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Abstract. The paper reports on an experimental investiga-
tion and numerical analysis of noncritically and critically
phasematched LiB3O5 (LBO) optical parametric oscillators
(OPOs) synchronously pumped by the third harmonic of a cw
diode-pumped mode-locked Nd:YVO4 oscillator–amplifier
system. The laser system generates 9.0 W of 355-nm mode-
locked radiation with a pulse duration of 7.5 ps and a repeti-
tion rate of 84 MHz. The LBO OPO, synchronously pumped
by the 355-nm pulses, generates a signal wave tunable in
the blue spectral range 457–479 nm. With a power of up to
5.0 W at 462 nm and 1.7 W at 1535 nm the conversion effi-
ciency is 74%. The OPO is characterized experimentally by
measuring the output power (and its dependence on the pump
power, the transmission of the output coupler and the res-
onator length) and the pulse properties (such as pulse duration
and spectral width). Also the beam quality of the resonant
and nonresonant waves is investigated. The measured results
are compared with the predictions of a numerical analysis for
Gaussian laser and OPO beams. In addition to the blue-signal
output visible-red 629-nm radiation is generated by sum-
frequency mixing of the 1.535-µm infrared idler wave with
the residual 1.064-µm laser radiation. A power of 1.25 W of
1.535-µm idler radiation and 5.7 W of 1.064-µm laser light
generated a red 629-nm output power of 2.25 W.

PACS: 42.65.Yj, 42.65.Re, 42.70.Mp

Optical parametric oscillators (OPOs) synchronously excited
by powerful near-infrared mode-locked lasers are very effi-
cient sources for widely tunable ultrashort light pulses. The
operating range of such OPOs is determined by the optical
properties of the used nonlinear crystal (such as the bire-
fringence and the spectral transparency range) and by the
wavelength of the pump radiation. Since the pump radia-
tion is usually generated with mode-locked solid-state lasers,

∗Present address: Spectra-Physics GmbH, Siemensstr. 20, 64289 Darm-
stadt, Germany
∗∗Corresponding author.
(Fax: +49/631-205-3906, E-mail: nebel@rhrk.uni-kl.de)

such as Ti:sapphire, Nd:YLF or Nd:YAG, the pump wave-
length is in the near infrared. Therefore the wavelengths of
the OPO signal and idler waves are in spectral regions of the
near- and mid-infrared. For the generation of ultrashort laser
pulses at shorter wavelengths the frequencies of the infrared
laser and OPO waves have been up-converted by frequency
doubling and sum-frequency mixing. Frequency doubling of
the infrared radiation of a mode-locked Ti:sapphire laser
(680–1100 nm), for example, provides visible and UV radia-
tion in a range extending from 340 nm to 550 nm [1–4]. The
spectral region between the second harmonic and the funda-
mental laser radiation (which is in the range 550–680 nm)
could be covered either by frequency-doubling the output
of an OPO (pumped by a Ti:sapphire laser) [5–11], or by
exciting an OPO with frequency-doubled Ti:sapphire laser
pulses [12]. As the output power of mode-locked Ti:sapphire
lasers is typically 2 W, the power of the generated visi-
ble laser light is well below 1 W. The generation of higher
output powers requires more powerful pump lasers. Such
lasers are, for example, passively mode-locked diode-pumped
Nd:YVO4 lasers [13, 14]. In contrast to the Ti:sapphire laser,
the operation of these lasers is restricted to a fixed wave-
length, which is preferentially the 1.06-µm transition.

For the direct generation of visible OPO radiation, the
wavelength of the pump radiation has to be in the visible or in
the ultraviolet spectral range. Such radiation is generated effi-
ciently by the second, third or fourth harmonic of neodymium
lasers (Nd:YAG, Nd:YVO4) which provide powerful radia-
tion at 0.53µm, 0.35µm or 0.26µm. Whereas OPOs excited
by the second harmonic operate in the yellow and red spec-
tral range, OPOs pumped by the third or fourth harmonic
also cover the blue spectral range. This was demonstrated, for
example, by an OPO of lithiumtriborate (LBO) which was
excited by the third harmonic of a lamp-pumped Nd:YLF
laser. This LBO OPO generated cw mode-locked laser light
at wavelengths in the range 453–472 nm with average output
powers of up to 275 mW [15].

The nonlinear material LBO has several advantageous
properties for the nonlinear conversion of infrared laser ra-
diation into the visible or ultraviolet. It is well suited, for
example, to the generation of the second and third harmonic
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of neodymium lasers [26]. It is also the material of choice
for synchonously pumped OPOs which are excited by the
355-nm third harmonic. This is because of its optical trans-
parency range which extends to wavelengths as short as
160 nm [19]. Therefore no deleterious absorptions are ex-
pected even for high-power operation in the blue and ultra-
violet. Another important advantage is the noncritical phase-
matching (NCPM) of 532-nm or 355-nm pumped OPOs. The
NCPM avoids spatial walk-off between the incident and gen-
erated waves and thus optimizes the interaction length and
angular acceptance. In addition, the temperature acceptance
is small [21, 26], which results in a wide wavelength tuning
of the signal and idler waves by changing the crystal’s tem-
perature. Changing, for example, the crystal’s temperature in
the range 105–180◦C, the wavelengths of the signal and idler
waves of the 532-nm pumped OPO are tuned in the range
670–2583 nm. For the OPO excited by 355-nm UV radiation
the corresponding region is 458–479 nm for a temperature
change of 25–190◦C.

In this paper we report on an investigation of a high-power
LBO OPO synchronously pumped by the third harmonic
of a cw mode-locked Nd:YVO4 oscillator–amplifier system.
Whereas synchronously pumped LBO OPOs reported so far
provided ps light pulses with an average output power at the
0.5-W level [16–18], the LBO OPO investigated in this pa-
per exceeded this power level by an order of magnitude and
generated, for example, a visible blue output of up to 5 W at
462 nm when pumped by 9 W of 355-nm radiation.

The experimental characterization of this powerful all-
solid-state laser device included the optimization of the fre-
quency tripling of the Nd:YVO4 solid-state laser (with re-
spect to output power, pulse duration and beam quality), a de-
tailed investigation of the performance of the signal-resonant
LBO OPO, which included the wavelength tunability, and the
dependence of the output power and efficiency on the pump
power and the transmission of the output coupling mirror. In
addition, the dependence of the output power and of the pulse
parameters (such as pulse duration and spectral width) on the
length of the OPO cavity are investigated. The measured per-
formance is compared with the results of a numerical analysis
which is based on a split-step Fourier approach for Gaussian
laser and OPO beams. Besides the signal-resonant OPO, also
idler-resonant OPOs are investigated. The idler-resonant OPO
configurations use noncritically or critically phasematched
crystals with Brewster-cut or AR-coated facets.

1 Third-harmonic generation

The LBO OPOs described in this paper are excited by the
third harmonic of a diode-pumped passively mode-locked
Nd:YVO4 oscillator–amplifier system. The 355-nm third har-
monic is generated by sum-frequency mixing (SFM) the
second harmonic and the fundamental of the Nd:YVO4
laser system.

