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Investigation on mode matching including thermal effects in

LD end-pumped passively mode-locked Nd:YVO4 laser
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We design a laser diode (LD) end-pumped passively mode-locked solid-state laser with a semiconductor
saturable absorber mirror. Mode-matching efficiency in the active medium including the thermal effect is
analyzed, and the optimum mode-matching coefficient is obtained by optimizing the pump mode. In the
experiment, a total power of 4.2 W stable pulse sequences without multipulse at 1064 nm is obtained with
a pulse repetition rate of 86 MHz and a pulse width of 13 ps, corresponding to a high optical to optical
efficiency of 44%.
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The solid-state and fiber lasers play an important role
and are used in many field, such as material process-
ing, sensor, and military applications[1−4]. Along with
the development of ultrafast laser technology, pulse se-
quences with ultra short duration, high repetition rate,
and high peak intensity can be generated from mode
locking[5]. The diode-pumped passively mode-locked all-
solid-state laser has widespread applications in laser dis-
play, nonlinear frequency conversion, and high-precision
micromachining[6]. On the other hand, the use of end-
pumped passively mode-locked solid-state Nd3+ lasers
with saturable absorber[7] is a promising approach in
these fields. The saturable absorber can be optimized
independent of the cavity design, enabling successful
mode locking with a broad range of solid-state laser
tools and cavity designs[8,9]. A semiconductor saturable
absorber mirror (SESAM), which is a saturable absorber
integrated into a mirror structure, is mostly used as
the end mirror of a standing wave laser cavity[10−15].
Nd3+ host media, such as Nd:YVO4 and Nd:YAG,
have been widely used in solid-state lasers. Compared
with Nd:YAG, Nd:YVO4 has a larger stimulated emis-
sion cross section[16,17], a comparatively shorter up-
per state lifetime[18], and wider pumping wavelength
bandwidth[19], making it extremely suitable for achiev-
ing continuous mode-locked operation.

Recently, Jabczyński et al. reported that they have
achieved an optical to optical efficiency of 35% with a
pulse width of 15–20 ps for diode bar-pumped contin-
uous wave (CW) mode-locked Nd:YVO4 laser[20]. In
another study, a 43% efficiency was achieved in pas-
sively mode-locked YVO4/NdYVO4 composite crystal
laser with a semiconductor saturable absorber as a high
reflector[21]. In addition, the end-pumped configura-
tion provides a high degree of spatial overlap between
pump and laser modes, and a fiber-coupled diode en-
ables efficient mode matching between the pump volume
and the laser mode[22]. Thus, mode-matching efficiency
and thermal lenses are valuable in analyzing gain media
Nd:YVO4 crystal because they affect the efficiency of
the output power M2 factor and the stability of the laser

oscillator. Li et al.[23] analyzed temperature distribution
and thermal lensing in laser medium to design a special
cavity that can keep the power density on SESAM under
its damage threshold.

In this letter, we discuss the mode matching includ-
ing the thermal effect in laser diode (LD) end-pumped
passively mode-locked Nd:YVO4 laser with SESAM, cor-
responding to the optimal pump mode. A stable pulse
sequence without multipulse with a total power of 4.2
W and beam quality of M2 < 1.14 is also obtained. An
optical to optical efficiency of 44% is achieved for stable
CW mode-locking operation at 1064 nm, with a pulse
repetition rate of 86 MHz and pulse width of 13 ps.

The experimental setup of the LD end-pumped pas-
sively mode-locked solid-state laser with SESAM is
shown in Fig. 1.

