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Abstract. A diode-pumped passively Q-switched mode-locked (QML) intracavity frequency doubled c-cut
Nd:GdVO4/KTP green laser with a LT-GaAs saturable absorber is presented. More than 90% modulation
depth for the mode-locked green pulses has been achieved. Using the hyperbolic secant function methods,
a developed rate equation model for Q-switched and mode-locked lasers considering the Gaussian spatial
distribution of the intracavity photon intensity, the influences of continuous pump rate, the upper state
lifetime of the active medium, and the excited-state lifetime of the saturable absorber, was proposed. With
this developed model, the theoretical results are in good agreement with the experimental results and the
width of the mode-locked green pulse was estimated to be about 380 ps.

PACS. 42.60.Fc Modulation, tuning, and mode locking — 42.60.Gd Q-switching — 42.55.Xi Diode-pumped

lasers

1 Introduction

Laser sources at 532 nm with high repetition rate, high
peak power and moderate average power have attracted
great attention in the recent years [1-3] and are widely
used in many medical applications including surgery, an-
gioplasty and dermatology, as well as in other fields of
science and technology such as information storage, co-
herent telecommunications etc. Using simultaneous pas-
sive Q-switching and mode-locking in a diode-pumped
intracavity frequency-doubled Nd-doped laser operating
at 1.06 um fundamental wavelength, such sources can
be easily realized and have the advantages of simplicity,
compactness, low cost and high efficiency. So far, a va-
riety of saturable absorbers for Q-switching and mode-
locking (QML) have been investigated, such as LiF:Fq [4],
Cr*t:YAG crystals [5-7], GaAs wafer [8-13], and semicon-
ductor saturable absorption mirrors [14-16], and so on.
Among these saturable absorbers, GaAs wafer has been
widely used for passively Q-switched and mode-locked
1 um lasers, especially for the Nd*t doped materials work-
ing at 1.06 pm for its virtues of cheap and easy fabrication
as well as high damage threshold. However, its modulation
depth is limited and cannot be modulated [17]. An effi-
cient method to improve the modulation depth of GaAs
is to use a low temperature GaAs (LT-GaAs) saturable
absorber. In LT-GaAs absorber, when As fluence is exces-
sive over Ga fluence, antisites (or Asg,) and Ga vacancy
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(or Vga) will be generated, which can form the trapping
energy levels similar to EL2 defect in semi-insulated GaAs
wafer [10]. So the only difference between the defect en-
ergy level in LT-GaAs and the EL2 level in GaAs is that
the defect density in LT-GaAs is much more than that of
the EL2 level in GaAs wafer. Therefore, the modulation of
LT-GaAs absorber can reach tens of hundredth if only the
LT-GaAs is thick enough. The modulation depth can also
be increased by decreasing the temperature of the GaAs
absorption layer and the recovery time decreases with the
temperature for growth. That is to say, the parameters for
Lt-GaAs absorber are adjustable. Although the principle
for LT-GaAs as an absorber for mode locking is not very
clear, it is believed that single photon absorption (SPA)
involved with EL2 defects, two photon absorption (TPA)
between conduction and valence band and free-carrier ab-
sorption (FCA) effects play an important role.

Nd:GdVOy, as a novel isomorph of Nd:YVOy, has
been confirmed to be a promising laser medium for diode
pumping [10-12]. Especially, because of its broader gain
bandwidth and higher thermal conductivity, Nd:GdVOy4
crystal is more competent than Nd:YVO, when op-
erated in mode-locking state. The conventional a-cut
Nd:GdVOy, crystal has large stimulated emission cross
section and lower threshold power in comparison with
c-cut Nd:GdVOy, but the c-cut Nd:GdVO, laser has a
higher slope efficiency because the intrinsic loss of c-cut
Nd:GdVOy crystal is smaller than the a-cut one [13].
Very recently, a simultaneously passively Q-switched and
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Fig. 1. Schematics for passively Q-switched and mode-locked
c-cut Nd:GdVO4/KTP green laser.

