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Compact 21-W 2-um intracavity optical parametric oscillator
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We report on an intracavity optical parametric cscillator (OPO) placed within a compact diede-pumped
N&YALQ laser cavity. This OPO uatilizes a pair of KPP erystals, which are diffusion bonded together in
a walk-off-compensated configuration. We have generated up to 21.4 W of 2-um radiation, operating in a

few-kilohertz range.
OCIS codes: 190.4410, 190.4970.

Two-micrometer laser sources are useful for several ap-
plications in remote sensing and medical applications.
They also serve as good sources for pumping non-
linear OPO crystals such as ZnGeP; so that the output
reaches the mid-infrared spectral range.)® Recently
our group reported a 6.5-W 2-um laser source! from
a near-degenerate, type II KTP optical parametric
oscillator (OPO) pumped within a @-switched Nd:YAG
laser cavity., The main difficulty in generating more
than 10 W of 2-4m radiation from this configuration
lies in the serious presence of a thermally induced
birefringence effect that complicates the effort of
generating polarized laser light with reasonable beam
quality for pumping of an OPO at high average power.
Compensation for this thermal birefringence effect
with a single laser module, especially in the presence of
an intracavity OPO, is nontrivial® and requires a com-
plex cavity with more intracavity optical elements. In
addition, because of the aperture effect owing to Poynt-
ing vector walk-off and the limited acceptance angle
offered by this critically phase-matched KTP crystal,
the OPO’s efficiency is hampered by inefficient wave-
length conversion of both the lower- and higher-order
laser modes. Therefore, as reported in this Letter,
we have exploited the advantages of a walk-off-
compensated KTP crystal configuration® ™ to en-
hance OPO conversion efficiency to providing, first, a
longer effective gain length for the lower-order modes
owing to the reduced aperture effect”® and, second, an
increased acceptance angle,” which is especially benefi-
cial for the higher-order laser modes. To avoid optical
losses and cumbersome alignment of two crystals in
a walk-off-compensated configuration, we diffusion
bonded the two crystals in a correct orientation that
preserves the same signs of the effective nonlinear
coefficients'® for both crystals.

In Ref. 11 the potential of a diode-pumped Nd:YALO
rod for generating a high-power polarized laser beams
was demonstrated. Nd:YALO is one of the few laser
crystals that exhibit high conduectivity, hardness,
and a large emission cross section that are compa-
rable with those of Nd:YAG. The main advantage of

Nd:YALO lies in its optical anisotropy, which provides

" a simple solution (with many fewer optical elements)
for generation of polarized laser light for pumping
an OPO. Ian this study we used a N&:YALO laser
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to pump an intracavity OPO that utilizes a pair of
diffusion-bonded walk-off-compensated (DBWOC)
KTP crystals and managed to push the 2-um in-
tracavity OPQO output power above 20 W at a repe-
tition rate of a few kilohertz. This power is more
than three times higher than the OPQ intracavity
power reported in Ref. 4, and, to our knowledge, using
a Nd'YALO laser to pump an OPO is itself a novel
approach, In addition, nonlinear processes that use
DBWOC nonlinear erystals with less than a few watts
of average power output were reported in Ref. 10, In
this Letter, we clearly illustrate the power-handling
capability of DBWOC KTP crystals in generating a few
tens of watts of OPO output. It is alse worthwhile to
note that our combination of a NA'YALO pump source
with intracavity DBWOC KTP OPO crystals provides
a feasible solution to the problem of generating a few
tens of watts of OPO output in a compact laser head
(<40 cm x 10 em X 10 cm) with a simple layout that
facilitates optical alignment and tuning.

A schematic diagram of the experimental setup
is shown in Fig. 1. The laser cavity (~38 c¢m) was
formed by high reflector M1 (R > 99.5% at 1 75533
and output coupler M2, To prevent optical dam-
age when tuning the OPO cavity, we did not fully
lock in the laser power inside its cavity (the 1-pm
reflectivity of M2 is 95%). The OPOQ utilizes two
type II, 51° cut, 5§ mm X 5 mm X 10 mm, walk-offs
compensated KTP crystals, which are diffusion
bonded. To ensure identical crystallographic orien-
tation of the two crystals, we fabricated them from
a large crystal block (approximately 20 mm X
20 mm X 20 mm), which was correctly oriented and
polished. This technique allowed us to achieve
<10-arcsec parallelism as well as good flatness of
<A/10 at 632.8 nm. The block was then cut into
two 5 mm X 5 mm X 10 mm crystals. Subsequently
the crystals were placed in optical contact in a
walk-off-compensation configuration’® in a clean
atmosphere (i.e., on a horizontal clean bench), We
then subjected the crystal pair to thermal processing
at high temperature for several hours to ensure

entrance and exit surfaces of this monolithic DBWOC
KTP OPO were then antireflection (AR) coated for
both 1079 and 2000-2300 nm. The DBWOC KTP
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permanent bonding between the two crystals.’® The. . ... .. ..



