear crystals, which has a relatively
high self-starting threshold. The mechanism of CSM is similar
to Kerr lens mode locking. The nonlinear phase shift leads to a
nonlinear refractive index, which corresponds to an effective
lens with a certain focal length acting like a Kerr lens.
Recently, polycrystalline ceramics as laser gain media have

several advantages over conventional single crystals, since they

have a prolonged fluorescence lifetime and a broadened fluores-
cence spectrum[14–19]. Therefore, they could be potentially
applied in solid-state lasers for better laser performances, such as
ultrashort pulse generation and teraherz generation. Among
them, Nd∶Y3Sc2Al3O12(Nd:YSAG) is a good candidate for
ceramic lasers. Passively Q-switched, dual-wavelength passively
Q-switched mode-locked (QML), and continuous wave mode-
locked (CWML) Nd:YSAG lasers have been researched. In
2007, Sato et al. used LiB3O5 (LBO) crystals as nonlinear crystals
to achieve dual-wavelength CWML at wavelengths of 1061 nm
and 1063 nm. The pulse width was 10 ps, and the maximum
average output power was 560 mW[17]. In 2017, Feng et al.
reported a dual-wavelength synchronous mode-locking laser
using a SESAM at wavelengths of 1060.8 nm and 1063.2 nm,
with a mode-locked pulse width of 3.8 ps and a maximum aver-
age output power of 470 mW[15]. Gao et al. reported a dual-
wavelength QML laser at 1058.97 nm and 1061.49 nm using
black phosphorus (BP) as an SA, and the maximum output
power was 177.3 mW[16]. In 2020, Zhang et al. demonstrated
a passively Q-switched laser using a ReS2 nanosheet as an SA
at the wavelength of 1061 nm, and the maximum average output
power was 356 mW[18].
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Compared with the SA, the advantage of mode-locking based
on intracavity frequency doubling is that it has higher damage
threshold and output power. The periodically poled LiNbO3

(PPLN) superlattice based on quasi-phase-matching is suitable
for mode locking due to its relatively high nonlinear coefficient
deff and no walk-off effect. Several research groups have demon-
strated mode locking with periodically poled superlattices. In
2005, Holmgren et al. reported the mode-locked Nd∶GdVO4

laser using periodically poled KTiOPO4 (PPKTP). The mode-
locked pulse width is 2.8 ps, and the spectral bandwidth is
0.6 nm[20]. In 2011, Liu et al. demonstrated the 1342 nm
mode-locked Nd∶YVO4 laser using PPLN as a nonlinear crystal.
The mode-locked pulse duration is 9.5 ps, and the spectral
bandwidth is 0.34 nm[10]. In 2020, our group reported
the mode-locked Nd∶Gd3xY3�1−x�Sc2Ga3�1�δ�O12 �x = 0 − 1, δ=
−0.2 − 0.2� (Nd:GYSGG) laser using PPLN[21]. Compared with
them, the Nd:YSAG laser has a wider spectrum, and the theo-
retical pulse duration will be shorter. Furthermore, theoretical
analysis on the NLM as an effective SA and its performances
in Nd:YSAG lasers have not been reported. In this Letter, we
report on the NLM mode-locked Nd:YSAG laser with PPLN,
where the spectral bandwidth is 1.6 nm, and the average output
power is 710 mW. The NLM mode locking was theoretically
analyzed. CW and CWML performances were investigated.
The average output powers of CW and CWML lasers were 930
and 710 mW, respectively. The repetition rate was 101.7 MHz.

2. Theoretical Analysis

The NLM contains a PPLN superlattice as a nonlinear crystal
and an output coupler (OC), which has partial reflectivity for
the fundamental wave (FW) and high reflectivity for the second
harmonic (SH), as shown in Fig. 1(a). The extended nonlinear
Schrodinger equation (NLSE) including the effects of dispersion
and Kerr nonlinearity is used to analyze to performance of the
NLM. In the slowly varying envelope approximation and in
absence of diffraction, the NLSE of the FW and SH can be
described as follows[22]:
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where Am is the electric field envelope (m = F, s, representing
FW and SH); β1m is the inverse of group velocity; β2m is the sec-
ond-order group velocity dispersion; β3m is the third-order
group velocity dispersion; ωm is the center frequency; nm is
the refractive index; deff is the effective nonlinear coefficient
of PPLN;Δk is the phasemismatch; z is the longitudinal position

