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We report on multi-pass quadrature frequency conversion of high-energy and
high-average-power lasers with high conversion efficiency for pumping high peak power,
ultrashort pulse Ti:sapphire laser amplifiers. Using a four-pass quadrature second
harmonic scheme with KTiOPO, (KTP) crystals, we obtained an efficiency from a
fundamental laser energy into a total second-harmonic laser energy in excess of 80 % of a
commercial Q-Switched 1064-nm Nd:YAG laser at a low input fundamental laser
intensity of 76 MW/cm? For higher power operation, we employed a two-pass
quadrature scheme with CsLiBsO,, (CLBO) crystals. We obtained a total second-harmonic
output pulse energy of 2.73 J from an input 1064-nm fundamental pulse energy of 3.27 J
of a custom-built Q-switched 1064-nm Nd:YAG laser system at a fundamental laser
intensity of 330 MW/cm? at 10 Hz, corresponding to energy conversion efficiency of 83 %.
We discuss the details of the design and performance of this frequency conversion

scheme in terms of output energy, conversion efficiency and scalability.

Keywords: Frequency Conversion, Quadrature Arrangement, Second-harmonic
Generation (SHG), Neodymium:YAG lLasers, KTiOPO, (KTP) Crystal, CsLiB4O,, (CLBO)
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1. INTRODUCTION

Nearly four decades frequency conversion through nonlinear processes is
widely used for extending the utility of existing lasers by using nonlinear optical materials
[1]-[11]. Second-harmonic generation (SHG) for solid-state laser systems operating in
the near-infrared region is of particular interest for applications such as medical
equipment [12], material processing [13], light source for laser display [14] and as
pumping light source for other laser systems [15]-[19]). In fact the SHG of the Nd:YAG
lasers is very attractive pumping light source for Ti:sapphire chirped pulse amplification
(CPA) systems [15]-[17], [20],[21]. In order to generate green outputs a commonly used
frequency conversion process is SHG based on the use of nonlinear crystals to produce
532-nm radiation from a Nd:YAG laser system operating at 1064-nm ([22], [23].
Conversion efficiencies of around 50 % for SHG are typically obtained. For example, a
conversion efficiency of about 40 % for the SHG of a 1064-nm Nd:YAG laser by use of
KD,PO, (DKDP) crystal was reported by Kogan and Crow [24]. Conversion efficiencies of
about 50 % were obtained for frequency doubling in KTiOPO, (KTP) crystal using a
1064-nm Nd:YAG laser by Driscoll et al. [25], Stolzenberger [26], and Bolt et al. [27]. SHG
efficiencies in the range of 40-50 % were obtained for a 1064-nm Nd:YAG laser using
LiB,O; (LBO), B-BaB,0O, (BBO), DKDP crystals by Borsutzky et al. [28]. Recently a SHG
conversion efficiency of above 50 % has been reported for a 1064-nm Nd:YAG laser using
CsLiBsO,, (CLBO) crystal by Yap et al. [11]. An impressive SHG efficiency as high as 80 %
for a 1064-nm Nd:YAG laser was also reported with the use of DKDP crystal with
carefully optimized large-aperture fundamental beam of extremely high spatial quality by
Linford et al. [29]. However, the conversion efficiencies of less specialized laser beams
have not attained levels efficiencies of above 80 %. Furthermore, a very high input
fundamental laser intensity of about 10 GW/cm? is required to achieve efficiencies of this
level. When operating at these intensities, intensity-dependent breakdown of dielectric or
bulk materials and self-focusing that degrade spatial pulse quality may occur. These
effects typically occur at around an ~ 5 GW/cm? for pulses in the ns-range. For these
reasons the efficient SHG with low fundamental laser intensity is essential to realize
compact high peak power Ti:Sapphire CPA systems.