mode-locked c-cut Nd:GdVO, laser at 1.06 pm with
Cr'*t:YAG saturable absorber has been realized [10].
As compared with Q-switched and mode-locked a-cut
Nd:GdVOy laser, the c-cut Nd:GdVOy laser has a lower
repetition rate and higher pulse peak power of the Q-
switched envelop. All the features implies the excellent
laser performance of the c-cut Nd:GdVOy crystals for
high-peak-power Q-switched and QML operation. How-
ever, there hasn’t been any report on the QML opera-
tion at 0.53 pm using c-cut Nd:GdVOy, crystal as the gain
medium with LT-GaAs.

In this paper, for the first time as far as we know, we
demonstrated a diode-pumped passively Q-switched and
mode-locked c-cut Nd:GdVO,/KTP green laser with LT-
GaAs wafer simultaneously as the saturable absorber in a
V-type folded cavity. Using the hyperbolic secant function
methods, we have introduced a rate equation mode for
the Q-switched and mode-locked c-cut Nd:GdVO4/KTP
green laser, in which not only the Gaussian distribution
of the intracavity photon lifetime of the active medium
and the excited-state lifetime of the saturable absorber
were taken into account. With this model, the theoretical
evaluations are in good agreement with the experiments.

2 Experimental setup and results

The schematic of our experimental setup is shown in Fig-
ure 1. A V-type folded cavity is designed to allow mode
matching with the pump beam and to provide the small
spot sizes in the pump beam and the saturable absorber.
The pump source is a fiber-coupled laser-diode (FAP sys-
tem, COHERENT Inc., USA) which works at the maxi-
mum absorption wavelength (808 nm) of the Nd** ions. A
1.0-at.% Nd3T, 4 x4 x5 mm? c-cut Nd3T:GdVOy crystal is
used as the laser active material. One surface of the crys-
tal is coated high transmission (HT) at 808 nm, whereas
the other surface of the crystal is anti-reflection (AR) at
1064 nm. The KTP crystal cut for type-II phase matching
is 3 x 3 x 8 mm? and both of its surfaces are antireflec-
tion coated at 1064 nm and 532 nm. The temperatures
of the c-cut Nd3+:GdVOy crystal and the KTP crystal
are controlled at 20 °C and 22 °C by using semiconductor
cooler, respectively. The input mirror M; is a concave with
150 mm curvature radius, with HT at 808 nm and high
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Fig. 2. Dependence of the average output power of the Q-
switched green pulse train on the incident pump power in the
QML Nd:GdVOy laser.

reflection (HR) at 1064 nm. The curvature radius of the
folded mirror My is 500 mm with anti-transmission (AT)
at 1064 nm. The output mirror Mg is flat mirror with AT
at both 1064 nm and 532 nm. The length between M; and
M, was about 60 cm and the length between My and M3
was about 46 cm. In this arrangement, the whole cavity
length adds up to 106 cm.

The LT-GaAs absorber is used as the saturable ab-
sorbers in the experiment. The LT-GaAs absorber was
grown using a metal organic vapor phase epitaxy device
following the steps: first, a 500 nm GaAs buffer layer was
deposited on the semi-insulating GaAs substrate; second,
a GaAs layer approximately 3 um was grown on the buffer
layer at a temperature of as low as 550 °C; third, the back
of the GaAs substrate was polished and five pairs of SiO2
and Al,Og layers were antireflection coated on the LT-
GaAs layer; Finally, the other side of the GaAs substrate
was antireflection coated with five pairs of SiO and Al; O3
layers.

The temporal shape of the output laser pulse is
recorded with a digital oscilloscope (TED620B, 500-MHz
bandwidth and 2.5 Gs/s sampling rate, Tektronix Inc.,
USA) and a fast Si PIN photodiode with a rise time of
about 1ns. A MAX 500AD laser power meter (COHER-
ENT Inc., USA) is used to measure the generated average
output power.

