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Diode-pumped, passively Q-switched Nd:GdVO4
green laser with periodically poled KTP and

Cr4+:YAG saturable absorber
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With a laser diode as the pump source, a passive Q switching of an intracavity frequency-doubling Nd:GdVO4
green laser with periodically poled KTP has been realized with a Cr4+:YAG saturable absorber. The depen-
dences of the average output power, pulse width, pulse repetition rate, pulse energy, and peak power on inci-
dent pump power at different small-signal transmissions of Cr4+:YAG are measured. The rate equations con-
sidering the Gaussian spatial distribution of the intracavity photon density and the effects of the amplified
spontaneous emission (ASE) are presented to simulate the Q-switching process of this laser, and the numerical
solutions are in agreement with the experimental results. We have further discussed the influences of the ASE
parameter � on the laser performance. © 2006 Optical Society of America

OCIS codes: 140.3540, 140.3380, 140.3480, 190.4400, 190.2620, 140.3430.
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. INTRODUCTION
aser sources with nanosecond order, high repetition
ate, and visible pulses are of practical importance for
ide applications such as information storage, coherent

elecommunications, and medicine. Q-switching is the
ost popular method to obtain the laser pulses. Com-

ared with actively Q-switched lasers, the passively
-switched ones have the advantages of simplicity, com-
actness, high efficiency, and low cost. The Cr4+:YAG
aturable absorber is found to be superior to dyes1 and
olor centers2 as a passive Q switcher because it has a
arge absorption cross section, good thermal conductivity,
table physical and chemical properties, a high doped-ion
oncentration, and no degradation. The Cr4+:YAG satu-
able absorber has been the most widely used saturable
bsorber for a variety of lasers.3–6

Frequency doubling of diode-pumped Q-switched lasers
y one’s inserting a nonlinear crystal into the cavity is an
ttractive approach to realize the solid-state green lasers.
eriodically poled nonlinear materials have the potential
o serve as versatile devices for laser developers because
f their ability to allow quasi-phase matching over long
engths of crystal and allow noncritical phase matching
or tight focusing geometries, thereby enabling efficient
requency conversion. Many crystals have been success-
ully poled for frequency conversion, of which periodically
oled LiNbO3

7 (PPLN) and periodically poled KTP8,9 (PP-
TP) have demonstrated the most success. Compared
ith the PPLN crystal, the PPKTP crystal possesses a
igh damage threshold (�900 MW/cm2 for 5 ns pulse)
nd low susceptibility for photorefractive effects, which
llows it to work at room temperature, although its non-
inear coefficient is lower than that of PPLN crystal.10

Nd:GdVO4, as an isomorph of Nd:YVO4, which was de-
eloped first by Zagumennyi et al. in 1992,11 has been a
romising laser crystal for diode pumping. Nd:GdVO
4

0740-3224/06/040671-5/$15.00 © 2
ossesses several advantages over Nd:YVO4, such as a
igher absorption coefficient and a much higher thermal
onductivity of 11.7 �W m−1�K−1 along the �110�
irection.12 Therefore, it has been a new type of competi-
ive laser crystal in high-power laser generation.13,14 With
d:GdVO4 as the gain medium and KTP as the

requency-doubling crystal, the lasers operating at
.532 �m in both cw and Q-switching regimes have made
reat progress.15–17 With PPKTP as the nonlinear crystal,
e have realized the cw operation of the diode-pumped
d:GdVO4 laser.18 As far as we know, there have been no

elated reports on the passively Q-switched Nd:GdVO4
reen laser with PPKTP and a Cr4+:YAG saturable ab-
orber.

Rate equations are usually utilized to analyze the per-
ormance of a Q-switched laser; especially, the model con-
idering the Gaussian spatial distributions of photon den-
ity can give an accurate simulation of the performance of
he laser.19,20 However, in the above theoretical analysis,
he spontaneous-emission process has generally been ig-
ored in the laser photon density because the effect is so
eak. Recently, Li et al.21 stated that the influence of am-
lified spontaneous emission (ASE) on Q-switched laser
erformance depended on the Q-switching state, and,
uring the off state, ASE is the major factor causing
epletion of the population inversion. So, in the presence
f ASE, the conventional rate equations cannot accurately
escribe the dynamic behavior of the Q-switched laser.
In this paper, we present the performance of a diode-

umped passively Q-switched Nd:GdVO4 green laser
ith PPKTP and a Cr4+:YAG saturable absorber. For dif-

erent small-signal transmissions of Cr4+:YAG, the de-
endences of pulse width, pulse repetition rates, pulse en-
rgy, and peak power of a 0.53 �m laser on incident pump
ower are measured. Also, we introduce ASE into a rate
quation model considering the Gaussian spatial distribu-
006 Optical Society of America



t
f
w

2
T
M
fl
i
1
H
m
h
a
s
T
d
s
d
m
o
b
t
c
a
t
i
n
s
t
t
N
c
C

h
1
t
t
t
h
l
r
t
(

t
d
o
p
e
o
c
i
a
s
c
c
t

s
N
t
r
o
t
m
a
w
C
a
d
e
t
3

3
A
P
T
Q
t

F
N

F
p

672 J. Opt. Soc. Am. B/Vol. 23, No. 4 /April 2006 Yang et al.
ion of the intracavity photon density to simulate the per-
ormance of this laser, and the numerical solutions agree
ith the experimental results.