A quadrature frequency conversion scheme employing a pair of crystals was
proposed to achieve high conversion efficiency by Eimerl in 1987 [30]. A schematic of
quadrature scheme for SHG is shown in Fig. 1. The two crystals are oriented for type Il
interaction and positioned so that the optic axes of these crystals are mutually orthogonal.
The scheme has two specific features for achieving high conversion efficiency. First, the
input laser beam after the first crystal is also suitable for the second crystal, so that both

crystals participate effectively in conversion. Second, the polarization of the second-

_1_.
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harmonic output beam generated in the first crystal is unsuitable for interaction in the
second which prevents back-conversion of energy to fundamental in the second crystal.
Therefore the quadrature scheme has undoubted advantages over the scheme wherein
only one crystal is used such as a wide input intensity range over which conversion is
high and a relatively high tolerance to small angular misalignments and input laser beam
divergence. For example, by using this scheme, conversion efficiencies of 70-80 % for
frequency doubling of a 1053-nm Nd:YLF oscillator followed by three Nd:phosphate glass
laser amplifiers were reported with the use of two DKDP crystals at input fundamental
laser intensity levels from about 200 MW/cm? to 6 GW/cm? [30].

In this paper we present an effective and simple multi-pass quadrature
frequency conversion scheme by using polarization rotation for pumping a Ti:sapphire
CPA system. In a four-pass quadrature scheme for frequency doubling of a commercial
Q-switched 1064-nm Nd:YAG laser in KTiOPO, (KTP) crystals, we obtained a total
second-harmonic conversion efficiency in excess of 80 % at a low input fundamental laser
intensity of 76 MW/cm?. With an input fundamental pulse energy of 607 mJ, 480 mJ of
total SHG pulse energy was obtained at a repetition rate of 10 Hz. For higher power
operation, in a two-pass quadrature scheme using CsLiBsO,, (CLBO) crystals for
frequency doubling of a custom-buit Q-switched 1064-nm Nd:YAG laser system, we
obtained 2.73 J of total second-harmonic output pulse energy from an input fundamental
pulse energy of 3.27 J corresponding to a energy conversion efficiency of 83 %, with an
input fundamental laser intensity of 330 MW/cm? at 10 Hz. The incorporation of
quadrature and multi-pass feature in this scheme provides a frequency conversion
performance superior to that of comparable lasers in its class. This scheme can be easily
scaled up by increasing the size of the nonlinear crystals to accommodate larger input
fundamental laser beam cross-section.

The remainder of this paper is organized as following. In Section II, we provide a
theoretical model which simulates the high conversion efficiency in this scheme. Then in
Section III, we describe an arrangement of multi-pass quadrature scheme and the
pumping geometry of the Ti:sapphire amplifier. In Section IV, the results of SHG
experiments obtained with this scheme using a commercial Q-switched 1064-nm Nd:YAG
laser and KTP crystals are presented. Finally, in Section V, we describe the prospects for
higher energy and higher average power operation with the use of a custom-built Q-
switched 1064-nm Nd:YAG laser system and CLBO crystals and also present results

obtained with this system and compare with the simulations described in Section II.

2. THEORY OF CONVERSION EFFICIENCY FOR SECOND-HARMONIC GENERATION
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In order to gain a better understanding of the behavior of SHG conversion
efficiency, we used a numerical model based on the coupled wave equations for SHG of a
monochromatic plane wave. The derivation of these equations and solution are given in
detail in the original paper of Armstrong et al. [31]. It is assumed that the beam may be
considered to be locally plane over small regions, so that the plane wave solution for SHG
may be used locally at each temporal and spatial point . Also, it is assumed that the
second-harmonic power is zero at the entrance face of each crystal. In the case of the
quadrature scheme, this condition may be achieved because the second-harmonic output
beam generated in the first crystal not be allowed to participate in the conversion process
in the second crystal. Additionally, it is assumed that a constant value may be assigned to
the dephasing across the entire beam.

The coupled equations for SHG are given by [31],[32]

0

—2 =CE,e"* (1)
0z
L o _CEE @
0z
C =5.46d, | X(nn,n,) (3)

where C is the nonlinear coupling constant proportional to the effective nonlinear
coefficient of the crystal, A k is the wave vector mismatch between the input
fundamental laser beam and second-harmonic output beam, d. is the effective nonlinear
coefficient, A, is the input fundamental laser wavelength and n, are refractive indexes.
The amplitudes are scaled as |E, |2 = I,,, where I, is the intensity. d.; and A, are in units
of pm/V, and um, respectively, then the units of C are GW™'/2, The notation used here is
identical to that found in [32].