The Nd:YVO4 oscillator, which is similar to systems
previously reported [13, 24], is passively mode-locked by
a high-finesse antiresonant Fabry–Pérot saturable absorber
(AFPSA). When pumped by 12 W of 808-nm cw diode-laser
radiation the oscillator provides an output of 4.5 W in a nearly
diffraction-limited beam (M2 < 1.1). The duration of the al-
most bandwidth-limited pulses is 10 ps, the repetition rate

84 MHz. The output of the oscillator is amplified in a three-
stage amplifier. In the first (double-pass) amplifier stage the
average power is increased to 12 W. The average powers
behind the second and third amplifier are 20 W and 28 W,
respectively. Since each amplifier is pumped by 24 W of
808-nm cw diode-laser radiation the total diode pump power
amounts to 84 W. The output power of 28 W thus corresponds
to an optical efficiency of 33%. Despite the thermal lensing
in the Nd:YVO4 amplifier crystals the output beam is close to
the diffraction limit (M2 < 1.1).

For second-harmonic generation (SHG) the Nd:YVO4
laser output is passed through a 23-mm long LBO crystal, cut
for noncritical (Φ = 0◦,Θ = 90◦) type-I (oo→ e) tempera-
ture phasematching. The noncritical type-I phasematching
has several advantages compared to critical type-II phase-
matching (used, for example, in KTP, oe→ e), in particular
if the second harmonic and the residual radiation of the fun-
damental are used for SFM. For type-I phasematching the
fundamental light pulses propagate as an o-polarized wave.
For type II, however, the fundamental pulses propagate partly
as an extraordinary (e-) and partly as an ordinary (o-) polar-
ized wave. Therefore, the phase and group velocities of both
parts are different. Due to the walk-off, the o- and e-beams
are in part spatially separated after propagating through the
crystal. Those parts of the beams which still overlap are el-
liptically polarized. In addition the group velocity mismatch
(GVM) distorts the temporal profile of the pulses. Type-I
phasematching avoids these problems with the result that the
temporal beam profile of the SHG laser pulses is not distorted
by GVM, the spatial profile is not changed by walk-off effects
and the polarization remains linear.

Noncritically phasematched SHG requires a crystal tem-
perature of about 148.5 ◦C [20]. In the experiment the crystal
is heated in an oven, whose temperature is controlled with
an accuracy of 0.1 ◦C. The 28 W output of the oscillator–
amplifier system is focused into the LBO crystal to a beam
waist of 37µm. The measured 532-nm output power is
22.4 W which corresponds to a conversion efficiency of 80%.
The second-harmonic pulses are nearly transform-limited
with a duration of 9 ps. The 532-nm laser beam is close to
the diffraction limit (M2 < 1.2).

The third harmonic (THG) is generated by SFM of the
1064-nm fundamental and the 532-nm second-harmonic laser
pulses in LBO. For this SFM process critical type-I phase-
matching (oo→ e) or type-II (oe→ o) critical phasematching
can be used. The characteristic data for the type-I and type-
II conversion are compared in Table 1. Although the effective
nonlinearities and the bandwidth acceptances are similar, the
main differences are in the spatial walk-off and the angu-
lar acceptance. A high conversion and a nearly diffraction-
limited beam (with a circular cross-section) requires a small
walk-off and a large angular acceptance. For this reason the
small walk-off of type-II phasematching is of advantage. This
is confirmed by calculating the ratio of the parametric effi-
ciency coefficients for type-I and type-II phasematching [30].
These calculations take into account the spatial and temporal
walk-off as well as diffraction and dispersion. For the same
values of the beam waist, pulse duration and crystal length
the calculated value is 1.0 : 3.3 showing the higher potential
of type-II phasematching. Additionally type-II phasematch-
ing provides an angular acceptance that is about three times
larger, which should result in a superior spatial beam profile,
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Table 1. Characteristic data for third-harmonic generation by sum-
frequency mixing of the fundamental 1064-nm radiation with the 532-nm
second harmonic in LBO using type-I or type-II phasematching. The data
are based on the Sellmeier equations given in [19]

Type I, oo-e, Type II, oe-o,
xy-plane yz-plane

Phasematching angle Φ = 37.3◦; Φ = 90◦;
Θ = 90◦ Θ = 42.7◦

Nonlinearity [19] deff 0.9 pm/V −0.8 pm/V
Spatial walk-off � 1.1◦ −0.5◦
Angular acceptance ∆Θ · L 0.5 mrad·cm 1.6 mrad·cm
Bandwidth acceptance ∆λ · L 0.75 nm·cm 0.83 nm·cm
Group velocity mismatch∆v−1

gr
1064 nm/355 nm 216 fs/mm 281 fs/mm
532 nm/355 nm 116 fs/mm 62 fs/mm

if the laser radiation is tightly focused into the LBO crys-
tal. Moreover, for type-II phasematching the walk-off can in
principle be compensated by tilting the direction of the e-
polarized 532-nm beam with respect to the direction of the
o-polarized 1064-nm laser beam by a small angle. This com-
pensation is usually done by optimizing the efficiency of the
output of the generated third harmonic if the experimental
setup allows for such adjustments of the beam directions.

In the experiment a 20-mm long type-II LBO crystal
(Φ = 90◦,Θ = 42.7◦) was used for SFM. The facets of the
crystal were AR-coated for 1064 nm, 532 nm and 355 nm.
As the temperature acceptance of the 20-mm long crystal is
2.9 ◦C the crystal temperature was stabilized in a simple way
by a Peltier element at room temperature.

The fundamental and the frequency-doubled laser waves
travel at different velocities in the SHG- as well as in the
THG-crystal. This causes a time delay between the funda-
mental and the green laser pulses of 0.6 ps in the SHG-
and 2.2 ps in the THG-crystal. To compensate this delay the
beams are separated by the dichroic mirror M1 (see Fig. 1).
The separated beams are collimated by the AR-coated lenses
L1 and L2. The fundamental laser beam is delayed by a delay
line of length∆L and recombined with the second harmonic
by the dichroic mirror M2. The spatial separation of both
beams allows us to focus the fundamental and SH separately
using the spherical lenses L3 and L4 into the LBO crystal, and

Fig. 1. Scheme of the experimental setup. For details see text

to optimize the beam directions in order to compensate for
the spatial walk-off between the fundamental o-polarized and
the frequency-doubled e-polarized wave. The third harmonic
is collimated by lens L5 and separated by the dichroic mirror
M3 from the fundamental and green laser radiation.

The efficiency of the SFM mainly depends on the tem-
poral and spatial overlap of the light pulses, on the pulse
powers of the fundamental and green radiation and on the
power ratio. The temporal overlap is adjusted by changing
∆L in the delay line. The duration of the residual light pulses
at the fundamental is 13 ps. These pulses are broadened com-
pared to the 10-ps long laser pulses because of the saturation
of the conversion in the SHG crystal. The pulse duration of
the frequency-doubled green pulses was about 8 ps when the
SHG conversion efficiency was reduced to about 45% in order
to keep a certain amount of power in the residual infrared
laser beam.

