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We have demonstrated the generation of a high—energy green laser pulse using
large aperture CsLiBO;, (CLBO) crystals. A pulsed energy of 25 J at 532-nm was
generated using the 1064-nm incident Nd:glass laser radiation with an energy of 34 J.
High conversion efficiency of 74 % at intensities of only 370 MW /cm? was obtained using
a two-stage crystal architecture. This result reperesents the highest green pulse energy
ever reported using the CLBO crystals. We discuss in detail the design and performance of
SHG using CLBO crystals.
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1. INTRODUCTION

Nonlinear optical crystals provide a means of extending the frequency range of
available laser sources.!? High power green lasers based on second- harmonic generation
(SHG) of near-infrared solid-state lasers are promising for use as pump sources for
Ti:sapphire chirped pulse amplification (CPA) systems. 3® At present the major crystals
commonly used for SHG of neodymium-doped lasers are KTiOPO, (KTP), LiB;O; (LBO),
B-BaB,O, (BBO) and KH,PO, (KDP). Though the first three crystals, KTP, LBO and BBO
have large effective nonlinear coefficients,? their small crystal sizes (~1 cm?® do not
permit SHG of high energy lasérs for which a large laser beam diameter is typical. The
output 'SHG energies of the systems using these crystals are therefore limited to several
hundred miljjoules. The KDP crystals can be grown to a large size & 30 cm aperture)
possessing high optical quality.® KDP is therefore, still widely used in most high energy
(tens of Joules or more) laser systems with a sacrifice of lower conversion efficiency
mainly because of its small effective nonlinear coefficient. In order to obtain a modest
conversion efficiency of about 50 % using the KDP crystal, the high input laser intensity
level of several GW/cm? is required and thus close to the damage threshold of optical
materials.”

The CsLiBgO,, (CLBO) crystal is a recently developed borate crystal which can
be easily grown to large sizes.® The crystal is transparent below 200 nm and has therefore
been used for generation of fourth and fifth harmonics of the neodymium-doped lasers.?
The CLBO crystal is also phase matchable for SHG of neodymium~doped lasers and offers
some attractive nonlinear properties as compared with KDP crystal.21° For type II phase
matching at a pump wavelength of 1064-nm, CLBO has a larger effective nonlinear
coefficient (d.y) and temperature bandwidth. The de4 for CLBO and KDP are 0.95 pm/V

“and 0.38 pm/V, respectively. The temperature bandwidths for CLBO and KDP are 43.1°C
-cm and 19.1 "C-cm, respectively. A larger dey value reduces the input laser intensity for
a given SHG efficiency and also enables a shorter crystal to be used in which minimizes
angular dephasing. For example, a SHG conversion efficiency of over 50 % with a green
pulse energy of 1.55 J has been reported using the CLBO crystal with an input laser
intensity of 360 MW /cm?2.1! This intensity is much lower than the several GW/cm? levels
used in previous work using the KDP crystal.” The large temperature bandwidth enables
the crystal to be used at high average powers without significant degradation of
performance. The KDP crystal has a wide angular bandwidth of 3.4 mrad-cm as
compared with 1.7 mrad-cm for the CLBO crystal. The small angular bandwidth of CLBO
is not, however, a limitation as its large d.s value allows the use of a larger low divergence
input beam at lower intensities. The walk—off angles for the CLBO and KDP crystals are
rather similar. CLBO crystal dimension of 14X 11X 11 cm? has been demonstrated in short
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period, only three weeks and thus extra large crystal dimension is technically possible
with current growth technologies. The CLBO crystal has therefore, the potential to
generate high energy SHG of large aperture neodymium-doped lasers with high
conversion efficiency.

In this paper we report on the generation of a high green pulse energy of 25 J
with an incident energy of 34 J of Nd:glass laser using large aperture CLBO frequency
doublers, corresponding to an energy conversion efficiency of 74 %. To the best of our
knowledge this is the highest green output pulse energy ever produced using CLBO
crystals.