The local conversion efficiency at a particular temporal and spatial location of the
beam may be written as a function of the local drive 71, and the dephasing & [32). The
drive is the source term for the generation of the electric field at the second harmonic,
and the dephasing is the phase mismatch between second-harmonic waves at the exit

and entrance planes of the crystal. The conversion efficiency is given by [32]

n= tanhz[-;— tanh'l(sn[2770—;, 1+ 6%/ 4n])] (4)
7, = CUL? (5)
5=%ML (6)
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where sn is an elliptic Jacobi function, I is the input fundamental laser intensity and L is
the crystal length. The Ak is primarily due to beam divergence [32). Therefore, the Ak
can be calculated as

Ak = B,AO (7)

where B, is the angular sensitivity and A 6 is the beam divergence of the input
fundamental laser beam.

The familiar solution to the coupled equations for zero wave vector mismatch or
no input fundamental laser depletion are special cases of the above solution. First, for zero

wave vector mismatch, Ak =0, 6§=0,and n,=1. The equation (4) becomes

n = tanh*(132) (8)

When the depletion of the input fundamental laser is small, we have n, <1, the
equation (4) becomes

1 =ny(sin & /8)’ (9)

In the case of the input fundamental laser fields that have temporally and

spatially Gaussian profiles, the following equation is considered.
E|(r.,t) = Eyexp[-(t /1,)" = (r / 1,)"] (10)

where t; is the pulse width and r, is the beam radius.

These equations allow us to estimate the harmonic conversion under ideal
conditions and also to anticipate some potential problems such as a reversal of the power
flow. With the equations, we calculate the performance for high energy and high average

power operation, which are described in Section V.

3. MULTI-PASS QUADRATURE FREQUENCY CONVERSION SCHEME

The configuration of the multi-pass quadrature frequency conversion scheme is
shown in Fig.2 [33]. The input laser beam is passed through a thin-film polarizer and then

reflected to enter the nonlinear optical crystals in the quadrature scheme with the
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dichroic mirror D,, which is high-reflection coated at 1064-nm and anti-reflection coated
at 532-nm. The A /2 plate before nonlinear optical crystals is set so that the polarization
of the input laser beam is rotated to the correct orientation for efficient interaction in the
crystals. After passing through the quadrature scheme it is reflected back for a second
pass through the two crystals by dichroic mirror D,. The polarization of the input laser
beam is rotated by 90 degrees after two passes through the A /4 plate, and is therefore
reflected by the thin-film polarizer towards a mirror, which is high-reflection coated at
1064-nm, because the beam was rotated to s-polarized. The mirror reflected the beam
back for two more passes for a total of four passes through the quadrature scheme. In the
two-pass scheme described in Section V the mirror is removed, and the beam dumped.
The generated second-harmonic output beams were extracted through the dichroic
mirrors D, and D,. A dual output scheme was used to avoid back-conversion of the
second-harmonic output beam.

This scheme is to pump a Ti:sapphire amplifier which is shown schematically in
Fig.3. Because the polarization of the gencrated second-harmonic output beams is
random, the output beams can be separated into two linear polarized beams (p-
polarization and s-polarization) by the use of thin-film polarizers. The beams are then
rotated by A /2 plates for correct orientation to the Ti:sapphire amplifier crystal in order
to obtain sufficient abscorption. It should be noted that the energies of the second-
harmonic outputs emitted through dichroic mirrors D, and D, ,respectively are not equal.
Due to longitudinal pumping of the Ti:sapphire amplifier with small angles between the
pump and the Ti:sapphire beams as shown in Fig.3, the Ti:sapphire laser beam is
propagated parallel to the gain gradient, whereby each ray of the beam experiences the
same integral gain and the whole beam is amplified uniformly. The dual outputs also
enables the Ti:sapphire amplifier to be pumped from both sides of the Ti:sapphire crystal
at high fluence level without optical damage to the faces of the crystal.

4, EXPERIMENTAL RESULTS AND DISCUSSION

The experimental setup for four-pass quadrature frequency conversion is shown
in Fig.4. A commercial Q-switched 1064-nm Nd:YAG laser (Continuum, Powerlite 9010)
was used as a laser source. The laser generated 15 ns (full width at half maximum
(FWHM)) pulses of the fundamental laser radiation at a repetition rate of 10 Hz. The
diameter of the laser beam was 8.5 mm at which the power density is decreased to 1/¢e? of
its peak value. In this experiment the KTP crystals were used as the nonlinear optical
crystals because of their large nonlinear coefficient, low absorption between 500-nm and

