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In this Letter, we demonstrate a nonlinear-mirror (NLM) mode-locked diode-pumped solid-state Nd:YVO, laser
operating at 1342nm, in which the NLM comprises a periodically poled LiNbOj crystal and a dichroic mirror.
The self-starting threshold for cw mode locking is 1.5 W, which is significantly lower than that of saturable absorber
mode locking. An average power of 1.52W at 1342 nm is obtained under diode pump power of 10 W at 808 nm, with
the slope efficiency being up to 16.8%. The pulse width and the repetition rate of the mode-locked laser output are
about 9.5ps and 101 MHz, respectively. © 2011 Optical Society of America

OCIS codes: 140.4050, 140.3480, 160.4330.

Mode-locked picosecond diode-pumped solid-state lasers
have received considerable attention recently, for their
wide applications such as in efficient nonlinear frequency
conversion, material processing, and ultrafast spectro-
scopy. Usually, a passive mode-locking scheme is efficient
and convenient for generating ultrafast oscillation, where
a semiconductor saturable absorber mirror (SESAM) is
frequently used [1,2]. However, the low damage threshold
of the SESAM has limited its applications at high power
levels [3,4]. In addition, owing to limitations of the semi-
conductor materials and the growth of technology, it is
difficult and costly to manufacture a SESAM to work at
an arbitrary wavelength to meet the needs of different ap-
plications. An alternate approach for passive mode lock-
ing is nonlinear-mirror (NLM) mode locking, which was
proposed by Stankov and Jethwa [5]. The NLM mode lock
consists of a frequency doubling crystal placed near a di-
chroic output coupler with high reflectivity at the second
harmonic (SH) wavelength, and it partially reflects the
fundamental lasing wavelength (FW). In the intracavity re-
circulation of the FW light, the FW is first converted into
SH in forward propagation, and then the SH is backcon-
verted to the FW. Because of the different reflectivity of
the SH and FW, a nonlinear positive feedback is estab-
lished. NLM mode locking is superior to SESAM mode
locking for its higher damage threshold, faster response
time, and the advantage of being able to work at any
wavelength in the nonlinear crystal’s transparent range.
In the early days, NLM mode-locked lasers were demon-
strated using birefringence-phase-matching crystals
[6-9], and later the quasi-phase-matching (QPM) tech-
nique was applied to NLM, which showed higher effi-
ciency and, consequently, alower mode-locking threshold
[10-13]. Up to now, most of the studies have focused on
1064 nm laser systems; however, picosecond lasers oper-
ating at other wavelengths are also of interest. For exam-
ple, laser sources around 1.3 and 1.5 ym are important for
telecommunication systems and may be used for fiber
sensing and ranging [14-16].

In this Letter, we demonstrate for the first time to our
knowledge, a cw, diode-pumped Nd:YVO, laser working
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at 1342 nm, using periodically poled LiNbO5; (PPLN) as
the NLM. QPM-based PPLN optical superlattice has a
large nonlinear coefficient and is free of the spatial
walk-off effect, which leads to a high nonlinear cavity loss
modulation parameter, even with a short crystal. As a re-
sult, mode locking can be achieved with a low threshold
and high stability against the @-switched mode locking.

As is well known, the nonlinear cavity loss parameter x
is usually used to characterize NLM mode locking, which
is defined as [8]

x = —(dL/dP)p_. (1)

where L is the round-trip loss and P is the instantaneous
power of the fundamental wave. For a given laser cavity
with the dichroic mirror’s reflectance R at 1342 nm, x can
be written in the following form:

k = —ysinc?(Akl,/2)R[R + 1 + 2 cos(Akl, — Ag)], (2)
where y is the coupling coefficient without phase mis-
match, I, is the length of the nonlinear crystal, and A¢ =
¢su — 2¢pw is a phase shift between the FW and the SH at

the backward propagation process due to the dispersion
of air and the crystal. The PPLN can provide a reciprocal

vector G to compensate for the phase mismatch, and,
therefore, the momentum mismatch can be written as

N N N

- = - 2
Ak:kSH_kFW_G:kSH_kFW_K’ (3)

—_ —

where kpw and kgy are the wave vectors of the FW and
the SH, respectively; A is the period; and we have

k FW.SH — ZEnFW,SH//IFW,SH, where Ngpw and Ngy are the re-
fractive indices of the FW and the SH, respectively. In con-
sideration of the large effective nonlinearity coefficient of
PPLN, which is about 12.4pm/V [17], we used a 2.5 mm
long PPLN crystal to provide sufficient nonlinear loss
modulation for the mode locking [18]. Considering the
temperature coefficient 0Akl,/dT = 0.38rad/°C for
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PPLN [19], the temperature bandwidth of x exceeds 0.9 °C
according to Eq. (2), which is 1 order higher than that
reported by Cerullo et al. using a 15mm long LBO [8].
The large bandwidth helps to stabilize the mode locking
in the experiment.

The schematic experimental setup of the NLM mode-
locked 1342 nm laser is shown in Fig. 1. The gain medium
is an a-cut, 0.5 at.%, 2.0° wedged Nd:YVO, crystal with di-
mensions of 8mm x 4 mm x 4 mm, and the two end faces
are antireflection coated (R < 1%) at wavelengths of 808
and 1342nm. The laser crystal is mounted in a water-
cooled copper holder and end pumped through M1 by a
20 W fiber-coupled diode-laser array at 808 nm. An optical
coupling system is used to image the diode pump beam
onto the laser crystal, resulting in a 390 ym beam diameter.
M1 is coated for antireflection at 808 nm (R > 98%) on
both surfaces and high reflection (R > 98%) at 1342 nm
on the right side. Two concave mirrors M2 and M3 with
radii of curvature of 500 and 200 mm, respectively, both
with high reflection (R > 99%) at 1342 nm, are arranged
with an incidence angle below 5.0° in order to minimize
astigmatism. M4 is a dichroic output coupler, which is
2° wedged with 91% reflectivity at 1342 nm and 99.9% re-
flectivity at 671 nm. The entire length of the laser cavity is
about 1.5m. The configuration described above provides
a beam diameter of 100 ym in the PPLN crystal.

