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Abstract. The intracavity photon density is assumed to be Gaussian spatial distributions and the nonlinear
loss that is due to second-harmonic generation (SHG) to the photon-density equation is given under
Gaussian spatial distributions in the rate equations for a diode-pumped passively Q-switched intracavityfrequency-doubling Nd:GdVO4 /KTP laser with Cr4+ :YAG saturable absorber. These space-dependent
rate equations are solved numerically. The dependences of pulse width, pulse repetition rate, single-pulse
energy and peak power on incident pump power are obtained for the generated-green-laser pulses. In
the experiment, a diode-pumped passively Q-switched intracavity-frequency-doubling Nd:GdVO4 /KTP
laser with Cr4+ :YAG saturable absorber is realized and the experimental results are consistent with the
numerical solutions.
PACS. 42.55.Ah General laser theory – 42.55.Xi Diode-pumped lasers – 42.60.Gd Q-switching

1 Introduction
Laser-diode-pumped all-solid-state passively-Q-switched
lasers [1,2], due to the advantages of miniature, simplicity,
compactness, high eﬃciency and low cost, have wide applications in the ﬁelds of remote sensing, ranging, medicine,
etc. It is easy to obtain high nonlinear conversion eﬃciency
by placing the nonlinear crystal into the laser resonator
due to its high fundamental wave power density [3,4].
Nd:YVO4 and Nd:YAG are very eﬃcient laser
materials for diode pumping. As a new host material
for Nd3+ ion, the GdVO4 crystal has been developed
recently by Zagumennyi et al. [5], and Nd:GdVO4 has
been experimentally conﬁrmed to be a promising laser
medium for diode pumping [6]. Although GdVO4 and
YVO4 crystals belong to the group of oxide compounds
crystallizing in a Zircon structure with a tetragonal space
group [7], it has been shown that Nd:GdVO4 crystals have
essential advantages in comparison with Nd:YVO4 and
Nd:YAG.Compared with Nd:YAG crystals, Nd:GdVO4
has a 7-times higher absorption cross section at 808 nm
(σa = 5.2 × 10−19 cm2 , Ec) and a 3-times larger emission
cross section at 1.06 µm (σe = 7.6 × 10−19 cm2 , Ec) [6].
Compared with Nd:YVO4 crystals, Nd:GdVO4 has a
much larger thermal conductivity along the 110 direction at 300 K (about 11.7 W m−1 K−1 ), which is more
than a factor of two higher than that of Nd:YVO4 and is
even higher than that of Nd:YAG crystals [8]. A further
a
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advantage of Nd:GdVO4 is the broad absorption with
3.2 nm FWHM of the pump transition at 808.4 nm. This
results in a good spectral overlap between the diode-laser
emission and the absorption of Nd:GdVO4 without the
need of diode-laser temperature control [6]. Such unique
spectroscopic and thermal properties make Nd:GdVO4
crystal a promising substitute for Nd:YAG and Nd:YVO4
in diode-pumped compact solid-state lasers. During the
past few years, diode-pumped Q-switched Nd:GdVO4
lasers have been studied [9–11]. Actively Q-switched
intracavity-frequency-doubling Nd:GdVO4 lasers and
passively Q-switched intracavity-frequency-doubling
Nd:GdVO4 /Cr4+ :YAG laser have been also experimentally studied without any theoretical analysis [12–14].
Rate equations are eﬃcient tools for analyzing the performance of a Q-switched laser. An accurate and general
theoretical model of a LD-pumped passively Q-switched
intracavity-frequency-doubling laser has been studied [15],
in which the intracavity photon density is assumed to
be Gaussian spatial distributions and the longitudinal
variation of the intracavity photon density is also considered. But in reference [15], the nonlinear loss that
is due to second-harmonic generation (SHG) [2] to the
photon-density equation is given under an uniform planewave approximation. To obtain a more accurate theoretical analysis of the pulses from a LD-pumped passively
Q-switched intracavity-frequency-doubling laser, the nonlinear loss due to SHG should be given under Gaussian
spatial distributions.
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Fig. 1. Schematic of the experimental setup.

In this paper, we introduce the rate equations
of a diode-pumped passively Q-switched intracavitylaser
with
frequency-doubling
Nd:GdVO4 /KTP
Cr4+ :YAG saturable absorber, in which the intracavity photon density is assumed to be Gaussian spatial
distributions and the nonlinear loss due to SHG is also
given under Gaussian spatial distributions. These spacedependent rate equations are solved numerically. From
the numerical solutions, we obtain the dependences of
pulse width, pulse repetition rate, single-pulse energy and
peak power on pump power for the generated-green-laser
pulses. The numerical solutions are consistent with the
experimental results obtained from a diode-pumped
passively Q-switched intracavity-frequency-doubling
Nd:GdVO4 /KTP laser with Cr4+ :YAG saturable absorber.