Pump power at 808 nm came from a highly bright
fiber-coupled LD (manufactured by NUFERN), which
provided an output power of up to 20 W. The fiber had
a core diameter of 400 µm and a numerical aperture (NA)
of 0.22. The temperature of the LD was controlled by a
temperature control unit to obtain the best absorption.
The pump laser at 808 nm was focused onto the crystal
by a four-lens coupling system. The a-cut Nd:YVO4

crystal used in our experiment was wedged and had a
Nd3+-doping concentration of 0.3 at.-% and dimension of
3×3×9 (mm). The left side of the Nd:YVO4 was coated
with an antireflective (AR) film at 808 nm; the other side
of the crystal was AR-coated at 808 and 1064 nm. To

Fig. 1. Experimental setup of a LD end-pumped passively
mode-locked solid-state laser with SESAM.
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reduce the thermal load, the crystal was wrapped with
indium foil and packed inside a copper holder. The LD
and crystal were cooled in 15 ◦C circulating water. M1
is a flat mirror AR-coated at 808 nm and high reflective
(HR) coated at 1064 nm, whereas M3 is also a flat mir-
ror used as the output coupler with T=10% at 1064 nm.
M2 and M4 are concave mirrors HR-coated at 1064 nm,
with radii of curvature of R1=500 mm and R2=208 mm,
respectively. The included angle between incident and
reflected beams on M2 and M4 were θ1 and θ2, respec-
tively. The laser crystal Nd:YVO4 was placed very close
to end mirror M1 to enhance spatial hole burning and
shorten the pulse width[24].

To achieve a stable CW mode-locking operation,
we designated the total cavity length as 1708 mm
(l1+l2=265 mm, l3=839 mm, l4=488 mm, and l5=116
mm). The SESAM (Batop Gmbh, Germany) was used
as the end mirror of the cavity and simply mounted on
a small copper heat sink without active cooling. Its ab-
sorption ratio and modulation depth were 2% and 1.2%,
respectively.

For the theoretical analysis, the experimental setup can
be simplified as a model of the end-pumped solid-state
laser. Figure 2 shows the schematic of the laser crystal
and the definitions of related parameters.

In the model, the two concave mirrors M2 and M4
were replaced by the lenses with foci of f1t = R1

2 cos( θ1

2 )

and f2t = R2

2 cos( θ2

2 ) on the meridian plane, and f1s =
R1

2 / cos( θ1

2 ) and f2s = R2

2 / cos( θ2

2 ) on the sagittal plane.
The SESAM used as the end mirror of the laser cavity
was replaced by the flat mirror M2′. The far-field half-
angle and focal plane position of the pumping beam in
the active medium (taking the incidence surface of the
crystal as the original point) are θp and z0, respectively,
where wp0 is the radius of the beam waist and wp(z) is
the pumping size along the z-axis.

The intensity distribution of the output beam from a
fiber-coupled LD may be described by the circular Gaus-
sian function as[25]

P (x, y, z) = P0 exp
[

− 2
x2 + y2

w2
p(z)

− αz
]

, (1)

where α is the crystal absorption coefficient for pumping
light. The pumping size along the z-axis is given as

wp(z) =
√

w2
p0 + θ2

p(z − z0)2. (2)

A more practical distribution of the output beam in-
tensity from the fiber-coupled LD may be closer to a

Fig. 2. Schematic of experimental setup.

super Gaussian function. In the experiment, we used the
90/10 knife-edge method to measure the transverse in-
tensity distribution of the output pump mode. From
the measurement results, a four-order super Gaussian
function can be used to precisely describe the transverse
intensity distribution of the output pump mode in the
beam waist and far field.

Effective mode volume Veff and mode-matching
coefficient ηm can be defined as[26]

Veff =
[

∫∫∫

sl(x, y, z)rp(x, y, z)dv
]

−1
, (3)

ηm =
[
∫∫∫

sl(x, y, z)rp(x, y, z)dv]
∫∫∫

s2
l (x, y, z)rp(x, y, z)dv

2

, (4)

where sl(x, y, z) is the normalized cavity mode intensity
distribution, and rp(x, y, z) is the normalized pump in-
tensity distribution in the active medium. The mode-
matching coefficient varies with pump beam waist ra-
dius wp0, and its location z0 is the distance between the
incident face of the crystal and the pump beam waist
spot in the crystal. For a single transverse mode TEM00,
sl(x, y, z) can be given by

sl(x, y, z) =
2

πw2
l (z)l

exp
[

− 2
x2 + y2

w2
l (z)

