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Abstract Using electro-optic (EO) modulator and GaAs

saturable absorber, a diode-pumped doubly Q-switched and

mode-locked (QML) YVO4/Nd:YVO4 laser at 1.06 lm is

realized. The experimental results show that the number of

the mode-locking pulses underneath the Q-switched enve-

lope decreased with increasing pump power. With an

output coupling of 6.5 %, the single mode-locking pulse

underneath the Q-switched envelope with 1 kHz repetition

rate was obtained when the pump power exceeded 4.65 W.

At a pump power of 8.25 W for an output coupling of

10 %, a stable mode-locking pulse train at a repetition rate

of 1 kHz was achieved with pulse energy as high as 582 lJ

and pulse duration of about 580 ps, corresponding to a

peak power of 1 MW. Using a hyperbolic secant square

function and considering the Gaussian distribution of the

intracavity photon density, the coupled rate equations for

diode-pumped doubly QML YVO4/Nd:YVO4 laser are

given and the numerical solutions of the equations are

basically in accordance with the experimental results.

1 Introduction

Ultra-short pulse lasers with great pulse energy, high peak

power and low repetition rate have found wide applications

in the fields of ultrafast spectroscopy [1], biological med-

icine [2, 3], micromachining [4, 5] and ophthalmic surgery

[6]. In fluorescence lifetime measurement, the maximal

measurable lifetime depends strongly on the repetition rate

of the laser system, and a decrease of the repetition rate can

greatly increase the range of measurable lifetimes. Con-

tinuous wave (CW) mode-locking technology can generate

stable ultra-short laser pulses with duration in fs and ps

regimes, but the generated pulse repetition rate is generally

very high (typically from MHz to GHz) [7–9]. In order to

reduce the repetition rate of mode-locking pulses, some

efforts have been paid. By increasing the cavity length,

Kolev et al. [10] and Kobtsev et al. [11] reduced the rep-

etition rate to 1.5 and 77 kHz in a mode-locked Nd:YVO4

laser and a mode-locked fiber laser, respectively. By

introducing a pulse picker, Balzer et al. [12] reduced the

repetition rate to 340 kHz in a mode-locked semiconductor

laser system. In spite of complicated laser systems in the

above-mentioned methods, it is also difficult to obtain the

low repetition rate of several KHz.

Simultaneously, Q-switched and mode-locking (QML)

process involves two dynamic processes related to

Q-switching and mode-locking, so it is considered as a

transition state from Q-switching to mode-locking regimes.

For the QML lasers, the mode-locked pulses underneath

the Q-switched envelope have sub-nanosecond duration

while the Q-switched envelope has kHz repetition rate and

tens of nanoseconds pulse width typically. Generally, there

are many mode-locking pulses in a Q-switched envelope.

Since the QML pulses have large fluctuations in amplitude,

the application fields of these QML lasers are limited. By

employing the dual-loss-modulated QML method, i.e., with

active modulator and passive saturable absorber simulta-

neously, stable QML pulse envelopes with high energy and

optional repetition rates can be generated [13–16]. Because

the interval of two mode-locked pulses is equal to the

cavity round-trip transmit time, the shorter the pulse width

of the Q-switched envelope is, the less the number of
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mode-locked pulses in a Q-switched envelope is. Most

important, the dual-loss-modulated QML regime can

apparently reduce the duration of the Q-switched envelope,

which also depends on the pump power, the small-signal

transmission of the saturable absorber, the laser gain

medium, the repetition rate of the active modulator and so

on [16]. By choosing appropriately related parameters,

shorter pulse width of the Q-switched pulse envelope can

be possibly obtained. In such a way, it is expected to realize

single mode-locked pulse underneath the Q-switched

envelope, which has duration in sub-nanosecond regime

and low repetition rate at several kHz.

