Appl. Phys. B 72, 839-842 (2001) / Digital Object Identifier (DOI) 10.1007/s003400100575

Applied Physics B
Lasers
and Optics

The optimum configuration for the third-harmonic generation

of 1.064 pm in a YCOB crystal

Z. Wang*, K. Fu, X. Xu, X. Sun, H. Jiang, R. Song, J. Liu, J. Wang, Y. Liu, J. Wei, Z. Shao

State Key Laboratory of Crystal Materials, Shandong University, Ji’nan 250100, Shandong, P.R. China

Received: 11 September 2000/Revised version: 25 January 2001/Published online: 27 April 2001 — © Springer-Verlag 2001

Abstract. A method of determining the spatial configuration
of a YCasO(BOs3)3 (YCOB) crystal is introduced. The type-
I phase-matching points for the sum-frequency of 1.064 um
and 0.532 pm, as well as the conversion efficiency for YCOB
samples cut in different directions, have been measured.
When the input intensity is 0.76 GW /cm?, the third-harmonic
generation (THG) conversion efficiency for the (106°, 77.2°)-
cut YCOB crystal reaches 26.2%, which is the highest that we
know so far. Both the calculations and the experiments show
that the optimum THG configuration for a YCOB crystal is
near (106°, 77.2°), or other equivalent directions in space.

PACS: 42.65.Ky; 42.70.Mp

Recently, visible and UV lasers have been in great demand
for many applications, e.g. laser processing, optical data stor-
age, and medical treatment. To obtain such lasers, frequency
conversion of solid-state lasers by using a non-linear opti-
cal (NLO) crystal is an efficient method. Nowadays the most
widely used NLO crystal for second-harmonic generation
is KTP (KTiOPQy). For UV laser-beam generation, LBO
(LiB30Os) and B-BBO (B-BaB,04) play the main roles, but
the difficulty of growth and hygroscopicity have limited their
applications.

During the last few years, there has been great inter-
est in the new NLO material of ReCasO(BO3); (ReCOB)
(Re =Y, Gd). In 1997, Aka et al. reported the linear- and
non-linear-optical properties of GdCOB [1]. Later, Iwai et al.
introduced the growth of YCOB and GdCOB, as well as some
optical characterizations, including the transmission, refrac-
tive indices, and frequency-doubling property [2].

Since these two crystals melt congruently, they can be
grown rapidly by the Czochralski method, and it is easy to get
a large crystal with high optical quality. Other famous non-
linear crystals, such as KDP, KTP, LBO, and $-BBO, do not
possess this advantage. The laser damage threshold of Gd-
COB reaches 1 GW/cm? when the incident pulse is 7-ns long

*Corresponding author.

Postal address: Institute of Crystal Materials, Shandong University, Ji’nan
250100, Shandong, P.R. China.

(Fax: +86-531/856-5403, E-mail: zshao@icm.sdu.edu.cn)

at 532 nm, which is similar to that of BBO [1]. Furthermore,
ReCOB has other attractive properties such as wide transmis-
sion band, large phase-matching range, non-hygroscopicity,
and good mechanical properties, which allow easy polishing.
All these properties make ReCOB a promising crystal in the
frequency-conversion domain.

From the Sellmeier equations of YCOB and GdCOB
crystals [1,2], we know that YCOB can reach type-I phase
matching for the sum-frequency of 1.064 pm and 0.532 pum,
while GdCOB can not. Another advantage of YCOB is
that the transmission limit can be as short as 200 nm,
while for GACOB there are several sharp absorption peaks
in the region of 200-320 nm. In this way it can be said
that a YCOB crystal is more suitable for UV laser-beam
generation. In 1999, Yoshimura et al. reported the third-
harmonic generation of 1064nm in a YCOB crystal cut
in the XY principal plane, and the THG conversion effi-
ciency was about 2.5% [3]. In a previous work, we have
improved this value to 9.8% by a 7-mm-long, (90°, 73.8°)-
cut YCOB crystal [4]. Because YCOB belongs to a low
symmetric monoclinic crystal system, its maximum def (ef-
fective non-linear coefficient) is not in the principal planes,
but in a general spatial direction. Searching for this direc-
tion is helpful to get a higher THG conversion efficiency,
and the potential in this application of the crystal will be
explored effectively. According to the second-order non-
linear-optical susceptibilities of YCOB, we have fitted the
spatial distribution curve of d.g for the THG of 1064 nm.
This distribution rule is proved by the following experi-
ments on four YCOB samples. When the input intensity
is 0.76 GW/cmz, the THG conversion efficiency of (106°,
77.2°)-cut YCOB reaches 26.2%, which is the best result
that we know so far. Though Yoshimura et al. have achieved
the non-critical THG phase matching of 1064 nm with a
Gd,Y—,COB (x =0.24) crystal, the THG conversion ef-
ficiency is no more than 15% [3]. Furthermore, we have
found the mixing parameter x will be quite different when
the growth conditions change. When x is in the range of
0.2 —0.8, the quality of Gd,Y;_xCOB is harder to guaran-
tee, as compared with pure YCOB or GdCOB. A detailed
discussion on Gd,Y;_,COB will be reported in another pa-
per. Above all, we have proved that the optimum THG
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direction of YCOB is near (106°, 77.2°), or other equivalent
directions in space.