2 Theoretical calculations

Fig. 2. Beam size versus pump power.

can be expressed as [15]:
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where r is the radial coordinate; wl is the average radius
of the TEM00 mode, which is mainly determined by the
geometry of the resonator; and φ(0, t) is the photon density in the laser axis. If the longitudinal distribution of
the photon density along the cavity axis is considered, the
photon densities φg (r, t), φs (r, t), and φk (r, t) at three positions: Nd:GdVO4 crystal, saturable absorber and KTP

(3)
(4)

where wg , ws , and wk are the radii of the TEM00 mode at
the above-mentioned three positions, respectively.
In our experiment, however, the pump power is focused
into the gain medium with a spot size of a few hundred
microns, so the phase diﬀerence of it becomes uneven due
to the un-uniformity of the temperature ﬁeld distribution
in the gain medium. The phase diﬀerence is distributed as
a parabola proﬁle and the gain medium has thermal lens
eﬀect, and the thermal focal length is [16]:

2.1 The longitudinal distribution of the photon density

We consider the laser depicted in Figure 1, in which
Nd:GdVO4 works as gain medium, KTP works as
frequency-doubling crystal, and Cr4+ :YAG works as passive Q-switch. If the intracavity photon density is assumed
to be a Gaussian spatial distribution during the entire formatting process of the LD-pumped passively Q-switched
intracavity-frequency-doubling laser pulse, the intracavity photon density φ(r, t) for the TEM00 mode can be
expressed as:

(2)

wp2
2πKc
,
dn/dT + αT n1 ξPin η

(5)

where wp is the radius of the pump light in the gain
medium; η = 1-exp(-αl) is the absorptivity of the gain
medium, in which α is the absorption coeﬃcient and
l is the length of the gain medium; Pin is the incident pump power; n1 is the refractive index of the gain
medium; and for our a-cut Nd:GdVO4 crystal: Kc = 11.7×
10−3 W mm−1 K−1 , dn/dT = 4.7 × 10−6 K−1 , ξ = 0.24,
αT = 3.5 × 10−6 K−1 .
For our experimental conﬁguration shown in Figure 1,
using the well-known ABCD matrix method [1] and considering the thermal lens eﬀect of the gain medium, we
have simulated wg , ws , wk , and wl as functions of incident
pump power, and the results are shown in Figure 2.

2.2 Nonlinear loss due to harmonic conversion
For a Q-switched intracavity-frequency-doubling laser, the
harmonic conversion is always considered as a nonlinear
loss of the fundamental wave. Assuming that the fundamental wave (FW) is plane wave with Gaussian amplitude
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Table 1. Parameters of II-type phase-matching KTP crystal.

proﬁle:
E(ω, r, z, t) = E(ω, r) cos(Kz − ωt),

(6)

where ω is the angle frequency of the fundamental wave.
If the thermal eﬀect and walking-oﬀ eﬀect of KTP are
neglected, the amplitudes for o and e light for KTP type-II
phase matching are, respectively:


r2
Eo (ω, r) = E0o exp − 2 ,
(7)
wk
 2
r
e
Ee (ω, r) = E0 exp − 2 .
(8)
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So the amplitude of second-harmonic wave (SHW) satisﬁes the following equation under the small-signal and
near-ﬁeld approximation [17]:
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where ε0 is the dielectric permeability of vacuum; nω
o and
nω
e are fundamental-wave refractive indices of o and e light,
respectively.
The FW intensity is:
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is the area of fundamental wave at the position of KTP,
ω is the single photon energy of the fundamental wave,
φk (0, t) is the photon density in the laser axis at the position of KTP.
The nonlinear loss due to harmonic conversion can be
obtained:
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we can obtain the SHW intensity at the exit of end face:
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These data are provided by Coretech Crystal Company,
Shandong University, China.

where deﬀ is the eﬀective nonlinear coeﬃcient; c is the light
velocity in vacuum; n2ω
e is the refraction index of SHW.
Integrating equation (9) along the z direction, yields:


2ωdeﬀ lk
2r2
E(2ω, r) = i 2ω E0o E0e exp − 2 ,
(10)
ne c
wk
where lk is the length of KTP.
From the relationship between intensity and amplitude
for light [17]:
 
1
I = ncε0 E 2  ,
(11)
2
and the fundamental power [17]:

Values

nω
o

(17)
(18)

The corresponding parameters for type-II phase-matching
KTP crystal are presented in Table 1.

