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ABSTRACT We present a simple technique to improve the
symmetry of pulse emitted by doubly passively Q-switched
lasers. Using both Cr4+:YAG and GaAs saturable absorbers in
the same cavity, a diode-pumped doubly passively Q-switched
Nd:YVO4 laser is realized for the fist time. This laser can gen-
erate more symmetric pulse with shorter pulse width and higher
peak power compared with the solely passively Q-switched
laser with Cr4+:YAG saturable absorber or GaAs coupler. The
pulse symmetry factor ε of such a doubly passively Q-switched
laser is experimentally shown to reach 1.05. Simulations by
a rate-equation model for doubly passively Q-switched laser are
in close agreement with the experimental results.

PACS 42.55.Xi; 42.55.Rz; 42.60.Gd

1 Introduction

Diode-pumped solid-state passively Q-switched
lasers that are capable of delivering optical pulses of nanosec-
ond duration and thousands of HZ repetition rates in the
near infrared region have a wide range of applications such
as micro-surgeon, laser ranging, injection seeds for ampli-
fiers, and remote sensing et al. [1–3]. In recent years, passive
Q-switching of diode-pumped Nd-doped crystals, especially
Nd:YVO4 crystal, has been the most popular and concise
method to get such laser sources, in which Cr4+:YAG and
GaAs have been used as passive Q-switches most widely
and the pulses ranging from several to tens of nanoseconds
have been obtained [4–9]. Although such solely passively
Q-switched lasers can emit short pulses, most theoretical
and experimental results show that the pulse temporal pro-
files are usually asymmetric, with a sharp rising edge and
a slow falling edge in a Cr4+:YAG passively Q-switched
laser [4–6, 10], and with a slow rising edge and a sharp falling
edge in a GaAs Q-switched laser [7–10]. In some appli-
cations, the symmetric pulse is more useful. For instance,
when the symmetric pulse is used in high power lasers, there
is no need to reshape it after amplification. If we use both
Cr4+:YAG and GaAs saturable absorbers simultaneously in
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the same cavity, it is possible to obtain more symmetric and
shorter pulses with higher peak power according to their pulse
characteristics.

In this paper, we report the experimental observation of
the symmetric shorter pulses with higher peak power emitted
in a diode-pumped doubly Q-switched Nd:YVO4 laser with
Cr4+:YAG saturable absorber and GaAs coupler for the first
time, to our knowledge. In this laser, GaAs has two roles; to
generate short pulses, and to couple the pulses out of the cav-
ity. Using the coupled rate equations considering the Gaussian
transversal and longitudinal distributions of the intra-cavity
photon density, we further simulated the characteristics of the
emitted pulses in the above passively Q-switched Nd:YVO4
lasers and the theoretical calculations agreed with the experi-
mental results.

2 Experiment

2.1 Experimental setup

The experimental setup is shown schematically in
Fig. 1. The pump source is a fiber-coupled laser-diode (made
by Semiconductor Institute, Chinese Academic) which can
provide a maximum cw output power of 5 W with a central
wavelength of 808 nm at 22 ◦C. The output beam from the
fiber bundle end, which is 800 µm in diameter, is focused
in to the laser crystal with a spot size of about 440 µm and
numerical aperture of 0.22 by a focusing optics (1.8 : 1 imag-
ing module, Coherent Inc., USA). M1 is a concave mirror
with 150-mm curvature radius, AR (anti-reflectance) coated at
808 nm on the entrance end, HR (high-reflectance) coated at
1064 nm and HT (high-transmission) coated at 808 nm on the
other face. The laser crystal is an a-axis-cut Nd:YVO4 crys-
tal with 1.0 at. % doping and dimension of 4 ×4 ×5 mm3 and