The PPLN was fabricated using the electrical poling
technique at room temperature [20] being 2.5mm x
3mm x 0.5 mm in size with a poling period of 12.74 ym.
The crystal was 1.0° wedged on one face to reduce the un-
desired reflection, which may interrupt the mode locking.
Besides, we can adjust the relative phase shift between the
FW and SH beam by moving the PPLN crystal along the
transverse direction to ensure that the SH has the correct
phase to reconvert to FW during the backpropagation
through the crystal. Both end faces of the crystal were
antireflection coated for 1342 and 671nm (R < 2%).
The PPLN crystal was put in a temperature-controllable
oven with an accuracy of +0.1°C.

In the experiment, we set the PPLN temperature at
160°C, far from the phase-matching point (203.2°C)
and studied the cw operation of the laser system. We mea-
sured the output power with different output coupler re-
flectivities of 95%, 91%, and 87% at 1342 nm, respectively,
to find that the maximum output power was achieved with
reflectivity of 91%. The oscillation started with a threshold
of about 1.0 W, and the maximum output power exceeded
2.3 W at a pump power of 10 W, with the slope efficiency
being 25.4%. When we changed the temperature of the
PPLN to the phase-matching point (203.2°C), we ob-
served @-switched mode locking around the lasing thresh-
old. However, the cw mode-locking operation occurred

Collimator M, M,

Laser diode Nd:YVO,

1342nm

M PPLN M,

Fig. 1. (Color onlihe) Schematic of NLM mode-locked 1342 nm
laser.
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Fig. 2. (Color online) Measured average output power as a
function of the incident pumping power in the cw and mode-
locked regime.

when the pump power reached 1W. The self-starting
threshold was measured to be around 1.5 W, correspond-
ing to the intracavity pulse energy of ~20 nJ. The low con-
tinuous mode-locking (CML) and self-starting threshold
was mainly attributed to the large effective nonlinearity
coefficient of the PPLN [21,22]. We measured the CML
output power as the pump power ranging from 1.2 to
10 W, and the highest output power at 1342 nm was 1.52 W
with a slope efficiency of 16.8%. In that region, the M? fac-
tor of the laser varies from 1.2 to 2.3. However, when the
pump power exceeded 10 W, the thermal lens effect would
cause an unstable CML output with amplitude waving.
The relations of the output power vary with the pump
power in cw and CML operation, as is shown in Fig. 2. In
both cases, the output power increased linearly with the
pump power; however, the CML output power is slightly
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Fig. 3. (Color online) Captured waveform of the pulse train:
(a) in nanosecond scale and (b) long-term recording of a cw
mode-locked pulse train in millisecond scale.
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Fig. 4. (Color online) (a) Spectrum of cw mode-locked output
and (b) autocorrelation trace of Nd:YVO, laser.

lower than that of the cw operation. And we can obtain a
continuous tunable output power.

The waveform of the output lasing was detected with a
high-speed InGaAs detector. Once the lasing threshold
was reached, we could observe the mode-locked pulse
train, as shown in Fig. 3(a). The repetition rate was mea-
sured to be 101 MHz, which was consistent with the round-
trip time of the cavity length of 1.5 m. The measured pulse
width was limited by the response speed of the InGaAs
detector. We also traced over 20 ms, which is longer than
the @-switched or relaxation timescale [Fig. 3(b)], which
depicts a pulse-to-pulse amplitude fluctuation of less than
3% during this timescale. The long-term power fluctuation
was measured to be within +2% in 2 h, according to the
analysis of the temperature bandwidth of x, which ex-
ceeds 0.9 °C, so along-term stability CML train can be sus-
tained with most commercially available ovens.

The spectral properties were measured by an optical
spectrum analyzer (ANDO AQ-6315A) with a resolution
of 0.05nm. As shown in Fig. 4(a), the spectral FWHM
was approximately 0.34 nm at the central wavelength of
1342.1nm. The pulse duration measured using a home-
made autocorrelator was about 9.5 ps, assuming a Gaus-
sian pulse shape [see Fig. 4(b)]. The time-bandwidth
product of the pulse was 0.54, which was 1.3 times the
Fourier transform limit. Considering the dispersion of
the PPLN, the time delays from the group velocity mis-
match (GVM) between the FW and the SHinitis4.5 ps/cm.
For the 2.5 mm long PPLN used, the SH was relatively de-
layed by 2.2 ps to FW. Therefore, the GVM is the major lim-
iting effect for the transform-limited performance, which

can be improved by using a shorter PPLN or exploiting
group-delay-compensation techniques [22].

In conclusion, we successfully constructed a picose-
cond 1342 nm laser based on the NLM method. By using
awedged 2.5 mm long PPLN, stable cw mode locking was
achieved. The output CML pulse had a repetition rate of
101 MHz and duration of 9.5 ps. A maximum average out-
put power of 1.52 W was achieved at the pump power of
10 W, with the slope efficiency up to 16.8%. Employing a
double end-pumping scheme and cascading multigain
mediums inside the cavity, the PPLN-NLM technique
can be readily scaled to higher power picosecond lasing
output.
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