2. MODEL OF SECOND-HARMONIC GENERATION
2.1 THEORY OF CONVERSION EFFICIENCY FOR SECOND-HARMONIC GENERATION

In order to gain a better understanding of the behavior of SHG éonversion
efficiency, we have used a numerical model based on the coupled wave equations for SHG
of a monochromatic plane wave. The derivation of these equations and their solutions are
given in detail in the original paper of Armstrong et al..!2 It is assumed that the beam
remains locally plane over small regions, so that the plane wave solution for SHG may be
used locally at each temporal and spatial point. It is also assumed that a constant value
may be assigned to the dephasing across the entire beam.

The coupled wave equations for SHG are given by1%13

3 .

_E_l _CEIZeth, (1)
dz

9E, _ ~CE,E, e'*, (2)
0z

C=5.46d, / Alnp,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, de is the effective nonlinear
coefficient, A, is the input fundamental laser wavelength, and n, are refractive indices.
The amplitudes are scaled as |E, |2 = I, where I is the intensity. d.s and A, are in units
of pm/V, and um, respectively, so that the units of C is in GW-1/2, The notation used here



JAERI—Research 2002—020

is identical to that found in Ref 13.

The local conversion efficiency at a particular temporal and spatial location of the
beam may be written as a function of the local drive, 7n,, and the dephasing, ¢!2. 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?!?

e tanhz[% tanh™ (sn[27,7, 1+6° / 4n )], (4)

1, = CUL?, (5)
1

§==AK, 6
; (6)

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.®® Therefore, the Ak can
be calculated as

Ak = B,A8, (_7)

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

The familiar solution of the coupled wave equations for zero wave vector
mismatch or for negligible 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

7= tanh (132 ). (8)

When the depletion of the input fundamental laser is small, we have 7, <1, and equation

(4) becomes
1="1,(sin 8 /8)’. ' (9)

When the input fundamental laser fields have temporally and spatially Gaussian profiles,
the following equation is more appropriate:

El(r’t) = E, exp[-(t /':o)2 —(r/ro)z I (10)

_3_
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where t; is the pulse width and r, is the beam radius.

For most of the pulsed laser source, the input fundamental laser field has a
temporally Gaussian profile. In this case, the input laser pulse must first be divided into a
sequence of steps in time, with each step containing some known fraction of the total
input fundamental laser energy. The above plane wave model can then be applied
individually to eaéh step, using the average intensity over the step size as the input
fundamental intensity. In our case, the Gaussian profile was divided into several hundred
steps of equal length in time. The contributions of each time step must be summed to
obtain the total second harmonic enérgy generated in the first crystal. In the case of the
second crystal in the quadrature scheme, each step in time of input laser pulse depleted in
the first crystal must be applied to obtain the total second harmonic energy generated in
the second crystal because the input laser beam unconverted in the first crystal is reused
for further frequency conversion in the second. Then the second-harmonic fields in each
crystal are assembled to obtain the total second harmonic energy generated in the two-
stage architecture.

These equations allow us to estimate the harmonic conversion under ideal
conditions and to anticipate certain potential problems such as a reversal of the power
flow. With the equations, we have calculated the performance of the high energy SHG
experiments described in Section 4.

2.2 SECOND-HARMONIC GENERATION IN CLBO

The most significant limitation to high efficiency frequency conversion of high
energy pulsed laser fields is the back-conversion of the second-harmonic to the fundamental.
The SHG conversion efficiency increases until a particular optimum crystal length for a given
input fundamental laser intensity. Thus we optimized the both CLBO crystal lengths in the
two-stage architecture for an input 1064-nm laser intensity of 400 MW/cm? for reliable
damage-free operation. We have considered there the less specialized beams typical of
tabletop laser systems as the pump laser in order to evaluate the SHG performance. The
calculation assume a beam divergence of 0.5 mrad and a pulse duration of 20 ns FWHM). The
profiles of time and space are assumed to be Gaussian and flat-top, respectively. For simplicity
the optical losses of the crystal and other optics are neglected. The effects of beam walk-off
and bulk absorption are also neglected. We have also considered the two-stage architecture in
order to achieve high conversion efficiency and to minimize back-conversion. Figure 1
shows the calculated. total second-harmonic conversion efficiency as a function of input
1064-nm fundamental laser intensity in the two-stage architecture. Both first and second

crystals are optimized for their lengths by using above model. The calculated optimum lengths
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of the first and second crystals are 10.5 mm and 15.5 mm respectively. It is seen that the total
second-harmonic conversion efficiency saturates rapidly at over 80 % for an input laser
intensity of about 400 MW /cm2. For an input intensity of only 400 MW/cm? the conversion
efficiency predicted is as high as 82 %. The calculated suggests that high conversion efficiency

is possible with low input fundamental laser intensity.

