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Abstract: We design a reliable linear three-element cavity to make a 
comparative study between the conventional and diffusion-bonded 
Nd:GdVO4 crystals in the passively mode-locked operation. Experimental 
investigations reveal that the mode-locked pulse width obtained with the 
diffusion-bonded crystal is considerably broader than that obtained with the 
conventional crystal, even though the diffusion-bonded crystal can 
significantly reduce the thermal effects. The pulse broadening is 
experimentally verified to come from the length of the undoped part that 
brings in a reduction of the spatial-hole-burning (SHB) effect. 
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1. Introduction 

Diode-end-pumped passively mode-locked all-solid-state lasers with semiconductor saturable 
absorber mirrors (SESAMs) [1,2] have been extensively studied due to their short pulse 
duration, compactness, low insertion loss, flexibility, inexpensive, reliable operation, and 
wide bandgap ranging from visible to infrared etc. High-power mode-locked lasers are 
desirable because they are useful for numerous applications such as laser-video display, 
medicine, material processing, nonlinear wavelength conversion and so on [3]. Although 
several high-power passively mode-locked lasers have been proposed [4–6], thermal effects of 
the gain media are still the main challenge [7]. 

The composite crystal, which is fabricated by the diffusion bonding of a doped crystal to 
an undoped crystal as a heat sink for the pump surface, has been confirmed to be a superior 
method in reducing the thermal effects [8–11]. Recently, passively mode-locked composite 
crystal lasers have been reported with average output power greater than 10 W, indicating that 
the composite crystals are suitable for accomplishing high-power mode-locked laser [12,13]. 
Nevertheless, so far there is no systematic comparison between the conventional and 
composite crystals in the passively mode-locked performance. 

In this work, we develop a linear three-element resonator to make a comparative study 
between the conventional crystal (Nd:GdVO4) and the composite crystal (GdVO4/Nd:GdVO4) 
in the passively mode-locked performance. Compared to the conventional Nd:GdVO4 crystal, 
the maximum output power with the diffusion-bonded Nd:GdVO4 crystal can be enhanced by 
nearly 30% thanks to the reduction of thermal effects. However, the mode-locked pulse 
widths obtained with the diffusion-bonded crystal are found to be considerably broader than 
that obtained with the convenient crystal. We experimentally confirm that the undoped part of 
the diffusion-bonded crystal introduce a reduction of the spatial-hole-burning (SHB) effect to 
lead to the pulse broadening. Our experimental results reveal that the length of the undoped 
part needs to be taken into account in optimizing the pulse width of the mode-locked laser. 

2. Cavity design and analysis 

First of all we design a reliable cavity to evaluate the mode-locked laser performance between 
the conventional crystal and the composite crystal. In the past years, the three-element 
resonator, consisting of a flat rear mirror, a convex lens and a flat output coupler, has been 
identified to be an effective method for realizing the Kerr-lens mode-locked laser [14,15]. The 
linear three-element resonator is beneficial for easy assembly, mode-matching design, and 
insensitivity to misalignment. Moreover, the linear three-element resonator is also practically 
useful for the evaluation of thermal effects in the laser crystal. Therefore, here we employ the 
linear three-element resonator to design a passively mode-locked laser with SESAM as a 
saturable absorber for studying the performance between the conventional crystal and the 
composite crystal. 

The configurations for a three-element cavity with and without the thermal-lensing effect 
are shown in Fig. 1(a) and 1(b), where L1 is the distance between the front mirror and the 
convex lens, L2 is the distance between the convex lens and the output coupler, and f is the 
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focal length of the convex lens. The laser crystal and the SESAM device are designed to be as 
close as to the front mirror and the output coupler, respectively. With a pump spot radius of 
100 µm, the mode size at the front mirror ω1 is aimed at 160 µm to lead to a good mode-size 
matching. On the other hand, the mode size at the output coupler ω2 is aimed to be 50 µm to 
achieve a high-quality mode-locked operation. Consequently, the required mode-size ratio 
ω1/ω2 is approximately 3.2. The focal length of the convex lens is chosen to be f = 125 mm. 
The key issue for the cavity design is to determin the values of L1 and L2. 

L1 L2f

(a)

L1 L2f

(b)

fth

 

Fig. 1. The configurations for a three-element cavity (a) with and (b) without the thermal-
lensing effect. 

Using the ABCD-matrix method, the stable condition for a three-element cavity without 

the thermal-lensing effect is given by 
1 2

0 (1 )(1 ) 1L f L f≤ − − ≤ . For the purpose of 

presentation, we define the factor 
1 2

1/ (1 / )η ω ω= +  and calculate η with f = 125 mm as a 

function of L1 and L2. In Fig. 2, a rainbow color bar is used to present the different value of 
the calculated η, whereas the unstable zone is displayed with a black color. The stable region 

can be clearly seen to be enclosed by three curves: 
1 2

(1 )(1 ) 1L f L f− − = , 
1

L f= , and 

2
L f= . For the required ratio of ω1/ω2 = 3.2, the corresponding η value is 0.238 that is 

characterized by a light pink in the color bar. With the representation of Fig. 2, the appropriate 
values of L1 and L2 can be found to approximately 500 mm and 166 mm, respectively, as the 
location of point P indicated in Fig. 2. 
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Fig. 2. Calculated results for the factor η as a function of L1 and L2 with f = 125 mm; the black 
color denotes the unstable zone. 