Due to the excellent properties such as wide absorption

bandwidth at 808 nm (21 nm), large stimulated emission

cross-section (25 9 10-19 cm2) [5, 17, 18], Nd:YVO4

crystal has been widely investigated in continuous wave,

Q-switching, and mode-locking lasers, which have also

been applied in broad areas of scientific research, industry,

medicine, etc. However, the thermal effect of Nd:YVO4

crystal is detrimental to the lasing operation, thus affects

the output characteristics including output power, stability

and beam quality, etc. Thermal diffusion bonding tech-

nique can be used to bond the non-doped and doped

crystals with the same host together. Owing to the heat sink

effect of the non-doped crystal, the temperature gradient

between the center and side face of laser crystal was

effectively weakened, resulting in the attenuation of the

thermal lens effect caused by end deformation, and thus the

laser stability would be improved. The employment of a

composite crystal YVO4/Nd:YVO4 has been demonstrated

to be an effective method of relieving the thermal lens

effect [19].

In this paper, a diode-pumped dual-loss-modulated

QML YVO4/Nd:YVO4 laser with an EO modulator and a

GaAs saturable absorber is presented. For this doubly QML

laser, the pulse width of the Q-switched envelope

decreased with the increase of the pump power, resulting in

less number of the mode-locking pulses underneath the

Q-switched envelope. When the pump power exceeded

4.65 W for an output coupling of T = 6.5 %, single

mode-locking pulse operation underneath the Q-switched

envelope was obtained. This single mode-locking pulse

train had a repetition rate of 1 kHz determined by the EO

modulator, and the measured mode-locking pulse width

was about 580 ps. When the pump power was 8.25 W for

an output coupling of T = 10 %, a maximum peak power

of the single mode-locking pulse is estimated to be about

1 MW. By considering the Gaussian transversal distribu-

tion of the intracavity photon density and the longitudinal

distribution of the photon density along the cavity axis, the

coupled rate equations for a diode-pumped doubly QML

YVO4/Nd:YVO4 laser with an EO modulator and a GaAs

saturable absorber are given. These coupled rate equations

were solved numerically. The dependence of pulse energy

and pulse width of the Q-switched envelope on the incident

pump power and the output coupler transmission was

obtained. The calculated temporal shapes of the mode-

locking pulses for the output coupling of 6.5 % were also

given. The theoretically numerical simulations are basi-

cally in accordance with the experimental results.

2 Experiment

2.1 Experimental setup

The experimental setup is depicted in Fig. 1. The pump

source was a commercial fiber-coupled laser diode

(Coherent, FAP system), which worked at the maximum

absorption wavelength (808 nm) of the Nd3? ions. The

pump light was focused into the YVO4/Nd:YVO4 sample

by two coupling lenses with a 4-cm focal length. The

focused pump beam in the laser medium had an average

diameter about 400 lm. The laser host was an a-cut YVO4/

Nd:YVO4 composite crystal with a dimensions of

4 9 4 9 (3 ? 8) mm3 which was fabricated by the ther-

mal diffusion bonding technique. The Nd:YVO4 in com-

posite crystal had a Nd3? doping concentration of 0.5 at %.

One end facet of the Nd:YVO4 crystal was antireflective

(AR) coated at 1,064 nm, while the other end facet of

YVO4 was AR coated at 808 and 1,064 nm, acting as the

pump end. The laser crystal was wrapped with a thin layer

of indium foil and mounted in a copper holder cooled by a

thermo-electric cooler. The folded laser cavity consisted of

three mirrors. Concave mirror M1 with the radius of cur-

vature (ROC) of 150 mm was AR coated at 808 nm and

high-reflection (HR) coated at 1,064 nm. The folded con-

cave mirrors M2 with the ROC of 500 mm was HR coated

at 1,064 nm. M3 was a plane output mirror. In the exper-

iment, three output couplers with different transmission of

T = 6.5, 10, and 15 % were employed. An EO modulator

(BBO crystal, the repetition rate 1–5 kHz) with a polarizer

and k/4 plate was employed as active Q-switcher while a

GaAs wafer with small-signal transmission of 92.6 % was

Fig. 1 Dual-loss-modulated QML YVO4/Nd:YVO4 laser setup
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used as passive saturable absorber. Since short Q-switched

pulse can be generated at lower repetition of the active

modulator [15, 16], the EO modulator was set at 1 kHz.

