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A diode-pumped passively mode-locked Nd:YVO4 laser with a five-mirror folded cavity is presented by
using a semiconductor saturable absorber mirror (SESAM). The temperature distribution and thermal
lensing in laser medium are numerically analyzed to design a special cavity which can keep the power
density on SESAM under its damage threshold. Both the Q-switched and continuous-wave mode-locked
operation are experimentally realized. The maximum average output power of 8.94 W with a 9.3 ps pulse
width at a repetition rate of 111 MHz is obtained under a pump power of 24 W, correspondingly the opti-
cal slope efficiency is 39.2%.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Laser material Nd:YVO4, due to its high absorption coefficient
and large stimulated emission cross section, is considered to be
suitable for constructing diode-pumped picoseconds laser [1–7].
However, the weak thermal conduction limits its application in
high-power, ultra-short-pulse mode-locked laser systems [8–10].
Refs. [5,11] have reported 6.2 W and 8.1 W averaged output power
with the conversion efficiency of 35% and 41% by adopting the SE-
SAMs respectively, but both mode-locked lasers are demonstrated
with Z cavity and the output is separated into two-beams, which
are not convenient for practical applications.

The main obstacles for high average output power mode-locked
laser are the thermal effect and SESAM’s damage. It is valuable to
analyze the thermal lens in Nd:YVO4 crystal, which affects the out-
put power of the laser and the stability of the resonator. In this pa-
per, by adopting a finite element method to simulate the
temperature distribution in Nd:YVO4 crystal, we obtain the ther-
mal focal length of laser medium. Based on the theoretical calcula-
tions, a five-mirror cavity is designed masterly to keep the power
ll rights reserved.
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density on SESAM under its damage threshold and simultaneously
has a good mode matching in the laser crystal. Finally, a CW mode-
locked laser with the pulse width of 9.3 ps has been realized suc-
cessfully at a repetition rate of 111 MHz. The output mode-locked
laser has only one beam, and reaches an average power of 8.94 W
with the peak power of 8.6 kW.

2. Theoretical simulation of the thermal lens

The thermal distortions in laser rods have been widely investi-
gated. Innocenzi et al. [12] gave the focal length of the thermal lens
as

fT ¼
2pKcx2

p

PTðdn=dTÞ
1

1� expð�alÞ ð1Þ

where PT is fraction of pump power that results in heating, xP is the
radius of the pump beam, Kc is the thermal conductivity, dn/dT is
the thermal dispersion coefficient, a is the absorber coefficient, l
is the crystal length.

Eq. (1) is used frequently in resonator design [13–15]. However,
it is only applicable for isotropic rod laser crystal, and it just con-
siders the contribution of thermal dispersion while neglecting
the influence from the end face curvature [15]. In order to simulate
oi:10.1016/j.optcom.2008.11.008
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Fig. 1. The temperature distribution in x–z section (y = 0) at pump power of 25 W.
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the thermal effects of Nd:YVO4 crystal more accurately, we adopt
the finite element method and consider its anisotropic thermal
conductivity.

The a-cut Nd:YVO4 crystal used in this experiment has a dimen-
sions of a � b � l = 4 � 4 � 7 mm3. One end facet of the crystal is
coated antireflection (AR) at 808 nm and high reflection (HR) at
1064 nm, while the other end facet is AR coated at 1064 nm. The
Nd:YVO4 crystal is wrapped with indium foil and fitted into a cop-
per housing which is cooled by water at a constant temperature of
289 K. In this case, the temperature profile in laser crystal is ex-
pressed by the three dimensional Poisson equation as

Kx
@2Tðx; y; zÞ

@x2 þ Ky
@2Tðx; y; zÞ

@y2 þ Kz
@2Tðx; y; zÞ

@z2 þ qðx; y; zÞ ¼ 0 ð2Þ

where x, y are the transverse coordinates, z is the longitudinal coor-
dinate with the value of z = 0 at the pumped end of the crystal; Kx,
Ky, and Kz are the heat conductivity coefficients of axis x, y, and z,
respectively; T is the temperature. The thermal density q(x,y,z)
along the resonator axis in the crystal can be expressed as Gaussian
function [15]

qðx; y; zÞ ¼ 2Qa
px2

pðzÞ
ð1� e�alÞe�2 x�a

2ð Þ
2þ y�b

2ð Þ2
� �

=x2
pðzÞe�az ð3Þ

where Q is the total heat load, and in Nd:YVO4 the quantum defect
is a fraction 0.24 of the absorbed pump power. On the basis of par-
axial approximation, the radius of the pump light in laser crystal
may be given by

xPðzÞ ¼ xP0 þ hP jz� z0j ð4Þ

where xP0 is the radius at the pump beam waist; hP is the far-filed
half-angle and z0 is the distance between the focal plane of pump
beam and the pumped facet of laser medium.

