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Abstract

A high-power efficient eye-safe laser is experimentally realized by using an intracavity optical parametric oscillators
of a diode-pumped passively Q-switched Nd:YVO4/Cr*":YAG laser. Considering the thermal lensing effects, the cavity
length was designed to allow mode matching with the pump beam and to provide the proper spot size in the saturable
absorber. With an incident pump power of 14.5 W, the compact intracavity OPO cavity, operating at 58.5 kHz,

produces average powers at 1573 nm up to 1.56 W and peak powers higher than 5 kW.

© 2004 Elsevier B.V. All rights reserved.
PACS: 42.60.Gd; 42.65.Yj; 42.55.Xi

Keywords: Diode-pumped; Eye-safe; Q-switched

1. Introduction

Nanosecond pulsed lasers at the eye-safe
wavelength region (1.5-1.6 pm) are indispensable
to applications such as telemetry and range finders
[1]. Laser emission at this spectral range has been
reported from several gain materials including
Co:MgF, [2], Ni:MgF, [3], Cr*:YAG [4.5],
Er**t:YLiF, [6], Er*":KY(WOy), [7], Er*:YVO,
[8], Yb*:Tm*":YLiF, [9] and Er:Yb:glass [10].
Pulsed operation near 1.55 um has been achieved
with passive Q-switching by use of Co*":LaMg-
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A111019 [11], Er:Ca5(PO4)3F [12], U4+:C3F2 [13],
U*:SrF, [14], Co**:ZnSe [15], Cr**:ZnSe [16] or a
semiconductor saturable absorber mirror (SE-
SAM) [17]. Another approach for high-peak-
power eye-safe laser sources is based on intracavity
optical parametric oscillators (OPO’s) [18]. Re-
cently, there has been a resurgence of interest in
intracavity OPO’s, as their merits have been
appreciated with the advent of high-damage-
threshold nonlinear crystals and diode-pumped
Nd-doped lasers [19-21].

Diode-pumped Q-switched Nd-doped lasers are
compact efficient solid-state lasers. In recent year,
Cr**:YAG crystals have been successfully used as
passive Q-switches for a variety of gain media
such as Nd:YAG [22], Nd:YVO, [23], and
Nd:GdVO, crystals [24], etc. Even though passively
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Q-switched Nd:YVO, and Nd:GdVO, lasers have
been demonstrated, their large emission cross-
sections lead to the output pulse energy and peak
power to be obviously lower than those of
Nd:YAG laser. Therefore, so far the pumped
sources for passively Q-switched intracavity OPO’s
are mostly composed of Nd:YAG and Cr*":YAG
crystals. The relatively narrow absorption band of
Nd:YAG crystal, however, sets stringent require-
ments on the spectrum of the pump diodes.

Recently, we demonstrated a compact efficient
eye-safe OPO to produce 255 mW at 1573 nm by
using a nearly hemispherical cavity [25]. In this
work we consider the thermal lensing effects to
scale up the average output power and peak power
at 1573 nm based on a diode-pumped passively Q-
switched Nd:YVO,/KTP/Cr*:YAG intracavity
OPO. The design of the mode-to-pump size ratio is
one of the critical issues for a high-power end-
pumped laser [26]. The theoretical analysis indi-
cates that the optimum mode-to-pump size ratio
for high pump power can be nearly satisfied by
controlling the pump size in the previous cavity
configuration. With an incident pump power of
14.5 W, the compact intracavity OPO cavity, op-
erating at 58.5 kHz, produces average powers at
1573 nm up to 1.56 W and peak powers higher
than 5 kW.

2. Experimental setup

Fig. 1 is a schematic of the passively Q-switched
intracavity OPO laser. Here a saturable absorber
Cr*":YAG is coated as an output coupler of the
OPO cavity and a nearly hemispherical cavity is
used to enhance the performance of passive
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Fig. 1. Schematic of the intracavity OPO pumped by a diode-
pumped passively Q-switched Nd:YVO,/Cr*":YAG laser.

