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Diode-pumped passively Q-switched Nd:YVO, laser
with GaAs saturable absorber
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The intracavity photon density is assumed to be of Gaussian spatial distributions and its longitudinal
variation is also considered in the rate equations for a laser diode (LD) end-pumped passively @-switched
Nd:YVOy4 laser with GaAs saturable absorber. These space-dependent rate equations are solved numeri-
cally. The dependences of pulse width, pulse repetition rate, single-pulse energy, and peak power on incident
pump power are obtained. In the experiment, the LD end-pumped passively @-switched Nd:YVOg4 laser
with GaAs saturable absorber is realized and the experimental results are consistent with the numerical

solutions.

OCIS codes: 140.3430, 140.3480, 140.3540, 140.3580.

In recent years, laser diode (LD) pumped solid-state Q-
switched lasers have attracted a great deal of attention.
All solid-state Q-switched lasers have wide applications
in the fields of remote sensing, information storage, co-
herent telecommunications, medicine, etc.. Compared
with actively ()-switched lasers, the passively Q-switched
lasers have the advantages of simplicity, compactness,
high efficiency, and low cost. Passive (J-switching tech-
nique is usually accomplished with intracavity saturable
elements such as dyes, Cr*T:YAG, and semiconductors.
Semiconductor saturable absorber GaAs has become an-
other attractive candidate for passive @-switchs due to
the large optical nonlinearity['="). GaAs wafer working
as saturable absorber as well as output coupler has been
often reported!'~%. But GaAs wafer working as passive
Q-switch and middle mirror has been seldom reported!].
Rate equations are efficient tools for analyzing the per-
formance of the @-switched laser. However, the rate
equations in Refs. [5—7] are obtained under a plane-
wave approximation. For the LD-pumped passively Q-
switched laser, this assumption is not properly satisfied
because the intracavity photon density should be of the
Gaussian distribution. When the Gaussian distribution
of the intracavity photon density is taken into account
in the rate equations, the theoretical results obtained by
numerically solving these rate equations are more close
to the experimental results than those obtained under
the plane-wave approximation®-?]. Therefore, for a more
accurate and general theoretical analysis of the pulses
from the LD-pumped passively @-switched laser with
GaAs saturable absorber, it is desirable to consider the
transversal distribution and longitudinal variation of the
intracavity photon density in the rate equations.

The experimental setup is depicted in Fig. 1, in which
Nd:YVQ4 works as the gain medium and GaAs works as
the passive -switch. If the intracavity photon density
is assumed to be of the Gaussian spatial distribution
during the entire formatting process of the LD-pumped
passively ()-switched laser pulse, the intracavity pho-
ton density for the TEMy, mode can be expressed as
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where r is the radial coordinate, w; is the average ra-
dius of the TEMyy mode, which is mainly determined by
the geometry of the resonator, and ¢(0,¢) is the photon
density in the laser axis. The photon densities ¢4(r,t)
and ¢;(r, ) at the two positions of Nd:YVOQy crystal and
saturable absorber can be expressed as!'?
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where w, and w, are the radii of the TEMg, mode at the
above mentioned two positions, respectively.

So for this laser, if the Cr*t:YAG saturable absorber
is near the output mirror and only considering single-
photon absorption (SPA) and two-photon absorption
(TPA), we can obtain the coupling rate equations!'—12]
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Fig. 1. Schematic of the experimental setup.
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dnt(r,t)
dt
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where n(r,t) is the average population-inversion den-
sity; ng is the total population density of the EL2 de-
fect level (including EL2° and EL2%) of GaAs saturable
absorber; nT(r,t) is the population density of positively
charged EL27T; ¢ and [ are the stimulated-emission cross
section and length of Nd:YVO, gain medium, respec-
tively; ¢ and oT are the absorption cross sections of
EL2° and EL2T, respectively; I, is the length of the
saturable absorber; ¢, is the round-trip time of light in
the resonator {t, = [2nil + 2nyl, + 2(L, — 1 — 1,)]/c},
n1 and ng are the refractive indices of Nd:YVQO, gain
medium and GaAs saturable absorber, respectively, L.
is the cavity length, ¢ is the velocity of light in vacuum;
B=68hyc(wy/ws)? is the coupling coefficient of TPA in
GaAs, where 3 is the absorption coefficient of two pho-
tons, hy is the single photon energy of the fundamental
wavel’l; R is the reflectivity of the output mirror; L is
the intrinsic loss; f, and f; are the Boltzman occupation
fractions of the upper and lower levels, respectively; 7
is the stimulated-radiation lifetime of the gain medium;
Rin(r) = Pu[l—exp(—al)] exp(—=2r? /w?) [ hy,mw?l is the
pump rate, where P;, is the pump power, kv, is the sin-
gle photon energy of the pump light, w, is the average
radius of the pump beam, « is the absorption coefficient
of the gain medium.

The initial conditions of Eqs. (5) and (6) can be written
as[lo]

nt (T7 0) = ”+7 (7)

n(r,0) = n(0,0) exp (—i}—f) , (8)
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where nT is the initial population density of positively
charged EL271 of GaAs saturable absorber, n(0, 0) is the
initial population-inversion density in the laser axis, i.e.