FIGURE 1 Experimental setup of the doubly Q-switched laser
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is placed at the focused pump spot location. The crystal ab-
sorbed 85% of the incident pump power, corresponding to an
effective absorption coefficient of α = 5.32 cm−1 at 808 nm.
Its front surface is AR coated at 808 nm and its rear surface
is AR coated at 1064 nm. To reduce the thermal loading in
the laser crystal, the Nd:YVO4 crystal is wrapped with in-
dium foil and held in a copper block which is cooled at 20 ◦C
by a semiconductor cooler. The small signal transmissions
of the two Cr4+:YAG saturable absorbers are T0 = 87% and
T0 = 91%, respectively. Both the surfaces of the Cr4+:YAG
saturable absorbers are AR coated at 1.06 µm. A 580-µm-
thick uncoated GaAs wafer, which is optically polished on
both sides, is used as both the saturable absorber and out-
put coupler. The whole length of the cavity is 10 cm and the
distance between Cr4+:YAG and GaAs is 0.7 cm. A fast pho-
toelectronic diode (response time is less than 1 ns) is used to
receive the generated pulse. A PMD500AD laser power me-
ter (Coherent-Molectron Inc., USA) is used to measure the
average output power and a TED620B digital oscilloscope
with bandwidths of 500 MHz (Tektronix Inc., USA) is used to
measure the pulse width and the pulse repetition rate.

For comparison, we also measure the characteristics of the
solely passively Q-switched Nd:YVO4 laser with Cr4+:YAG
saturable absorber or GaAs coupler. When only the Cr4+:YAG
saturable absorber is used, a planar mirror with a transmis-
sion of 40% at 1.06 µm is employed as the output coupler. The
transmission of 40% is similar to that of the uncoated GaAs
wafer.

3 Experimental results

A summary of our experimental results is shown as
scattered dots from Figs. 2 to 4. Figure 2 shows that the output
powers of the double Q-switching are lower than the singly
passive Q-switching with GaAs, however, slightly higher than
that of Cr4+:YAG. From Fig. 3, we can see that although

FIGURE 2 Average output power versus incident pump power: (a) three
different passive Q-switching with the same Cr4+:YAG of T0 = 87%;
(b) double passive Q-switching with different small signal transmission
of Cr4+:YAG. The circles represent solely GaAs Q-switching, the squares
double passive Q-switching with Cr4+:YAG of T0 = 87%, the triangles
solely Cr4+:YAG Q-switching with T0 = 87%, the crosses double passive
Q-switching with Cr4+:YAG of T0 = 91%

the repetition rates of the double passive Q-switching are
slightly reduced compared with single passive Q-switching
with GaAs, the double passive Q-switching reduces the pulse
duration and increases the pulse peak power in comparison
with the sole passive Q-switching with Cr4+:YAG saturable
absorber or GaAs coupler. At the maximum incident pump
power, the pulse durations are compressed by 64.7% and
29.3%, and the pulse peak powers are nearly improved by
twice and one time, respectively. Figure 4 shows that the pulse
duration and the repetition rates decrease with decreasing he
small signal transmission of Cr4+:YAG, while the pulse peak
power increases at the same incident pump power for double
passive Q-switching. The single pulse profiles of an oscillo-
scope trace of different Q-switching at the maximum pump
power of 4.77 W and a small signal transmission T0 = 87% of
Cr4+:YAG are shown as solid lines in Fig. 5. To compare the
symmetry of different passive Q-switching, we define a sym-
metry factor ε as the ratio of the rising and the falling time of

FIGURE 3 Dependence on pump power of pulse width, repetition rates and
peak power by different Q-switching with the same Cr4+:YAG of T0 = 87%:
(a) pulse width; (b) repetition rates; (c) peak power. The symbols represent
the same meanings as the ones in Fig. 2

FIGURE 4 Dependence on pump power of pulse width, repetition rates and
peak power by double passive Q-switching with different small signal trans-
missions of Cr4+:YAG: (a) pulse width; (b) repetition rates; (c) peak power.
The symbols represent the same meanings as the ones in Fig. 2
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FIGURE 5 Typical pulse profiles from the Q-switched lasers: (a) double
passive Q-switching; (b) GaAs Q-switching; (c) Cr4+:YAG Q-switching

the pulse full width at half-maximum (FWHM), which can be
expressed as:

ε = ω1

ω2
(1)

where ω1 and ω2 are the rising and falling times of pulse
FWHM and shown in Fig. 5, respectively. In Fig. 5, (a) is
the pulse profile of double passive Q-switching, which has
a pulse duration of 41 ns with ε = 1.05; (b) is the pulse profile
of solely passive Q-switching with GaAs, which has a pulse
duration of 58 ns with ε = 1.3; (c) is the one of solely pas-
sive Q-switching with Cr4+:YAG, which has a pulse duration
of 116 ns with ε = 0.48. The analysis shows that double pas-
sive Q-switching not only can compress the pulse, but also
increase the symmetry of the pulse.

4 Theoretical analysis

To better understand the phenomenon, we fur-
ther use the coupled rate equations considering the Gaussian
transversal and longitudinal distributions of the intra-cavity
photon density to simulate the characteristics of the emitted
pulses. For the doubly passively Q-switched laser, the ex-
tended coupled rate equations can be written as [8, 11]:

∞∫

0
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(5)

where n(r, t) is the average population-inversion density in
Nd:YVO4; ns0 and ns1(r, t) are the population densities of the
ground-state and the excited-state in Cr4+:YAG; n0 is the total
population density of the EL2 defect level (including EL20

and EL2+) of GaAs; n+(r, t) is the population density of posi-
tively charged EL2+ in GaAs, and σ0 and σ+ are the absorp-
tion cross sections of EL20 and EL2+ in GaAs; c is the vel-
ocity of light in vacuum; Rin = Pin[1 − exp(−αl)]/(hυpπ�2

pl)
is the volume pumping rate, where Pin is the incident pump
power, α is the absorption coefficient of the Nd:YVO4 crystal,
hυp is the photon energy of the pump beam, �p is the aver-
age radius of the pump light in the gain medium; tr = 2Lc/c is
the round-trip time in resonator with optical length of the cav-
ity Lc = n1l +n2ls +n3d + (L p − l − ls −d), in which n1, n2,
and n3 are the refractive indices of Nd:YVO4 gain medium,
Cr4+:YAG saturable absorber, and GaAs wafer, respectively,
L p is the physical cavity length, l is the length of Nd:YVO4,
ls is the thickness of Cr4+:YAG, which is determined by the
small signal transmission T0 = exp(−σgns0ls), d is the thick-
ness of the GaAs wafer; σg and σe are the ground-state and
the excited-state absorption cross sections of Cr4+:YAG; L is
the intrinsic loss including the inserting loss of Cr4+:YAG;
σ and τ are the stimulated-emission cross section and the
stimulated-radiation lifetime of Nd:YVO4 crystal, respec-
tively; τs is the excited-state lifetime of Cr4+:YAG; B =
6βhνc(ωg/ωA)2is the coupling coefficient of TPA in GaAs,
where β is the absorption coefficient of two photons, hν is
the photon energy of the fundamental wave, ωg and ωA are
the radii of the TEM00 mode at the positions of the Nd:YVO4

crystal and GaAs wafer, respectively, R is the Fresnel reflec-
tivity of the Fabry–Perot (FP) cavity formed by GaAs, which
is defined as [12]:

R = R0 (1 − exp (−αad))2 +4R0 exp (−αad) sin2(δ/2)

(1 − R0 exp (−αad))2 +4R0 exp (−αad) sin2(δ/2)
(6)

where δ/2 = (2π/λ)nd, n is the refractive index of GaAs at
1.06 µm, R0 = 0.3 is the reflection coefficient at both facets
of the GaAs and αa is the absorption coefficient of GaAs at
1.06 µm, which is reported to be 1.1 cm−1 [12]. According to
the parameters, R = 63% can be obtained.