The spatial overlap depends on the confocal parameters
and the position of the beam waistsw1 andw2 of the infrared
and green laser radiation, which can be changed by the focal
lengths and the positions of the lenses L3 and L4. The effi-
ciency of the THG was measured for different ratios of the
beam waistw1 of the fundamental andw2 of the second har-
monic (see Table 2). For a beam waist of 30µm for both the
fundamental and the green beam, an optimum conversion ef-
ficiency of 50% was measured. The corresponding average
power in the 355-nm UV beam was 11.5 W, generated from
11.5 W at 1064 nm and 12.5 W at 532 nm, which adds up to
a total input of 24.0 W. A small increase ofw1 from 30µm to
40µm reduces the efficiency only by a small amount to about
48%. A further increase ofw1 to 70µm, however, reduces the
efficiency to 39%. In contrast tow1, only a slight increase
of w2 to 40µm is required to reduce the efficiency to 42%.
This efficiency is further reduced to only 21% for aw2 waist
of 70µm. This experiment shows that the highest efficiency
is achieved for beam waists of equal size. Whereas a small
increase ofw1 reduces the efficiency by less than 10%, the ef-
ficiency is reduced considerably for larger values ofw2. The
greater variation in THG efficiency with harmonic beam size
compared with the fundamental beam size is given by the
faster reduction of the spatial overlap caused by the different
confocal parameters.

The infrared laser pulses used for SFM are partially de-
pleted in power by the SHG and are thus broadened in
time. An increase in efficiency could be expected by using
nondepleted infrared laser pulses. For this reason a part of
the fundamental beam was separated in front of the SHG

Table 2. Conversion efficiency for the third harmonic generated by sum-
frequency mixing of the fundamental (1064 nm) with the second-harmonic
(532-nm) laser radiation measured for different focussing conditions

Beam waist Beam waist Efficiency
w1 w2

(1064 nm) (532 nm)

70µm 30µm 39%
40µm 30µm 48%
30µm 30µm 50%
30µm 40µm 42%
30µm 70µm 21%
70µm 70µm 39%
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unit and then used for sum-frequency mixing with the green
laser beam. In fact, this configuration provided a slightly
higher internal conversion efficiency of 54% for the SFM pro-
cess. However, the output power did not exceed the value of
11.5 W obtained in the first setup. This is because the total in-
put power decreased. In the experiment 8.2 W was separated
from the infrared laser beam for SFM. The residual infrared
power of 19.8 W was focused for SHG into the LBO crys-
tal. The generated power of 532-nm radiation was 14.0 W,
which corresponds to an efficiency of 70%. With an input
of 8.2 W of 1064-nm radiation and 14 W of 532-nm radia-
tion the SFM generated 355-nm radiation with a power of
11.5 W. Obviously the improved temporal and spatial qual-
ity of the 1064-nm beam compensates for the somewhat lower
total power input of 22.5 W.

During operation at the highest UV output power of
11.5 W a slow decrease of the power in time at a rate of
about 5% per hour was observed. At a somewhat reduced
UV power of 9 W the output remained more stable. For this
reason a power of 9.0 W was used routinely to excite the syn-
chronously pumped LBO OPO.

To determine the pulse duration of the 355-nm radia-
tion an intensity autocorrelation measurement was not pos-
sible because there is no nonlinear material which provides
phasematched SHG at this wavelength. The SHG is com-
monly used as a correlation signal. Instead a cross-correlation
measurement was generated by difference-frequency mix-
ing (DFM) of the 355-nm and the 532-nm radiation in
a 20-mm long LBO crystal (Φ = 90◦,Θ = 42.7◦). Such
a cross-correlation signal is shown in Fig. 2 as function of the
time delay between the UV and 532-nm laser pulses.

The width at half-maximum of this DFM signal is 12.3 ps.
The half-width was the same when measured with LBO crys-
tals of different lengthL (20 mm, 15 mm or 6 mm). Disper-
sive effects and the bandwidth acceptances of the different
crystals obviously do not influence the result of the cross-
correlation measurement. To calculate the exact pulse dura-
tion by deconvolution of the cross-correlation signal the pulse
shape of the 532-nm pulse has to be known precisely and the
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Fig. 2. Cross-correlation signal as a function of the time delay of the in-
put pulses.The dashed line corresponds to the result of the numerical
simulation for a 355-nm pulse duration of 7.5 ps. The insert shows the
numerically calculated correlation width as a function of the pulse duration
of the 355-nm pulses

DFM has to be measured with the lowest efficiency. How-
ever, the pulse shape can not be extracted from an intensity
autocorrelation and the efficiency of the DFM exceeded 5%.
Therefore, the output of the DFM was numerically calculated
as a function of the delay of the input pulses for a fixed du-
ration of the green light pulses of 8 ps and different pulse
durations of the UV pulses. The numerical algorithm used
is similar to the algorithm described for an OPO [23], and
takes Gaussian beams into account. The complex-valued, z-
dependent spatial beam overlap factors taken from [22] are
used in the nonlinear amplitude equations. In this case the
maximum output power of the DFM is not obtained for the
phasematching condition for plane waves (∆k = 0) but for
a value of∆k of 130 m−1. This value was calculated for iden-
tical beam waists of 30µm. The half-widths of the DFM
signal obtained using these calculations are shown in the in-
sert of Fig. 2; they depend on the pulse duration of the UV
pulses. As seen from this figure the measured half-width of
12.3 ps is obtained for a UV pulse duration of 7.5 ps. The
shape of the measured DFM signal (solid curve) is in good
agreement with the calculated line shape (dashed line).

The beam profile in the far field of the generated UV ra-
diation is elliptical, with an ellipticity of 1.6. The short axis
of the ellipse is directed along the phasematching plane of the
crystal, the long axis is perpendicular to it. This ellipticity is
in part due to the spatial walk-off. The spatial walk-off of 0.5◦
of the e-polarized green beam was, however, compensated by
adjusting this beam in a slightly noncollinear direction to the
fundamental beam. In this way the overlap of all three beams
in the crystal is maximized. However, the angular acceptance
of 0.8 mrad in the phasematching plane restricts spatially the
phasematching in the crystal volume, and thus causes the el-
liptical shape of the beam profile. The UV beam is nearly
diffraction-limited with M2 values of less than 1.3 in both
planes. In order to obtain a focus with a circular cross-section
for an application such as, for example, the excitation of an
OPO, the beam could be shaped by an appropriate cylindrical
telescope.

2 Signal-resonant noncritically phasematched OPOs

The scheme of the signal-resonant noncritically phase-
matched OPO which is pumped by the 355-nm third har-
monic of the Nd:YVO4 oscillator–amplifier system is shown
also in Fig. 1. The optical resonator is a folded, astigmatically
compensated linear cavity which consists of four flat mirrors
(M4, M5, M8 and M9) and two spherical mirrors (M6 and
M7) with a radius of curvature ofr = −200 mm. The mirrors
M4–M8 are highly reflective (R > 99.9%) for the blue-signal
wave. In the experiment the transmission of the output coup-
ling mirror M9 is varied in the range 2%–92%.