Q-switching. The active medium was an a-cut 0.5
at.% Nd3*, 7-mm long Nd:YVO, crystal. Both
sides of the laser crystal were coated for antire-
flection at 1064 nm (R < 0.2%). A Nd:YVO,
crystal with low doping concentration was used to
avoid the thermally induced fracture [27]. The la-
ser crystal was wrapped with indium foil and
mounted in a water-cooled copper block. The
water temperature was maintained at 25 °C. The
pump source was a 16-W 808-nm fiber-coupled
laser diode with a core diameter of 800 um and a
numerical aperture of 0.2. Focusing lens with 12.5
mm focal length and 92% coupling efficiency was
used to re-image the pump beam into the laser
crystal. The pump spot radius, w,, was around 350
pum. The input mirror, M1, was a 50 mm radius-
of-curvature concave mirror with antireflection
coating at the diode wavelength on the entrance
face (R < 0.2%), high-reflection coating at lasing
wavelength (R > 99.8%) and high-transmission
coating at the diode wavelength on the other sur-
face (T > 95%). Note that the laser crystal was
placed very near the input mirror. The OPO cavity
was formed by a coated KTP crystal and a coated
Cr**:YAG crystal. The 20-mm long KTP crystal
was used in type Il noncritical phase-matching
configuration along the x-axis (0 = 90° and ¢ =
0°) to have both a maximum effective nonlinear
coefficient and no walk-off between the pump,
signal, and idler beams. The KTP crystal was
coated to have high reflectivity at the signal
wavelength of 1573 nm (R > 99.8%) and high
transmission at the pump wavelength of 1064 nm
(T > 95%). The other face of the KTP crystal was
antireflection coated at 1573 and 1064 nm. The
Cr**:YAG crystal has a thickness of 3 mm with
80% initial transmission at 1064 nm. One side of
the Cr*":YAG crystal was coated so that it was
nominally highly reflecting at 1064 nm (R >
99.8%) and partially reflecting at 1573 nm (Rs =
85%). The remaining side was antireflection coated
at 1064 and 1573 nm. The overall Nd:YVO, laser
cavity length was approximately 55 mm and the
OPO cavity length was about 24 mm. As shown in
the subsequent analysis, the present cavity length
allows mode matching with the pump beam and
provides the proper spot size in the saturable
absorber.
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3. Analysis

The thermal lens of a laser crystal always affects
the stability of a resonator, especially at a high
pump power. An end-pump-induced thermal lens
is not a perfect lens, but is rather an aberrated lens.
It has been found that the thermally induced dif-
fraction loss at a given pump power is a rapidly
increasing function of mode-to-pump ratio. Prac-
tically, the optimum mode-to-pump ratio is in the
range of about 0.6-1.0 when the incident pump
power is greater than 5 W. For a fiber-coupled
laser diode, the thermal lens can be given by [28]
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where ¢ is the fractional thermal loading, K. is the
thermal conductivity, P, is the incident pump
power, n is the refractive indices along the c-axis of
the Nd:YVOy crystal, dn/dT is the thermal-optic
coefficients of n, ot is the thermal expansion co-
efficient along the a-axis, / is the crystal length, w,
is the radius at the waist, A, is the pump wave-
length, Mé is the pump beam quality factor, and z,
is focal plane of the pump beam in the active
medium. The first and second terms in the paren-
thesis of Eq. (1) arise from the thermal dispersion
and the axial strain, respectively.

Considering the thermal lensing effect on the
laser crystal, the mode beam radii w; on the laser
crystal and w, on the saturable absorber can be
given by [29]
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e=1—-d/fu, L=d +d5 —did;/fun, d5 =dr+
I(1/ng— 1) + Ixrp(1/ngte — 1), 4 is the lasing
wavelength, p, is the radius of curvature of the
input mirror, d; and d, are the distances between
the cavity mirrors and the principal planes of the
laser crystal, n, and ngrp are, respectively, the re-
fractive indices of the saturable absorber and the
KTP crystal, and /; and /xtp are, respectively, the
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Fig. 2. Calculation results for the dependence of the mode size
ratios o;/w, and w,/w, on the pump power for the present
cavity configuration.

lengths of the saturable absorber and the KTP
crystal. Note that the principal planes of the
thermal lens can be approximated to be located
inside the laser crystal at a distance » = 1/2n [29].

With Egs. (1) and (2), the dependence of the
mode size ratios w;/w, and w,/w; on the pump
power for the present cavity configuration was
calculated and shown in Fig. 2. The parameters
used in the calculation are as follows: & = 0.24,
K. =0.0523 W/Kcem, w, =0.35 mm, M; ~ 310,
dy =2 mm, d, =48 mm, p; = 50 mm, n = 2.165,
ng = 182, NKTP = 1745, =7 mm, lKTP =20 mm,
Iy=3 mm, dn/dT=3.0x10"°% K-! and
or = 4.43 x 107¢ K~'. It is clear from Fig. 2 that
mode-to-pump size ratio w;/w, is around 0.6-1.0
for pump powers within 10-15 W, leading to op-
timal mode matching [26]. On the other hand, the
ratio of the mode size in the saturable absorber
and in the gain medium w,/w; can be in the range
of 0.1-0.3, satisfying the criterion for good pas-
sively Q-switching [30,31].

