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Abstract.  Based on rate equations we have refined the model of an 
intracavity Q-switched optical parametric oscillator (IOPO) by 
taking into account the influence of self-Raman stimulated scatter-
ing. The rate equations are solved and analysed in the plane-wave 
approximation for a Gaussian spatial beam distribution profile 
under various conditions. The spatial rate equations are also solved 
numerically for a beam with a field distribution of the TEM00 
mode. The numerical analysis shows that stimulated self-Raman 
scattering leads to a decrease in the output signal power and an 
increase in the signal pulse width. This model allows one to predict 
that the output signal power can be increased with increasing ratio of 
Raman to fundamental photon lifetimes. This suggests a practical 
method for determining the self-Raman gain coefficient experi-
mentally. In addition, a multi-pulse process for the signal beam of 
the IOPO can be regenerated by the presented model. However, in 
comparison with the previous research, the presented model is more 
accurate and allows one to design and optimise single-resonator 
IOPOs.

Keywords:   intracavity optical parametric oscillator, self-Raman 
stimulated scattering.

1. Introduction

Tunable eye-safe mid-IR lasers find numerous applications 
in spectroscopy, range finders, military equipment, etc. How
ever, it is difficult to construct a laser source which is tunable 
in the eye-safe band from a conventional gain medium. In 
recent years, intracavity optical parametric oscillators (IOPOs) 
have been developed to provide practical tunable laser sources 
in the eye-safe band using temperature and quasi-phase-
matching techniques [1 – 5]. A successful theoretical model 
which describes characteristics of IOPOs in the pulsed regime 
has been developed by introducing a system of rate equations 
[6]. The output characteristics of KTA IOPOs have been 
studied theoretically and the influence of output coupling has 
been investigated using rate equations in the plane-wave 
approximation [7 – 9]. A Q-switched Nd:YAG/KTA IOPO 
has been studied theoretically using spatial rate equations 
[10]. The design and operation of a solid-state Raman laser 
has been presented by Pask [11]. Intracavity Raman lasers have 
been modelled using the system of rate equations [12 – 17]. 
However, some laser crystals are characterised by simulated 

self-Raman scattering (for example, Nd :YVO4 and 
Nd : GdVO [18, 19]), which prevents a significant part of fun-
damental photons from reaching the nonlinear crystal, 
because these photons are re-absorbed and converted to 
Raman photons which do not satisfy the phase-matching 
condition in the nonlinear crystal.

Because the self-Raman scattering effect has not been 
considered in previous studies of IOPO systems, we have 
included it into our consideration. We have also analysed the 
rate equations and have numerically investigated the output 
signal power, pulse width and pulse shape.

2. Experimental setup

A schematic of a conventional IOPO is shown in Fig. 1. In 
this setup, the fundamental beam, which is amplified by the 
gain medium, propagates in the cavity formed by mirrors M1 
and M2. Mirror M3 has high transmission at the fundamental 
wavelength and high reflection at the signal wavelength. Out
put coupler M2 has partial transmission at the signal wave-
length because some of the signal energy should exit from the 
cavity, formed by M1 and M2, as the IOPO output. In other 
word, the signal wave is an intrinsic wave in the cavity which is 
formed by M3 and M2. In this single-cavity IOPO, all optical 
elements are transparent for the idler wave.

3. Theoretical model

By taking self-Raman scattering into account, the most general 
rate equations [6, 12] for an actively Q-switched IOPO can be 
generalised as:
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Figure 1.  Schematic of an intracavity optical parametric oscillator [7, 20].
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Equation (1) is the rate equation for the population inver-
sion and equations (2), (3) and (4) are the rate equations for 
fundamental laser, signal and Raman photons, respectively. 
In equation (2), we have introduced the second term to take 
the influence of self-Raman scattering into account, while 
equation (4) has been introduced for the description of genera-
tion of Raman photons.