The 18-mm long LBO crystal is cut for noncritical type-II
(e→ oe) phasematching (Θ = 0◦, z-cut). Due to the noncrit-
ical phasematching the interaction length is not limited by
spatial walk-off between the pump and the signal beam, and
therefore the angular acceptance has its maximum value. The
facets of the crystal are Brewster-cut to minimize the losses
for the resonant o-polarized signal wave. On these facets the
e-polarized pump and idler waves are partly reflected, how-
ever, which causes a loss of about 17% for each wave.
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The pump beam is focused into the LBO crystal by the
spherical lens L6 to a beam waist of 20–30µm which is close
to the calculated value of the waist of the TEM00 resonator
mode of 30µm at 460 nm. While the generated resonant sig-
nal wave is partly transmitted by the output coupler M9, the
idler wave is transmitted by M7 and separated from residual
pump radiation by the dichroic mirror M10.

Since the pump beam passes through the tilted mirror M6
and the Brewster-cut crystal facet the focus is astigmatic. This
astigmatism (measured by the distance between the sagittal
and tangential beam waist) can be changed by a cylindrical
telescope placed in front of the focusing lens L6. The astig-
matism influences the OPO efficiency and thus the depletion
of the pump beam. Figure 3 shows the dependence of the
pump depletion on the astigmatism of the pump beam. With
a cylindrical telescope consisting of the lenses C1 and C2
the astigmatism is changed in the range of±8 mm. Over the
whole range the pump depletion exceeds 50%. It is interesting
to note that for an astigmatism of±8 mm the tangential fo-
cus plane is located at a distance of 1 mm behind the crystal’s
front surface while the sagittal plane is located in the crystal’s
center. If the astigmatism is reduced to zero (which corres-
ponds to a beam waist of 21×21µm) the pump depletion is
increased to 78%. As seen from Fig. 3 a small astigmatism of
up to±3 mm hardly changes the pump depletion, and should
thus be tolerable.

The powers of the generated signal and idler waves were
measured as functions of the transmission of the output cou-
pler (OC). The results obtained for a pump power of 9.0 W
and for a 479-nm signal and 1371-nm idler wave are shown
in Fig. 4. As seen from this figure a maximum OPO output is
achieved with an OC transmission of 37%. With this OC the
OPO generated a signal power of 3.4 W and an idler power
of 0.65 W. With respect to the pump power inside the crys-
tal (which is 6.4 W due to losses at lens L6, mirror M6 and
the Brewster facet of the crystal) the total output of 4.05 W
corresponds to an internal conversion efficiency of 75%. It is
interesting to note that the OPO still generates a signal out-
put of more than 2 W if operated with an OC transmission of
69%. The solid line in Fig. 4 represents the results of a numer-
ical analysis [23, 24]. The calculated values are in good agree-
ment with the measured data of most of the OC transmission
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values. The numerical analysis indicated that for different OC
transmissions the generation of a maximum output requires
different resonator lengths. However, the output power is re-
duced by less than 4%, even if the change∆L of the resonator
length amounts to a substantial fraction of∆Lm. ∆Lm is
the maximum possible change of the resonator length, which
maintains OPO operation. For example, using an OC trans-
mission (TOC) of 60%, 96% of the maximum output power
is obtained for∆L in the range 160µm < ∆L < 280µm.
This is a considerable fraction of∆Lm = 250µm (deter-
mined by the interval 125µm< ∆L < 375µm). For aTOC of
40%, 96% of the optimum output is obtained within the wide
range 180µm< ∆L < 335µm, which corresponds to 56% of
∆Lm = 280µm (125µm < ∆L < 405µm).

The basic algorithms used for the numerical analysis are
described in detail in [23, 24]. They considers the paramet-
ric gain, the group velocity mismatch (GVM) and the res-
onator properties such as resonator length and optical losses.
The pump and the OPO waves are described by Gaussian
beams with complex-valued spatial beam overlap factors, as
described in detail in [22]. These overlap factors change with
the propagation through the OPO crystal. As a result the
model assumes three TEM00 beams with identical positions
of the beam waist. This approximation is valid, if the nonlin-
ear interaction does not significantly change the beam profile,
which is true for noncritically phasematched OPOs, where,
for example, the angular acceptance is sufficiently large and
no spatial walk-off occurs. The algorithm of the numerical
simulation is based on a split-step Fourier method which is
similar to that reported in [23, 24].

As seen from Fig. 5 the measured pump power at the
threshold increases from 0.5 W for TOC = 3% to 3.7 W for
TOC = 57%. This figure shows also the dependence of the sig-
nal power on the pump power present in the LBO crystal for
different OC transmissions. In these measurements the OPO
was operated at room temperature, the signal wavelength was
479 nm. The measurements show a strong increase of the
slope efficiency with OC transmission. It is interesting to note
that for a TOC of 57% the slope still decreases from about
140% close to the threshold to about 70% for a pump power
of 6.0 W. This indicates that even for such highTOC, gain sat-
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uration (caused by pump depletion and reconversion of signal
and idler into pump radiation) reduces the efficiency.

The pulse properties determined by an intensity autocor-
relation and the corresponding pulse spectrum are shown in
Fig. 6. These measurements were taken for an OC transmis-
sion of 37%. To calculate the pulse duration from the meas-
ured width of the intensity autocorrelation, the decorrelation
factor, which is the ratio of the autocorrelation to the pulse
width, has to be known. This factor strongly depends on the
shape of the OPO pulses. Usually it is assumed that this shape
is the same as that of the pump pulse. However, the shape of
the OPO pulses changes if the nonlinear process is very ef-
ficient and if the resonator length is changed. Therefore, we
used the measured spectral shape and numerically calculated
the pulse duration and the decorrelation factor with respect
to this spectrum. With a calculated factor of 0.72 the auto-
correlation width of 10.4 ps shown in Fig. 6 corresponds to
a pulse duration of 7.5 ps. The pulse spectrum was measured
with a scanning Fabry–Ṕerot interferometer with a free spec-
tral range of 300 GHz. With a spectral width of 71.4 GHz
the time–bandwidth product is 0.54. The comparison with the
numerically calculated value of 0.59 indicates that the pulses
are almost bandwidth limited.
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Fig. 6. Intensity autocorrelation and spectrum of the 479-nm OPO signal
pulses for an OC transmission of 37%. The power of the 355-nm pump
radiation is 9 W

Fig. 7. Dependence of the duration of the 479-nm signal pulses on the OC
transmission.The squares represent the measured data,the solid line rep-
resents the values provided by the numerical analysis. The 355-nm pump
power is 9 W

The durations of the signal pulses vary with OC trans-
mission (Fig. 7). The squares represent the pulse duration
for the resonator length which provides a maximum output
power. The pump power is 9.0 W. As seen from Fig. 7 the
pulse duration decreases from 12 ps forTOC = 3% to 5 ps for
TOC = 69%. ForTOC = 37% the pulse duration is 7.5 ps. For
this TOC the OPO is operated 1.8 times above the threshold.
In the numerical analysis the signal-pulse durations are deter-
mined from the calculated envelope of the signal pulses. The
experimental pulse widths are obtained from autocorrelation
measurements.

