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Abstract

Passive mode locking of a diode-pumped Nd:GdVO4 laser was demonstrated using In0.25Ga0.75As as saturable

absorber as well as output coupler. The pulse width was measured to be about 16 ps with a repetition rate of 146

MHz. The average output power was 120 mW with pump power of 6 W. To our knowledge, this is the first demonstra-

tion on a passively mode-locked Nd:GdVO4 laser by using an In0.25Ga0.75As output coupler.
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Nd:GdVO4 is a relatively new laser crystal with

many advantages such as the large stimulated

emission cross-section and high-absorption coeffi-

cient at 808 nm. Table 1 show us the properties

of Nd:YVO4; Nd:YAG and Nd:GdVO4 [1–3].

From Table 1 one can see that Nd:GdVO4 has
high-thermal conductivity, which is almost two
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times higher than that of Nd:YVO4. And its short

upper-state lifetime combined with large stimu-

lated emission cross-section is favorable to contin-

uous-wave (CW) mode locking [4–6]. Therefore

Nd:GdVO4 is an attractive laser medium for mode

locking.
Semiconductor saturable absorber devices like

SESAMs have been established as a useful device

for passive mode locking [1–6]. The main reason

for this device�s utility is that both the linear and

nonlinear optical properties can be engineered over
ed.
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Fig. 1. Schematic of the diode-end-pumped passively mode-

locked Nd:GdVO4 laser with In0.25Ga0.75As.

Table 1

Properties of Nd:YVO4; Nd:YAG and Nd:GdVO4

Parameter Nd:YVO4 (1.1 at.%) Nd:YAG (1 at.%) Nd:GdVO4 (0.8 at.%)

Transition wavelength (nm) 1064 1064 1064

Refractive index (at 1064 nm) n0 = 1.96 1.82 n0 = 1.972

ne = 2.166 ne = 2.192

Thermal conductivity (Wm�1 k�1) 5.1 11.1 11.7

Emission cross-section (10�19 cm2) 25 2.8 7.6

Absorption coefficient (at 808 nm cm�1) 36 11 74

Lifetime (ls) 95 230 90

Pulse duration (ps) 2.8 6.8 8
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a wide range, allowing for freedom in the specific

laser cavity design. Generally the SESAM is mostly

used as an end mirror of a standing-wave cavity,

which can lead to a higher complexity of the laser

setup. This was observed for example especially in

passively mode locked microchip laser [7,8]. So

there is need for a device which combines the non-

linear properties of the SESAMwith an output cou-
pler [9], andwhich canmake the lasermore compact

and reliable and useful. Some papers employed

GaAs as saturable absorber as well as output cou-

pler for passive mode locking and Q-switching

[10,11]. In this paper, we employed an In0.25
Ga0.75As wafer that combines the nonlinear proper-

ties of the SESAM with an output coupler. The

In0.25Ga0.75As wafer was grown by metal-organic
chemical vapor deposition (MOCVD) at low tem-

perature. Adjusting the growth temperature can

control absorber recovery time of In0.25Ga0.75As,

and the modulation depth depends on the thickness

of the absorption layer. The structure of In0.25
Ga0.75As is as simple as that of GaAs, however, it

does not work in the principle of two-photon

absorption (TPA) that leads to a nonlinear change
of refractive index. When the ratio of In to Ga is

changed, the In0.25Ga0.75As wafer can be used to

mode locking of lasers at differentwavelength,while

GaAs is only for the wavelength near 1060 nm. So

the In0.25Ga0.75As wafer has great potential for pas-

sive mode locking and Q-switching as saturable ab-

sorber as well as output coupler.

In this paper, we report on a simple experimen-
tal realization of CW mode locking in a

Nd:GdVO4 laser. By using In0.25Ga0.75As as the

saturable absorber as well as the output coupler,

we have achieved the continuous-wave mode lock-
ing with pulse duration as short as 16 ps. To our

knowledge, this is the first demonstration of

passively mode locked Nd:GdVO4 laser with an

In0.25Ga0.75As output coupler.

The schematic of the experimental setup is

shown in Fig. 1. This set-up has no astigmatism.

The pump source was provided by a fiber-coupled

laser diode (LD) with central wavelength of 808
nm. The pump beam from the fiber end was fo-

cused into the laser crystal with a spot diameter

of about 160 lm. The Nd:GdVO4 laser crystals

used in our experiments has a Nd3+-doping con-

centration of 1 at.% and a dimension of 3 mm ·
3 mm in cross-section and 5 mm in length. The

pump surface of Nd:GdVO4 crystal was dielectri-

cally coated to give a high reflectivity at 1064 nm
laser wavelength and a high transmission at 808

nm pump wavelength. The other face of the crystal

was coated with a high transmission film at 1064

nm. To efficiently remove the generated heat, the

crystal was wrapped with indium foil and tightly

mounted in a water-cooled copper holder, and

the water temperature was maintained at 20 �C.
L3 was a convex lens with the focal length of 100
mm, which was used to compensate the thermal