Figure 2 shows the average output power of the Q-
switched pulse train versus the incident pump power. The
threshold of the Q-switched pulse train is about 1.60 W,
but just when the incident pump power reaches 2.31 W, we
can get the Q-switched and mode-locked pulse. The out-
put power increases with increasing incident pump power
and the maximum average output power of 26.22 mW is
obtained at the incident pump power of 5.72 W. The de-
pendence of the repetition rate of Q-switched pulses on the
incident pump power is shown in Figure 3. The repetition
rate increase from 45 to 92 kHz when the incident pump
power increase from 2.31 to 5.72 W. According to the aver-
age output power and the repetition rate, the pulse energy
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Fig. 3. Dependence of the repetition rates of the Q-switched

green pulse train on the incident pump power in the QML
Nd:GdVOy laser.
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Fig. 4. Theoretical and experimental dependence of the pulse

energy of the Q-switched green pulse on the incident pump
power.

of the second-harmonic (SH) Q-switched pulse versus the
incident power is experimentally shown as dots in Fig-
ure 4. The single pulse energy increases from 0.076 to
0.3022 pJ with the incident pump power increase from
2.31 to 5.05 W. As the average output power increases
more slowly than the repetition rate, when the incident
pump power increases from 5.05 W, the energy of single
Q-switched pulse decrease. The thermal effects may be
playing a role. Figure 5 shows the temporal shape of a sin-
gle passively Q-switched green pulse envelope, which was
recorded at the pump power of 4.8 W. The more than 90%
modulation depth of the Q-switched mode-locked green
pulses could be achieved at any pump power over 2.31 W.
The mode-locked pulse interval with the Q-switched en-
velope is about 640 ns. The expanded oscilloscope traces
of a train of mode-locked pulses are showed in Figure 6,
from which we obtain that the mode-locked pulses within
the Q-switched envelope are separated by 7.0 ns, which
matches exactly with the cavity roundtrip transmit time
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Fig. 5. Oscilloscope traces of a typical Q-switched and mode-
locked green laser pulse envelope at the incident pump power
of 4.8 W.
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Fig. 6. Expanded oscilloscope traces of a train of mode-locked
green pulses.

and corresponds to a repetition rate of 143 MHz. With a
close observation, the average rise time of the mode-locked
pulse is found to be about 1.28 ns. The formula

— 2 2 2
tmeasure - \/treal + tprobe + toscilloscope

describes the relationships among the measured rise time
tmeasure, the real rise time t,..,; of the pulse, the rise time
tprobe = 1 1s of the probe and t,scitioscope Of the oscillo-
scope employed. The rise time of oscilloscope toscitioscope
is determined by {oscitioscope X BW = 0.35-0.4, where
BW = 500 MHz is the bandwidth of the oscilloscope, so
we can get the value of £oscilioscope 15 0.7-0.8 ns. The SH
mode-locked pulse width is approximately equal to the
real rising time, and from the above-mentioned equation
we can obtain the value of 380 ps.
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Table 1. The parameters of the theoretical calculation [22-24].

Parameters Values Parameters Values
o 1.2 x 1071% cm? nZy 1.79
o? 1.0 x 10716 ¢m? n% 1.746
ot 2.3 x 1077 cm? n% 1.83
T 90 us l 0.5 cm
ni 2.19 ls 580 pm
N2 1.83 d 1.0 cm
ns3 3.48 deg 7.2 pm/v
Ly 106 cm L 0.05
wp 250 pm €0 8.855 x 1072 C?/Nm?
wo 220 pm R 0.995
WK 138 um I¢] 2.6 x107% cmW™!
wa 140 pm

3 Theoretical analysis and discussion

3.1 Theory of fluctuation mechanism and rate
equations

The fluctuation mechanism has been proposed to explain
the generation of picosecond pulses in simultaneously
Q-switched and mode-locked lasers with saturable ab-
sorbers [18]. In reference [19], a rate equation model based
on the plane wave approximation has been introduced.
In this paper, we presented a developed rate equation
model, in this model we considered the Gaussian spatial
distribution of the intracavity photon intensity by intro-
ducing the coefficient of the Gaussian spatial distribution
exp (—2r? /w}) in this model. The average photon inten-
sity shape can be described as [7,19,20]:

272 272
) o0 ()

(1)
where ¢(0,t) = >, _ Puf(t —tr), tx = kt,, P is the
relative amplitude of the mode-locked pulses at the kth
round trip, ¢, = 2[nil + nala +ngd+ (Le — 1 —1a — d)]/c
is the cavity round-trip time, ni, no and n3 are the re-
fractive indices of the gain medium, LT-GaAs wafer and
KTP, respectively, I, [4 and d are the lengths of the gain
medium, LT-GaAs wafer and KTP, respectively, L. is the
physical length of the cavity, c is the light velocity; w; is
the average radius of TEMgy mode oscillating in the cav-
ity; f(¢) is the mode-locked pulse evolving from the noise

[e.e]

and satisfies [ cof(t)dt = 1.1If f(t) is a hyperbolic secant

G(r,t) =D B f(t — tr)exp (—
k=0

function, it can be written as [2]:
0) = grem e (/7) )

where o is the stimulated emission cross section of the gain
medium, 7, is related to the FWHM mode-locked pulse
duration 7 at fundamental wavelength by 7 = 1.767,,.

So the temporal Gaussian shape of the average pho-
ton intensity for the pulse at the kth round trip can be
described as:

br(r,t) = Dpf(t) exp(—2r% /w?). (3)

Using the rate equations method as can be seen in refer-
ence [20], in which the Gaussian spatial distribution of the
intracavity photon intensity, the influences of continuous
pump rate, the upper state lifetime of the active medium,
and the excited-state lifetime of the saturable absorber
are considered, we can obtain the recurrence relation of
the relative amplitude for diode-pumped simultaneously
Q-switched and mode-locked c-cut Nd:GdVO4/KTP laser
with LT-GaAs wafer:
22
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where n(r,t;) and n*(r,t;) are the population density
of the gain medium and the absorber ground-state pop-
ulation density at the kth roundtrip, respectively; ng is
total population density of the EL2 defect level (includ-
ing EL2° and EL2%) of LT-GaAs, ¢° and ot are the ab-
sorption cross section of EL2° and EL2% in LT-GaAs,
L is the intrinsic loss, R is the reflectivity at 1.06 um
of the output coupler; B = 68hve(wg/wa)? is the cou-
pling coefficient of two-photon absorption (TPA) in LT-
GaAs, (8 is the absorption coefficient of two photons;
wa, WA, Wkt and w; is the radius of are the radii of
TEMjyo mode at the positions of gain medium, LT-GaAs
wafer, KTP and the average TEMyy mode in the cavity,
respectively, which can be calculated by ABCD matrix
theory, and the calculated values are shown in Table 1.
Rin(r) = Py exp (=2r?/w?) [1 — exp(—aql)]/hv,mw?ll is
the pump rate, where F;, is the pump power, hv,, is the
single-photon energy of the pump light, w, is the av-
erage radius of the pump beam, «a, is the absorption
coefficient of the gain medium; o = (07 + 0°)/0; n; =
[ln(l/TO + ln(l/R + L]/(QUZ) is the initial population in-
version density in the gain medium, Ty = exp{—[c"(ng —
nt) + otnt]ls} is the small—51gnal transmission of
LT-GaAs. With the parameters in Table 1, @5 can be ob-
tained by numerically solving equations (4-6) for a given
initial value @.