. EXPERIMENTAL SETUP AND RESULTS
he experiment setup is schematically shown in Fig. 1.
1 is a concave mirror with a radius of 150 mm, antire-

ection (AR) coated at 808 nm on its outside surface near-
ng the focusing optics and high-reflection (HR) coated at
064 and 532 nm on the inside surface. M2 is a flat mirror,
R coated at both 1064 and 532 nm. M3 is also a concave
irror with a radius of 100 mm, HR coated at 1064 nm,

igh-transmission coated at 532 nm on the inside surface,
nd AR coated at 532 nm on the outside surface, and
erves as the output coupler for the generated green light.
he distance between M1 and M3 is about 21 cm, and the
istance between M2 and M3 is about 9 cm. The pump
ource is a fiber-coupled laser diode (made by Semicon-
uctor Institute, Chinese Academic) capable of emitting a
aximum output power of 5 W with a center wavelength

f 808 nm at 22°C. The output pump beam from the fiber
undle end, which is 800 �m in diameter, is focused into
he laser crystal with a spot size of about 440 �m by a fo-
using optics. The Nd:GdVO4 crystal, doped with 1.0
t. % Nd3+ ions, is 4 mm�4 mm�5 mm, and its absorp-
ion coefficient at 808 nm is 5.49 cm−1. The pumped face
s AR coated for 99.9% transmission at both 808 and 1064
m, and the other face is AR coated for 99.8% transmis-
ion at 1064 nm. Two pieces of the Cr4+:YAG crystal with
he small-signal transmissions of 87% and 91% are used
o study the performance of the passively Q-switched
d:GdVO4–PPKTP lasers. Both faces of them are AR

oated at 1064 nm. The PPKTP crystal (made by Raicol
rystal Ltd., Israel) is 10 mm long, 1 mm thick, and 2 mm

Fig. 1. Scheme of the experimental setup.

ig. 2. Average output power of cw and passively Q-switched
d:GdVO4–PPKTP lasers with different Cr4+:YAG crystals.
igh and has a 9 �m grating period with an AR coating at
064 and 532 nm on both surfaces. The temperatures of
he Nd:GdVO4 crystal and the PPKTP crystal are con-
rolled at 20° and 30°C by means of a temperature con-
roller, respectively. A MAX 500AD laser power meter (Co-
erent, Inc., USA) is used to measure the generated green

aser power. The green light pulses’s temporal behavior is
ecorded by a fast photoelectronic diode (with response
ime of less than 1 ns) and a TDS620B digital oscilloscope
Tektronix, Inc., USA).

Figure 2 shows the average output power of the cw and
he passively Q-switched Nd:GdVO4–PPKTP lasers with
ifferent Cr4+:YAG crystals. As can be seen, the average
utput power increases almost linearly with the incident
ump power. The output power of 1.54 W at CW green op-
ration is obtained at the maximum incident pump power
f 4.44 W, corresponding to an optical conversion effi-
iency of 34.7%. When the Cr4+:YAG crystals with the
nitial transmissions of 87% and 91% are used, the aver-
ge output powers at the 532 nm wavelength are mea-
ured to be about 0.885 and 1.04 W at the maximum in-
ident pump power of 4.44 W, corresponding to optical
onversion efficiency of about 20% and 23.4%, respec-
ively.

The pulse width, the repetition rate, and the corre-
ponding pulse energy and peak power of the Q-switched
d:GdVO4–PPKTP lasers with different Cr4+:YAG crys-

als are shown as scattered symbols from Figs. 3 and 6,
espectively. As can be seen, the maximum pulse energy
f 16.7 �J and the highest peak power of 495 W are ob-
ained when the Cr4+:YAG crystal with the initial trans-
ission of 87% is used. The corresponding pulse duration

nd the repetition rate are 30 ns and 53 kHz, respectively,
hich are narrower and less than those when the 91%
r4+:YAG crystal is used. In that case, the pulse width
nd the repetition rate are 35 ns and 75 kHz at the inci-
ent pump power of 4.44 W. The corresponding pulse en-
rgy and peak power are only 13.4 �J and 395 W, respec-
ively. The temporal profile of the green laser pulses with
5 ns is shown as solid curve in Fig. 7.