2.3 Rate equations
So for this laser, if neglecting the spontaneous radiation
during the pulse formation, we can obtain the coupling
rate equations [15]:

0

∞

 ∞
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We assume:
P0o = P0e = (1/2)P (ω, 0),

(15)

where P (ω, 0) = (1/2)Ak ωcφk (0, t) is the incident fundamental power in the axis of KTP, in which Ak = (1/2)πwk2

dn(r, t)
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where n(r, t) is the average population-inversion density;
ns1 (r, t) and ns0 are the ground-state and total population densities of Cr4+ :YAG saturable absorber, respectively; σ and l are the stimulated-emission cross section and length of Nd:GdVO4 gain medium, respectively;
σg and σe are the ground-state and excited-state absorption cross sections of the saturable absorber, respectively; ls is the length of the saturable absorber;
tr is the round-trip time of light in the resonator
{tr = [2n1 l + 2n2 ls + 2n3 lk + 2(Le − l − ls − lk )]/c} ; n1 ,
n2 , and n3 are the refractive indices of Nd:GdVO4 gain
medium, Cr4+ :YAG saturable absorber, and KTP crystal, respectively;lk is the length of KTP; Le is the cavity length; c is the velocity of light in vacuum; δk is
given in equation (18); L is the intrinsic loss; τ is the
stimulated-radiation lifetime of the gain medium;τs is the
excited-state lifetime of the saturable absorber; Rin (r) =
Pin exp(−2r2 /wp2 )[1 − exp(−αl)]/hγ p πwp2 l is the pump
rate, where hγp is the single-photon energy of the pump
light. The initial conditions of equations (20, 21) can be
written as [15]:
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n(r, 0) = n(0, 0) exp − 2 ,
wp

(22)

ns1 (r, 0) = ns0 ,

(23)

where n(0, 0) is the initial population-inversion density in
the laser axis, i.e.,
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where T0 = exp(−σg ns0 ls ) is the small-signal transmission
of the saturable absorber.
Substituting equations (2, 3, 22, 23) into equations (20, 21) and integrating the results over time, we
obtain:
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Table 2. Parameters of the theoretical calculation.
Parameters
σ
σg

Values
−19

7.6 × 10

−18

4.3 × 10

−19

cm
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2
2
2

Parameters

Values

n3

1.83

lk

1.0 cm

σe

8.2 × 10

l

0.5 cm

ns0

2.0 × 1017 cm−3

wp

330 µm

τ

90 µs

L

0.08

τs

3.2 µs

α

5.49 cm−1

n1

2.19

ξ

0.85

n2

1.81

cm

Data from references [10, 15].

Substituting equations (1–4) into equation (19), we obtain:
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wl
where n(r, t) and ns1 (r, t) are given in equations (25, 26).
Equation (27) is the basic diﬀerential equation describing
φ(0, t) as a function of t. From the relation between φ2k (0, t)
and t, we can obtain the pulse width (FWHM) W and the
pulse repetition rate F of the generated-green-light pulses.
The pulse peak power P and the single-pulse energy E can
be expressed as:
1
ξKN Ak lk2 (ωc)2 φ2km ,
(28)
2
1
E = ξKN Ak lk2 (ωc)2 φint ,
(29)
2
where ξ is the fraction that coupled out the resonator;
KN is given in equation (17); Ak = (1/2)πwk2 is the area
of fundamental wave at the position of KTP; φkm is the
maximum value of φk (0, t); φint is the integral of φ2k (0, t)
over t from the beginning time t1 to ending time t2 of the
single pulse.
The corresponding parameters values of the theoretical
calculation are shown in Table 2, in which we mainly adjust the value of L to ﬁt the experimental data. The smallsignal transmissions of two Cr4+ :YAG saturable absorbers
are T0 = 0.87 and T0 = 0.95, respectively. The dotted line
in Figure 3 shows the theoretical pulse shape at T0 = 0.87
and a pump power of 3.4 W. The solid lines in Figures 4–7
are the theoretical calculation curves for pulse width W ,
pulse repetition rate F , single-pulse energy E, and peak
power P versus pump power, respectively.
P =
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Fig. 3. Temporal profile of single pulse with Cr4+ :YAG
T0 = 0.87. Solid line, oscilloscope trace; dotted line, calculated
result.
.

Fig. 6. Single-pulse energy versus pump power. Solid lines,
theoretical results; scattered dots, experimental results.

Fig. 4. Pulse width versus pump power. Solid lines, theorical
results; scattered dots, experimental results.

Fig. 7. Pulse peak power versus pump power. Solid lines, theoretical results; scattered dots, experimental results.

Fig. 5. Pulse repetition rate versus pump power. Solid lines,
theoretical results; scattered dots, experimental results.

