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Abstract
A theoretical model suitable to the dual-wavelength electro-optical Q-switched laser was
established. Based on the optimizations on the time-varying Q-switched loss, doped
concentration of the gain medium, and transmission of the output coupler, 1 kHz 1064 nm and
532 nm single-longitudinal-mode pulse lasers both with sub-nanosecond pulse width (PW) were
obtained. The measured PWs of the dual-wavelength lasers agreed well with the theoretical
predictions. At a pump energy of 3.7 mJ, the PWs of the 1064 nm and 532 nm lasers were
0.97 ns and 0.61 ns, the single pulse energy of the two lasers were 0.55 mJ and 0.29 mJ. The
beam quality factor, the energy fluctuation and the time jitter of the 1064 nm laser were 1.58,
0.000063% and 2.18 ps; and that of the 532 nm laser were 1.35, 0.000011% and 1.56 ps.
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1. Introduction

Robust dual-wavelength pulse lasers with high pulse repe-
tition frequency (PRF) are highly desired in either medical
and outdoor detection applications [1–3] or laser precision
machining [4, 5]. Particularly, to meet the need of high speed
high resolution photoacoustic microscopy (PAM) for living
animals [6–8], dual-wavelength laser operation with relat-
ive large wavelength separation is necessary for improving
the imaging contrast and expand the usage scenario of the
PAM, the laser pulse width (PW) should be narrowed to sub-
nanosecond (ns) level to get a minimum resolvable scale of
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the PAM less than 1.5 µm, and the fluctuations of both the
laser PW and the single pulse energy (SPE) should be as
low as possible at the same time since the image of PAM is
obtained using the data got from tens of thousands of single
point measurements [9–11].

However, the majority of the high PRF Q-switched
lasers without excess amplifier presented in the previous
investigations can not possess sub-ns PW, several hundred
microjoule (µJ) SPE and good stability simultaneously. For
instance, Zayhowski and Dill narrowed the PW of the 1 kHz
PRF electro-optical (EO) Q-switched laser to picosecond (ps)
level by reducing the cavity length, but the laser SPE was
only 12 µJ [12]. Zhou et al demonstrated a 1 kHz passive Q-
switched laser with a PW of 0.49 ns, but the fluctuation of the
laser SPE was as high as 5.4% during a period of 1 s [13].
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Li et al demonstrated a laser with a PRF of 2 kHz and a SPE
of 0.75 mJ using a combination of EO Q-switch and passive
Q-switch, but the laser PW was 2.5 ns that beyond the sub-ns
level [14].

To date, extra-cavity single-pass second harmonic
generator (SHG) was the most popular device to get
dual-wavelength laser operation. However, high quality
dichroic mirror or polarization prism were needed for separ-
ating the fundamental (FD) wave and second harmonic (SH)
wave. More importantly, the beam quality of the residual FD
wave passing through the SHG always became worse since
there existed a space-dependent nonlinear loss.

In this letter, a theoretical model for dual-wavelength pulse
lasers was established. The FD laser was intrinsically divided
to be two parts by controlling the time-varying EOQ-switched
loss. The time-varying EOQ-switched loss, the doped concen-
tration of the gain medium and the output coupling transmis-
sion were optimized to get robust dual-wavelength pulse lasers
with high PRF and sub-ns PW.

2. Theoretical analysis of the 1064 nm and 532 nm
dual wavelength pulsed laser

2.1. Rate equations model

For an EO Q-switched laser, the rate equations can be written
as

dn/dt=−γncσseϕ, (1)

dϕ/dt= [2nσseϕl−ϕ(δ0 + δQS +Toc)] [c/(2lc)] , (2)

with the initial conditions of
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where the spectroscopic parameters including the stimulated
emission cross-section of gain medium at the laser wavelength
(σse), absorption coefficient of gain medium at the pump
wavelength (α) and fluorescence lifetime of gain medium
(τ f) are all depending on the doped concentration of the gain
medium (Dc). In the case of 808 nm laser pumped Nd:YVO4

laser operating at 1064 nm, the relations between the three

Table 1. Parameters and typical values.