Taking the thermal-lensing effect into account, we find that the effective focal power of 

the thermal lens in the laser crystal needs to be smaller than 1

1
2( )L f −

−  to maintain the cavity 

stable. With 
1

500L =  mm and 125f =  mm, we can find that the critical focal length of the 

thermal lens is approximately 188 mm. The focal length of the thermal lens can be expressed 

as 
2

/
th p in

f C Pω=  [11], where ωp is the pump radius on the gain medium, Pin is the incident 
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pump power, and C is a proportional constant. As a result, we can calculate the critical pump 
power Pcritical beyond which the thermal-lensing effect will cause the cavity to be unstable. It 
is clear that the smaller thermal-lensing effect the laser crystal brings in, the higher critical 
pump power can be reached. 

3. Experimental setup 

The experimental setup is schematically shown in Fig. 3. The laser cavity contains a gain 
medium, a convex lens, and an output-coupling semiconductor saturable absorber mirror 
(SESAMOC). The gain medium is a Nd:GdVO4 crystal that owns high absorption coefficient 
for diode pumping, large stimulated emission cross section, and high thermal conductivity 
along the <110> direction [16–18]. We prepared two types of gain media for the purpose of 
our experimental study. The one was a conventional 0.5 at.% Nd:GdVO4 crystal with 
dimensions of 3 × 3 × 8 mm

3
, the other one was a 3 × 3 × 10 mm

3
 composite 

GdVO4/Nd:GdVO4 crystal with a 2-mm-long undoped GdVO4 crystal diffusion bonded to a 
0.5 at.% Nd:GdVO4 crystal. The pump facets of two type of laser crystals were coated at 808 
nm for high transmission as well as at 1064 nm for high reflection (HR) as rear mirrors, and 
the other sides of each were anti-reflection (AR) coated at 1064 nm and wedged 0.5° to 
suppress the Fabry-Perot etalon effect. The laser crystals were wrapped with indium foil and 
mounted in a copper holder with water-cooled at 20 °C. The pump source was a 10-W 808-nm 
fiber-coupled laser diode with a core radius of 100 µm and a numerical aperture of 0.16. The 
pump beam was re-imaged into the laser crystal with a lens set that has a focal length of 25 
mm with a magnification of unity and a coupling efficiency of 85%. The convex lens with 
focal length of 125 mm was anti-reflective at 1064 nm on both sides. 
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Fig. 3. (a) Schematic of a linear three-element diode-end-pumped passively mode-locked laser; 
(b) conventional Nd:GdVO4 crystal; (c) composite GdVO4/Nd:GdVO4 crystal. 

For passively mode-locked operation at 1064 nm, we fabricated a SESAM structure that 
was monolithically grown on an undoped GaAs substrate by metalorganic chemical vapor 
deposition (MOCVD). The present SESAM device was designed to simultaneously serve as 
an saturable absorber and an output coupler (SESAMOC) [19,20]. The saturable absorber was 
composed of two 8-nm In0.34Ga0.66As quantum wells (QWs) with a modulation depth of 1.5% 
and a saturable fluence of 80 µJ/cm

2
. The Bragg mirror structure comprised 10 AlAs/GaAs 

quarter-wavelength layers, designed for a reflectivity of 96.3% at 1064 nm. The back side of 
the 350-µm GaAs substrate was coated for anti-reflection at 1064 nm. The SESAMOC was 
surfaced mounted in a copper without any active cooling. As designed in Sec. 2, L1 and L2 
were set at 500 mm and 166 mm, respectively, to implement the mode-locked operation. The 
total cavity length was then 666 mm, corresponding to repetition rates of 225 MHz. The mode 
radii on the laser crystal and the SESAMOC were approximately 160 µm and 50 µm, 
respectively. The cw mode-locked pulses were detected by a high-speed InGaAs 
photodetector (Electro-optics Technology Inc. ET-3500 with rise time 35 ps), whose output 
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signal was connected to a digital oscilloscope (Agilent, DSO 80000) with 12 GHz electrical 
bandwidth and the sampling rates of 25 ps. The spectral information of the laser was 
monitored by a Fourier optical spectrum analyzer (Advantest, Q8347) that is constructed with 
a Michelson interferometer with resolution of 0.003 nm. 