The thermal conductivity of heat sink is much greater than that
of laser crystal. The temperature at the surrounding surfaces of la-
ser crystal is supposed to be the same as water temperature. The
boundary conditions can be expressed as

T � a
2
; y; z

� �
¼ 289; T

a
2
; y; z

� �
¼ 289 ð5Þ

T � b
2
; y; z

� �
¼ 289; T

b
2
; y; z

� �
¼ 289 ð6Þ

@Tðx; y; zÞ
@z

jz¼0 ¼ hðT � TairÞ;
@Tðx; y; zÞ

@z
jz¼l ¼ �hðT � TairÞ ð7Þ

Here h is heat transfer coefficient between the laser crystal sur-
face and air; Tair s the room temperature with a value of 300 K.

According to the corresponding parameters shown in Table 1,
by numerically solving coupled Eqs. (2)–(7), we obtain the temper-
ature rise in laser crystal. Fig. 1 shows a two-dimensional (cross x–
y section) temperature distribution. At the pump power of 25 W,
the highest temperature in the center of the pumped facet is
585.8 K, resulting in a temperature rising of 296.8 K.

The inhomogeneous temperature distribution in crystal results
in the changes of refractive index. For light propagating along the
resonator axis, the beam distortion and wavefront variation are
Table 1
Parameters used in the simulation.

Parameters Values Parameters Values

Kx 5.1 Wm�1 K�1 n0 2.183
Ky 5.23 Wm�1 K�1 az 4.43 � 10�6 K�1

Kz 5.1 Wm�1 K�1 @n/@T 8.5 � 10�6 K�1

xP0 320 lm T0 289 K
a 5.32 cm�1 h 4 Wm�2 K�1

hP 1.5 mrad z0 1 mm
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appearing. The optical path difference (OPD) for one pass through
the crystal can be written as [16]

OPDðx; yÞ ¼ n0az

Z l

0
½Tðx; y; zÞ � T0�dzþ

Z l

0

@n
@T

Tðx; yÞdz ð8Þ

where n nd n0 are the refractive index of the crystal at the temper-
ature T and the room temperature, respectively, az s the thermal
expansion coefficient, T0 is the initial temperature. In the pumped
region, it is common to consider the laser crystal to be a thermally
induced spherical convex lens. The focal length of the lens could be
derived from the Eq. (8)

f ðx; yÞ ¼ ðx2 þ y2Þ=2ðOPDo � OPDðx; yÞÞ ð9Þ

where OPD0 denotes the OPD in the center.
Fig. 2 Shows the focal length of the thermally induced lens as a

function of the pump power, which is numerically obtained and
compared with the value of Eq. (1).

For the experimental configuration which is shown in Fig. 5,
using the well-known ABCD matrix method and considering the
thermal lens effect of the laser medium, we have simulated the ra-
dii of the TEM00 mode as shown in Fig. 3. With the increase of
pump power, the variations of TEM00 mode radii are about 300–
400 lm in the laser crystal and 30–80 lm on the SESAM, respec-
tively. From Fig. 3, it can be also seen that TEM00 mode radii on
the SESAM increases with the pump power, preventing the SESAM
from damage under high pump power.
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Fig. 2. The focal length of thermal lens versus pump power.
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Fig. 5. Cavity configuration of the passively mode-locked Nd:YVO4 laser.
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Fig. 3. The dependence of beam size on pump power.
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Fig. 4. Power density on SESAM versus incident pump power. Fig. 6. Pulse train of the CW mode-locked Nd:YVO4 laser with time delay of (a) 1 ls
an (b)10 ns, respectively.
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The power density on SESAM can be expressed as

