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Abstract The efficient dual-wavelength oscillation at 1064
and 1342 nm in the passively Q-switched laser based on
Nd:YVO4/V3+:YAG is successfully obtained, as demon-
strated in this paper. A total average output power of 2.2 W
is obtained with 1.3 W for 1064 nm and 0.9 W for 1342 nm
under the incident pump power of 7.7 W, corresponding to
a total optical-optical conversion efficiency of 28.2%. The
pulse widths are 58 and 54 ns for 1064 and 1342 nm, re-
spectively, with the repetition rate of 89 kHz. Moreover, a
rate equation model considering the Gaussian spatial dis-
tributions of the intracavity photon density and the initial
population-inversion density is presented to characterize the
dual-wavelength passive Q-switching operation.

1 Introduction

Multi-wavelength lasing operation of Nd>* ion-doped host
materials has attracted great interest for the wide application
in optical communication, medical instrumentation, non-
linear optical frequency conversion, and so on. The allowed
quasi-three-level transition from 4Fy /2-419 /2, and four-level
transition from 4F3/2-4111/2 and 4F3/2-4113/2 of Nd37 ion-
doped host materials corresponding to the respective wave-
lengths of 0.94, 1.06 and 1.34 um, show promise for simul-
taneous multi-wavelength lasing. Continuous-wave simulta-
neous dual-wavelength emissions at 1.0 um and either of
0.9 and 1.3 ym have been actively reported [1-5]. More-
over, the Q-switched simultaneous dual-wavelength opera-
tion at 1.0 and 1.3 pm has been realized in Nd: YAG laser by
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using an acousto-optic Q-switcher [6]. The frequency mix-
ing of the 1.0 and 1.3 um pulsed lasers overlapping in the
non-linear crystals is a practical approach to generating a
yellow-orange laser, which is of great importance in der-
matology and ophthalmology due to the high absorption in
hemoglobin.

The nanosecond laser pulses of 0.9, 1.0 or 1.3 um
with high energy can be obtained from the lasers Q-
switched by the saturable absorbers such as Cr*t:YAG,
V3+:YAG, Co?t:LGO, and so on [7-10]. A simultane-
ous dual-wavelength Q-switched Nd:YAG laser at 0.9 and
1.0 ym was obtained with Cr:YAG as saturable absorber
[11]. Compared with Cr:YAG, V:YAG is also an excellent
saturable absorber which can provide wide absorption band
range from 350 to 1600 nm including 34,CF) > 'E('D)
transition for 1.06 pm and 34,CF) = 31 (F) transition
for 1.34 um, which fits the laser emission of the Nd3*-doped
crystals well [12]. The advantages of high damage thresh-
old, good thermal conductivity, stable physical properties,
and large ground absorption cross sections make V:YAG fa-
vorable for efficient dual-wavelength Q-switching operation
at 1.06 and 1.34 um. It was reported that the simultaneous
dual-wavelength Q-switching operation at 1.06 and 1.34 um
could be realized with a V:YAG placed in the shared arm
of a two laser cavity [13, 14]. But there has rarely been re-
ported on the simultaneously Q-switching operation at 1.06
and 1.34 um by one saturable absorber in a resonator as far
as we know.

This paper is the demonstration of the efficient Q-
switched Nd:YVOy laser with a V3*:YAG crystal as sat-
urable absorber, which operates at 1064 and 1342 nm. The
maximum total average output power is 2.2 W including
1.3 W for 1064 nm and 0.9 W for 1342 nm, correspond-
ing to an optical-optical conversion efficiency of 28.0%.
A rate equation model considering the Gaussian spatial dis-
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Fig. 1 The schematic of
experimental laser setup {j o

N B P
LD k=
v |

tributions of the intracavity photon density and the initial
population-inversion density is presented to analyze the per-
formance of the dual-wavelength Q-switching.