The wavelength of the OPO can be tuned by changing the
temperature of the LBO crystal. In Fig. 8 the wavelengths of
the signal and idler waves are shown as functions of the tem-
perature of the LBO crystal. The squares represent the meas-
ured data. For a temperature change from 20◦C to 190◦C
the wavelength of the signal radiation tunes from 479 nm to
458 nm. The corresponding wavelengths of the idler wave
are 1360–1580 nm. The solid line represents the wavelengths
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Fig. 8. Wavelength of the signal and idler radiation as a function of the
temperature of the LBO crystal.The squares are the measured data,the
solid lines are given by calculations based on the Sellmeier equations given
in [22]
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calculated from the Sellmeier equations which include the
so-called improved temperature-dependent temperature co-
efficients [21]. The small differences between the measured
data and the experimental values (which range for the signal
wave from 0.9 nm to 2.1 nm) could result from a difference
between the actual temperature in the crystal and the value
displayed on the oven control unit, as well as from tempera-
ture gradients within the center of the crystal caused by light
absorptions [29]. In addition it has to be considered that max-
imum efficiency is obtained for the phasematching condition
∆k = 0 only if the interacting light fields are plane waves.
For Gaussian beams, which are nearly confocally focused,
maximum conversion efficiency is not obtained for perfect
phasematching (∆k = 0) but for∆k > 0. This result was ob-
tained analytically in the approximation of negligible pump
depletion [25]. The numerical calculations, which assume
beam waists of 30µm, indicate also that for high conver-
sion efficiencies (as high as 70%) the output is an optimum
for ∆k > 0. For the present experimental conditions a max-
imum output was in fact calculated for a phase mismatch of
∆k = 140 m−1.

Over the whole wavelength range the signal power ex-
ceeds 3 W (see Fig. 9). The idler power is about 0.6 W. The
variations of the idler power are caused by the wavelength-
dependent transmission of the cavity mirror M7.

The characteristic parameters of a synchronously pumped
OPO, such as the output power, the pulse duration and the
spectral pulse width critically depend on the cavity length.
A change of the cavity length causes a change of the tempo-
ral overlap of the resonant OPO pulse and the laser pulse. The
temporal overlap is also changed by the GVM between the
three interacting pulses. The GVM between the pump and the
signal pulse is 43 fs/mm, and the GVM between the pump
and the idler pulse 280 fs/mm. In the crystal the idler pulse
thus propagates faster than the signal and pump pulses. For
the signal-resonant LBO OPO the interaction length is prac-
tically not limited by temporal walk-off between the pump
and signal pulses since the maximum retardation of the pump
pulse is only 882 fs for the 18-mm long LBO crystal. This
is less than 15% of the duration of the pump pulse and can
thus be neglected. For this reason the OPO operation should
tolerate length detunings that are a substantial fraction of the
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Fig. 9. Signal and idler output power as a function of thewavelength. The
355-nm pump power is 9 W, the OC transmission is 37%

length of the pump pulse. ForTOC = 37% the measured max-
imum length detuning (which maintains OPO operation) was
250µm. This detuning corresponds to a delay of the signal
pulse of 500µm which is almost one quarter of the length
of the pump pulse. For lower output coupling (TOC = 18%)
the detuning is increased to 300µm because the smallerTOC
lowers the OPO’s threshold power.

Figure 10 shows the characteristic parameters of the OPO
(such as power, pulse duration, spectral width and time–
bandwidth product) as functions of the resonator length de-
tuning∆L. For∆L = 0µm the delay between the pump and
signal pulse is zero at the front facet of the crystal. If only the
GVM of the pump and signal is considered, a maximum out-
put power is expected for∆L = 66µm. As the group velocity
of the idler pulse is larger than that of both the pump and the
signal wave, the maximum output power is shifted to a value
of ∆L > 66µm. As seen in Fig. 10 the maximum output
power of 3.4 W is measured for∆L = 170µm and the OPO
operates above the threshold for 120µm < ∆L < 380µm.
This clearly indicates that the group velocity of the nonres-
onant wave is of relevance to the dependence of the OPO
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The squares are the measured values,the solid lines represent the data of the
numerical analysis. The OC transmission is 37%, the 355-nm pump power
is 9 W
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performance on∆L. This could be seen also from a com-
parison with a KTA-OPO, which was pumped by 1064-nm
radiation [24]. In this OPO the GVM between the pump
and the signal wave (55 fs/mm) is almost the same, the
group velocity of the idler wave is, however, smaller than
that of the pump and the signal wave. For that OPO, oper-
ation above the threshold was achieved only for values of
∆L < 100µm, whereas the present LBO OPO operates only
for ∆L > 100µm.

The result of the numerical analysis, which is shown in
Fig. 10 by the solid lines, is, in general, in good agreement
with the measured data. A deviation is observed for the meas-
ured output power which decreases faster than predicted for
detunings,∆L > 240µm. The difference between the calcu-
lated and the measured values might result in the simplifica-
tion of the numerical model, which is given by the approxi-
mation of the spatial overlap of the three interacting beams by
beam overlap factors. The pulse durationτ is almost indepen-
dent of∆L. In fact, for 170µm < ∆L < 350µm the meas-
ured pulse duration varies only in the narrow range 7–8 ps.
Also, the measured small increase of the spectral pulse width
∆ν with decreasing∆L is confirmed by the numerical an-
alysis. The time–bandwidth product∆ντ decreases with in-
creasing resonator length from 0.70 to 0.33. These values
indicate that the pulses are always close to the bandwidth
limit.

The calculations indicated that the temporal pulse profile
changes with cavity length. The pulse shape is, in general,
nonsymmetric. This is of course of importance for the in-
terpretation of the measured autocorrelation traces. Usually
it is assumed that the shape of the pump pulse is a sym-
metrical sech2 pulse and that the OPO reproduces the shape
of the pump pulse. The evaluation factor used is thus 0.64.
The calculations showed, however, that this evaluation factor
changes from 0.65 to 0.81 if∆L is changed from 170µm to
350µm.

The results of the numerical analysis depend critically on
the pump pulse duration and the nonlinear coefficient of LBO.
The pulse duration of the third harmonic was determined to
be 7.5±1.0 ps. The value of the nonlinear coefficientd31 for
LBO given in the literature varies from 0.67 to 1.1 pm/V [26–
28]. The calculated results (power, pulse duration and spectral
width of the OPO pulses as functions of the resonator length,
and output power and pulse duration as functions of the OC
transmission) are in good agreement with the experimental
data for a pump pulse duration of 7 ps and a nonlinear co-
efficient of 0.55 pm/V. For longer pump pulses (8 or 9 ps)
the change of the above-mentioned parameters with resonator
length does not match the results of the numerical analysis.
For other values of the nonlinear coefficients (e.g. 0.4 pm/V
or 0.7 pm/V) the calculated optimum OC transmission did
not agree with the experimental value.