1400-nm, large acceptance angle, broad spectral and temperature bandwidths, and high
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damage threshold [20], [21], [34]. The size of each KTP crystal used in the experiment was
10 mmX10 mmX10 mm (Crystal Associates, gray-tracking-resistant KTP). They were
anti-reflection coated on their input and output faces at both 532-nm and 1064-nm,
respectively. The crystals were cut appropriately for type II doubling of 1064-nm laser
radiation. The crystals were mounted on rotation stages for optimizing their angles with
the input beam at ambient temperature. During operation for a set input beam power
density, the crystal angles were fine tuned for maximizing second-harmonic output. The
p-polarized input fundamental laser beam that was transmitted through the optical
isolator was passed through the quadrature arrangement a total of four times and the
second-harmonic output beams generated were extracted through the dichroic mirrors
D; and D,. The optical isolator provided sufficient isolation between the Q-switched
Nd:YAG laser and the frequency conversion part. The pulse energies at 532-nm and
1064-nm, respectively, were measured by a calibrated power meter.

Figure 5 shows the total 5632-nm second~harmonic output pulse energy for the
dual second-harmonic output beams as a function of the input 1064-nm fundamental
laser pulse energy. The energies of the second-harmonic outputs emitted through each
dichroic mirror D, and D, are also indicated. There was no compensation for optical losses
such as reflection, absorption and scattering of the crystals, and transmission losses of the
dichroic mirrors D, and D,. As can be seen in this figure a total maximum second-
harmonic output pulse energy of 486 mJ was obtained with 607 mJ of input fundamental
laser pulse energy at 10 Hz.

Figure 6 shows the second-harmonic conversion efficiencies defined as the
green energy outputs divided by the fundamental energy input, as a function of the input
1064-nm fundamental laser intensity. As can be seen, a total maximum second-harmonic
conversion efficiency of over 80 % was achieved with a low input laser intensity of 76
MW /cm?. The intensity was calculated from the measured values of pulse duration, pulse
energy, and beam diameter. The high efficiency of the present scheme enables effective
use of energy and hardware. The low input laser intensity also enables the use of a smaller
laser source and allows to operate the laser beam without intensity-dependent damage to
the nonlinear crystals and optical components. Photochromic damage (gray-tracking)
often occurs in KTP crystals during high power frequency conversion [35]-[37]. Though
the gray-tracking threshold depends on the repetition rate of the laser and the crystal
growth technique, laser damage thresholds ranging from about 100 MW/cm? have been
reported [35]-[37]. Therefore, the low input laser intensity (< 100 MW/cm?) is suitable to
avold gray-tracking problems of KTP crystals in this scheme.

5. PROSPECTS FOR HIGH ENERGY AND HIGH AVERAGE POWER OPERATION
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Various nonlinear optical crystals have been developed for frequency doubling
of 1064-nm Nd:YAG laser. Among these, KTP, LiB,;O; (LBO), B-BaB,0, (BBO) and KD,PO,
(DKDP) are most widely used [21]. Though the former three crystals, KTP, LBO and BBO
have large effective nonlinear coefficients [20], [21], [25], [28], their small crystal sizes are
not suitable for the SHG of high power lasers for which a large laser beam diameter is
typical. The DKDP crystal can be grown to a large single crystal possessing high optical
quality and has high laser-induced damage threshold [21]. DKDP is therefore, still widely
used in most high power laser systems. The CLBO crystal is a recently discovered borate
crystal [38). The crystal can be grown to large sizes in a relatively short period. The CLBO
crystal is transparent below 200 nm and therefore has been used for the generation of
fourth and fifth harmonics of the Nd:YAG laser. However, the CLBO crystal also
possesses some attractive properties for SHG of the 1064-nm Nd:YAG laser as compared
with DKDP crystal. Table 1 lists the nonlinear parameters for SHG of the 1064-nm
Nd:YAG laser in DKDP and CLBO [11], [21], [39]. As seen, DKDP has a large angular
bandwidth compared to the CLBO crystal. However, CLBO has a large effective nonlinear
coefficient and large temperature bandwidth. The CLBO crystal also exhibits a high
laser-induced bulk damage threshold, as measured by a 1 ns 1064-nm Nd:YAG laser pulse.
The spectral bandwidths and walk-off angles for the CLBO and DKDP crystals are rather
similar. For high power and high repetition rate SHG, the small nonlinear coefficient and
narrow temperature bandwidth limit the use of DKDP crystal. The small angular
bandwidth does not limit the use of the CLBO crystal because the large cross—section of
the crystal allows the use of a large beam, which minimizes the angular divergence of the
beam.Further more the high effective nonlinear coefficient of CLBO enables a short
crystal length to be used, which minimizes angular dephasing. Yap et al. demonstrated
experimentally that the SHG performance of 1064-nm Nd:YAG laser using the CLBO
crystal is superior to that using the DKDP crystal. These results indicate that the CLBO
crystal is suitable for SHG of high power and high repetition rate Nd:YAG laser.