Symbol Physical meaning Typical value

n Population inversion
density

—

ϕ Photon density —
γ Inversion reduction

factor
0.66

c Light speed in vacuum 3×108 m s−1

l Length of the gain
medium

8 mm

lc Effective laser cavity
length

81.3 mm

Toc Transmission of output
coupler

30%

δ0 Dissipative loss 1%
δQS Loss caused by

Q-switch
—

Pin Incident pump power 25 W
Tp Pump pulse width 150 µs
hνp Energy of pump

photon
2.46×10−19 J

ωpa Average beam radii of
pump beam inside the
laser crystal

300 µm

ωl Average beam radii of
laser beam inside the
laser crystal

245 µm

dΩ Solid angle of
spontaneous emission
that makes contribution
to the stimulated
emission

1 mrad

Vhl High-level voltage of
the driving signal sent
to PC

690 V

Vλ/4 Quarter wave voltage
of PC

—

tqr Rise time of the
driving signal

4 ns

tqs A constant determined
by the duration of
V(t) = Vhl

160 ns

parameters and Dc (with an unit of at.%) can be written as
[15–17]:

σse =

(
8.36075+ 2221.49∗Dc

−102818.3∗D2
c − 1490820∗D3

c

)
∗10−23, (6)

α= (13.5∗Dc + 0.8)∗100, (7)

τf = (−1650∗Dc + 106.67)∗10−6, (8)

Besides that, the definitions of the other symbols mentioned
above and their typical values are given in table 1.

Considering the case that the extra-cavity SHG was based
on a type-I phase matched LBO crystal with a double
refraction angle of 0, supposing that the absorption of the LBO
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Table 2. SHG parameters and typical values.

Symbol Physical meaning Typical value

A Effective area of the
FD wave inside the
LBO crystal

7.068×104 µm2

lLBO Length of LBO
crystal

20 mm

deff Effective nonlinear
coefficient of SHG

1.16 pm V−1

n0 Refractive index of
the FD wave in the
LBO crystal

1.6055

ε0 Permittivity of
vacuum

8.85×10−12

λ0 Wavelength of the
FD wave

1064 nm

Dc Doped concentration
of the gain medium

0.7 at.%

crystal at the wavelengths of FD wave and SH wave can be
neglected, and the SHG is in perfect phasematching, the power
of the harmonic wave can be written as [18]:

PSHG = tanh2
[
κlLBO

(
P0

A

) 1
2

]
P0, (9)

κ=
8πdeff
λ0n0

, (10)

where the definitions of the symbols mentioned in
equations (6)–(10) and their typical values are given in table 2.

In this study, the power of the FD wave emitted from the
output coupler (OC) (FD1) is indicated by P1. The other FD
wave (FD2)was emitted from the polarizer acting as a varying-
reflection mirror, its power, also the power of the FD wave at
the front face of LBO crystal is indicated by P0.

Using equations (1)–(10) and the parameter values given
in tables 1 and 2, the dependences of the normalized intensit-
ies of FD1, FD2 and SH lasers on time (t) at different values
of Vhl were simulated and shown in figure 1. It can be seen,
when Vhl = Vλ/4, there only exists FD1 wave which has a
relative long falling edge, and the laser PW is 1.6 ns. When
Vhl is raised up to 1.4∗Vλ/4, the falling edge of the FD1 laser
pulse becomes steeper, for the reason that the photons circu-
lated in the cavity after giant pulse emission can be blocked
owing to the fast varied intracavity loss during the change of
Vhl from Vλ/4 to 1.4∗Vλ/4. In this case, FD2 and SH waves
can be obtained owing to the partly opened Q-switch, and the
PWs of the FD1, FD2 and SHwaves become 1.1 ns, 1.1 ns and
0.79 ns. However, in the case of Vhl = 1.8∗Vλ/4, the PW of the
three beams are 1.3 ns, 1.3 ns and 0.93 ns, which are no longer
narrower due to a large intracavity loss during the pulse gener-
ation process. Note that the PWs of FD1 and FD2 are always
the same, but there is a time delay of 0.15 ns between the two
beams corresponding to the transit time of photons from the
OC to the polarizer. Note also that the symmetry of the line

Figure 1. Single pulse shapes of the fundamental wave and
harmonic wave at different Vhl: (a) Vhl = Vλ/4, (b) Vhl = 1.4∗Vλ/4,
(c) Vhl = 1.8∗Vλ/4.

Figure 2. Evolution of the PWs of both the FD and SH waves with
varying output coupling transmission at different Vhl.

shape of the laser pulse was modified along with the change
of Vhl, as well as the SH generation process.