2 Experimental setup

The schematic arrangement of the laser setup is shown
in Fig. 1. A two-mirror resonator is used to realize dual-
wavelength oscillation. A fiber-coupled laser diode array
emitting at 808 nm with the core diameter of 400 um and
numerical aperture of 0.22 is used as the pump source. The
laser crystal is a 4 x 4 x 8 mm?> a-cut Nd:YVO, with the
Nd3* doping level of 0.3 at.%. The two faces are antireflec-
tion (AR) coated at 808, 1064 and 1342 nm. It is wrapped
by indium foil and mounted in a copper block whose tem-
perature is kept at 21°C by water cooling. A 0.5 mm thick
V:YAG with AR coated at 1342 nm is used as the saturable
absorber. It is also kept at 21°C to remove the stored heat.
Its initial signal transmissions are Tp; = 97% at 1064 nm
and Tpp = 94% at 1342 nm. The input coupler M1 (R =
100 mm) is AR coated at 808 nm on the first side, high re-
flection (HR) coated at 1064 and 1342 nm on the second
side. A plane mirror with the reflectivity of R} = 60% at
1064 nm and Ry = 97% at 1342 nm is chosen as the output
coupler M2 to realized dual-wavelength Q-switching opera-
tion (such a choice will be explained in Sect. 4). The V:YAG
is located close to M2. The length of the plano-concave laser
cavity is set at 33 mm. A plane mirror M3 with HR coated at
1342 nm and high transmission (HT) coated at 1064 nm is
used to separate the output laser. The two beams are detected
by the detector D1 and D2 at the same time, and recorded by
a digital oscilloscope (1 GHz bandwidth, 5 Gs/s sampling
rate).

3 Results and discussions
Firstly, the performance of the continuous wave operation is

studied without the V:YAG piece in the cavity. The 1342-nm
laser starts oscillating under the incident pump power of
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Fig. 2 Average output powers versus the incident pump power for to-
tal, 1064 and 1342 nm

0.2 W. But when the incident pump power is increased to
7.7 W, the oscillation at 1064 nm is still not realized. It can
be attributed to the losses induced from the high transmis-
sion of the output coupler at 1064 nm (13 times larger than
that at 1342 nm). When V:YAG is inserted into the laser cav-
ity, the gain balance of the dual wavelengths can be attained.
The dual-wavelength passive Q-switching operation is real-
ized under the threshold pump power of 0.4 W for 1064 nm
and 0.9 W for 1342 nm. Figure 2 depicts the variation of the
1064-nm, 1342-nm and total average output powers with the
pump power. The maximum total average output power is
2.2 W including 1.3 W for 1064 nm and 0.9 W for 1342 nm
under the incident pump power of 7.7 W, corresponding to
an optical conversion efficiency of 28.2% from the incident
pump power to the total average output power. By using of
the knife-edge scanning method [15], the quality parameter
M? factors are, respectively, measured to be around 1.6 and
1.4 for 1064 and 1342 nm.

The dependences of the pulse width and repetition rate
on the incident pump power are respectively presented in
Figs. 3 and 4. When the incident pump power is lower than
5.5 W the pulse width decreases rapidly with increasing inci-
dent pump power. But if the incident pump power is higher
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Fig. 3 Pulse width versus the incident pump power for 1064 and
1342 nm
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Fig. 4 Pulse repetition rate versus the incident pump power. The trace
of 1064 nm refers to the repetition rate between two pulses in a trace
cluster

than 5.5 W, this trend becomes unnoticeable. It is because
the population inversion density is depleted at a very short
time and the pulse width is saturated. The pulse widths of
58 and 54 ns are achieved under the incident pump power
of 7.7 W for 1064 and 1342 nm, respectively. The repeti-
tion rate for the 1064-nm pulses can reach ~1.0 MHz at the
incident pump power of 7.7 W. In the same situation, the
repetition rate of 1342 nm is 89 kHz with the peak powers
of 180 W.