1.0 at.% Nd3+ ions is 4×4×5 mm3 and its absorption coeﬃcient at 808 nm is 5.49 cm−1 . Its ﬁrst surface is antireﬂection coated at 808 nm and the other surface is high
antireﬂection coated at 1064 nm. It is near M1 . The mirror
M3 with 100-mm curvature radius is also used as the output mirror of the generated green light, and it has a reﬂectivity of 99.6% at 1064 nm and a transmission of 85% at
532 nm. The KTP crystal cut for type-II phase matching
(made by Coretech Crystal Company, Shandong University, China) is 3×3×10 mm3 and both of its surfaces are
antireﬂection coated at 1064 nm and 532 nm. The temperatures of the Nd:GdVO4 crystal and the KTP crystal
are controlled at 20 ◦ C and 22 ◦ C by means of a temperature controller, respectively. M2 is a plane mirror and its
surface is high reﬂection coated at 1064 nm and 532 nm.
The KTP crystal is near M2 . The distance between M1
and M3 is about 22 cm, the distance between saturable
absorber and M3 is about 8 cm, and the distance between
M2 and M3 is about 8 cm. The ﬁlter is used for separating 532-nm green laser from the remainder 1064-nm
fundamental wave leaking out from the resonator. A LPE1B power meter (Institute of Physics, Chinese Academy
of Science) is used to measure the generated-green-laser
power and a TED620B digital oscilloscope (Tektronix Inc.,
USA) is used to measure the generated-green-laser pulse
width and pulse repetition rate.

3 Experimental setup and results
The experimental setup is shown in Figure 1. The pump
source is a ﬁber-coupled laser-diode (made by Semiconductor Institute, Chinese Academic, maximum output
power 5 W) which works at the maximum absorption
wavelength (808 nm) of the Nd:GdVO4 crystal. The mirror M1 with 150-mm curvature radius is high antireﬂection coated at 808 nm and high reﬂection coated at
1064 nm and 532 nm. The Nd:GdVO4 crystal doped with
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Fig. 8. Average output power versus pump power.

Figure 8 shows the average output power Pa of the
generated-green-laser pulses versus pump power. A singlepulse temporal proﬁle of an oscilloscope trace at T0 = 0.87
and a pump power of 3.4 W is shown by the solid line in
Figure 3. The dependences of pulse width W and pulse
repetition rate F of the generated-green-laser pulses on
pump power are shown by scattered dots in Figures 4
and 5. Using the equations E = Pa /F and P = E/W ,
we obtain the single-pulse energy E and the peak power
P , which are shown by scattered dots in Figures 6 and 7.
From Figures 3–7, we can see that the experimental results
are in agreement with the theoretical calculations.
However, it should be pointed out that the inﬂuences of
the multi-longitude-mode coupling have been neglected in
our theoretical calculation. In fact, the longitudinal-mode
coupling and sum-frequency generation may lead to intensity ﬂuctuations of the output green laser. Under relatively
high pump power, the modulated Q-switched pulses have
been observed in our experiment. For a-cut Nd:GdVO4
crystal, the π-polarization emission cross section is much
larger than that of the σ-polarization, which will result in π-polarization mode oscillation in cw lasers whatever the polarization direction of pump light is. However,
for the intracavity-frequency-doubling Nd:GdVO4 /KTP
green laser, the KTP crystal acts as birefringent ﬁlter due
to its anisotropy. The σ-polarized mode can exist in the
resonator, especially under high pump power. There are
two eﬀects relevant to this dynamical process [18]: mode
coupling related to the presence of standing waves in the
gain medium on the microsecond timescale of the cavity relaxation oscillations, and couplings associated with
sum generations on the nanosecond timescale of the cavity lifetime. We believe that the modulation phenomenon
results from the frequency beat of the two polarized-mode
eigenstates and the modulation process can be theoretically simulated with the multi-longitude-mode rate equations [19].

4 Conclusions
We have assumed the intracavity photon density to
be Gaussian spatial distributions and the nonlinear
loss due to SHG is also given under Gaussian spatial

distributions in the rate equations of a diode-pumped
passively Q-switched intracavity-frequency-doubling
Nd:GdVO4 /KTP laser with Cr4+ :YAG saturable absorber. These space-dependent rate equations are solved
numerically. From the numerical solutions, we obtain
the dependences of pulse width, pulse repetition rate,
single-pulse energy and peak power on pump power
for the generated-green-laser pulses. The theoretical
calculations of the numerical solutions agree with the
experimental results obtained from a diode-pumped
passively Q-switched intracavity-frequency-doubling
Nd:GdVO4 /KTP laser with Cr4+ :YAG saturable absorber.
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