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a  b  s  t  r  a  c  t

By  considering  the  intensity  fluctuation  mechanism  of  the fundamental  laser,  the  rate-
equation-based  model  for the  CW  mode-locking  intra-cavity  OPO  (IOPO)  is  developed,
which  includes  the  behavior  of  the fundamental  laser,  the  signal  and  idle  light.  In the  derived
model, the  OPO  nonlinear  conversion  is considered  as a  loss  for  the fundamental  laser  and
thus the  mode-locked  signal  or idle  profile  originates  from  the mode-locked  fundamen-
tal  laser.  In experiment,  the  CW mode-locked  Nd3+:  GdVO4/KTA  IOPO  with  semiconductor
saturable  absorber  mirror  (SESAM)  is  realized.  The  near-infrared  signal  light  is  obtained,
which  are  generated  from  the IOPO  pumped  by CW mode-locked  fundamental  laser.  The
signal and  fundamental  spectra  are  experimentally  measured,  and  then  the  wavelength  of
the idle  light  is estimated  to be 3.31  �m.  The  theoretical  values  from  the  rate  equations
agree  with the  experimental  results  well.  The  developed  model  explains  the  behavior  of
the mode-locked  IOPO,  which  is  helpful  to  system  optimization.

©  2018  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

The laser sources in the wavelength of infrared atmosphere window are promising in many fields such as optical spec-
troscopy, infrared remote sensing, medical treatment, and military, etc. Recently, substantial work has been focused on the
research of optical parametric oscillator (OPO) which could output 1.5 �m eye-safe light. Because of shorter pulse and higher
peak energy, the picosecond and femtosecond mid-infrared pulses from OPOs attract more and more attention [1–5].

For an OPO pumped by mode-locked laser, the operation of fundamental laser is crucial. The mode-locked laser has
developed rapidly since it was firstly realized in experiment. The saturable absorber is normally required to get self-start
in the cavity [6,7]. The semiconductor saturable absorption mirror (SESAM) is highlighted for mode locking because of its
simple structure, stability and reliability [8]. The efficient and stable signal pulse shold be generated when SESAM is used
into the mode-locked fundamental cavity of OPO [9].

The parametric-oscillation cavity is another key factor to influence OPO’s operation. The structure of intra cavity is usually
applied in continuous-wave (CW) and Q-switched OPO, which is adjusted easily and operates with higher fundamental pho-
ton intensity in comparison of extra cavity [10]. Therefore the intra-cavity OPO (IOPO) pumped by mode-locking fundamental
laser is expected to have good performance.
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Dynamical rate equations are efficient to predict the performance of OPOs. Some researchers turned to the dynamical
theory of OPOs. Continuous-wave (CW) OPO’s rate equation was firstly settled and then the model was extended to the
repetitively Q-switched IOPOs [11–14]. Nevertheless, the rate equations of the CW mode-locking OPO with the fundamental
mode-locking mechanism haven’t been involved yet.

In this paper, an all-solid-state IOPO with signal light oscillating is realized, which is pumped by a SESAM mode-locked
laser. The fundamental laser and OPO cavity is designed to satisfy the synchronously pumping. The output characteristics of
signal are measured and the fundamental and signal spectra are obtained. In the meanwhile, based on the analytical formu-
lation of the passive mode-locking laser, a set of rate equations IOPO is derived. The fluctuation mechanism is introduced
into the rate equations of CW mode-locking OPO to explain the fundamental evolution and the gain of signal or idle field is
considered as a loss for the fundamental laser. By numerically solving the introduced rate equations, the shape of the locking
pulse are calculated. The theoretical results fit the experimental ones.

2. Theories

2.1. Equations of the mode-locked fundamental laser

In this section, an SESAM passively-mode-locking laser is considered. As is known, the intensity fluctuation mechanism
explains passive mode-locking phenomena well. When the mode-locking pulsewidth is more than several picoseconds, the
electrical field of the passive mode locking can be written as a Gaussian function in the form [15]

El(t) = E0(t) exp[2 ln 2(
t
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)
2
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where �p is related to the FWHM mode-locked pulsewidth by �(FWHM) = 2 ln 2
�·�p

. � depends on the cavity length and the
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. ��g is the line width of the gain medium and N′ is the

total number of longitudinal mode oscillating in the laser cavity.
In CW mode locking, the amplitude E0(t) is constant, which can be obtained from the following equations [16].
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Eqs. (2) and (3) are use to describe the operation of CW laser. n(t) is the population inversion intensity of the laser rod;
l and lg represent the physical length of the laser cavity and the gain medium; � and � are the stimulated-emission cross
section and the stimulated-radiation lifetime of laser gain medium; tr is the round-trip time of the laser; L is the intrinsic
loss of the cavity; ωf is the frequency of the laser; εf denotes the dielectric constant. ıT is the diffractive loss caused by the
thermal effect of the gain medium, which can be expressed by [17]
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where rb is the efficient radius of the laser crystal, and �ϕ(r) is the residual phase difference from the center of the crystal
to the edge:
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here w̄p is the average radius of the pump laser ; The pump rate Rin can be expressed by:

Rin =
Pin

[
1 − exp(−˛lg)

]
�  ω̄p�w̄2
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Pin is the input power and  ̨ is the absorption coefficient of the laser gain medium. ω̄p is the frequency of the pump laser.
Eqs. (1)–(3) depict the dynamics of the CW mode-locked laser.

2.2. Single mode-locking pulse simulation

In this section, the single mode-locking pulse from a mode-locked IOPO will be simulated from equations. An intracavity
OPO pumped by the SESAM mode-locking laser is involved here. For fundamental laser, the nonlinear conversion acts as
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