From equations (2) to (6)–(8), one may notice that Toc

and Dc are both key parameters that affect the PW and SPE
of the dual-wavelength Q-switched lasers. Figures 2 and 3
shows the evolution of the PWs and SPEs of FD1 and SH
waves with varying output coupling transmission at differ-
ent Vhl. It can be seen, there is a Toc enabling the narrow-
est PWs of the two waves, which are 75.7%, 72%, 62.5%
and 34% for Vhl = Vλ/4, Vhl = 1.2∗Vλ/4, Vhl = 1.4∗Vλ/4,
and Vhl = 1.6Vλ/4, respectively. Since the dual-wavelength
pulse lasers are used as the excitation source of PAM, firstly,
the PWs of both FD and SH waves should be below 1 ns
to achieve a minimum resolvable scale of 1.5 µm, which
is half of the typical scale of blood capillary; secondly, for
dual-wavelength PAM, the imaging depth depends on two
factors, one is the lower one of the SPEs of FD1 and SH
waves which set a lower limit of imaging depth, the other is
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Figure 3. Evolution of the SPEs of both the FD and SH waves with
varying output coupling transmission at different Vhl.

Figure 4. Evolution of the PWs of both FD1 and SH waves with
varying Dc at different Toc.

the higher one of the SPEs of FD and SH waves, since the
Grueneisen parameter of the image object can be raised up,
and consequently improve the PAM signals, by high power
laser heating [19]. Hence a parameter can be defined to weigh
the optimum laser SPE combination: SR = SPEFD

∗SPESH.
The optimization was gradually accomplished and the pro-
cedure in this step was based on a screening conditions of
PWFD1&PWSH < 1.1 ns and SR > 0.1, then the best value of
Vhl = 1.4∗Vλ/4 and prefer range of output transmission (from
30% to 40%) can be obtained.

In the second step of optimization, the evolutions of the
PWs and SPEs of FD1 and SH waves with varying Dc at
different Toc were simulated at the case of Vhl = 1.4∗Vλ/4.
As shown in figures 4 and 5. Using the final criteria that
PWFD1&PWSH < 1 ns and SR > 0.11, the optimum values of
doped concentration (1 at.%) and output transmission (30%)

Figure 5. Evolution of the SPEs of both FD1 and SH waves with
varying Dc at different Toc.

can be determined, in which case sub-ns dual-wavelength
lasers with sufficient high SPEs can be obtained.

3. Experimental setup and results

The experimental setup of the Q-switched 532 nm and
1064 nm laser was schematically shown in figure 6. The
setup was mainly consisted with two parts, namely the cav-
ity of Q-switched fundamental laser and the single-pass
LBO-based SHG device. In the Q-switched laser cavity, an
a-cut YVO4-Nd:YVO4 composite crystal with a dimension of
3 × 3 × (2 + 8) mm3 and a doping concentration of 1 at.%
was employed as gain medium for balancing the need of short
cavity length, high pump absorption, and thermal effect as
weak as possible. Correspondingly, an 808 nm laser was injec-
ted into the gain medium for providing pump energy after
passing through a volume Bragg grating (VBG) with a trans-
missivity higher than 93% at 808 nm. Since the VBG also
has a diffraction efficiency at 1064 nm exceeding 99.5%, a
wavelength acceptance bandwidth of 0.3 nm and an angu-
lar selectivity of ±2.4 mrad, the VBG not only played the
role of input coupler, but also helped the selections of single-
longitudinal-mode and TEM00 transverse mode. Using a com-
bination of a quarter-wave plate (QWP) and a dual-RTP-
crystal based Pockels cell (PC), the Q-value of the laser cav-
ity can be switched and the time-varying intracavity loss can
be manipulated by tuning the high-level voltage of the Q-
switch driver. Note that the Q-switched laser cavity has two
export, while the OC with a curvature radius of 1000 mm and
partial reflection coating at 1064 nm (T1064 nm = 30%) was
used to couple the s-polarized laser out from the cavity, and
the 45◦ thin film polarizer with polarization distinction ratio
higher than 1000:1 was employed for coupling the p-polarized
laser out from the cavity, as well as for further improv-
ing the purities of the polarization and longitudinal-mode
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Figure 6. Schematic of the experimental setup.

of the 1064 nm laser. In the single-pass SHG device, a
LBO crystal (cut at θ = 90◦, ϕ = 0◦) with a dimension of
3 × 3 × 20 mm3 was used to achieve Type-I phase matched
SHG.

