‘H Available online at www.sciencedirect.com
-

g SCIENCE DIRECT®
{ @

Optics Communications 218 (2003) 155-160

ELSEVIER

OPTICS
COMMUNICATIONS

www.elsevier.com/locate/optcom

High repetition rate Q-switching of high power Nd:YVO,
slab laser

—F

& Centro de Investigaciones en Optica, Lomas del Bosque 115, 37150 Leén, Gto., Mexico
® The Blackett Laboratory, Imperial College, London SW7 2BW, UK

Received 12 October 2002; received in revised form 27 January 2003; accepted 28 January 2003

Abstract

A high power, diode-side-pumped Nd:YVO, laser with a grazing incidence cavity geometry was acousto-optically Q-
switched at frequencies up to 500 kHz. In CW operation, the laser output power was 16.4 W at 30.5 W of diode pump,
corresponding to optical conversion efficiency of 53.8%. In Q-switching operation, measurements were made of average
output power, pulse duration, pulse energy and peak power as a function of Q-switching frequency. At 200 kHz
repetition rate and pump power 30 W, the laser output had average power 15.9 W (optical conversion efficiency 53%),
pulse duration 15 ns, pulse energy 80 pJ and peak power 5.3 kW. A numerical modeling of the Q-switched laser was

performed and results compared with experimental data.

© 2003 Published by Elsevier Science B.V.
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1. Introduction

At present time, near-infra-red Q-switched sol-
id-state Neodymium lasers (4 = 1064 nm) are im-
portant devices used for various applications
including material processing, medicine, and
remote sensing [1-3]. The high peak power in
Q-switched operation is also convenient for opti-
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mizing the efficiency of nonlinear frequency con-
version of the radiation. In most research and
commercial systems, operation is generally at
repetition rates up to tens of kHz but usually <100
kHz. For some applications it would be interesting
to have even higher pulse repetition rate (>100
kHz) and at high powers (tens of Watts), e.g., in
material processing with high speed scanning. It is
difficult to obtain stable pulse energy and low
temporal jitter at high repetition rates when the Q-
switching regime is realized by passive methods [4—
7]. Active methods of Q-switching [8-10] are
preferable for this aim, however, at higher repeti-
tion rates the pulse duration becomes excessively

0030-4018/03/$ - see front matter © 2003 Published by Elsevier Science B.V.

doi:10.1016/S0030-4018(03)01193-3


mail to: hugo@cio.mx,
Moni
Comment on Text
TITULO

Moni
Comment on Text
AUTORES

Moni
Comment on Text
RESUMEN

Moni
Comment on Text
INTRODUCCION

Moni
Comment on Text
CITAR DE ESTE MODO LAS REFERENCIAS


156 J.H. Garcia-Lépez et al. | Optics Communications 218 (2003) 155-160

lengthened especially in laser materials with long
upper state lifetime, like Nd:YAG and Nd:YLF.
One route to obtaining high repetition rate (>100
kHz) and short pulse duration is to use a laser
material with short upper state lifetime and high
gain and the Nd:YVO, crystal is an interesting
candidate, characterized by higher emission cross-
section and shorter fluorescence lifetime [11] than
most other neodymium-doped materials.

In this paper, we describe the operation of a
diode-pumped Nd:YVO, laser Q-switched with
an acousto-optic (AO) modulator that operates at
high repetition rate (100-500 kHz) with short
pulse duration. We exploit a diode-side-pump
grazing incidence configuration of the laser cav-
ity, which leads to extremely high gains and fa-
voring short pulse duration [12,13]. This
geometry was used previously using quasi-CW
diode pumping with an electro-optic Q-switch at
repetition-rate up to 1 kHz and average powers
less than 1 W [14,15]. Our experimental study is
the first use of this geometry for Q-switching with
CW diode pumping, where we employ AO Q-
switching, repetition rate up to 500 kHz and
output power up to 16 W. We study experimen-
tally basic output parameters of the laser as well
as compare with modeling results of the Q-switch
laser operation.