The lengths of the two cavity arms, L1 and L2 were 600 and

460 mm, respectively. According to the ABCD matrix

theory, the average radius of the TEM00 mode oscillating

in the cavity wl, the radii of TEM00 mode at the positions

of gain medium and GaAs wafer wG and wA were esti-

mated to be about 200, 206, and 132 lm. The pulse char-

acteristics were recorded by a digital oscilloscope (8 GHz

bandwidth and 40 G samples/s sampling rate, Agilent,

USA) and a fast pin photodiode detector with a rise time of

0.4 ns. A laser power meter (MAX 500AD, Coherent,

USA) was employed to measure the average output power.

2.2 Experimental results

For the dual-loss-modulated QML laser with active mod-

ulator and passive saturable absorber, the repetition rate of

the Q-switched envelope depends on the active modulation

rate. Figure 2 shows the average output power of the QML

laser and the pulse energy of the Q-switched envelope

versus incident pump power with different output couplers.

The pulse energy was calculated according to the average

output power and the repetition rate. When the pump

power was about 7.09 W and T = 15 %, a maximum

average output power of 692 mW was obtained.

The dependences of the pulse widths of the Q-switched

envelope on the pump power are shown in Fig. 3, from

which it can be observed that the pulse width of the

Q-switched envelope decreases with increasing pump power.

Because the time interval between two neighboring mode-

locking pulses underneath the Q-switching envelope is

equal to 2L0=c, where L0 is the optical length of the laser

resonator and c is the speed of the light, shorter Q-switched

envelope results in less number of mode-locking pulses

underneath the Q-switching envelope. When the pump

power exceeded 4.65 W for the output couplings of

T = 6.5 % and 5.94 W for T = 10 %, respectively, the

pulse widths of the Q-switched envelope were shorter than

2L0=c. This means that single mode-locking pulse under-

neath a Q-switching envelope was obtained, i.e., a mode-

locking pulse train with a repetition rate of 1 kHz was

achieved. However, it should be noted that there was no

such phenomenon of single mode-locking pulse underneath

the Q-switching envelope when an output coupler of

T = 15 % was employed.

To demonstrate the change of the mode-locking pulse

number underneath Q-switched envelope more directly and

conveniently, some pulses recorded by the oscilloscope for

the output coupling of T = 6.5 % are shown in Fig. 4, in

which (a), (b), (c), and (d) correspond to four different

pump powers. Figure 4a, b shows that the Q-switched and

mode-locking pulse trains have a small DC level, which

may be caused by the dark current of the photodiode

detector and the optical noise of background. When the

pump power was 2.75 W, there were six mode-locking

pulses underneath one Q-switched envelope. When the

pump power was 4.03 W, only two mode-locking pulses

existed. When the pump power reached 4.65 W, there was

only one mode-locking pulse underneath a Q-switching

envelope. Figure 5 shows the expanded images of the

above mentioned four mode-locking pulse trains recorded

in Fig. 4. The measured mode-locking pulse durations were

1.1 ns, 900 ps, and 580 ps at the pump power of 2.75, 4.03,

and 4.65 W, respectively. This indicates that the mode-

locking pulse duration also decreases with the increase of

the incident pump power. In addition, there was no obvious

relationship between the mode-locking pulse duration and

the output coupler transmission in the experiment.

Fig. 2 Average output power (upper part) of QML laser and pulse

energy (lower part) of the Q-switched envelope on the incident pump

power. Symbol experimental data, solid curve theoretical result

Fig. 3 Pulse width of Q-switched envelope versus incident pump

power. Symbol experimental data, solid curve theoretical result
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On the other hand, the number of the mode-locking

pulses underneath the Q-switched envelope can be calcu-

lated according to the cavity round-trip time 2L0=c and the

pulse width of the Q-switched envelope. When the pulse

energy of the single Q-switched envelope is divided by the

number of the mode-locking pulses, the average mode-

locking pulse energy can be obtained [16], which is shown

in Fig. 6. The experimental results show that an output

coupler with transmission of T = 10 % can generate

higher mode-locking pulse energy than the other cases.

Furthermore, it also shows that mode-locking pulse energy

was increased abruptly when single mode-locking pulse

operation underneath one Q-switched envelope appeared.

When the incident pump power was 8.25 W, a maximum

mode-locking pulse energy of 582 lJ was achieved, which

is much higher than those generated by Q-switched and

mode-locking solid-state lasers [13, 14]. For the mode-

locking pulse duration of 580 ps, the peak power of the

mode-locking pulse was estimated to be as high as 1 MW.