4. Results and discussion 

The dependence of average output power on the incident pump power is shown in Fig. 4(a). 
The slope efficiencies obtained with the conventional and composite gain media were found 
to be almost the same, approximately 35%. The threshold pump powers for the cw mode-
locked operation were also very comparable for two types of gain media, approximately to be 
1.7 W. When the pump power exceeded 1.7 W, the stable mode-locked pulses could be 
continuously generated, as shown in Fig. 4 (b). The thermal lensing effect leads to a critical 
pump power that restricts the maximum TEM00 output power in the cw mode-locked 
operation. When the pump power exceeded the critical pump power, the pulse train was found 
to be unstable, as revealed in Fig. 4(c). The critical pump powers were approximately 5.4 W 
and 7.8 W for the cavities with the conventional and composite gain media, respectively, as 
shown in Fig. 4(a). Limited by the thermal lensing effect, the maximum output powers were 
1.75 W and 2.30 W for the cavities with the conventional and composite gain media, 
respectively. In short, the maximum output power with the diffusion-bonded crystal can be 
enhanced by nearly 30% thanks to the reduction of thermal effects. 
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Fig. 4. (a) Average output power at 1064 nm versus incident pump power in cw mode-locked 
operations. And pulse trains on two circumstances with time span of 200 ns: (b) Stable cw 
mode-locked pulse train; (c) Modulation mode-locked pulse train with 24-MHz fluctuation. 

With the help of the commercial autocorrelator (APE pulse check, Angewandte physik & 
Elektronik GmbH), we measured the full width at half maximum (FWHM) of the 
autocorrelation trace of the mode-locked pulse. Assuming the sech

2
-shaped temporal profile, 

the pulse widths were found to be 8.0 ps and 24 ps for the cavities with the conventional and 
composite gain media, respectively, as shown in Fig. 5(a) and 5(b). We also measured the 
optical spectra for the mode-locked laser outputs. The FWHM of the optical spectra was 
found to be 0.17 nm and 0.07 nm for the cavities with the conventional and composite gain 
media, respectively, as shown in Fig. 6(a) and Fig. 6(b). It can be seen that the pulse 
broadening is consistent with the narrowing of the optical spectrum for the cavity with a 
composite crystal. Therefore, it is worthwhile to explore the origin of spectral narrowing in 
the cavity with a composite gain medium. In the following, we will verify that the undoped 
part of the diffusion-bonded crystal introduce a reduction of the SHB effect to lead to the 
spectral narrowing. 
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Fig. 5. Autocorrelation traces of the output pulses from (a) cw mode-locked Nd:GdVO4 laser 
and (b) cw mode-locked GdVO4/Nd:GdVO4 laser; 
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Fig. 6. Optical spectrum for (a) cw mode-locked Nd:GdVO4 laser and (b) cw mode-locked 
GdVO4/Nd:GdVO4 laser. 

The influence of the SHB effect on the performance of mode-locked solid-state lasers was 
previously studied for the cases of gain-at-the-end (GE), gain-in-the-middle (GM) as well as 
the intermediate transition between GE and GM [21,22]. It was found that thanks to the 
enhancement of the SHB effect, the pulse width in a GE mode-locked laser could be shorter 
than that in a GM mode-locked laser under the same cavity configuration. To investigate the 
SHB effect in the present three-element cavity, we replaced the HR-AR coated gain medium 
with a AR-AR coated Nd:GdVO4 crystal and a flat front mirror. We then used a linear micro-
stage to tailor the degree of the SHB effect by varying the separation d between the gain 
medium and the front mirror. With increasing the separation d from d = 0.2 mm to d = 10 mm, 
we found that the mode-locked pulse increased smoothly from 15.8 ps to 36.6 ps and the 
optical spectral FWHM changed from 0.085 nm to 0.048 nm, as shown in Fig. 7. In short, the 
pulse width strongly depends on the separation between the gain medium and the front mirror. 
The effective optical length of the undoped part in the diffusion-bonded crystal was 
approximately 4.5 mm. Referring to the results in Fig. 7, such a separation could cause the 
lasing spectral width to be significantly narrowed; consequently, the pulse width would be 
nearly doubled. This result is consistent with the experimental observation in the mode-locked 
laser with a composite crystal as a gain medium. Therefore, it is practically important in 
optimizing the mode-locked pulse width to consider the influence of the undoped length of the 
composite crystal. 
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Fig. 7. Pulse width (red) and spectral FWHM (green) as a function of the Nd-doped gain 
medium/front mirror separation d. 

5. Conclusion 

In conclusion, a comparative study between the conventional and diffusion-bonded 
Nd:GdVO4 crystals in the passively mode-locked operation has been performed by designing 
a reliable linear three-element cavity. We have found that although the diffusion-bonded 
crystal can usefully reduce the thermal effects, the mode-locked pulse width is usually broader 
than that obtained with the conventional crystal. To explain the experimental results, we have 
experimentally built the relationship between the degree of the SHB effect and the separation 
between the gain medium and the front mirror. With the developed relationship, we confirm 
the origin of the pulse broadening in the mode-locked laser with a composite crystal. Our 
investigations also indicate that the specification of the undoped length in the composite 
crystal needs to take into account for optimizing the mode-locked pulse width. 

Acknowledgments 

The authors thank the National Science Council for their financial support of this research 
under Contract No. NSC-97-2112-M-009-016-MY3. 

#125744 - $15.00 USD Received 22 Mar 2010; revised 19 Apr 2010; accepted 20 Apr 2010; published 21 Apr 2010
(C) 2010 OSA 26 April 2010 / Vol. 18,  No. 9 / OPTICS EXPRESS  9524