In equations (1) – (4), g is the inversion reduction factor of 
the gain medium; n (r, z, t) is the population inversion density; 
fl (r, z, t), fs (r, z, t) and fr (r, z, t) are the laser, signal and 
Raman photon densities, respectively; fls (r, z, t) is the funda-
mental photon density in the nonlinear crystal; C1, C2, C3, LC 
and NLC denote the spatial integral area in the fundamental 
cavity, Raman cavity, OPO cavity, laser crystal and nonlinear 
crystal, respectively; c is the speed of light in vacuum; s is the 
stimulated emission cross section of the laser medium; ksp 
is the spontaneous Raman scattering factor; and tl, tr and ts 
are the cavity lifetimes of fundamental, Raman and signal 
photons, respectively, defined as:
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Here, trj, Lj and Rj are the lifetimes of the photon in the cavity, 
the round-trip intrinsic loss and the output coupler reflectivity, 
respectively. Subscripts l, r and s denote the fundamental, 
Raman and signal photons, respectively.

The parameters sr and snl are the effective cross sections 
of Raman and nonlinear process which are defined as [7, 12]:
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where g is the Raman gain coefficient of the gain medium; 
wr  is the circular frequency of Raman photons; '  = h/(2p); 
h is Plank’s constant; wl, ws and wid are the circular frequencies 
of fundamental, signal and idler photons; deff is the effective 
nonlinear coefficient of interaction; lnl is the nonlinear crystal 
length; aid is the absorption coefficient at the idler wavelength; 
e0 is the dielectric constant of the vacuum; and nl, ns and nid 
are the average refractive indices at the fundamental, signal 
and idler wavelengths, respectively.

3.1. Rate equations in the plane-wave approximation

In the plane-wave approximation the population inversion and 
photons densities are only time-depend. However, in the plane-
wave approximation, the rate equations can be modified as: 
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Here, lf and lOPO are the optical lengths of the fundamental 
and OPO cavity, respectively, and llc is the laser crystal length. 

The threshold population inversion density for the funda-
mental laser can be obtained by setting dfl(t)/dt, fl(t), fs(t) 
and fr(t) equal to zero in equation (9). Then, 
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The normalised rate equations can be obtained if we 
introduce the parameters,
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By substituting these parameters into rate equations (8) – (11), 
we obtain
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and loss ratios are given by
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Rate equations (17) – (20) describe IOPO characteristics 
in the plane-wave approximation.

3.2. Space-dependent rate equations

To take the beam spatial distribution into account, funda-
mental, Raman and signal beams are assumed to have a 
Gaussian spatial profile (TEM00 mode), which is given as 
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For the fundamental photon density in the nonlinear crystal, 
fls(r, t), we set
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where fls(t) is related to fl(t) by the law of conservation of the 
photon flux:
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Here, wls is the fundamental beam diameter in the nonlinear 
crystal. For end-pumped laser diodes with a four-level gain 
medium, it is reasonable to assume that the initial population 
inversion has a Gaussian spatial profile [21]:
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where n(0) is the initial population inversion density on the 
gain medium axis and wp is the diameter of the pump beam 
in  the gain medium. By using spatial rate equations, the 
threshold initial population inversion is modified to
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Then, the modified normalised spatial rate equations have the 
form 
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Equations (27) – (30) are the normalised spatial rate equa-
tions which describe the characteristics of IOPOs.

4. Numerical analysis

In this section, rate equations (17) – (20) and (27) – (30) are 
solved numerically. To analyse the spatial rate equations 
numerically, we must first determine the ratio of the funda-
mental laser mode diameter to the pump mode diameter, wl /wp. 
We assume in this case that the maximum spatial beam over-
lapping takes place at wl /wp = 1. 

Figure 2 shows the time dependence of the photon density 
in the plane-wave approximation for two lifetimes of Raman 
photons. One can see that the signal photon density increases 
with increasing relative lifetime of Raman photons.

Figure 3 shows similar dependences calculated by using 
the spatial rate equations in which the condition of full spatial 
overlapping is satisfied (wl /wp = 1). From the comparison 
of Figs 2 and 3 one can conclude that the pulses, which are 
calculated by using the rate equations in the plane-wave 
approximation, are narrower than the pulses which are calcu-
lated by the equations taking into account the spatial profiles 
of the beams.

The signal pulse width as a function of the Raman nor-
malised gain coefficient is presented in Fig. 4. One can see 
from the figure that the signal pulse width has a maximum 
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Figure 2.  Densities of fundamental, signal and Raman photons as func-
tions of time in the plane-wave approximation at Kr = (a) 5 and (b) 7 
[N(0) = 7, Mr = 3, Ms = 2, G = 6, Ksp = 10–3, Ks = 2]. 
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Figure 3.  Densities of fundamental, signal and Raman photons as func-
tions of time for Gaussian beams at Kr = (a) 5 and (b) 7 [N(0) = 5.2, 
Mrs = 2.85, Mss = 0.5, Gs = 2.6, Mrl = 2.85, Ksps = 10–3, Ks = 2].
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value. The Raman gain coefficient of the crystal can be deter-
mined using this maximum value in the following way. 