]

, (5)

where wl(z) is the cavity mode size along the z-axis, and
l is the length of the active medium. For a fiber-coupled
pump beam, the normalized pump intensity distribution
in the active medium is written as

rp(x, y, z) =
αe−αz

πw2
p(z)(1 − e−αl)

Θ[w2
p(z) − x2

− y2], (6)

where Θ(· · · ) is the Heaviside step function. The profile
of the beam (TEM00 mode radius) in the laser resonator
is calculated based on the standard ABCD matrix and by
considering the thermal lens effect of the laser medium.

The radius of the cavity mode at the surface of the
crystal is wl=0.197 mm at a thermal lens length of 100
mm. Based on Eqs. (1)−(6), the numerical result of the
mode-matching coefficient in our experimental setup is
obtained and shown in Fig. 3.

Fig. 3. Mode-matching coefficient varying with pump beam
waist radius wp0 and its location z0 in the crystal.
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At a pump power of 12 W, the radius optimal pump
size of wp0=0.21 mm and the optimal location of pump
waist spot of z0=1.5 mm can be obtained by a numerical
computation with the highest mode-matching coefficient
of 47.2%.

Thermal effect plays an important role in laser
performance[27,28]. For an end-pumped structure with a
fiber-coupled LD, taking the intensity attenuation along
the z direction into account provides the thermal focal
length as follows[29]:

1

fT
=

0
∫

l

Pt

2πKc
·

αe−αz

1 − e−αl
·
[dn/dT + (n − 1)αT]

ω2
p(z)

dz,

(7)

where fT is the thermal focal length, Kc denotes
the thermo-conductivity, dn/dT is the thermo-optical
coefficient, Pt stands for the power translated from the
pumping source into the heat load in the laser medium,
αT is the thermal expansion coefficient, and n is the crys-
tal index.

The a-cut Nd:YVO4 used in our experiment has a
Nd3+ doping concentration of 0.3 at.-% with dimen-
sions of 3×3×9 (mm). Therefore, the thermal focal
length can be calculated using the following parame-
ters: the thermo-conductivity Kc=0.0523 W/(K·cm), the
thermo-optical coefficient dn/dT=3.0×10−6 K−1, the
pump beam waist in crystal wp0=0.27 mm, the crys-
tal index nc=2.165, the length of crystal l=9 mm, the
crystal absorption coefficient α=6.0 cm−1, and thermal
expansion coefficient αTa=4.43×10−6 K−1. By numeri-
cally solving Eq. (7), we obtain the thermal focal length
at different levels of pump power, and also acquire mode
radii (in the laser crystal and on SESAM) varying with
from the experimental pump power. From Fig. 4, it can
be also seen that TEM00 mode radii in the crystal and
on SESAM decrease with the pump power.

For stable CW mode locking, the criterion for a stable
mode-locking laser with a SESAM is given by[30]

2LPout

cT
≥ π

√

Fsat,aω2
aFsat,gω2

g∆R , (8)

where L is the length of the cavity, Pout is the output
power of the laser, c denotes the speed of light in a
vacuum, T represents the output coupler transmission,
∆R is the modulation depth of the SESAM, ωa and ωg

are the values of intensity radius of the laser beam on the

Fig. 4. Radius of cavity mode (in laser crystal and on
SESAM) varying with pump power.

SESAM and in the gain medium, respectively. The sat-
uration fluences of the SESAM and the gain medium are
Fsat,a and Fsat,g, respectively.