Especially, because the repetition rate of single mode-

locking pulse was controlled by the active modulator, this

high peak power pulse laser with sub-nanosecond duration

also has higher stability. Figure 7 shows the temporal pulse

train recorded over 50 ms at the pump power of 8.25 W.

The pulse to pulse amplitude fluctuation (the ratio between

the largest deviation and the mean pulse amplitude) is only

about 6 %. The experimental results show that the dual-

loss-modulated technology is an efficient method to gen-

erate single mode-locking pulse with several KHz repeti-

tion rate and high stability.

3 Theoretical analysis

3.1 Theory of fluctuation mechanism

The generation of picosecond pulses in a simultaneously

Q-switched and mode-locked laser with a saturable

absorber could be explained by the fluctuation mechanism

[20]. According to this mechanism, during the ultra-short

pulse formation, there are the linear stage and the nonlinear

stage including the nonlinear absorption and nonlinear

amplification. In the linear stage of generation, the fluctu-

ations of intensity arise owing to the interference of a great

Fig. 4 Oscilloscope traces of the mode-locking pulse at different

pump powers of a 2.75 W, b 4.03 W, c 4.65 W, and d 7.09 W

Fig. 5 Expanded images of the mode-locking pulse at different pump

powers of a 2.75 W, b 4.03 W, c 4.65 W, and d 7.09 W

Fig. 6 Mode-locking pulse energy on the incident pump power

Fig. 7 Oscilloscope traces of a single mode-locking pulse train
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number of modes having a random phase distribution so

that the radiation consists of a chaotic collection of ultra-

short peaks. In the nonlinear stage, the most intensive

fluctuation peaks are compressed and amplified faster than

the weaker ones. When the pulse intensity rises beyond the

saturation intensity range of the absorber, the preferred

pulses will not be much further shortened on sequent round

trips. During the linear stage and the nonlinear absorption,

it is difficult to give the quantitatively theoretical descrip-

tion. Only in the nonlinear amplification process, because

the pulse shape is not compressed, can the photon intensity

shape be mathematically given [21, 22]. Especially, for

LD-pumped QML laser with saturable absorber, the

oscillating laser intensity is a Gaussian spatial distribution.

In order to accurately describe the dynamics of the mode-

locked laser, the Gaussian spatial distribution of the

intracavity photon intensity can be written by introduc-

ing a coefficient of the Gaussian spatial distribution

expð�2r2=w2
l Þ, where r is the distance from the axis in a

Gaussian beam. Therefore, under Gaussian spatial distri-

bution approximation, the average photon intensity shape

in the nonlinear amplification process can be described as

the form [21, 22]:

uðr; tÞ ¼
X

k¼0

Ukf ðt � tkÞ exp � 2r2

w2
l

� �

¼ uð0; tÞ exp � 2r2

w2
l

� � ð1Þ

where uð0; tÞ ¼
P
k¼0

Ukf ðt � tkÞ, tk ¼ ktr, Uk is the relative

amplitude of the mode-locked pulses at the kth round trip,

tr ¼ 2½n1lþn2lAþn3dþðLp�l�lA�dÞ�
c

is the cavity round-trip

time, and n1, n2, and n3 are the refractive indices of the

gain medium, the passive saturable absorber (GaAs wafer)

and the active modulator (EO), respectively. l, lA, and d

are the lengths of the gain medium, GaAs wafer and the

EO modulator, respectively, Lp is the physical length of

the cavity. f(t) is the mode-locked pulse evolving from

the noise and satisfies
R1
�1 crf ðtÞdt ¼ 1. f(t) can be

considered to be a hyperbolic secant function and written

as [20]:

f ðtÞ ¼ 1

2rcsp

sh2ðt=spÞ ð2Þ

here, r is the stimulated emission cross-section of the gain

medium, and sp is related to the mode-locking pulse

duration s by s ¼ 1:76sp.