3. EXPERIMENTAL SETUP

The SHG experiments were carried out using a custom-built high power flash-
lamp pumped Nd:silicate glass laser system. The schematic of the experimental setup is
shown in Fig.2. This laser has a single-pass master oscillator power amplifier (MOPA)
architecture. In the system a long-cavity single-longitudinal-mode 1064-nm Nd:YAG
master oscillator generated pulses of about 25 ns (FWHM) duration and 200 mJ energy
that were then shaped by a soft aperture to flat-top spatial profile. The shaped pulses -
were then amplified to 800 mJ by a Nd:YAG rod pre-amplifier of 9 mm diameter. The
energy was further increased in a chain of 16, 25 and 45 mm diameter Nd: silicate glass
rod amplifiers to approximately 60 J. Spatial filters were used at appropriate locations in
the amplifier chain in order to reduce the intensity nonuniformity due to Fresnel
diffraction. A pair of Faraday rotators were also used to prevent pulses from propagating
backward down the laser chain, placed between the pre-amplifier and the 16 mm glass
rod amplifier, and between the 16 mm and 25 mm glass rod amplifiers, respectively. The
output temporal profile was observed to be smooth and near-Gaussian, and the spatial
profile almost flat-top.

We employed a two-stage CLBO crystal architecture in order to achieve high
conversion efficiency and to minimize back-conversion.-A dichroic mirror placed between
the two crystals separated the high power green output of the first crystal from the
unconverted fundamental beam in which avoided Fresnel reflection losses of the high
peak power green output in the second crystal. The dual green outputs enable the
Ti:sapphire amplifier to be pumped from both sides of the Ti:;sapphire crystal at lower
fluence levels which avoids optical damage to the crystal faces. The individual linear
polarized beams are then suitably rotated using A /2 plates for correct orientation to the
Ti:sapphire crystal in order to obtain sufficient absorption. The first and second CLBO
crystals (KOGAKUGIKEN Co., Ltd) each had a cross—section of 30 mm X30 mm and their
lengths were 11.5 mm and 15.5 mm, respectively. These lengths were optimized using a
numerical model based on the coupled wave equations described in Section 2. The
calculations assume a beam divergence of 0.4 mrad and a pulse duration of 20 ns (FWHM).

The profiles of time and apace are assumed to be Gaussian and flattop, respectively. All

__.5___
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optical losses of the crystal and other optics are considered. Both crystals had no anti-
reflection coatings. Each crystal was orientated for type II SHG of the 1064-nm input
fundamental laser and was housed in a heater fitted 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.!* The temperature ramping rate was fixed at 2.3 *C/min. Each
heater was mounted on a precision rotating stage for optimizing the angle between the
input beam and the crystal. The output beam from the glass rod amplifier chain was
down-collimated to ~25 mm diameter in order to introduce it into the CLBO crystals. In
all of our experiments described in this paper the temporal character of the input 1064-nm
beam was monitored using a photo-diode, the incident beam energy was determined
using calibrated power meter and the spatial profile was measured using charge-coupled
device (CCD) camera. The output energy and spatial profile of green beam generated in
each crystal were also measured using the calibrated power meter and CCD camera,
respectively.

4. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 3 shows the total 532-nm second-harmonic ocutput pulse energy from the
two crystals as a function of the input 1064-nm fundamental laser pulse energy. The
second-harmonic output energies from each crystal are also indicated in this figure.
There was no compensation for optical losses due to reflection, absorption, and scattering
of the crystals. A maximum total second-harmonic output pulse energy of 25 J was
obtained with 34 J of input 1064-nm funhdamental laser pulse energy.