The interactions between the 1064 and 1342 nm opera-
tions are obviously observed on the oscilloscope. The per-
formance under the incident pump power of 1.6 W is taken
as an example, and the corresponding pulse trains are shown
in Fig. 5a. The time interval between A and B is a total Q-
switched period for the two wavelengths. As in Fig. 5a, the
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Fig.5 Pulse trains of 1064 and 1342 nm. (a) Under the incident pump
power of 1.6 W. (b) Under the incident pump power of 7.7 W

1064-nm traces between two adjacent 1342-nm pulses are in
pulse cluster form as that observed in the dual-wavelength
passively Q-switched Nd:YVO,4/Cr:YAG/V:YAG laser re-
ported by our group [16]. The repetition rate of the pulse
clusters is the same as that of the 1342 nm pulses. According
to the conclusion presented in Ref. [17], in the Q-switching
situation the ratio of the threshold population-inversion den-
sity between 1064 and 1342 nm is less than 1 in our ex-
periment. So the threshold inversion population of 1064-nm
laser can be reached earlier than that of 1342 nm under a cer-
tain pump rate. It can be clearly seen in Fig. 5a, V:YAG is
first bleached by 1064-nm fluorescence in a total Q-switched
period.

From close observation on the pulse traces in Fig. 5a, the
last pulse in a 1064-nm trace cluster and the 1342-nm sin-
gle pulse are simultaneously generated at intervals. With in-
creased incident pump power, the simultaneous oscillation
trends toward stability. A good performance of the simulta-
neous oscillation is observed under a pump power of 7.7 W
as shown in Fig. 5b. The corresponding expanded wave-
forms are presented in Fig. 6 with pulse widths of 58 and
54 ns for 1064 and 1342 nm, respectively. The simultaneous
generation of the dual-wavelength pulses maybe attributed
to very high accumulated inversion population under a rel-
atively high pump power. When the V:YAG is bleached
by the 1342-nm fluorescence, such high inversion popula-
tion will transit to the ground state instantaneously, result-
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Fig. 6 Single pulse waveform under the incident pump power of 7.7 W
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Fig. 7 Pulse peak power for 1342-nm transition versus the incident
pump power

ing in the simultaneous building up of a 1064-nm pulse and
a 1342-nm pulse. But the simultaneous oscillation is un-
stable under low incident pump power for the reason that
the residual inversion population is not enough to generate
a 1064-nm pulse. On close observation of Figs. 5b and 6,
the intensity of the 1032-nm pulses is about equal to that
of the 1064-nm synchronized pulses. It can be roughly sup-
posed that 0.9 W of the total 1064-nm output power is
in the synchronized pulses. Such a device can be fit into
a small diode-laser package powered by batteries, which
fits the requirement of compact and efficient yellow-orange
laser.

According to the average output power, repetition rate
and pulse width, the dependence of the pulse peak power
for 1342-nm emission on the incident pump power is shown
as dots in Fig. 7. One cannot make a precise calcula-
tion of the peak power of 1064-nm pulses, since most of
the pulses in a trace cluster are of different energy from
Fig. 5.
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4 The rate equation model

Rate equations are the standard tools for analyzing the
performance of the dual-wavelength passively Q-switched
laser. The rate equations under plane-wave approxima-
tion for the dual-wavelength Q-switched laser are given in
Refs. [14, 18]. Recently, it has been shown that the rate equa-
tion model established by the assumption that the intracavity
photon density and the initial population-inversion density
in the rate equations are Gaussian spatial distributions can
more accurately simulate the characteristics of the passively
Q-switched laser [17, 19].