The paper is organized as follows: Section 2
contains the description of the experimental laser
system and a presentation of the results of its ex-
perimental operation. Section 3 addresses the
modeling of the laser and the results of the nu-
merical simulation of the AO Q-switching, as well
as comparison of the latter with the experimental
data. The main conclusions of the work are for-
mulated in Section 4.

2. Experimental system
2.1. Experimental set-up

The laser (see Fig. 1) was based on a Nd:YVO,
crystal a-cut slab with 1.1 at.% neodymium doping
operating at a wavelength of 1064 nm and pumped
by a semiconductor diode laser bar with the
emitting line centered at a wavelength of 808 nm.

Output Coupler
R=25%

Laser Diode

Fig. 1. Schematic of AO Q-switched diode-side-pumped
Nd:YVO, laser.

The Nd:YVO, slab (2 x 5 x 20 mm) had diode
pumping face AR coating for wavelength 808 nm,
whereas its front and end faces (tilted at 5° to
prevent self-lasing) were AR coated for lasing
wavelength 1064 nm. The slab was conduction
cooled from its top and bottom faces. The diode
bar was fast-axis collimated and a cylindrical lens
used to form a line focus with dimensions of
~0.] mm x 15 mm on the Nd:YVO, crystal
pumped face. Maximum CW power from the
pumping laser diode was 30.5 W. The diode was
TM polarized and parallel to the c-axis of the
Nd:YVO, slab, thereby accessing the strongest
absorption coefficient of the crystal.

The laser cavity was designed in a grazing in-
cidence configuration, where the laser beam expe-
riences a bounce (total internal reflection) at the
pumped slab face. The internal grazing-incidence
angle was ~8°. A pair of plane mirrors formed the
cavity with rear mirror reflectivity of 100% and the
output-coupling mirror with reflectivity 25%. Two
cylindrical lenses of 50 mm focal length were
placed inside the cavity to match the laser mode to
the small gain region in the vertical dimension of
the Nd:Y VO, crystal. The total cavity optical path
length was 375 mm.

The cavity active Q-modulation was provided
by an acousto-optic (AO) crystal placed between
the Nd:YVO, crystal and rear mirror. The AO
switch was mounted on a stage, providing trans-
lation and rotation control. The AO r.f. driver
could be used to provide Q-switching at up to 500
kHz.
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2.2. Experimental results

A plot of the laser output power as a function of
the diode pump power in CW operation mode,
when the AO Q-switch was removed from the
cavity, is shown in Fig. 2. In this regime, the output
was TEMg, at maximum output power 16.4 W at
30.5 W of pump, corresponding to optical conver-
sion efficiency of 53.8%. The dip in the power curve
is caused by the change in stability of the cavity due
to the power dependence of the thermally induced
lensing in the Nd:YVO, slab [16]. Below 18 W of
pumping the cavity is stable, between 18 and 23 W
the cavity is in an unstable regime and above 23 W
the cavity has a second stability region. The cavity
has been optimized for the pumping at ~ 30 W of
diode pumping where a stable TEMy, operation
occurs and the M? of the beam is 1.3 in the hori-
zontal and 1.1 in the vertical directions.

When operating in the AO Q-switch regime, a
giant pulse formation was established in the laser.
At frequencies exceeding ~80 kHz, single Q-swit-
ched pulse operation was observed. (Figli3ishows
the temporal profile of the Q-switched output
pulse at 200 kHz with 15 ns pulse duration
(FWHM). At frequencies below 80 kHz, sub-
sidiary pulsing was observed and irregularity in
shape of the pulses was seen. The behavior at
lower frequency is due to the very high gain of the
intensively pumped Nd:YVO, slab and the in-
ability of the AO Q-switch to hold off lasing be-
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Fig. 2. Laser output-to-input power dependence (CW regime).
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Fig. 3. Temporal profile of giant pulse in Q-switching regime at
modulation frequency f = 200 kHz.

tween each Q-switched pulse. The diffraction
efficiency of the AO Q-switch was ~60%. With a
higher diffraction efficiency lower repetition rates
with single pulse operation should be possible. For
the purposes of this study we wished to achieve
high repetition rate operation, so the results we
present are in the Q-switched range 100-500 kHz.