Step 1: In Eqns (27) and (29) the parameters Mrs, Mrl and 
Ksps are the functions of fundamental-to-Raman beam diameter 
ratio (wl /wr). Therefore, in the fixed setup the pulse width can 
be changed by varying wl /wr. The parameter (wl /wr)max corre-
sponding to a pulse with a maximum width can be obtained 
experimentally. 

Step 2: The normalised Raman gain (Mrs)max, at which a 
signal pulse of maximum width is formed, can be calculated 
by the presented model.

Step 3: Finally, the Raman gain coefficient of the laser 
crystal can be determined by:
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Figure 5 shows the normalised signal pulse widths calcu-
lated with self-Raman scattering and without it as functions 
of the initial population inversion. A longer pulse width is 
obtained if self-Raman scattering is taken into account. 

The signal output power is proportional to the integral of 
the normalised signal photon density in the normalised time 
[15]. Therefore, Fig. 6 shows the result of the integration of 
the normalised signal photon density in the normalised time 
Fs  integ as a function of the normalised initial population 
inversion. The self-Raman scattering causes the Fs  integ  
decrease, because a large number of fundamental photons are 
re-absorbed in the gain medium, are converted to the Raman 
photons due to Raman scattering, and do not participate in 
the nonlinear interaction with the nonlinear crystal.

The presented model allows one to describe multi-pulse 
regimes, which have been observed in the experimental research 
[22 – 25]. Figures 7 and 8 show the time dependences of the 
normalised population inversion and pulse shapes for a model 
setup in which Nd :YVO4 and KTP crystals are used as laser 
and nonlinear gain media, respectively. 
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Figure 4.  Pulse width as a function of normalised spatial Raman gain 
coefficient at N(0) = 5.2, Mss = 0.5, Gs = 2.6, Ksps = 10–3, Ks = 2, and 
Kr = 5.
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population inversion at Mrs = 2.85, Mss = 0.5, Gs = 2.6, Ksps = 10–3, 
Ks = 2, and Kr = 5. 

2 4 6 8 N00

5

10

15

20

25

F s integ

with self-Raman
scattering

without self-Raman
scattering

Figure 6.  Dependence of Fs  integ on the normalised initial population 
inversion at Mrs = 2.85, Mss = 0.5, Gs = 2.6, Ksps = 10–3, Ks = 2, and 
Kr = 5. 

N

8

6

4

2

0 10 20 30 t

a

F l

4

2

0

–2
0 10 20 30 t

b

Fr /10–4

4

6

2

0

–2
0 10 20 30 t

c

F s

10

0

–10
0 10 20 30 t

d

Figure 7.  Multi-pulse generation characteristics for the Nd : YVO4 laser 
crystal and KTP nonlinear crystal in the plane-wave approximation: 
(a) normalised population inversion as well as (b) laser, (c) Raman and 
(d) signal photon densities.
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5. Conclusions

Self-Raman scattering plays an important role in the IOPO 
with such gain media as Nd :YVO4, because an intrinsic self-
Raman gain coefficient arises in these media. To reduce the 
influence of self-Raman scattering, the Raman loss ratio must 
be chosen as big as possible which can be done by choosing 
an  appropriate output coupler at the Raman wavelength. 
A practical method is suggested to determine the Raman gain 
coefficient by analysing spatial rate equations. A wider pulse 
width is shown to result from self-Raman scattering of the 
gain medium. In this case, the output signal power is reduced 
as a number of fundamental photons are converted to the 
Raman photons which do not participate in the interaction 
with the nonlinear crystal. The multi-pulse generation can be 
studied theoretically by the presented model. In comparison 
with the previous model, the model in question provides more 
accurate calculation results, which are needed to design and 
optimise IOPO systems.
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Figure 8.  Multi-pulse generation characteristics for the Nd : YVO4 laser 
crystal and KTP nonlinear crystal for Gaussian beams: (a) normalised 
population inversion as well as (b) laser, (c) Raman and (d) signal photon 
densities.