In (25 L+In(L 2
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where Ty = exp{—[0°(no — nT) + eTnT]l,} is the small-

signal transmission of the saturable absorber.
Substituting Egs. (2), (3), (7), and (8) into Egs. (5)

and (6) and integrating the results over time, we obtain
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Substituting Eqs. (1)—(3) into Eq. (4), we obtain
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where n(r,t) and nT(r,t) are given in Egs. (10) and

(11), respectively. Equation (12) is the basic differential
equation describing ¢(0,t) as a function of . By numer-
ically solving Eq. (12) and from Eq. (3), we can obtain
the relation between ¢4(0,%) and ¢. Thus we can obtain
the pulse width (full-width at half-maximum, FWHM)
W and the pulse repetition rate F'. According to the re-
lationship of power and photon density, the pulse peak
power P and the single-pulse energy E can be expressed
as

P= %mughfycln (%) Psm, (13)

E = PW, (14)

where h-y is the single photon energy of the fundamental
wave, h is the Planck’s constant, and ¢, is the maxi-
mum value of ¢4(0,t).

The corresponding parameters values of the theoretical
calculation are shown in Table 11112, Using the values
in Table 1, we calculate that the small-signal transmis-
sion of the GaAs saturable absorber is Ty = 93.9%. The
dotted line in Fig. 3 shows the theoretical pulse shape at
R = 90% and a pump power of 3.77 W. The solid lines in
Figs. 4—7 are the theoretical calculation curves for pulse
width W, pulse repetition rate F', single-pulse energy E,
and peak power P versus pump power, respectively.

In Fig. 1, the pump source is a fiber-coupled LD (FAP-I
system Coherent Inc., USA) which works at the maxi-
mum absorption wavelength (808 nm) of the Nd:YVO,
crystal. The mirror M; with 150-mm curvature radius
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Table 1. Parameters of the Theoretical Calculation

o 3.42x107® cm?® I, 580 pm
6  1.0x107'® cm? ! 0.5 cm
ot 2.3x107'7 cm? wp 330 pym
no  1.2x10' ¢m™3 L 0.08
nt  1.4x10'® ¢m™3 a 5.32 cm™?!
T 98 us wy 233 pm
8 26x107%cmW™' w, 159 pm
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Fig. 2. Average output power versus pump power.
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Fig. 3. Temporal profile of single pulse with R = 90%. Solid
line: oscilloscope trace; dotted line: calculated result.

Pulse width (ns)

1.5 2.0 2.5 3.0 3.5 4.0
Pump power (W)

Fig. 4. Pulse width versus pump power.

is high antireflection coated at 808 nm and high reflection
coated at 1064 nm. The Nd:YVO, crystal doped with

1.0 at.-% Nd3t ions is 4x4x5 mm? and its absorption
coefficient at 808 nm is 5.32 cm™!. Tts first surface is
antireflection coated at 808 nm and the other surface
is high antireflection coated at 1064 nm. The tempera-
ture of the Nd:YVOQy4 crystal is controlled at 20 °C by
means of a temperature controller. The output mirror
M, is a plane mirror. The reflectivities of the two output
mirrors are R = 85% and R = 90%, respectively. The
distance between M; and M, is about 8 cm. So from
the cavity configuration, we calculate that the radii of
the Gaussian beam waists at two positions Nd:YVO,4
crystal and saturable absorber are 0.233 and 0.159 mm,
respectively. The values of the two radii are given in
Table 1. A LPE-1B power meter (Institute of Physics,
Chinese Academy of Science) is used to measure the av-
erage output power and a TED620B digital oscilloscope
(Tektronix Inc., USA) is used to measure the pulse width
and the pulse repetition rate.
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Fig. 5. Pulse repetition rate versus pump power.
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Fig. 6. Single-pulse energy versus pump power.
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Fig. 7. Pulse peak power versus pump power.
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Figure 2 shows the average output power P4 versus
pump power. A single-pulse temporal profile of an oscil-
loscope trace at B = 90% and a pump power of 3.77
W is shown by the solid line in Fig. 3. The depen-
dences of pulse width W and pulse repetition rate F
on pump power are shown by scattered dots in Figs.
4 and 5, respectively. Using the equations E = P4 /F
and P = E/W, we obtain the single-pulse energy E and
the peak power P versus pump power, which are shown
by scattered dots in Figs. 6 and 7, respectively. From
Figs. 3—7, we can see that the experimental results are
in agreement with the theoretical calculations.

In conclusion, we have assumed the intracavity pho-
ton density to be of Gaussian spatial distributions and
considered the longitudinal variation of the intracavity
photon density in the rate equations for the LD end-
pumped passively Q-switched Nd:YVOy, laser with GaAs
saturable absorber. These space-dependent rate equa-
tions are solved numerically. From the numerical solu-
tions, we obtain the dependences of pulse width, pulse
repetition rate, single-pulse energy, and peak power on
pump power. The theoretical calculations of the numeri-
cal solutions agree with the experimental results obtained
from the LD end-pumped passively @-switched Nd:YVQOy4
laser with GaAs saturable absorber.

This work was supported by the Science and Technol-
ogy Development Program of Shandong Province (No.
013060102). G. Li’s e-mail address is gquili@sdu.edu.cn.
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