Supposing the quantum efficiency to be the same for
both wavelength and based on Refs. [17-19], the coupled
rate equations for the dual-wavelength laser Q-switched by
a saturable absorber considering the Gaussian spatial dis-
tributions of the intracavity photon density and the initial
population-inversion density are described by
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where, i = 1, 2 refers to the wavelength 1 and wavelength 2.
o(r,t) = ¢(0,1) exp(—2r2/w12) is the average intracavity
photon density, where ¢ (0, ¢) is the photon density in the
laser axis. ¢g(r,1) = (0] /w3)$(0, 1) exp(—2r*/w3) is the
photon density in the gain medium. ¢;(r,t) = (a)lz/wf)cﬁ
0,1) exp(—2r2 /a)sz) is the photon density in the saturable
absorber. @y is the average radius of the oscillating TEMqg
mode in the cavity. w, and w; are the radii of the TEMqo
mode in the gain medium and saturable absorber, respec-
tively. #, = 2I'/c is the round-trip time in the cavity with
the optical length I’. ¢ and [ are the stimulated emission
cross section and length of the gain medium, respectively.
0gs and o,y are ground- and excited-state absorption cross
sections of the saturable absorber, respectively. R, (r) =

P, [1—exp(—aD)] . . '
W is the pumping rate, where P;,, @, «, and
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Fig. 8 Focal length of the thermal lens of Nd:YVO4 and mode size
versus the incident pump power

hv, are the incident pump power, average radius of the
pump beam, absorption coefficient of the gain medium, and
photon energy of the pump light, respectively. (r, ¢) is the
total instantaneous population-inversion density of the two
wavelengths. ngo and n4(r, t) are, respectively, the total and
ground-state population densities of the saturable absorber.
Is is the length of the saturable absorber. d7, and dr, are
the diffraction losses induced by thermal effect in the gain
medium and saturable absorber, respectively. R is the reflec-
tivity of the output mirror, and L is the intracavity round-trip
dissipative optical loss.

The values of w;, wg and w; depending on the incident
pump power are calculated by ABCD matrix theory. The
relation between the focal length fiy, of the thermal lens of
the gain medium and the pump power, which is used in the
ABCD modeling, can be approximately given by [20]

471ch§
¢ Pin[ %2 4 (ng — Dar]

Jin= “

where ¢ is the fractional thermal loading, K. is the thermal
conductivity, ng is the refractive index of the gain medium,
d:—to is the thermo-optic coefficient of ng, ar is the thermal
expansion coefficient. The parameters for our experiment
are: ng = 2.16 and 1.96 for 1064 and 1342 nm, respectively;
¢ ~0.25 and 0.4 for 1064 and 1342 nm, respectively (the
nonradiative relaxations from nonradiative sites and con-
centration quenching are neglected); K. = 0.0523 W/K cm,
¥o —3.0 x 107/K, ar = 4.43 x 107/K [21]. According
to (4), fwm at 1064 nm is close to that at 1342 nm (seeing
Fig. 8), thus for simplifying following calculation the f,
at both wavelengths are assumed to be equal to unity. De-
pendences of f at 1064 nm, w;, we and w; on the incident
pump power are respectively shown in Fig. 8.

The initial conditions of (1)—(3) are

n(r,0) =ny(r,0) +ny(r,0)
252 22
=n1(0, O)exp(——)+n2(0 O)exp( 2), 5)
@, @p
ng(r,0) =nyo (6)

where n(r,0) is the initial population-inversion density at
the position of r. n(0, 0) is initial population-inversion den-
sity in the laser axis
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where, Ty is the initial transmission of the saturable ab-
sorber.

Substituting (5)—(8) into (2) and (3), the equations are
transformed as

w,z 2201 1
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Substituting (9) and (10) into (1), then we can obtain