. THEORETICAL ANALYSIS
. Nonlinear Loss Due to Harmonic Conversion in
PKTP
he harmonic conversion in a frequency-doubling
-switched laser is always considered a nonlinear loss of

he fundamental wave in the theoretical analysis. For

ig. 3. (Color online) Pulse width with the incident pump
ower.



P
E

w
n
w
i
A
P
c
f
g

u
b
w
t
i
i
�
m

s

w
w
P

b

w

B
O
e
fi
N

F
p

F
p

F
N
a
c
c

F
p

Yang et al. Vol. 23, No. 4 /April 2006 /J. Opt. Soc. Am. B 673
PKTP, the single-pass conversion efficiency coefficient
n can be expressed as follows8:

En = deff
2

2�2

n�
2n2�c3�0

�J2��2

Ak
, �1�

here � is the angle frequency of the fundamental wave;
� and n2� are the refractive indices of the fundamental
ave and the second-harmonic wave; c is the light veloc-

ty in vacuum; �0 is the dielectric permeability of vacuum;
k is the area of the fundamental wave at the position of
PKTP; deff= �2d33/�m�sin �mD is the effective nonlinear
oefficient of PPKTP,8 d33 is its nonlinear coefficient, and,
or our PPKTP, it is designed for optimal second-harmonic
eneration, i.e., m=1 and the duty cycle D=0.5; and

J2� =�
0

lk exp�i�kz�

�1 + 2iz/b�
dz. �2�

Equation (2) describes the second-harmonic generation
sing a Gaussian beam, where lk is the length of PPKTP;
=�n��k

2 /	 is the confocal parameter, in which 	 is the
avelength of the fundamental wave and �k is the radii of

he TEM00 mode at the position of KTP; and �k=�k�−kg
s the total phase-mismatching factor,8 where kg=2� /
g
s the wave vector defined by the grating period 
g and
k�= �4� /	��n2�−n�� is a particular (no-zero) wave-vector
ismatch.
According to the relationship of power and photon den-

ity, the fundamental power at the position of PPKTP is

P��,r,t� = 1
2Ak��c�k�r,t�, �3�

here �� is the single photon energy of the fundamental
ave and �k�r , t� is the photon density at the position of
PKTP.

ig. 5. (Color online) Pulse energy versus the incident pump
ower.

ig. 4. (Color online) Pulse repetition rates versus the pump
ower.
So the nonlinear loss due to harmonic conversion can
e expressed as


n�r,t� =
P�2�,r,t�

P��,r,t�
= EnP��,r,t� = 
k�k�r,t�, �4�

here


k = 1
2EnAk��c. �5�

. Rate Equations and Theoretical Estimation
n the basis of the model proposed in Ref. 19 and consid-
ring the effects of the ASE, we can obtain the modi-
ed rate equations for the passively Q-switched
d:GdVO4–PPKTP green laser with Cr4+:YAG as

�
0

� d��r,t�

dt
2�rdr =�

0

� � 1

tr
�2�n�r,t�l�g�r,t�

− 2�gns1�r,t�ls�s�r,t� − 2�e	ns0

− ns1�r,t�
ls�s�r,t� − 
n�r,t��k�r,t�

− L��r,t�� + �
n�r,t�

�21
�2�rdr, �6�

ig. 6. (Color online) Pulse peak power versus the incident
ump power.

ig. 7. Temporal profile of the passively Q-switched
d:GdVO4–PPKTP green laser pulse of 35 ns with 91% Cr:YAG
t the maximum incident pump power of 4.44 W. Solid curve, os-
illoscope trace; dotted curve, calculated result with ASE; dashed
urve, calculated result without ASE.
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dn�r,t�

dt
= Rin exp
−

2r2

�p
2 � −

n�r,t�

�
− �cn�r,t��g�r,t�

− �
n�r,t�

�21
, �7�

dns1�r,t�

dt
=

ns0 − ns1�r,t�

�s
− �gcns1�r,t��s�r,t�, �8�

here n�r , t� is the average population-inversion density;
s1�r , t� and ns0 are the ground-state and total population
ensities of the Cr4+:YAG saturable absorber, respec-
ively; � and l are the stimulated-emission cross section
nd length of the Nd:GdVO4 gain medium, respectively;
g and �e are the ground-state and excited-state absorp-
ion cross sections of the saturable absorber, respectively;
s is the length of the saturable absorber; tr=2	n1l+n2ls
n3lk+ �Lp− l− ls− lk�
 /c is the round-trip time in the reso-
ator in which n1 , n2, and n3 are the refractive indices of
he Nd:GdVO4 gain medium, Cr4+:YAG, and PPKTP
rystal, respectively, Lp is the physical cavity length, and
k is the thickness of PPKTP; L is the intrinsic loss; � is
he spontaneous fluorescence lifetime of the gain medium,
nd �s is the excited-state lifetime of the saturable ab-
orber; �	n�r , t� /�21
 is the term considering the ASE, � is a
arameter related to ASE and its value can be adjusted to
t the experimentally measured pulse width, and �21 is ef-

ective radiative lifetime associated with the laser transi-
ion; Rin=Pin	1−exp�−�l�
 /h�p��p