Figure 4 shows the measured and calculated 532-nm second-harmonic energy
conversion efficiencies plotted as a function of the input 1064-nm laser intensity. A
maximum conversion efficiency of 74 % was achieved for the dual outputs with an input
laser intensity of 368 MW/cm?. This intensity, which was calculated from the measured
values of pulse duration, pulse energy and beam diameter, is much lower than the several
GW/cm? levels used in previous work using the 10 cm aperture KDP crystal.” The solid,
dashed and dotted curves in Fig. 4 are obtained from the coupled wave equations
described in Section 2. It is seen that the experimental data are well fitted to the
calculations. The agreement between the calculation curves and the data points shown in
this figure indicates that our model should be able to predict the performance of a
second-harmonic generator.

The results clearly demonstrate the fact that CLBO crystal is suitable for efficient
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SHG of high power neodymium-doped lasers at low input intensities. The high efficiency
enables effective use of energy as well as hardware. The low input intensity of less than
500 MW/cm? avoids intensity—-dependent damage of the nonlinear crystals and other
optical components. |

Figure 5 shows the near-field spatial profiles of the second-harmonic beam from
each crystal. The intensity distribution along the vertical and horizontal cross—-sections of
these beams is also shown. The near-field spatial profiles were imaged by a CCD camera
through a set of image-relay optics. The beam profiles had near homogeneous flat-top
spatial intensity distribution which are suitable for pumping the Ti:sapphire amplifiers
without optical damage of the Ti:sapphire crystal.

5. CONCLUSION

In conclusion we have obtained 25 J of total SHG energy from 34 J of incident
1064~nm laser pulse energy using the two-stage CLBO crystal architecture. The energy
conversion efficiency as high as 74 % was achieved with an input laser intensity of only
368 MW/cm?. This scheme can be easily scaled up in energy by increasing the sizes of
CLBO crystals to accommodate larger input fundamental laser beam cross—section. These
experiments clearly demonstrate that the CILBO crystal, with its excellent nonlinear
properties as well as availability in large sizes, is highly useful for the SHG of high-energy
neodymium-doped lasers. This scheme is currently being applied for pumping an 80-mm
diameter Ti:sapphire amplifier with an object to produce more than several hundred
terawatt of 800-nm radiation.
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BHE 1m?*/s=10'St( X + — 7 ) (cm¥/s) 6.89476 x 107° | 7.03070 x 10~? | 6.80460 x 1072 51.7149 1
x| J(=10"erg) kgl m kW-+h cal (Gt&#) Btu ft « Ibf eV 1cal = 4.18605 J (Gt&Ek)
3
w 1 0.101972 | 277778 x 1077 |  0.238889 | 9.47813 x 10~* 0.737562 | 6.24150x 10*® =4.184J (@)
&
1 9.80665 1 272407 x10°% | 2.34270 9.29487 x 1072 7.23301 6.12082x 10" =4.1855J (15 °C)
% 36x10° | 3.67098 x 10° t 859999 x 10° 3412.13 2.65522 x 10° | 2.24694 x 107 =4.1868 J (HERRESR)
- 4.18605 0.426858 | 1.16279 x 10~ 1 3.96759 x 10~* 3.08747 261272x10"”  Hmz: 1pS (LEFH)
® 1055.06 107.586 2.93072 x 10~* 252.042 1 778.172 6.58515 x 102! =75 kgf-m/s
1.35582 0.138255 | 376616 x 1077 | 0323830 | 1.28506 x 10~* 1 846233 % 10'® =735.490 W
1.60218 x 107* | 1.63377 x 10°%] 4.45050 x 1072¢| 382743 x 10" | 151857 x 10°2*| 1.18171 x 10" ** 1
® Bq Ci )74 Gy rad 2 C/kg R 2 Sv rem
5t % 5 B
1 2.70270 x 104! ) 1 100 ] 1 3876 =] 1 100
134 B b7 ¢ B
3.7 x 10% 1 0.01 1 2.58 x 10~ 1 0.01 1

(86 12 A 26 BERAL)



High Efficiency, High Energy Second-harmonic Generation of Nd : glass Laser Radiation in Large Aperture CsLiBsO1o Crystals
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