Because the efficiency of the OPO is larger than 70% the
pump pulse should be strongly depleted. In addition, part of
the OPO radiation should be reconverted. These effects in-
fluence the temporal profile of the transmitted pump pulse,
which was investigated using a cross-correlation measure-
ment with the green pulse, using difference-frequency mixing
(DFM). For different resonator lengths a symmetry change of
the cross-correlation signal is expected, because the resonant
signal pulse is delayed in the cavity and depletes the pump
pulse nonsymmetrically. Figure 11 shows measured and cal-
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Fig. 11. Cross-correlation traces of the pump pulses transmitted by the LBO
OPO cavity for resonator length detunings∆L = 120µm (a), 200µm (b),
240µm (c) and 280µm (d) as measured in the experiment and calculated
by the numerical simulation. Also shown are the calculated temporal pulse
shapes. Thewavelength of the signalwave is 479 nm, the OCtransmission
is 37%, the 355-nm pump power is 9 W

culated cross-correlations of the transmitted pump wave for
different resonator lengths (∆L = 120µm, 200µm, 240µm
and 280µm). In this diagram the front part of the pulse
is on the right side and the rear part is on the left side.
For ∆L = 120µm (Fig. 11a) the transmitted pump pulse is
not changed because the OPO is below the threshold. For
∆L = 200µm (Fig. 11b) the pump pulse is depleted at the
rear part, which results in a nonsymmetric cross-correlation.
For ∆L = 240µm (Fig. 11c) the cross-correlation is nearly
symmetric and is broadened. The pump pulse power is de-
pleted but partly reconverted in its center. For∆L = 280µm
(Fig. 11d) the symmetry of the cross-correlation changed
such that the pump pulse was depleted in the front part.

Because of the good agreement between the calculated
and the measured cross-correlation traces we assume that the
numerically calculated temporal pulse profiles of the trans-
mitted pump give a good indication of the real shape of the
experimental pulse profiles.

In the LBO OPO described so far the LBO crystal was
Brewster-cut. This minimizes the resonator internal losses for
the resonant signal radiation but causes losses of about 17%
for the pump beam. This loss can be reduced using a LBO
crystal with plane facets which are AR-coated for the reso-
nant signal wave. It should be noted that this crystal causes no
astigmatism in the OPO cavity. In addition, the adjustment of
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the cavity is easier because the pump and the resonant signal
beam are collinear.

Because the AR-coatings showed a lower damage thresh-
old for the UV pump radiation at elevated crystal tempera-
tures this OPO was operated only at room temperature. The
wavelengths of the generated signal and idler wave were
479 nm and 1371 nm, respectively. The OPO crystal with
a length of 20 mm was cut for noncritical phasematching
(Θ = 0◦). The crystal was AR-coated for the signal wave
(R < 0.5%) and highly transmissive for the pump and idler
waves. Because of the reduced losses for the pump radiation
the OPO generated more than 4.2 W of blue 479-nm radia-
tion. The optimumTOC was 50%. It is interesting to note that
due to the high gain the OPO could be operated even with
an OC transmission of 92% (uncoated SF57 glass substrate).
The power of the 1.371-µm idler wave was 1.2 W. In conclu-
sion, the LBO OPO with AR-coated crystal provides a higher
signal and idler output compared to the OPO operated with
a Brewster-cut LBO crystal. The tunability is limited, how-
ever, to about 5 nm, due to the temperature sensitivity of the
damage threshold of the AR crystal coatings.

3 Idler-resonant LBO OPOs

3.1 Noncritically phasematched idler-resonant OPO using
a Brewster-cut crystal

As shown by the results discussed so far the 355-nm pumped
signal-resonant LBO OPOs are high-power light sources tun-
able in the blue spectral range. If, however, the IR idler wave
should be used to generate laser light in the red spectral range
using SFM of the 1.535-µm idler wave with the 1.064-µm
laser radiation, it is advantageous to operate the OPO with
an idler-resonant cavity. In this way the intracavity losses of
the e-polarized idler wave could be minimized, and the re-
flection losses for the e-polarized pump at the Brewster facet
are negligible. Only the nonresonant o-polarized signal wave
experiences reflection losses at the Brewster facet and trans-
mission losses at mirror M7.

The experimental setup of the idler-resonant noncriti-
cally phasematched OPO operated with a Brewster-cut crys-
tal is similar to that of the signal-resonant OPO (shown
in Fig. 1) except that the mirrors are highly reflective at
1.5µm. The 18-mm long LBO crystal is Brewster-cut for
the resonant e-polarized idler wave. An oven is used to
control and vary the crystal temperature for wavelength tun-
ing. Because both the pump and the resonant idler wave
are e-polarized the pump light enters the crystal with low
losses at the Brewster facet. The transmission losses at
lens L6 and mirror M6 are 13%. These losses reduce the
laser power from 9.0 W (in front of L6) to 7.8 W in-
side the crystal. Compared to the signal-resonant OPO the
crystal-internal peak pump power is thus higher by 18%,
which should provide a somewhat higher parametric gain.
In fact, a pump depletion of more than 70% was meas-
ured for OC transmissions in the range 12%–41% if mirrors
(M6 and M7) with a radius of curvature ofr = −200 mm
were used. For a curvature ofr = −150 mm a pump de-
pletion of 70% was measured for OC transmissions as
high as 49%. The smaller radius of curvature reduces the
waist of the resonator mode from 60µm (r = −200 mm)

to 43µm (r = −150 mm). A further reduction of the mode
diameter to 28µm (using mirrors withr = −100 mm) re-
duced, however, the efficiency of the OPO. In this case
the beam waists of the resonator mode and of the focused
pump beam are almost equal, but the confocal parame-
ters of both beams are different by a factor of 4.3 due
to the different wavelengths of the 355-nm pump and the
1.535-µm idler wave.

With the highest pump depletion of 75% the measured
power of the resonant idler wave is 1.2 W. This is about
twice the value of the idler power obtained with the signal-
resonant OPO with Brewster-cut crystal facets. The power
of the blue-signal radiation was 3.1 W. This corresponds
to a conversion efficiency of 75% when the losses at the
Brewster facet, at M7 and L7, are taken into account. These
losses amount to a total loss of 35%. Despite the higher
pump peak power the performance of the OPO is thus (in
comparison to the signal-resonant OPO) not improved by
a considerable amount.

As observed for the signal-resonant OPO the efficiency
of the idler-resonant OPO depends on the resonator length,
which influences the temporal overlap of the pump, signal
and idler pulses inside the crystal. For the signal-resonant
OPO the maximum output was achieved for∆L = 140µm,
close to the lower limit of the possible length detuning
range and – as seen from Fig. 10 – the OPO operated
above the threshold for 120µm < ∆L < 380µm. The OC
transmission used in these measurements was 37%. If the
idler-resonant OPO is operated with the same OC trans-
mission the resonator length can be changed in the range
520µm < ∆L < 780µm and (in contrast to the signal res-
onant OPO) the maximum output power is achieved for
∆L = 735µm, which corresponds to the upper limit of the
length detuning range.

A numerical analysis indicated that for the given pump in-
tensity the signal-resonant OPO should provide a maximum
efficiency of 81% (∆L = 235µm), whereas for the idler-
resonant OPO the efficiency should be 78% (∆L = 730µm).
The numerical analysis also indicated that the threshold of
the signal-resonant OPO should be 1.82 W for TOC = 40%
and an optimized cavity length (∆L = 180µm). For the
idler-resonant OPO the corresponding values are 1.88 W and
∆L = 730µm. It should be noted that for the idler-resonant
OPO the calculations provide the same value for the cav-
ity lengths which are required for the lowest threshold and
the maximum efficiency. This is not the case for the signal-
resonant OPO, where these resonator lengths differ by 55µm
(if TOC = 40%). The reasons for the different behavior are the
GVM between the pump and the resonant wave and the pump
depletion. For the idler-resonant OPO the GVM is 281 fs/mm
which is 5.7 times larger than in the signal-resonant OPO.