Thus the temporal Gaussian shape of the average

photon intensity for the pulse at the kth round trip can be

given by

ukðr; tÞ ¼ Ukf ðtÞ expð�2r2
�

w2
l Þ ð3Þ

3.2 Rate equations and numerical simulation

Using the rate equation method, in which the Gaussian

spatial distribution of the intracavity photon intensity, the

influences of continuous pump rate, the stimulated radia-

tion lifetime of the active medium, the excited-state life-

time of the saturable absorber and the loss of EO modulator

are considered, the coupled rate equations for a diode-

pumped dual-loss-modulated QML YVO4/Nd:YVO4 laser

with EO and GaAs can be described as [22]:

du 0; tð Þ
dt

¼ 2

pw2
l

Z1

0

1

tr

�
2rn r; tð ÞluG r; tð Þ � 2rþnþ r; tð ÞlAuA r; tð Þ

�2r0½n0 � nþðr; tÞ�lAuA r; tð Þ � BlAu2
A r; tð Þ

� Lþ de þ ln
1

R

� �� �
u r; tð Þ

�
2prdr ð4Þ

dn r; tð Þ
dt

¼ Rin rð Þ � rcn r; tð ÞuG r; tð Þ � n r; tð Þ
sa

ð5Þ

dnþ r; tð Þ
dt

¼ r0c½n0� nþðr; tÞ�uA r; tð Þ � rþcnþ r; tð ÞuA r; tð Þ

ð6Þ

here, nðr; tÞ is the average population inversion density, n0

is the total population density of the EL2 defect level of

GaAs, nþðr; tÞ is the population density of positively

charged EL2? in GaAs, r0 and rþ are the absorption

cross-section of EL20 and EL2? in GaAs, R is the

reflectivity of the output mirror, L is the intrinsic optical

loss, which can be experimentally measured with the

method in the Ref. [23]. B¼ 6bhmcðwG=wAÞ2 is the

coupling coefficient of two-photon absorption in GaAs,

and b is the absorption coefficient of two photons, RinðrÞ ¼
2aPin expð�2r2=w2

pÞ½1�expð�alÞ�
hmppw2

pl
is the pump rate, where Pin is the

pump power, hmp is the single-photon energy of the pump

light, wp is the average radius of the pump beam, and a is the

absorption coefficient of the gain medium. de is the loss of

the EO modulator, sa is the emission lifetime of the upper

laser level of the YVO4/Nd:YVO4 crystal. uG r; tð Þ and

uA r; tð Þ are the photon densities at the positions of gain

medium and GaAs wafer, respectively, and can be given as:

ui r; tð Þ ¼ ðw2
l =w2

i Þu 0; tð Þ exp �2r2=w2
i

	 

i ¼ G;Að Þ ð7Þ

Substituting (1) into (7), the temporal shape of the

photon intensity of the different positions at the kth round

trip can be given as:

/k; i r; tð Þ ¼ ðw2
l =w2

i Þ exp �2r2=w2
i

	 

Ukf ðtÞ i ¼ G;Að Þ ð8Þ

For the doubly QML laser, the relative amplitude of the

mode-locking pulses will vary after each round trip. In the

nonlinear amplification process, because the width of the
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mode-locking pulse is unaltered, the relative amplitude of

the mode-locking pulses after an additional round trip

through the laser meets the following relation:

d/ 0; tð Þ
dt

¼ / 0; tð Þ d ln / 0; tð Þ
dt

¼ / 0; tð ÞD ln / 0; tð Þ
Dt

ð9Þ

Using (1) and tk ¼ ktr, it can be obtained that

d/ 0; tð Þ
dt

¼ / 0; tð Þ
tr

D ln / 0; tð Þ
Dm

¼ / 0; tð Þ
tr

ln
Uk

Uk�1

� �
ð10Þ

Substituting (8) and (10) into (4), the recurrence relation

of the relative amplitude for diode-pumped doubly QML

YVO4/Nd:YVO4 laser with EO modulator and GaAs

saturable absorber can be obtained as (11), where n r; tkð Þ
and nþ r; tkð Þ are the population inversion density of the

gain medium and the population density of positively

charged EL2? in GaAs at the kth round trip, respectively.