The experimental setup is shown in Fig. 7. The experiment was carried out by
introducing a beam from a custom-built high power Q-switched 1064-nm Nd:YAG laser
system, operated at a repetition rate of 10 Hz [40], [41]. This laser system has a single-
pass master oscillator power amplifier (MOPA) architecture (Fig. 8). In the system a
single-longitudinal-mode master oscillator generated pulses of about 13 ns duration and
180 mJ energy that were then shaped by a ~5.8 mm soft aperture to flat-top profile in
space. The image of the soft aperture was relayed by means of a spatial filter which
reduced the diffractive growth of spatial irradiance noise [42] through a pre-amplifier.
The beam was then split into two parallel chains of larger size single—-pass main-amplifiers.

Gain isolation was provided by Pockels cells placed between the pre-amplifier and the
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main-amplifier 1, and the main-amplifier 2 and main-amplifier 3. Faraday rotators were
used to prevent pulses from propagating backward down the laser chain, placed between
the oscillator and the pre-amplifier, the prec-amplifier and the main-amplifier 1, the
main-amplifier 2 and the main-amplifier 3. The laser pulse from the oscillator was
amplified in the pre-amplifier to ~700 mJ. The beam diameter after pre-amplifier was
expanded to double its size to suit the larger diameter main-amplifier. The four main-
amplifiers per chain were connected with each other by three image relay telescopes,
which enabled them to propagate a laser beam with uniform intensity profile while
avoiding damage to the optics. Also, compensation techniques using 90° quartz rotator
were used to reduce thermal birefringence effects in the main—-amplifiers. The laser pulse
from the oscillator was amplified to ~7 J per chain with the four main-amplifiers whose
performance per chain is summarized in Table II. The temporal profile of the beam from
the system was observed to be smooth and near Gaussian, and the spatial profile near
flat-top. For the present experiment we used one of the two main-amplifier chains in the
system. The beam diameter was 10.9 mm at which the power density is decreased to 1/e?
of its peak value and the pulse duration about 13 ns (FWHM) in this experiment.

Each CLBO crystal (KOGAKUGIKEN Co., Ltd) had a cross section of 18 mm X 18
mm and length of 10 mm and had no anti-reflection coatings. Each crystal was oriented
for type II SHG of the input fundamental laser and was housed in a heater with a
proportional-integral-derivative (PID) controller. The crystals were maintained
constantly at 160 C with an accuracy of 0.1 C and were argon gas purged in order to
avoid their degradation due to stresses introduced by crystal hydration, cutting,
polishing, and thermal shock owing to laser power absorption [43]. The temperature-
ramping rate was fixed at 2.3C/min. The windows of the heaters were anti-reflection
coated at both 1064-nm and 532-nm. Each heater was mounted on a rotation stage for
optimizing the angle between the input beam and the crystal.

The p-polarized input fundamental laser beam was passed through an optical
isolator which provided sufficient optical isolation between the high power Q-switched
Nd:YAG laser and the frequency conversion part. As shown in Fig. 7, image relay
telescopes were used to transport the input laser beam to the dichroic mirror D, after the
CLBO crystals with a flat-top spatial profile while avoiding damage to the optics. The two
CLBO crystals were placed in close proximity to each other at near the dichroic mirror D,.
The input laser beam was passed through the quadrature scheme a total of two times and
the second-harmonic output beams generated were extracted through the dichroic
mirrors D, and D,. The pulse energies at 532-nm and 1064-nm, respectively, were
measured by a calibrated power meter.