dg;(0,1)  4¢;(0,1) [ 4
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Equation (11) can be solved numerically for the dual-
wavelength passively Q-switched laser operated at 1064 and
1342 nm, with V:YAG as saturable absorber under the in-
cident pump power of 7.7 W. The parameters used in the
calculation are: i = 1,2 refers to 1064 and 1342 nm, re-
spectively; @, = 200 ym, wg = 153 pm, wy =78 ym, w; =
115 pm, / = 8 mm, Iy = 0.5 mm, R; = 60%, Ry = 97%,
o1 =25 x 1071 cm?,00 = 0.76 x 1071% cm?, 0451 =
3.1 x 10718 cm?, 040 = 7.2 x 10718 cm?, 0,51 = 1.4 x
10~ cm?, and Ops2 = 7.4 X 1071 cm? [5]. The yields
of (11) at the incident pump power of 7.7 W are shown
in Figs. 9a and b, which represent the interaction effect be-
tween 1064 and 1342 nm laser well. Compared with Fig. 5b,
the theoretical simulation is in agreement with our experi-
mental phenomena.

According to the method of Ref. [22] the expressions for
single pulse peak power P and energy E can be obtained as

nhvia)gl 1 (i=1.2) (12)
P, = n\ — )dsm: =
i 4ot R: sm; 4 y &)y
E; = hviw‘% 1 —1 ¢ (i=1,2) (13)
_— n g i=1,
' 4oit, R; e
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Fig.9 Calculated pulse trains under the incident pump power of 7.7 W

where @y, is the maximum value of ¢ (0, 7), and @ineeg 1S
the integral of ¢ (0, ¢) over ¢t from zero to infinity. Using
(13) and the above parameters, the theoretical dependence
of the single-pulse peak power for 1342-nm transition on
the incident pump power can be calculated and is shown in
Fig. 7.

To optimize a simultaneously dual-wavelength passively
Q-switched laser if we have a saturable absorber with
defined initial transmission, it is essential to choose the
reflectivity values of the output couplers to balance the
gain for both output wavelengths. The choice bases on
two considerations—same threshold or same pulse peak
power. The Q-switched operation will begin when the
population-inversion density crosses the initial threshold
value. Since Ty = exp(—0ogsnsols) and n(0,0) = ny, the
initial population-inversion density can be obtained as fol-
lows when setting (10) to zero and t =0
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From (14), in order to let the threshold is the same for both
transitions, i.e. n1(0, 0) = n3(0, 0), the appropriate relation
between the two output coupler transmissions can be given
by

1 -
R2 = exp{al [IH(T—2> + (Sng + (ST_YQ + L2:|Ul 1
02

() ()

— O n|{ — n{ —

’ R T021

+ 8741 + 8751 +L1]a;1 } (15)

With the above parameters, the corresponding variation of
R, with R is shown in Fig. 10. It can be seen that R, almost
increases linearly with Rj.

In many practical applications (for example, in frequency
mixing), it is more crucial to use special coatings for both
wavelengths to achieve same peak power of the synchro-
nized pulses. In such condition, according to (12), the rela-
tionship between R and R will be

L S (16

Ry =exp| —
? p|: 01U2¢sm2

By solving (11) and (16), the relationship between R; and
R> when Pj and P, reach the same value under the incident
pump power of 7.7 W is shown in Fig. 10. When R is de-
fined, the value of R; is significant larger than that in the
condition that both transitions possess the same threshold.

If R; is assumed to be 0.6, R, is calculated to be ~0.97 to
satisfy same peak power, which fits the output coupler trans-
mission we designed in the experiment.

5 Conclusion

The simultaneously dual-wavelength passively Q-switched
laser at 1064 and 1342 nm with a V:YAG saturable absorber
in a plano-concave cavity is demonstrated. The maximum
dual-wavelength average output power of 2.2 W is obtained
with 1.3 W for 1064 nm and 0.9 W for 1342 nm, corre-
sponding to a total optical-optical conversion efficiency of
28.2%. Moreover, we describe a rate equation model of the
passively dual-wavelength Q-switched laser considering the
spatial Gaussian distribution of intracavity photon density.
The theoretical simulation is in agreement with our experi-
mental phenomena. Simple rules for designing such a laser
are also derived. We believe that this simultaneous dual-
wavelength laser can be applied in compact, low-cost, ef-
ficient yellow-orange laser in the future.
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