in the crystal; n2m is the nonlinear refractive index; Aeff is the
effective area in PPLN. For the first equation, the second and
third items on the left side are related to second-order and
third-order dispersion of the FW, respectively. For the second
equation, the second, third, and fourth items on the left side
are related to group velocity mismatch (GVM) and second-
order and third-order dispersion of the SH wave, respectively.
On the right side, the two expressions are nonlinear coupled-
wave items and self-phase modulation. After doubly passing
PPLN, the nonlinear reflectivity of the FW is defined as
RNL = IFr=IFi, where IFi, IFr are the incident and reflective light
intensity of the FW. In our simulation, the reflectivity of the OC
for the FW is 91%, and phase mismatch Δk = 0. Figure 1(b)
shows the nonlinear reflectivity of the NLM dependence on
the intracavity power. With the increase of intracavity power,
the reflectivity of the FW increases nonlinearly and becomes
saturated under relatively high intracavity power. The perfor-
mance of the NLM is like an effective SA, leading to mode lock-
ing. Thus, the curve could be fitted with the saturable absorption
formula,

Rn�I� = 1 − ΔD × exp�−I=Isat� − αns: (2)

Here, Rn is the nonlinear reflection, ΔD is the modulation
depth, I is the incident intensity, Isat is the saturable intensity,
and αns is the nonsaturable loss. The nonlinear coupled-wave
item in Eq. (1) plays an important role when the NLM acts as
an effective SA. As shown in Fig. 1(b), nonlinear reflectivity
varies when deff is set to have different values. At higher deff ,

Fig. 1. (a) Diagram of nonlinear mirror. (b) Nonlinear reflectivity dependence
on intracavity peak intensity.
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the effective SA is prone to be saturated at lower intracavity
intensity. On the other hand, if the superlattice is of poor poling
quality, it leads to lower deff , and NLMmode locking will have a
relatively high self-starting threshold. After fitting the curves
using Eq. (2), the modulation depth, saturable intensity, and
nonsaturable loss were shown in Table 1. The modulation depth
decreases, but saturable intensity and nonsaturable loss increase
with decreasing deff . The increasing saturable intensity indicates
that the MLN mode locking will have a high threshold. It is
worth noting that the modulation depth, saturable intensity,
and nonsaturable loss are 8.8%, 91MW=cm2, and 0.3%, respec-
tively, when deff is set to be 14 pm/V, which corresponds to per-
fect poling of the superlattice with a duty cycle of 1:1.

3. Material and Methods

The mode-locking performance of the Nd:YSAG laser was
investigated by using a standard Z-type cavity in the experiment.
Figure 2 shows the diagram of the experimental setup of the
mode-locked laser. The length, width, and height of the Nd:
YSAG crystal was 8mm × 4mm × 4mm. It was installed in a
copper bracket cooled by water circulation, and the temperature
was maintained at 14°C. A fiber-coupled diode laser delivered
30 W pump light, and the central emission wavelength was
808 nm. An optical coupling system was utilized to yield a beam
the same as a pump beam onto the laser crystal, where the beam
radius is 200 μm. M1 was a flat mirror with an antireflection
(AR) coating (T > 98%) at 808 nm and a highly reflective coat-
ing (R > 99.5%) at 1.06 μm. M2 (radius of curvature: 500 mm)

and M3 (radius of curvature: 200 mm) were plane-concave mir-
rors. Both of them were coated with high reflectivity (R > 99%)
at 1030–1080 nm. The OC M4 was a dichroic mirror that had
partial reflectivity (R = 91%) for FW and high reflectivity for the
SH. The length of the PPLN superlattice was 5 mm. The period
of the PPLN was 6.92 μm. In the experiment, the PPLN crystal
was put in an oven, and the oven was located near the OCM4. In
order to obtain a linearly polarized output beam, we inserted a
Brewster polarization plate between the plane-concave mirrors
M2 and M3. The total length of the resonant cavity was about
1.45 m.We calculated that the beam radii on the Nd:YSAG crys-
tal and PPLN crystal were 190 μm and 80 μm, respectively.

4. Experimental Results and Discussion

First, the PPLN was not inserted into the cavity, and the char-
acteristics of the CW laser were studied. The pump power
threshold was 1.5 W, and the output power increased linearly
as the pump power increased. As shown in Fig. 3, the output
average power reaches 930mWwhen the pump power increases
to 6.5 W. The corresponding slope efficiency is 18.3%.
Then, the PPLN was inserted into the resonant cavity to study

the performance of the CWML. The FW would be converted
into SH by frequency doubling when it propagated through
the PPLN. In order to improve the SH conversion efficiency,
the temperature of the PPLN crystal was adjusted to achieve a
phase-matching point. The optimized temperature for fre-
quency doubling was controlled at about 20°C. As shown in
Fig. 3, CW mode locking occurs when the pump power
increased to 5 W. The cavity delivered 710 mW average output
power with a slope efficiency of 14.6 % under the pump power
of 6.5 W.
The pulse sequence was detected by a Si detector (Thorlabs,

DET025AFC). The interval between adjacent pulses was 9.8 ns,
which was in good agreement with the calculated roundtrip
time by using a cavity length of 1.45 m, as shown in Fig. 4(a).