Wavelength tuning of the idler-resonant OPO was achieved
by heating the LBO crystal. The tuning range was limited to
1450–1600 nm by the wavelength dependence of the reflec-
tivity of the used mirror set. The corresponding tuning of the
signal wave was 470–457 nm.

The measured pulse duration was typically 7 ps for an OC
transmission of 30% and was independent of the resonator
length within 90% of the length detuning range. The width of
the measured pulse spectrum was 61 GHz. The corresponding
time–bandwidth product of 0.43 indicates that the pulses are
almost bandwidth limited.
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3.2 Critically phasematched OPOs

Whereas in NCPM OPO the crystal has to be heated to 163◦C
to generate an idler wave of 1535 nm, critical phasematch-
ing allows the generation of 1535-nm idler radiation at room
temperature. The characteristic parameters of the LBO crys-
tals required for NCPM and CPM are compared in Table 3.
To generate a wavelength of 1535 nm at room temperature
the critical phasematching angle isΘ = 14.6◦. Thus, spatial
walk-off, which is zero for NCPM, increases with respect to
the signal wave to 0.8◦ for the pump and 0.7◦ for the idler
wave. Both beams are e-polarized waves. The difference be-
tween the walk-off of the resonant idler and the pump wave is
only 0.1◦. Since the pump and the resonant idler wave propa-
gate almost collinearly no significant reduction of the gain is
expected by using CPM. Also, the spectral acceptance as well
as the GVM differ by less than 5%. However, a decisive in-
fluence on the gain is expected from the angular acceptance,
which is reduced for CPM by two orders of magnitude. This
could also have an influence on the spatial profile of the gen-
erated OPO waves.

In the experiment the CPM crystal had the same dimen-
sions as the NCPM crystal. Thus, the OPO resonator could
be aligned with the pump radiation and the NCPM crystal.
After inserting the CPM crystal parametric oscillation could
be started easily by tilting the end mirror in the walk-off di-
rection. The OPO performance was optimized by walking the
beam within the resonator by successively misaligning and
realigning the end mirrors.

This critically phasematched OPO converted 89% of the
pump inside the crystal into signal and idler radiation. This
conversion efficiency was determined from the measured
pump depletion. In these measurements the OC was replaced
by a HR mirror. Since the idler transmission of each cavity
mirror is below 0.2% the overall transmission of the folded
resonator is less than 2%. The power of the generated signal
wave was 3.4 W. Due to the various losses in the resonator
the external signal power corresponds to 5.2 W generated in-
side the crystal. The parametric gain of this OPO, however,
is considerably smaller compared to the NCPM OPO. This

Table 3. Characteristic crystal parameters of LBO used in the 355-nm
pumped OPOs with noncritical (NCPM) or critical (CPM) phasematch-
ing and an idlerwavelength of 1535 nm. The data are calculated with the
Sellmeier equations given in [19, 21]

NCPM [21] CPM [19]

Phasematching Type II e-oe, Type II e-oe,
Θ = 0◦, z-cut Θ = 14.6◦, xz-plane

Nonlinearity [28] deff −1.1 pm/V −1.0 pm/V
Spatial walk-off �

Pump 0 −0.8◦
Idler 0 −0.7◦

Bandwidth
acceptance ∆λ · L

Signal 0.26 nm·cm 0.26 nm·cm
Idler 2.9 nm·cm 2.9 nm·cm

Angular
acceptance ∆θ ·√L = 216 mrad·√cm ∆θ · L = 1.8 mrad·cm

Group velocity
mismatch

Pump/signal 43 fs/mm 43 fs/mm
Pump/idler 280 fs/mm 280 fs/mm

is clearly indicated by a maximum OC transmission of 33%
compared to 68% for the NCPM OPO.

In the experiments described so far a CPM-LBO crystal
with Brewster-cut facets was used. For comparison this crys-
tal was replaced by an AR-coated CPM-LBO crystal.

Figure 12 shows the signal and idler output power as func-
tions of the OC transmission of the CPM idler-resonant OPO
with an AR-coated crystal at room temperature. As expected,
the power of the nonresonant signal wave increases for lower
OC transmissions. The highest signal power is in fact ob-
tained with a HR mirror as the end mirror. In this case the
generated signal power is 5.0 W which corresponds to a crys-
tal internal conversion efficiency of 85%.

Because of the lower parametric gain the threshold power
of the CPM OPO should be higher than the threshold of
the NCPM OPO. Figure 13 compares the pump power at
the threshold for the NCPM signal-resonant and the CPM
idler-resonant OPO as functions of the OC transmission. The
threshold of the CPM OPO is more than three times higher
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Fig. 12. Average power of the 462-nm signal and the 1535-nm idlerwave
of the idler-resonant CPM OPO measured as a function of the OC trans-
mission. The OPO is operated with an AR-coated LBO crystal at room
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than that of the NCPM LBO OPO. The solid lines, which rep-
resent the values obtained from the numerical analysis are in
rather good agreement with the experimental data.

The numerical calculations show that the spatial walk-
off also influences the optimum overall phase mismatch. For
the same focusing conditions of the pump radiation (waist:
30µm) the optimum phase mismatch is∆k = −110 m−1

for the CPM OPO compared to∆k = 140 m−1 for both the
noncritically phasematched signal- and idler-resonant OPO.
These values indicate that in the CPM OPOs the walk-off
strongly changes the relative phases of the three interacting
waves.

4 Comparison of the performance of the NCPM and
CPM LBO OPO

The investigated OPOs are either signal- or idler-resonant.
They also differ in the phasematching (NCPM or CPM) and
in the facet geometry of the nonlinear crystal (Brewster-cut or
flat AR-coated). The performance of the different OPOs are
compared in Table 4 with respect to the output power, opti-
mum OC transmissions and beam quality. The choice of the
crystal geometry and which wave is resonated mainly influ-
ences the losses in the OPO. In particular, for the resonant
wave the losses have to be minimized, whereas the nonreso-
nant wave could experience larger losses (due, for example,
to reflections at the Brewster facets or the low transmission of
the cavity mirrors).

With the signal-resonant NCPM OPOs the highest blue
output of 4.3 W was obtained with an OPO operated with an
AR-coated crystal pumped by 9 W of 355-nm radiation. In
addition to the high signal output the idler output was as high
as 1.2 W, since in this configuration the idler losses are lower
compared to an OPO with a Brewster-cut crystal. Also, the
values of the optimum conversion efficiency (78%) and the
corresponding OC transmission (50%) are higher compared
to those of OPOs with a Brewster-cut crystal. However, for
widely tunable operation in the blue spectral range the signal-
resonant LBO OPO with Brewster-cut crystal is preferred as
long as durable, high-temperature- and high-power-resistant
AR-coatings are not available.