q ¼ Pingp�1x�2
s

1þ R
1� R

ð10Þ

where Pin is the incident pump power, g is the transfer efficiency of
the pump power to the output power, xs is the radii of TEM00 mode
on SESAM and R is the reflection of the output coupler. In order to
determine the SESAM’s damage threshold, we use a flat mirror with
reflection of 90% instead of M1. When the pump power is increased
to 15 W, the output power decreases abruptly which indicates the
Please cite this article in press as: T. Li et al., Opt. Commun. (2008), d
SESAM have been destroyed. A maximum output power of 1.5 W
is obtained. Accordingly, the damage threshold can be approxi-
mately calculated from the Eq. (9) to be 0.678 MW/cm2. In our
mode-locked laser, the reflection of M1 is 80% and the output power
increases with pump power at an almost linear proportion with a
value of 37.3% (as shown in Fig. 7). By taking those parameters into
the Eq. (9) we can obtain the relationship between the power den-
sity on SESAM and the incident pump power which has been shown
in Fig. 4. Apparently, the power density is lower than SESAM’s dam-
age threshold meanwhile exceeding the Q-switched mode-locking
threshold during the pump range from 7 W to 25 W, which indicate
a reasonable cavity design.

3. Experimental setup

Based on the thermal effect analysis, a five-mirrors folded cavity
is adopted in this experiment to realize the mode-locked Nd:YVO4

laser. A schematic of the laser configuration is shown in Fig. 5. A
flat mirror M1 with a reflection of 20%, acting as the output coupler,
is positioned 100 mm away from laser crystal, M2 coated on YVO4

crystal acts as one resonator mirror. M3 and M4 are HR at 1064 nm
with radii of curvature of 500 mm and 200 mm, respectively. The
Nd:YVO4 crystal is pumped by a fiber coupled diode laser with
oi:10.1016/j.optcom.2008.11.008
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the wavelength of 808 nm at 25 �C. The cavity parameters are
rationally optimized in principle to generate a reasonable focused
beam on the SESAM and have a good mode matching in the laser
crystal. The total cavity length is about 135.5 cm.

4. Results and discussion

A Q-switched mode-locked state is initiated with the pump
power from 1.2 W to 7 W. The picoseconds pulses are superim-
posed upon the long Q-switched envelope with a full width at
half-maximum of about 200 ns and a repetition rate of 69–
285 kHz. When the pump power rises above 7 W, the laser will
show typical CW mode-locking operation with a repetition rate
of 111 MHz as determined by the cavity length. Fig. 6a,b shows
the CW mode-locked pulse train on a different time scale, detected
by a Tektronics oscilloscope (Tek.TDS 5104) via a fast response
photo-detector.

The average output power versus incident pump power is
shown by scattered dots in Fig. 7. The laser threshold is 1.2 W
and the maximum average output power is about 8.94 W at the
pump power of 24 W, corresponding to an optical slope efficiency
of 39.2%. In comparison with CW operation, the output power of
CW mode-locked laser is only slightly decreased and the SESAM
is not damaged during the operation. The fluctuation D�P of output
power is tested at 15 W pump power, with a time interval of 5 min.
If D�P is given by D�P ¼ ½

Pn
i�1
ðPi � �PÞ2=n�1=2, the instability D�P=�P of the

laser is 0.19%.
The mode-locked pulse width is measured with an autocorrela-

tor (FR-103XL, Femtochrome Research Inc). Fig. 8 shows the oscil-
loscope trace of a CW mode-locked pulse train. The full width at
half maximum (FWHM) trace width is around 425 ls, correspond-
ingly the pulse duration is fitted to be 9.3 ps. The pulse peak power
is thus calculated to be 8.7 kW for the average output power of
8.94 W. The CW mode-locked laser spectrum is also measured by
using an optical spectrum analyzer (ANDO AQ-6315 A) as shown
in Fig. 8 (inset). It is found that the laser oscillates at around
1064.5 nm and the bandwidth of the laser spectrum is about
0.165 nm, corresponding to Dm = 43.7 GHz, which could support
pulses of 9.3 ps duration. The time-bandwidth product is
DmDt = 0.41.
Please cite this article in press as: T. Li et al., Opt. Commun. (2008), d
5. Conclusion

In summary, we have successfully demonstrated a passively
mode-locked Nd:YVO4 laser with a SESAM. By using a five-mirror
fold cavity, the mode-locked output power of 8.94 W is obtained
with a repetition rate of 111 MHz at the incident pump power of
24 W. The instability D�P=�P of the lasers is 0.19% at the pump power
of 15 W. No damage to the SESAM is observed during the laser
operation, which indicates a reasonable cavity design with the the-
oretical simulation of the thermal lens.
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