October 1, 2000 / Vol, 25, No, 19 / OPTICS LETTERS

LOWOC KTP
(a) 010
) Nd:YALO
©-Switch m_ﬁump Muodule _
1.pm ﬁvﬁ_ﬁ_ﬁ_:::::] -y
M2 M3 Ml
Eeele
(b) /<4 < 17l AR coating
8 o-ray
diffuslon bonded
Tig. 1. (a) Experimental setup of the intracavity DBWOC

KTP OPO within a diode-pumped Nd:'YALQ laser and
(b) the DBWOC KTP, where ¢ is the optical axis of the
crystal, p is the walk-off angle of the ¢ ray, 4 is the
phase-matching angle, [, is the length of one KTP crystal,
and L. is the total length of the diffusion-bonded KTP
crystals. See text for other definitions.

crystal was mounted on a water-covled heat sink
with indium thermal contacts and placed within the
OPO cavity formed by mirrors M1 and M3. M3 is
antireflection coated at I pm and highly reflective
(R > 99%) at 2 pm. Besides acting as the rear mirror
for the laser cavity, M1 also serves as the output
coupler for the OPQO. We experimented with mirrors
with B = 60-75% at 2 pm for M1. The distance
between the surface of the laser rod and M2 was
11 em, and the distance between the other surface of
the laser rod and M1 was 11.5 cm. Al mirrors used
in the experiment were flat. The stable laser-cavily
mode was derived from the thermal lensing induced
in the strongly pumped Nd:YALC rod, with its two
concave end faces. The KTP QPO cavity was 2.5 cm
long and placed as near as possible to M1, which was
the position of the laser beam waist. The laser beam
at this position was elliptical, with estimated diame-
ters of 2.3 mum (horizontal) and 3.4 mm (vertical). We
also positioned an acousto-optic (AD) @ switch (NEOS
Technology Model 33027-50-5-1) as near to M2 as
possible to hold off at high laser gain.

The Nd:'YALO pumping module consisted of a
b-axig- (Ppun-jeut, 4-mm-diameter by 97-mm-long
water-cooled NA'YALO rod side pumped by five
close-coupled cw diode arrays.'! Its end surfaces
were curved (radius of curvature, —0.3 m). The rod
was aligned with ifs ¢ axis parallel to the vertical
axis. The output of this 1079-nm laser was polarized
along the ¢ axis. The maximum diode-pumping
power available was approximately 570 W. Without
the KTP crystal and M3, the highest 107%9-nm output
power at 6.22 kHz was 67 W for @-switched opera-
tion. The output power was obtained with R = 80%
at 1079 nm for M2, and the cw output power was
~100 W, When we placed the KTP crystal and M3
inside the laser cavity without the OPO functioning

" (by changing M1 to a mirror that is highly reflective

for 1 um and antiveflective for 2 xm), the 107%-nm
output power decreased slightly to 62 W at 6.22 kHz,
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This result shows that our DBWOC KTP intracavity
OPO does not introduce much optical loss.

The bonded KTP crystals were placed inside the
Nd:YALO laser cavity with its walk-off plane per-
pendicular to the ¢ axis of the NA'YALO rod. We
operated the 2-um OPQO with different M1 reflec-
tivities (60%, 70%, and 75% at 2 pm) and achieved
the highest 2-um average output power (both signal
and idler) of 21.4 W at 6.22 kHz with R = 70% at
2 um, The exact wavelengths of the signal and
idler waves were measured to be 2153 and 2166 nm,
respectively, and were reasonably close to the degen-
erate wavelength of 2158 nm., If is worthwhile to
highlight the subtle advantage of pumping with a
N&:YALQ laser, as compared with Nd'YAG, which
shifts the degenerate point farther from the 2-um
absorption edge of ZnGePs, if one intends to use this
2-pm OPQ output subsequently to pump a ZnGePs
OPO. The measured FWHM linewidths for both the
signal and the idler waves were ~6 nm. This result
is comparable with what was observed with a single
KTP crystal OPO (4 nm to ~10 nm),® which clearly in-
dicates the precision of cutting and polishing when the
crystals were bound together. All these wavelength
results were measured with an Oriel Model MS 257
monochromator.