Uk ¼ Uk�1 exp

(
2

pw2
l

Z1

0

2rn r; tkð Þl w2
l

w2
G

exp � 2r2

w2
G

� �� �

�2rþnþ r; tkð ÞlA

w2
l

w2
A

exp � 2r2

w2
A

� �

�2r0½n0 � nþðr; tkÞ�lA
w2

l

w2
A

exp � 2r2

w2
A

� �

�BlA
w4

l

w4
A

exp � 4r2

w2
A

� �
Uk�1

� Lþ de þ ln
1

R

� �
exp

� �
� 2r2

w2
l

� �
2pr dr

)

ð11Þ

Substituting (1) and (8) into (5) and (6), and integrating

the results over time from zero to tk, (12) and (13) can be

obtained.

nðr; tkÞ ¼ exp � tk

sa

� �Yk�1

0

exp � w2
l

w2
G

exp �2r2

w2
G

� �
Um

� �

�
(

RinðrÞexp
tk

sa

� �Zt
k

0

Yk�1

m¼0

exp
w2

l

w2
G

exp �2r2

w2
G

� �
Um

� �
dt

þni exp �2r2

w2
p

 !)
ð12Þ

nþðr; tkÞ ¼
Yk�1

m¼0

exp � w2
l

w2
A

exp � 2r2

w2
A

� �
Um

� �" #ðrþþr0Þ=r

�
Zk

0

Yk�1

m¼0

exp
w2

l

w2
A

exp � 2r2

w2
A

� �
Um

� �" #ðrþþr0Þ=r
8
<

:

� r0n0

2rsp

�
Xk�1

m¼0

Um

w2
l

w2
A

exp � 2r2

w2
A

� �
sec h2 t � mtc

sp

� �
dt þ n0

)

ð13Þ

Using the parameters shown in Table 1, for a given

initial value of U0, by numerically solving (11)–(13), Uk

can be obtained. The initial population inversion density

for doubly QML laser can be expressed as [24]:

ni ¼ Rinsa½1� expð�1=fpsaÞ� ð14Þ

where fp is the modulation frequency of EO. Meanwhile,

the output power coupled out of the cavity can be

expressed as:

PðtÞ ¼ hmpw2
l

8rsp

ln
1

R

� �X1

k¼0

/k sec h2 t � tk

sp

� �
ð15Þ

Based on the above equations, the calculated temporal

shape of the mode-locking pulses at pump power of 2.75,

4.03, 4.65, and 7.09 W can be obtained, which are shown

in Fig. 8.

By integrating (15) over time from zero to infinity, the

total output energy of the QML pulse can be obtained as

Table 1 Parameters of the

theoretical calculation
Parameters Values Parameters Values

r 2.5 9 10-18 cm2 lA 0.7 mm

r0 1.0 9 10-16 cm2 d 50 mm

rþ 2.3 9 10-17 cm2 c 3 9 108 ms-1

n0 1.2 9 1016 cm-3 n1 2.183

nþ 1.4 9 1015 cm-3 n2 3.48

wp 400 lm n3 1.65

wl 200 lm b 2.6 9 10-8 cm W-1

wG 206 lm de 0.1

wA 132 lm a 5.32 cm-1

sa 98 ls L 0.09

sp 200 ps l 8 mm

190 H. J. Zhang et al.

123



E ¼ hmpw2
l

8r
ln

1

R

� �X1

k¼0

/k ð16Þ

Through this method, the results of theoretical

calculations were obtained, as shown with the solid curve

in Figs. 2, 3. From the figures, it can be seen that the

theoretical evaluations are basically in accordance with the

experimental results.

4 Conclusion

In conclusion, a diode-pumped doubly QML YVO4/

Nd:YVO4 laser with EO and GaAs at 1.06 lm is presented.

Under the fixed conditions, stable single mode-locking

pulses with repletion rate of 1 kHz and duration of 580 ps

were generated. A maximum peak power of the mode-

locking pulse is estimated to be as high as 1 MW. The

experimental results demonstrate a novel and simple

method to generate picosecond pulses at low repetition

rates. Using a hyperbolic secant square function and con-

sidering the Gaussian distribution of the intracavity photon

density, the coupled equations for diode-pumped dual-loss-

modulated QML YVO4/Nd:YVO4 laser are given, and the

numerical solutions of the equations are basically in

accordance with the experimental results.
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