lensing effect in the crystal. L3 and L4 was sepa-

rated by about 90 cm. L4 also was a convex lens,

which was used to focus the laser on In0.25



B. Zhang et al. / Optics Communications 244 (2005) 311–314 313
Ga0.75As. One side of the absorber (toward the

cavity) was coated with anti-reflection coating at

1.06 lm, which was a 1/4 wavelength thickness

of the hybrid of ZrO2 and Y2O3 (4:1), and the

other side of the absorber was deposited with high
reflection film composed of Al2O3/Si/SiO2/Si multi-

ple layers to obtain high reflectivity. In order to

make it as an output coupler we make the trans-

mission rate of the absorber near 10%. The heat

load on the In0.25Ga0.75As was handled simply

by mounting the In0.25Ga0.75As on a small copper

heat sink with a hole.

In the experiment, we change the focal length of
L4 and the distance between L4 and In0.25Ga0.75As

to adjust the laser spot on the In0.25Ga0.75As. We

employed three different focusing lens (F = 22,

60, 100 mm), but only with the 22-mm focusing

lens we obtained the CW mode locking. We attri-

bute this to that the focusing lens of 60 and 100

mm could not provide enough power density in

the saturable absorber for CW mode locking. With
ABCD computation we got a beam radius of 45

lm in the laser crystal and a beam radius of 10

lm in the saturable absorber with the 22-mm

focusing lens that can provide high laser intensity

for the saturable absorber with a saturation flu-

ence of 100 lJ/cm2.

With the cavity shown in Fig. 1, the laser aver-

age output power as a function of the available
incident pump power was investigated, and the re-

sult was depicted in Fig. 2. With the change of
Fig. 2. Dependence of the average output power versus the

pump power. CW mode locking was obtained at the 3.4 W

pump power.
pump power, laser outputs follow a general behav-

ior of three states (CW oscillation, Q-switched

mode-locking, CW mode locking). When the

pump power is near oscillation threshold of 2.2

W, the output is effectively CW oscillation. Slightly
increasing the pump power initiate a Q-switched

mode-locking. Fig. 3 shows the oscilloscope trace

of Q-switched mode locking envelopes at a

Q-switched repetition of 58.8 kHz. The Q-switched

mode locking envelope with a half width of 5 ls
consist of many mode locked pulses with repetition

of about 146-MHz (not depicted in Fig. 3). When

the pump power is increased to 3.4 W, we obtained
stable CW mode locking. The oscilloscope trace of

mode locked pulses is shown in Fig. 4. The time

between two pulses is 6.84 ns and the repetition

rate is 146-MHz. The pulse duration of 16 ps

was measured with a nonlinear second-harmonic-

generation autocorrelator and the autocorrelation

trace was shown in Fig. 5. The average output

power of the mode locked laser was 120 mW with
6 W pump power. To make a comparison we

measured the CW output of the laser with a

Tout = 10% flat mirror instead of the saturable ab-

sorber. At the pump power of 6 W, the output

power of 400 mW was obtained. Both the CW

and mode-locked output power had high threshold

and low slope efficiency. We attribute this to two

factors, one of which is the poor practical mode
matching between the pump beam and the laser
Fig. 3. Pulse train of the Q-switched mode-locked Nd:GdVO4

laser with In0.25Ga0.75As.



Fig. 5. Autocorrelation of CW mode-locked Nd:GdVO4 laser

with In0.25Ga0.75As.

Fig. 4. Pulse train of the CW mode-locked Nd:GdVO4 laser

with In0.25Ga0.75As.
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beam achieved in the laser. Although the cavity

parameters had been selected to possibly achieve

an optimum mode matching between the pump

beam size change along the laser crystal, the pump

beam size variation practically limited the total

mode-matching efficiency regardless of the laser

beam size. The other factor is the linear losses of

saturable absorber, which are contributed mainly
to the residual losses in the undoped GaAs sub-

strate and the imperfect AR coating.

In the experiment, to investigate the homogene-

ity of the present absorber we swept the beam spot
on a different region of the saturable absorber. It

was found that the mode-locking operation is

insensitive to the position of the saturable absor-

ber. The stability of the laser was investigated by

using an oscilloscope. When the pump power
was higher than the threshold of CW mode-lock-

ing, the laser kept stable pure CW mode-locking

without Q-switching instability. In the experiment

we observed no change in the spatial shape when

the mode-locking started and the laser has good

TEM00 mode.

In conclusion, a diode-end-pumped passively

mode-locked Nd:GdVO4 laser with an In0.25Ga0.75
output coupler was realized. Stable CW mode-

locking was achieved with 16 ps pulse duration

at a repetition rate of 146 MHz, and 120 mW out-

put powers at pump power of 6 W. Although the

slope efficiency is low at present, the experimental

results indicate that In0.25Ga0.75As is a promising

element for short pulse generation and potentially

useful for miniaturization and simplification of
solid-state mode-locked lasers.
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