4. Experimental results

Fig. 3 shows the average output power at 1573
nm with respect to the incident pump power. For
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Fig. 3. Dependence of the average output power at 1573 nm on
the incident pump power. An oscilloscope trace of a train of the
signal pulses is shown in the inset.

all pump powers the beam quality M? factor was
found to be less than 1.3. The average output
power reached 1.56 W at an incident pump power
of 14.5 W. The conversion efficient from diode
laser input power to OPO signal output power was
10.8%. To the best of our knowledge, this is
highest efficiency for average power conversion.
The pulse temporal behavior at 1064 and 1573 nm
was recorded by a LeCroy 9362 digital oscillo-
scope (500 MHz bandwidth) with a fast germa-
nium photodiode. An oscilloscope trace of a train
of the signal pulses is shown in the inset of Fig. 3.
The pulse-to-pulse amplitude fluctuation was
found to be within +10%.

Fig. 4 depicts the pulse repetition rate and the
pulse energy at 1573 nm versus the incident pump
power. It is seen that the pulse repetition rate is
proportional to the incident pump power and up
to 58.5 kHz at an incident pump power of 14.5 W.
On the other hand, the pulse energy initially in-
creases with pump power, and is almost saturated
beyond 10 W of the incident pump power. The
saturation of the pulse energy implies that the
criterion for good passively Q-switching was en-
tirely fulfilled. From the analysis of the coupled
rate-equation, the criterion for good passively Q-
switching is given by [32]
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Fig. 4. Dependence of the pulse repetition rate and the pulse
energy at 1573 nm on the incident pump power. A typical
temporal shape for the laser and signal pulses is shown in the
inset.
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where Tj is the initial transmission of the saturable
absorber, 4/A; is the ratio of the effective area in the
gain medium and in the saturable absorber, R is the
reflectivity of the output mirror, L is the nonsatur-
able intracavity round-trip dissipative optical loss,
oy 1s the ground-state absorption cross-section of
the saturable absorber, ¢ is the stimulated emission
cross-section of the gain medium, 7 is the inversion
reduction factor with a value between 0 and 2 as
discussed in [33], and f is the ratio of the excited-
state absorption cross-section to that of the
ground-state absorption in the saturable absorber.
Since the o value of the Nd:Y VO, crystal (25x 107"
cm?) is comparable to the o, value of the
Cr*":YAG crystal (~ (20 +5) x 107" cm? [34]),
the ratio 4/4, = (w;/w,)* generally needs to be
greater than 10 for good passively Q-switching. As
seen in Fig. 2, this criterion can be satisfied in the
present cavity for pump power higher than 10 W. In
other words, the experimental result consists very
well with the theoretical analysis. A typical tem-
poral shape for the laser and signal pulses is shown
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Fig. 5. Typical temporal shapes for the laser and signal pulses
with a signal reflectivity of 70% on the output coupler.

in the inset of Fig. 4. It can be seen that the several
satellite peaks accompany the main pulse whose
pulse width is approximately 2.5 ns. Although the
present output coupler reflectivity (R; = 85%) can
lead to higher conversion efficiency, the stored en-
ergy is not fully extracted in a single output pulse.
Since the remaining energy is sufficient to evolve the
pump filed, the OPO threshold can be reached
again and a second signal pulse is produced. The
energy in the satellites is about 30-40% of the total
output energy. The output energy of the main pulse
is estimated to be in the order of 15 pJ at the pump
power higher than 10 W. Therefore, the overall
peak power can be higher than 5 kW. To produce a
single pulse output, the OPO output reflectivity
needs to be reduced to <75%. As shown in Fig. 5, a
single pulse can be generated with a signal reflec-
tivity of 70% on the output coupler. Experimental
results reveal that the maximum conversion effi-
ciency can be obtained with an output coupler of
85-90% at the sacrifice of peak power. If the high
peak power is desired, the output reflectivity needs
to be around 60-70%.

5. Summary

In summary, a high-power efficient diode-
pumped passively Q-switched Nd:YVO,/KTP/
Cr**:YAG eye-safe laser has been demonstrated
by using a saturable absorber Cr**:YAG was
coated as an output coupler of the OPO cavity to

enhance the performance of passive Q-switching.
Considering the thermal lensing effects, the cavity
length was designed to allow mode matching with
the pump beam and to provide the proper spot size
in the saturable absorber. Consequently, the av-
erage output power at 1573 nm can amount to 1.56
W with a pulse repetition rate of 58.5 kHz and the
peak power >5 kW at an incident pump power of
14.5 W.
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