To obtain stable CW mode locking, Eq. (8) must be
satisfied by increasing the length of the cavity, reducing
the transmissivity of the output coupler and decreasing
the values of the intensity radius of the laser beam on
the SESAM and in the crystal. The intracavity pulse
fluence is supposed to be kept three to five times the sat-
uration fluence of the SESAM because obtaining mode
locking is difficult if the value of the impulsion fluence
is too small. During the experiments, the value of the
impulsion fluence was controlled by adjusting the value
of the intensity radius of the laser beam on the SESAM
(ωa). The energy of a mode-locked pulse in the cavity is
defined as EP=2LPout/cT ; thus, the minimum intracav-

ity pulse energy is EP,c = π
√

Fsat,aω2
aFsat,gω2

g∆R. The

laser operates in Q-switched mode locking (QML) with
EP<EP,c, and the laser operates in CW mode locking
with EP>EP,c.

In our experiment, we modified the output coupling
to adjust the intracavity power and obtain the stable
mode-locked CW operation. The mode size in the crys-
tal and on the SESAM can be adjusted by a telescope

Fig. 5. Output power in Q-switched and CW passively mode-
locked regimes.

Fig. 6. Spatial form for output laser of a LD end-pumped
passively mode-locked solid-state laser with SESAM.

Fig. 7. Measured autocorrelation trace.
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optical system consisting of concave mirrors in the cavity,
and individually controlled by M2 and M4. The satura-
tion fluences of the SESAM and the gain medium are
Fsat,a =70 µJ/cm2 and Fsat,g =0.12 J/cm2, respectively.
At a pump power of 6 W, the stable CW mode-locked op-
eration is achieved with 42-µm mode radii on the SESAM
and 154-µm mode radii in the laser crystal for an output
coupling of 10%. Thus, the minimum intracavity pulse
energy EP,c obtained is 0.07 µJ.

Based on the analysis of the mode-matching coefficient,
the optimal pump mode can be fixed at wp0=0.2 mm and
z0=1.5 mm by adjusting the four-lens coupling system.
From an output power of 0.5 W (pump power of 3 W),
the intracavity pulse energy is EP=0.06 µJ (EP<EP,c),
and the laser is in stable QML stage. When the output
power increases to 2 W (pump power of 6 W), the intra-
cavity pulse energy is EP=0.23 µJ (EP>EP,c), and the
CW mode locking appears in the laser cavity.

In a stable CW mode-locking operation, we achieve an
average power of 4.22 W at the pump power of 9.5 W,
corresponding to an optical to optical efficiency of 44%
and a slope efficiency of 56.7%, as shown in Fig. 5. The
TEM00 beam quality factors are M2

x=1.08 and M2
y=1.14,

measured with a Spiricon M2-200 laser beam analyzer
(Fig. 6).

When the stable mode locking is captured, the repeti-
tion of the impulse sequence is 86 MHz, measured by a
digital oscilloscope, and the spectrum width of the output
beam is 0.16 nm, corresponding to ∆v=42.4 GHz. The
pulse width was measured using an autocorrelator (APE
Company, Germany), and Fig. 7 shows the profile of an
autocorrelation signal with a full-width at half-maximum
(FWHM) of 20.4 ps in a range of 150 ps. However, in a
range of 600 ps, we find that a multipulse is induced by
the Fabry-Perot (F-P) effect generated in the laser crys-
tal, which reduces the peak power of the output laser.
Therefore, we positioned the laser crystal at an incline
or made a wedged type laser crystal to avoid the multi-
pulse. Taking a hyperbolic secant (sech2), we estimated
the pulse duration to be ∆τ=13 ps×1.543. The time-
bandwidth product is ∆τ∆v=0.55.

In conclusion, we have demonstrated a LD-pumped
passively mode-locked solid-state laser with SESAM, and
discussed the mode-matching efficiency in the active
medium to obtain the optimal pump mode including the
thermal effect. The laser cavity can produce a stable
pulse sequence without multipulse with a total power of
4.2 W and good beam quality (M2 < 1.14). The optical
to optical efficiency of 44% is achieved for a stable CW
mode-locking operation at 1064 nm, with a pulse repeti-
tion rate of 86 MHz, a linewidth of 0.16 nm, and a pulse
width of 13 ps.

This work was partially supported by the State Key
Laboratory of Tribology, Tsinghua University under
Grant No. SKLT08A05.
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