For reducing the thermal effect, the pump laser was
operated in quasi-continuousmode with a repetition frequency
of 1 kHz and a duty cycle of 15%. Figure 7 shows the meas-
ured laser PW as a function of pump energy, in which the
black and red data points indicate the measured PW of the
FD1 laser and SH laser at Vhl = 1.4∗Vλ/4, the blue data points
indicate the measured PW of the FD1 laser at Vhl = Vλ/4,
and the black, red and blue curves indicate the correspond-
ing theoretical predictions. Obviously, the experimental data
agree well with the theoretical predictions. When the pump
energy was increased from 1.6 mJ to 3.7 mJ, the PWs of
the three lasers were all reduced monotonously. When the
pump energy was 3.7 mJ, the PW of FD1 and SH lasers at
Vhl = 1.4∗Vλ/4 were 0.97 ns and 0.61 ns, while the PW of
FD1 at Vhl = Vλ/4 was 1.3 ns. Moreover, the SPEs of FD1 and
SH lasers at Vhl = 1.4∗Vλ/4 were all monotonously increased,
and the maximum energies of the two lasers were respectively
0.55 mJ and 0.29 mJ, which also coincided with the theoretical
predictions.

More information of the laser output characteristics under
a pump energy of 3.7 mJ when Vhl = 1.4∗Vλ/4 can be
found in figures 8 and 9. In figures 8(a) and (b), the data
points and curves respectively indicate the beam qualities of
FD1 and SH lasers measured using a laser beam analyser
(Spricon, Model: M2-200-BB; CCD: GRAS-20S4M-C). The
measured beam qualities of the FD1 laser were Mx

2 = 1.58
along the horizontal direction and My

2 = 1.31 along the
vertical direction. The measured beam qualities of the SH
laser were Mx

2 = 1.35 along the horizontal direction and
My

2 = 1.12 along the vertical direction. Figures 9(a) and (b)
show the longitudinal mode structures of the FD1 and SH
lasers measured using two etalons (thickness: 25 mm, coat-
ing: R@1064 nm&532 nm = 70% ± 1%). The measured
interference fringes indicate that both the FD1 and SH lasers
were in single-longitudinal-mode operation.

Figure 7. Measured PWs of the FD1 and SH lasers with varying
pump energy.

Figure 8. Measured beam quality of the FD1 (a) and SH (b) lasers.

Figure 9. Measured longitudinal mode structures of the FD1 (a)
and SH (b) lasers.

Laser noise was another key factor affect the imaging
quality of PAM, where the energy fluctuation of the excitation
laser induced the thermal noise of the imaged object, the
jitter lower the signal-to-noise ratio of PAM. The noise
characteristics of the dual-wavelength pulse lasers were meas-
ured by spectrum analysis method [20–22]. Figure 10 shows
the single-side noise power spectra of the FD1 and SH lasers
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Figure 10. Single-side noise power spectra of the FD1 and SH
lasers.

when the average power of the pulse train incident onto the
high speed photodiode was 60 µW, as well as that the power
spectral densities of the first harmonic and the 20th harmonic
were adopted in the calculation. It can be seen that the energy
fluctuation and the time jitter of the FD1 laser were 0.000063%
and 2.18 ps, and that of the SH laser were 0.000011% and
1.56 ps.

4. Conclusion

In conclusion, we have established a theoretical model of the
dual-wavelength EO Q-switched laser. The time-varying Q-
switched loss, the transmission of OC, the doped concentration
of gain medium were all theoretically optimized to achieve
dual-wavelength sub-ns lasers with sufficient high energies.
Based on theoretical predictions, an EOQ-switched laser com-
bined with an extra-cavity SHG was constructed. When the
high-level-voltage of the driving signal was set as 1.4 times as
the quarter wave voltage of PC, the YVO4-Nd (1 at.%):YVO4

composite crystal and the OCwith a transmission of 70%were
used, 1 kHz, sub-ns 1064 nm and 532 nm single-longitudinal-
mode pulse lasers were obtained. At a pump energy of 3.7 mJ,
the PWs of the 1064 nm and 532 nm lasers were 0.97 ns and
0.61 ns, the SPEs of the two were 0.55 mJ and 0.29 mJ. The
beam quality factor, the energy fluctuation and the time jitter of
the 1064 nm laser were 1.58, 0.000063% and 2.18 ps; and that
of the 532 nm laser were 1.35, 0.000011% and 1.56 ps. This
kind of high PRF, sub-ns dual-wavelength lasers were favour-
able excitation source of high speed high resolution PAM for
living animals, andmore applications can be found in the fields
of outdoor detection and laser precision machining.
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