In the course of the experimental study of the
high repetition rate Q-switching regime we mea-
sured dependences of averaged and peak power,
energy, and duration of pulses generated versus
the Q-switch modulation frequency at the fixed
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Fig. 4. Average power versus repetition rate in Q-switching re-
gime (filled circles — experimental data; empty squares —modeling
results). Pump power — 30 W.
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Fig. 5. Pulse peak power versus repetition rate in Q-switching
regime (filled circles — experimental data; empty squares —
modeling results). Pump power — 30 W.

diode pump power 30 W. Figs. 4-7 present such
experimental dependences (circles and solid
curves) with Q-switch frequencies within the 100-
500 kHz range, where stable single giant pulses are
generated. The main observations relating to the
AO Q-switching mode are as follows: (i) averaged
power (P) of giant pulses remains practically un-
changed within the whole range of modulation
frequency, (ii) peak power Py, and energy E, of a
giant pulse in the train decreases with the increase
in frequency f, and (iii) the pulse duration 7, has a
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Fig. 6. Pulse energy versus repetition rate in Q-switching re-

gime (filled circles — experimental data; empty squares — mod-
eling results). Pump power — 30 W.
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Fig. 7. Pulse duration versus repetition rate in Q-switching
regime (filled circles — experimental data; empty squares —
modeling results). Pump power — 30 W.

minimum duration of 15 ns near 150 kHz and the
duration increases slowly above 200 kHz.

We did not proceed to experiments at the
modulation frequencies of f > 500 kHz, since this
was the limit of the RF drive electronics used in
the experiment.

¢, we write-equations-asfollows:
on #
2, = Ralne —n) —espn — s (1)
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Table 1

The laser parameters used for calculations
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(2)
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Parameters

Values

Nr
g
Tabs

R = 2[’/0
hv
[ON)

hxwxl

TN Y S

Total density of Nd** ions
Stimulated emission cross-section
Absorption cross-section
Refractive index

Spontaneous fluorescence lifetime
Cavity round-trip time

Laser photon energy

Beam waist size

Speed of light

Nd:YVO4 crystal size

Cavity length

Maximum pump power

Pumped volume

Reflectivity mirror output
Round-trip dissipative optical losses

Stokes parameter (ratio of photon energies)

Spontaneous emission factor

1.37 x 10®° cm™3

2.5 x 10718 cm?
2.7 x 107" cm?
1.95

98 us

2.5ns

1.86 x 1071 J
~70 x 107

3 x 10" cm/s
2 x5 x 20 mm
37.5 cm

30 W

0.31 mm?

0.25

0.01

0.76

0.01

3
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(P) of the in_the Q-switchi | |
culated as (P) = &xf. Table | gives the parameter
| ren il cal caleulations.

4. Conclusions

The design of an effective AO Q-switched diode-
side-pumped high-gain Nd:YVO, laser with the
plane-plane grazing incidence cavity geometry was
operated, allowing high-power short giant pulse
oscillation at high repetition rates (>100 kHz). The
laser output power was measured to be >16 W at 30

W of pump, corresponding to overall optical con-
version efficiency of approximately 54%. The pulse
duration was as short as 15 ns even at 200 kHz and
high efficiency operation near 16 W was achieved
across the repetition rate 100-500 kHz. The ex-
perimental results were compared to a numerical
model and giving generally good agreement. The
presented laser is therefore demonstrated to be an
excellent source for high power, ultra-high repeti-
tion rate pulses with short pulse duration. Shorter
pulse duration should be achievable by use of a
shorter cavity length than in our system, which was
not optimized for compactness.
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