3.2 Nonlinear loss due to harmonic conversion

For a Q-switched intracavity-frequency-doubled laser, the
second-harmonic conversion is generally considered as the
nonlinear loss of the fundamental wave as introduced in
references [19,21]. Under the small-signal approximation
and assuming the fundamental wave as plane wave with
Gaussian amplitude profile as well as ignoring the mis-
match of the nonlinear crystal, the single-pass second har-
monic power converted from the kth mode-locked pulse for
type-II phase matching is [19,21]:

K
Pk,2w(r7t)_A—NPkw( )

AKN (h A 4r2 t
=N (—V) — exp( %) &7 sec h? (—)
8 o1p) Ak wj Tp

where Ky = w?d2gd? /(Pegnsngyng,), hv is the single
photon energy of the fundamental wave, w is the angle
frequency of fundamental wave, dg is the effective non-
linear coeﬁcient; €o is the dielectric permeability of vac-
uum, n2%, n%, n¥ are the harmonic and fundamental
wave refractive indices, respectively. Ax = (1/2)mw?,
the area of fundamental wave at the position of K%P
A = (1/2)mw? is the mode area at the gain medium.

So the nonlinear loss due to harmonic conversion under
Gaussian distribution can be obtained [21]:

2

2o
ktp
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Fig. 7. Calculated results for the temporal shape of a single
Q-switched green pulse at the pump power of 4.8 W.

where @iy (0,) is the photon density in the laser axis at
the position of KTP.

Then according to equations (1, 2, 7), the output
second-harmonic power coupled out of the cavity can be

expressed as:
AKy (hw\? A
8 o1y ) Ak

Xexp( >Z@ ech4< T:’“> (9)

By integrating equation (13) over time from zero to in-
finity, the output energy of the Q-switched mode-locked
green pulse can be obtained as:

AKy A <hz/>2 < 4r2) =
—(— ) exp| —= P 10
61, Ax \ 0 p w? ];) k (10)

From equation (14) we can see that the total pulse energy
of the Q-switched envelope of the green pulse depends
on 7. Using the parameters in Table 1 and equation (10),
we can obtain the dependence of the total SH Q-switched
pulse energy on 7,. Figure 8 shows such dependences at
the pump power of 4.8 W. Since the duration for the mode-
locked pulse at fundamental wavelength is about /2 times
of that for the SH wavelength [2], the FWHM duration 7
of mode-locked pulse at fundamental wavelength can be
estimated to be 530 ps. According to the relation betweent
and 7p, i.e., 7 = 1.767,. We can obtain that 7, = 300 ps.
Considering the value of 7, = 300 ps, we also can obtain
the theoretical dependence of the total pulse energy of the
self-Q-switched green pulse on the incident pump power,
which is shown as line in Figure 4. From Figure 4, it can
be seen that the theoretical results are in good agreement
with the experimental results. The calculated temporal
shape of a single Q-switched green pulse at pump power
of 4.8 W is shown in Figure 7, which agrees with the ex-
perimental results shown in Figure 5. From Figure 7, we

Pk,Qw (T7 t) =

EQw =
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Fig. 8. Calculated dependence of the total energy of a single
SH Q-switched envelope on 7, at the pump power of 4.8 W.

can see that the duration of the SH Q-switched pulse en-
velop is about 630 ns, which is close to the experimental
results of 640 ns.

4 Conclusion

We have demonstrated the intracavity second harmonic
generation in a passively Q-switched and mode-locked c-
cut Nd:GdVO,/KTP green laser with LT-GaAs saturable
absorber. The modulation depth for the green mode-
locked pulses was more than 90% at any pump power over
the threshold power. The repetition rate for the mode-
locked green pulses inside the passively Q-switched pulse
envelope was about 143 MHz, corresponding to one cav-
ity roundtrip time. Based on the hyperbolic secant func-
tion methods, a rate equation model for the passively Q-
switched and mode-locked laser was proposed, in which
the Gaussian spatial distribution of the intracavity pho-
ton intensity, the influences of continuous pump rate, the
upper state lifetime of the active medium, and the excited-
state lifetime of the saturable absorber were considered.
Using this theoretical model, the theoretical results are in
good agreement with the experiments, and especially, the
pulse width of the mode-locked green pulse was estimated
to be around 380 ps.
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