Table 1. Modulation Depth, Saturable Intensity, and Nonsaturable Loss
Dependence on Effective Nonlinear Coefficient.

deff �pm=V� ΔD Isat�GW=cm2� αns

14 8.8% 0.091 0.3%

5 8.7% 0.113 0.4%

1 7.6% 1.800 1.5%

Fig. 2. Diagram of mode-locked Nd:YSAG laser (M1, flat mirror; M2, M3, plane-
concave mirror; M4, output coupler; B, Brewster polarization plate; dotted rec-
tangle is nonlinear mirror).

Fig. 3. Average output power dependence on pump power in the CW and
CWML regime.
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Figure 4(b) shows the pulse sequence trace at 500 μs time scale.
A digital oscilloscope (LeCroy, HDO4104A), which had a spec-
trum analyzing function, was used to measure radio frequency
(RF) waveform, as shown in Fig. 5. The resolution bandwidth
(RBW) was set to be 2 kHz within a span of 3.5 MHz. The fun-
damental central frequency was 101.7 MHz. The signal-to-noise
ratio of the pulse was 45 dB. An optical spectrum analyzer
(Avantes, AVASPEC-3648-USB2) was used tomeasure the opti-
cal spectrum. As shown in Fig. 6, there are two peaks oscillating
in the cavity, 1061 nm and 1063.5 nm, respectively. To deter-
mine which wavelength participates in the mode-locking proc-
ess, we made the analysis as follows:

Δk = k2 − 2k1 − G, �3�

where k1, k2 are the wave vectors of the FW and SH. G is the
reciprocal vector of the PPLN, and G = 2π

Λ , where Λ is the period
of the PPLN. In our experiment, under the oven temperature of
20°C, the phase-matching condition was satisfied at 1061 nm, as
shown in Fig. 7. Therefore, the wavelength at 1061 nmwas deter-
mined to participate in frequency doubling NLMmode locking.
However, frequency doubling at 1063.5 nm was phase

mismatched, which did not take part in the CSM, since CSM
is Kerr-lens-like mode locking. The reason is that, in our setup,
the cavity mode radius in Nd:YSAG is 190 μm, and the pump
beam radius is 200 μm, so the cavity mode is smaller than that
of the pump beam, and it cannot satisfy the condition of Kerr-
lens mode locking. Moreover, 1063.5 nm also did not take part
in NLM mode-locking, because frequency doubling at
1063.5 nm was phase mismatched, thus there is no efficient fre-
quency conversion, and mode locking could not start.
The mode-locked pulse width can be estimated according to

the following method. The full width at half-maximum
(FWHM) of the spectrum is 1.6 nm at the central wavelength
of 1061 nm. According to the time bandwidth product of a pulse
with a Gaussian curve (Δv*Δt = 0.44), we calculated the pulse
duration to be 1 ps. However, the pulse will be broadened
due to the GVM in the PPLN. The GVM of the FW and SH after
passing the PPLN twice is 1.6 ps/mm. In the experiment, the
length of PPLN is 5 mm, so the SH is relatively delayed to the

Fig. 4. (a) Mode-locked pulse sequence at 100 ns time scale. (b) Mode-locked
pulse sequence at 500 μs time scale.

Fig. 5. Radio frequency waveform of CWML laser.

Fig. 6. Optical spectrum of mode-locked Nd:YSAG laser.
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FW by 8 ps. Thus, the final minimum pulse width is estimated to
be 9 ps.
It is worth noting that the minimum pulse intensity of the

intracavity pulse is 121MW=cm2, assuming that the conversion
of SH generation is a small signal approximation. It is higher
than the theoretical saturation intensity of 91MW=cm2, which
corresponds to a maximum deff of 14 pm/V. Therefore, it indi-
cates that the PPLN superlattice is of high poling quality, and the
NLM could effectively act as an SA in our experiment.

5. Conclusions

In conclusion, we report a passively mode-locked Nd:YSAG
laser based on a PPLN superlattice NLM. NLM mode locking
was theoretically analyzed. The modulation depth of nonlinear
reflectivity of the NLMwas approximately 8.8%. Optical perfor-
mances of the mode-locked laser including output power, RF
spectrum, and optical spectrum were experimentally investi-
gated. An average output power of 710 mW with a slope effi-
ciency of 14.6% was obtained at the pump power of 6.5 W.
The repetition rate was 101.7 MHz, and the signal-to-noise ratio
of the mode-locked pulse was 45 dB. The mode-locked pulse
width was approximately 9 ps.
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