ϕ(r, t) is the photon density; ϕg(r, t), ϕs(r, t) and ϕA(r, t)
are the photon densities at the positions of Nd:YVO4 crystal,
Cr4+:YAG saturable absorber, and GaAs wafer, respectively,
which are expressed as [11]:

ϕn(r, t) = ω2
l

ω2
n

ϕ(0, t) exp
(

−2r2

ω2
n

)
(n = g, s, A) (7)

where ωg, ωs and ωA are the radii of the TEM00 mode at
the positions of the Nd:YVO4 crystal, Cr4+:YAG saturable
absorber and GaAs wafer, respectively, ωl is the average ra-
dius of the oscillating TEM00 mode in the laser cavity. Using
the well-known ABCD theory, we can obtain the radius of
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Parameters Values Parameters Values

σ 2.5×10−18 cm2 l 0.5 cm
σg 4.3×10−18 cm2 ls 0.11cm
σe 8.2×10−18 cm2 d 580 µm
ns0 2.0×1017 cm−3 L 0.02
σ0 1.0×10−16 cm2 α 5.32 cm−1

σ+ 2.3×10−17 cm2 ωp 220 µm
τ 98 µs ωg 180 µm
τs 3.2 µs ωA 150 µm
n1 2.19 n0 1.2×1016 cm−3

n2 1.81 n+ 1.4×1015 cm−3

n3 3.299 L p 10 cm
β 2.6×10−8 cm W−1

TABLE 1 The parameters of the theoretical calculation [6, 9, 11]

the TEM00 mode at any position of the cavity, including
ωg, ωs and ωA. In this letter, the cavity employed is a plannar-
concave cavity, so the beam waist is on the output coupler. We
define ωl as the average value of the beam radii on the output
coupler and the concave mirror M1.

Based on the coupled rate equations describing the dou-
bly passively Q-switched Nd:YVO4 lasers with Cr4+:YAG
saturable absorber and GaAs wafer, we can also get the rate
equations of the solely passively Q-switched Nd:YVO4 lasers
with Cr4+:YAG saturable absorber or GaAs wafer, by remov-
ing the terms describing GaAs wafer or Cr4+:YAG saturable
absorber, respectively. Using the parameters shown in Table 1
and the methods in [12], we can numerically solve the rate
equations from (2) to (5) on a computer. The calculated aver-
age output powers are shown as solid lines in Fig. 2. The
dependences of the pulse width, repetition rates and peak
power on pump power are shown by solid lines in Figs. 3
and 4. The dotted lines in Fig. 5 are the simulated pulse profile
of the abovementioned different passively Q-switched lasers.
In Fig. 5, (a) is the simulated pulse profile of double pas-
sive Q-switching, which has a pulse duration of 40 ns with
ε = 1.02; (b) is the pulse profile of solely passive Q-switching
with GaAs, which has a pulse duration of 60 ns with ε = 1.4;
(c) is the one of solely passive Q-switching with Cr4+:YAG,
which has a pulse duration of 110 ns with ε = 0.57. From
Figs. 3 to 5, we can see that the theoretical results are in

agreement with the experimental results. Both the theoretical
analysis and the experimental results show that double passive
Q-switching not only can increase the symmetry of the pulse,
but also compress the pulse duration and increase the pulse
peak power.

5 Conclusions

In conclusion, we have experimentally observed
much more symmetric pulses with higher peak power and
the compression of the pulse duration in a doubly pas-
sively Q-switched Nd:YVO4 laser with both Cr4+:YAG sat-
urable absorber and GaAs coupler used simultaneously. Using
the extended rate equation model considering the Gaussian
transversal and longitudinal distributions of the intra-cavity
photon density, we also numerically studied the character-
istics of such a laser. The numerical results agree well with
the experimental results. Both results shows that the doubly
passively Q-switched Nd:YVO4 laser can emit much more
symmetric pulse with shorter pulse width and higher peak
power.
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