Figure 2 shows the 2-um output power versus the
diode-pumping power for various 2-um reflectivities
of Mi. The maximum 2-um average OPQ power ob-
tained is 21.4 W, with 21.6 W of 1-um power coming
from the laser output coupler, M2 (R = 95% at 1 pm),
when the diode-pumping power is 570 W. This re-
sult was obtained when the laser was & switched at
6.22 kHz and with B = 70% at 2 um for M1, Even
without locking in the full laser intensity inside the
laser cavity, we demonstrated an OPO efficiency of
35% with respect to the maximum achievable 62 W of
1-pum power from this laser {(at this particular repe-
tition rate). When the repetition frequency was var-
ied from 3.5 to 8 kHz, the 2-pm OPO power peaked
at 6.22 kHz and stayed above 16 W for this entire fre-
quency range. We observed that the QPO threshold
almost coincides with the laser threshold. Moreover,
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1-pm power coming from M2 versus diode-pumping power
when the OPQ is operating with M1 refllectivity B = 70%
at 2 pm,
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Fig. 8. M? measurements of the (a) I-um Nd:YALO laser
and (b) 2-um OPQ outpul. Insets, fhree-dimensional
beam profiles of the {a) I-xm and (b) 2-pm output.

the 2-pm output is much more stable than in a previ-
ous experiment,” and we did not observe any long-term
drift after more than 1 h of operation.

Measurements of the 1- and 2- um pulse widths were
carried out with a fast Oriel InGaAs detector and
a HgCdZnTe deiector, respectively. At the highest
2-um OPO power, the pulse widths (FWHM) of the
2- and the 1-pm laser pulses were approximately
73.5 and 80.1 ns, respectively. We also measured the
M? values for both 1- and 2-pm output (at a 2-um
OPO power of 21.4 W), as shown in Fig. 8. We did
this by focusing the beams with an f = 20 cm lens,
sampling the second-moment diameters along various
positions with a Spiricon Beam Analyzer (Model
LBA-300PC), and then fitting these data with the
standard beam-propagation equation. The M? values
for 2 pm were 16.2 (vertical) and 8.54 (horizontal),
and the M2 values for 1 um were 20.02 (vertical) and
16.15 (horizontal). A better M2 for 2 xm in the hori-
zontal axis is expected because of the more-stringent
phase-matching requirement in the walk-off plane.
The better OPO beam quality than laser beam guality
indicates that the lower-order laser transverse modes
{which have better beam quality) generate the OPO
cutput more efficiently than do the higher-order ones.
To support this assertion we also measured the laser
beam quality without the OPO operating, and the
M? values were 17.3 (vertical) and 15.1 (horizontal).
The degradation in the laser’s beam quality when
we operate the OPO is consistent with the idea that
the lowest-order laser modes are more efficiently
converted t¢ 2-pm radiation.

I conclusion; we hiave obtained 214 W of 2jm

intracavity OPO output, which is, to the best of our
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knowledge, the highest intracavity OPO power re-
ported. To achieve such high-average-power 2-um
OPO output in a simple and compact laser system
we used a diffusion-bonded walk-off-compensated
KTP OPO pumped by an anisotropic Nd:YALO laser.
Using a Nd:'YALO laser to pump OPOQ itfself is new
approach that offers good potential for generating
a high-power compact tunable laser source. The
advantages of this combination of a N&'YALO laser
and an OPO are as follows: () Nd:'YALO provides
a simple configuration for generating high-power
linearly polarized laser for pumping an OPO; (ii) the
walk-off-compensated twin KTP erystals reduce the
aperture effect that is due to Poynting walk-off in
critically phase-matched parametric generation and,
at the same time, increase the acceptance angle of the
nonlinear interaction, resulting in more-gfficient OPQO
conversion; and (i) the diffusion-bonded configura-
tion of the twin crystals eliminates optical losses at
the in—out facets and the need for alignment of the
two crystals,
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