2l is the pump rate,
here h�p is the photon energy of the pump light, and �p

s the average radius of the pump beam; ��r , t�
��0, t�exp�−2r2 /�1

2� is the average intracavity photon
ensity, where ��0, t� is the photon density in the laser
xis; �g�r , t� ,�a�r , t�, and �k�r , t� are the photon densities
t the positions of the Nd:GdVO4 crystal, Cr4+:YAG,
nd PPKTP crystal, respectively, and �i�r , t�
��1

2 /�i
2���0, t�exp�−2r2 /�i

2� �i=g ,a ,k� ;�g ,�a ,�k, and �l
re the radii of the TEM00 mode at the above positions
nd the average radius of the TEM00 mode in the cavity,
hich can be calculated by ABCD matrix theory,19 and

he calculated values are shown in Table 1.
According to the parameters in Table 1, by numerically

olving the rate equations (6)–(8), we can obtain the rela-

Table 1. Parameters of the Theoretical
Calculation18–21

arameters Values Parameters Values

7.6�10−19 cm2 n� 1.83
5.49 cm−1 n2� 1.889

g 4.3�10−18 cm2 l 0.5 cm

e 8.2�10−19 cm2 lk 1.0 cm

s0 2.0�1017 cm−3 
g 9 �m
95 �s L 0.12

s 3.2 �s � 0.85

21 110 �s �p 250 �m

1 2.19 �g 350 �m

2 1.81 �a 120 �m

3 1.83 �k 88 �m

33 16.9 pm/v �� 220 �m
ionship between �k�0, t� and t, from which we can obtain
he pulse width (FWHM) and the pulse repetition rate of
he generated green light pulses. The single-pulse energy

and the pulse peak power P can be given as

E = 1
4�En�Ak��c�2�int

2 , �9�

P = 1
4�En�Ak��c�2�km

2 , �10�

here � is the fraction that coupled out the resonator; �int
s the integral of �k�0, t� over t from the beginning time t1
o ending time t2 of the single pulse; and �km is the maxi-
um value of �k�0, t�.
The theoretical calculation curves for the pulse repeti-

ion rate, the pulse energy, the pulse width, and the peak
ower versus pump power are shown as solid curves from
igs. 3 to 6, respectively. The estimation of the ASE pa-
ameter � in Eqs. (6) and (7) is made by our varying the
alue used in the theoretical model until a best fit be-
ween the experimentally measured pulse width and the
heoretical prediction. The value leading to the best fit-
ing was found to be about 5�10−5, which is similar to
hat in Ref. 21, and the calculated dependences of the
ulse widths on the incident pump power with different
r4+:YAG crystals are shown as solid curves in Fig. 3.
ith this value, the simulation data of the other laser

erformance shown as solid curves from Figs. 4 to 6 are
lso found to fit well with the experimental results. The
otted curve in Fig. 7 shows the theoretical pulse shape
ith a pulse width of 36 ns at T0=0.91 and a pump power

f 4.44 W. The ASE-excluded simulation yields an almost
ymmetric pulse shape with a narrower pulse width of
bout 30 ns, which is also shown as a dashed curve in Fig.
. From Figs. 3 to 7, we can see that the theoretical cal-
ulations considering the ASE are in agreement with the
xperimental results.

As detailed above, the value of the ASE parameter � at
bout 5�10−5 has been deduced experimentally by our
tting the experimental results with the modified model.
o show the influence of the ASE on the laser perfor-
ance, we calculate the relationship of the pulse width on

he ASE parameter � at T0=0.91 and an incident pump
ower of 4.44W, which are shown in Fig. 8. As can be seen,
he pulse width at the same condition increases with the
ncreasing of the ASE parameter �.

ig. 8. (Color online) Pulse width versus the ASE parameter �
t T =0.91 and an incident pump power of 4.44 W.
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. CONCLUSIONS
e have successfully demonstrated the performance of a

iode-pumped passively Q-switched Nd:GdVO4–PPKTP
reen laser with an Cr4+:YAG saturable absorber. The de-
endences of pulse width, pulse repetition rate, pulse
nergy, and peak power on incident pump power are ob-
ained for the generated green light pulses. A rate equa-
ion model is introduced to theoretically analyze the re-
ults obtained in the experiment, in which the spatial
istribution of the intracavity photon density and the ef-
ects of ASE are taken into account. The numerical solu-
ions of the rate equations are consistent with the experi-
ental results.
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