Figure 9 shows the total 532-nm second-harmonic output pulse energy for the

dual second-harmonic output beams as a function of the input 1064-nm fundamental



JAERI-Research  2001-030

laser pulse energy. The energies of the second-harmonic outputs emitted through each
dichroic mirror D, and D, are also indicated. As mentioned before, there was no
compensation for optical losses such as reflection, absorption and scattering of the
crystals, and transmission losses of the dichroic mirrors D, and D,. As seen from the figure,
a total maximum second-harmonic output pulse energy of 2.73 J was obtained with 3.27 J
of the input 1064-nm fundamental laser pulse energy at 10 Hz, corresponding to an
average second-harmonic output power of 27.3 W. No power saturation was observed
within the investigated power range.

Figure 10 shows the second-harmonic conversion efficiencies defined as the
green energy outputs divided by the fundamental energy input, as a function of the input
1064-nm fundamental laser intensity. As can be seen in this figure, a total maximum
second-harmonic conversion efficiency of 83 % was achieved with an input laser intensity
of 330 MW/cm?. As before, the intensity was calculated from the measured values of pulse
duration, pulse energy, and beam diameter. The ability of CLBO crystals for efficient high
power SHG of the Nd:YAG laser in a two-pass quadrature scheme was thus clearly
demonstrated. The CLBO crystal has an extremely high damage threshold without the
limitations such as gray-tracking.

In addition, the calculated conversion efficiency for a four-pass case was
estimated to be 90 % based on the coupled equations described in Section II. Figure 11
shows the calculated performance for SHG of the 1064-nm Nd:YAG laser using CLBO
crystals in a four-pass quadrature scheme together with the calculated and measured
SHG conversion efficiencies in a two-pass quadrature scheme. The calculation assumed a
beam divergence of 0.5 mrad and a pulse duration of 13 ns (FWHM). The profiles of time
and space are assumed to be Gaussian and flat-top, respectively. The optical losses of the
crystals and other optics such as reflection, transmission and Fresnel losses are also
assumed. The effects due to beam walk-off and bulk absorption are small and therefore
neglected. As shown in Fig. 11, the calculations for two-pass quadrature scheme are in
good agreement with the experimental data which lends credibility to the possibility of
achieving 90 % efficiency in the case of a four-pass quadrature scheme with an input

fundamental laser intensity of about 500 MW /cm?.

6. CONCLUSION

We have demonstrated efficient SHG of a 1064-nm Nd:YAG laser in a multi-pass
quadrature scheme for pumping a high peak power, ultrashort pulse Ti:sapphire laser
system. A conversion efficiency in excess of 80 % has been achieved with KTP at a low

input fundamental laser intensity of 76 MW/cm? in a four-pass quadrature scheme. For an

_9_
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input fundamental pulse energy of 607 mlJ, 480 mJ of total SHG pulse energy was obtained
at a repetition rate of 10 Hz. In a high power SHG experiment, a second-harmonic pulse
energy of 2.73 J at 10 Hz was generated in CLBO with 83 % efficiency at an input
fundamental laser intensity of 330 MW/cm? in a two-pass quadrature scheme. The large
nonlinear coefficient and temperature bandwidth along with the large cross-section
makes the CLBO crystal an excellent choice for efficient SHG of a high power and high
repetition rate Nd:YAG laser. This scheme is currently being applied for pumping of a 40
mm diameter Ti:sapphire amplifier [15], [40],[41] in order to produce > 3 J of 800 nm
radiation. The successful operation of this SHG scheme gives us the confidence that it is

applicable and scalable to the design of high powered laser systems.
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532-nm second-harmonic output pulse energy [mJ]

Fig.5
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total 532-nm second-harmonic output energy emitted through both dichroic
mirrors D; and D, versus the input 1064-nm fundamental laser energy in a
four-pass scheme using KTP crystals. The energy emitted through each dichroic
mirror D, and D, are also shown.



Fig.6

532-nm second harmonic conversion efficiency [%]
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total 532-nm second-harmonic conversion efficiency of beams emitted through
both dichroic mirrors D, and D, versus the input 1064-nm fundamental laser
intensity in a four—-pass quadrature scheme using KTP crystals. The efficiency of

beam emitted through each dichroic mirror D, and D, are also shown.
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532-nm second-harmonic output pulse energy [J]

Fig.9
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total 532-nm second-harmonic output energy emitted through both dichroic
mirrors D, and D, versus the input 1064-nm fundamental laser energy in a
two—~pass quadrature scheme using CLBO crystals. The energy emitted through

each dichroic mirror D, and D, are also shown.



532-nm second harmonic conversion efficiency [%]

Fig.10
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