The highest blue output of 5 W is obtained with an idler-
resonant CPM OPO. This OPO uses a crystal with flat AR-
coated facets and is operated at room temperature. An in-
teresting feature is the very high internal efficiency of this
CPM OPO of 85% which is achieved with a HR end mirror.
This limits the output power of the resonant wave to less than
0.07 W. It should be noted that with an OC transmission of

Table 4. Comparison of the performance of the investigated OPOs. For further details see the text

Resonantwave Phasematching Crystal facets λsig λidl Psig Pidl η Toc M2
sig M2

idl
(nm) (nm) (W) (W) (%) (%)

Signal Idler NCPM CPM Flat AR Brewster• • • 479 1371 3.4 0.65 75 37 < 1.1 < 1.2• • • 479 1371 4.3 1.2 78 50 < 1.1 < 1.2• • • 470 1451 3.1 1.2 75 33 < 1.2 < 1.1• • • 462 1535 3.4 0.05 89 0 (HR) < 2.0 < 1.1• • • 462 1535 5.0 0.07 85 0 (HR) < 3.3 < 1.1

12% the output of the resonant idler wave is 1.3 W. The total
OPO output of the resonant and nonresonant waves decrease,
however, to 5.7 W, but the internal conversion efficiency (in-
dicated by the measured pump depletion) is still as high as
75%. The efficiency is thus fully comparable to the internal
conversion efficiencies obtained with the NCPM (signal- or
idler-resonant) LBO OPOs.

An important property of the OPO is the spatial quality
of the generated beams. For most applications anM2 value
of less than 1.2 is desired. Table 4 shows that the resonant
beam is always diffraction limited withM2 values of less
than 1.1 regardless of whether the OPO is noncritically or
critically phasematched. This is because the resonator deter-
mines the intensity distribution in the beam, and the spatial
walk-off or a limited angular acceptance are of minor influ-
ence. On the other hand the spatial quality of the nonresonant
beam depends critically on the phasematching conditions. For
noncritically phasematched LBO OPOs theM2 value of the
nonresonant wave is always less than 1.2, such that in general
the noncritically phasematched OPOs provide a high beam
quality for both the idler and signal beams. For critically
phasematched OPOs theM2 value of the nonresonant wave
is as high as 2.0 (for an OPO with a Brewster-cut crystal)
and even 3.0 for an OPO using an AR-coated crystal. TheM2

values are measured for a resonator length that provides an
optimum conversion efficiency.

5 Generation of red 629-nm radiation

SFM of the generated 1535-nm OPO idler wave and of the
residual 1064-nm laser radiation is a convenient way to gen-
erate powerful red 629-nm radiation. For this SFM process
potassiumtitanylarsenate (KTA) is appropriate, because of
its high nonlinearity (deff = 4.2 pm/V [31]). Type-II phase-
matching is achieved forφ = 90◦ andΘ = 33◦. Because of
the small spatial walk-off of 0.1◦ the phasematching is al-
most noncritical. The setup of the SFM experiment is simi-
lar to the arrangement used for TH generation. A telescope
adapts the 1064-nm laser beam in diameter and divergence
to the 1535-nm idler radiation. Both beams are superimposed
collinearly and focused with a spherical lens (f = 100 mm)
into the 15-mm long AR-coated KTA crystal. With an optical
delay line for the 1535-nm pulses the temporal overlap of the
two pulses is optimized.

In the SFM we used the 1064-nm laser beam transmit-
ted by mirror M3 (Fig. 1). The power of this beam is up to
6.4 W. An autocorrelation of the pulses showed no distor-
tions of the temporal pulse shape. The pulse width was 16 ps.
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Fig. 14. Power of the 629-nm SFM radiation as a function of the beam
waists of the 1.5-µm idler and the 1.064-µm laser beam

A measurement of the beam quality provided anM2 value of
less than 1.4.

Using a power of 1.535-µm radiation of 1.25 W (gen-
erated by the NCPM signal-resonant OPO with AR-coated
crystal) and a 1.064-µm laser power of 5.7 W the SFM gen-
erated red 629-nm radiation with a power of up to 2.25 W.
Figure 14 shows the dependence of the obtained power on the
beam waists of the two input beams. As seen from this fig-
ure, 2.25 W of 629-nm light is generated if the waist of the
two beams is 40µm. The red output power corresponds to
a conversion efficiency of 32%. In this case 74% of the idler
power is converted into red radiation. Even a change of the
temporal overlap of the input pulses by 8 ps did not change
the conversion efficiency significantly, which indicates that
the nonlinear conversion is highly saturated.

Besides the signal-resonant NCPM OPO, both the criti-
cally phasematched as well as the noncritically phasematched
idler-resonant OPOs are useful for generation of red laser
light. However, the spatial beam quality of the nonreso-
nant 462-nm wave of the critically phasematched OPO is
low. Thus, only the noncritically phasematched OPOs pro-
vide simultaneously red and blue radiation in a beam of high
spatial quality.

As a result, 4.3 W of blue 479-nm signal radiation
and 2.25 W of red 629-nm light (generated by SFM of
the 1.535-µm idler wave and 1.064-µm laser radiation)
are obtained with the signal-resonant NCPM LBO OPO
(AR-coated, flat facet crystal). With respect to the 28 W
of 1064-nm pump laser power, the total visible output of
6.5 W corresponds to an overall conversion efficiency of
almost 23%.

6 Summary

The third-harmonic generation of the 28-W output of a mode-
locked cw diode-pumped Nd:YVO4 oscillator–amplifier sys-
tem in a type-II phasematched LBO crystal generates 9.0 W
of mode-locked 355-nm pulses in a nearly diffraction-limited
beam (M2 < 1.3). The pulse duration is 7.5 ps, the repetition
rate is 84 MHz. The 355-nm UV radiation is used to syn-
chronously excite different LBO OPOs.

The OPOs investigated include a NCPM signal-resonant
OPO with a Brewster-cut LBO crystal which generated more
than 3.0 W of blue signal wave output. This output cor-
responds to an OPO conversion efficiency of 70%. The
wavelength of the blue radiation is tunable in the range
457–479 nm by changing the crystal temperature in the range
20–190◦C. The results of detailed experimental investiga-
tions (which include, for example, the dependence of the out-
put power and pulse duration on the resonator properties such
as OC transmission or cavity length) are in good agreement
with the predictions of a numerical analysis based on Gaus-
sian laser and OPO beams. Besides the signal-resonant OPO
idler-resonant OPOs are investigated. A NCPM idler-resonant
LBO OPO generated more than 1.2 W of output power tun-
able in the infrared region (1450–1600 nm). Sum-frequency
mixing of idler pulses at 1.535µm and the 1.064-µm laser
radiation generated 2.25 W of red light at 629 nm. The per-
formance of the idler-resonant NCPM OPOs is compared
with CPM idler-resonant OPOs. Although these OPOs show
a higher threshold they provide total internal conversion ef-
ficiencies as high as 89%. The highest output in the blue
spectral range of 5.0 W at 462 nm was thus generated using
a CPM idler-resonant OPO.

In conclusion we investigated experimentally and numer-
ically the performance of high-power synchronously pumped
LBO OPOs in different configurations (with respect to the
resonant wave, the phasematching and the crystal geometry).
The results demonstrate that these all-solid-state sources
should be well suited for many applications.
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