1 Determination of spatial configuration

For NLO crystals, the magnitude of d.s has a crucial in-
fluence on the frequency-conversion process. YCOB has the
point group m and the space group C,,. The symmetry of ds¢
is 2/m, and two independent quadrants are needed to deter-
mine its complete distribution. In the processing course of
YCOB, the method of how to confirm the spatial direction is
very important.

In this paper we use polar coordinates to define the spatial
direction, which coincides with the usual convention. Each
direction K is expressed in the form of (6, ¢), where 6 is the
polar angle and ¢ is the azimuthal angle. This definition is
shown in Fig. 1, where X, Y, Z are the main refractive-index
axes observing the rule nx < ny < nz. For monoclinic biax-
ial crystals such as YCOB, the main refractive axes (X, Y, Z)
do not correspond to the crystallographic axes (a, b, c¢). The
orientation relationship has been reported by Ye and Chai [5],
and here we show it in Fig. 1.

Three reference planes are needed for the determination of
a spatial configuration, and it is necessary especially for the
low-symmetric crystals. For YCOB we chose (010), (201),
(202) as our reference planes. With the unit-cell constants of
a YCOB crystal reported by Iwai et al. [2], the angle between
the (202) plane and the X-axis is calculated to be 45°, so the
angle between N and the X-axis is 45°, where N is the nor-
mal direction of the (202) plane. In the orthogonal reference
frame decided by X, Y, and Z, the directional cosines of vec-
tor N are (cos45°, 0, sin45°) and the directional cosines of
vector K (6, ¢) are (sin 6 cos ¢, sin 8 sin ¢, cos 8). From know-
ledge of analytic geometry, the angle between N and K is

Y = arccos(cos 45° sin 6 cos ¢ + sin 45° cos 6) (D)

as shown in Fig. 1. According to the same principle, the other
two angles are

¥, = arccos(cos 25° sin 6 cos ¢ — sin 25° cos 6) 2)
Y3 = arccos(— sin A sin ¢) , 3)
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Fig. 1. Reference diagram for the processing of YCOB crystal

where ¥, is the angle between the normal direction of the
(201) plane and K, and ¥; is the angle between the normal
direction of the (010) plane and K. The angles between the
transparent plane (perpendicular to K) and reference planes
are used in the processing procedure, and they are supple-
mentary angles of ¥, ¥,, and ¥s. By these relationships,
we can process crystal samples cut in any spatial direction.
For other NLO crystals, not all the three reference planes are
needed because they are attributed to a higher symmetric sys-
tem, and it makes the processing course easier than that of
YCOB.

2 Measurement of THG phase-matching angle

The experimental setup is shown in Fig. 2. The fundamental
light is provided by a PY61 Nd: YAG picosecond laser, which
was manufactured by the Continuum Corp., USA. Its working
wavelength is 1064 nm, the repeat frequency is 10 Hz, and the
pulse width is 35 ps. To improve the quality of the input light,
a diaphragm (¢ = 2.5 mm) is set before the crystal sample.
A filter (T =73% at 355nm, T < 1% at 1064 nm, 532 nm)
is placed between the crystal and the energy meter to block
the first- and the second-harmonic laser beams. A 5-mm-long
KTP crystal is used to generate the doubling frequency of
1064 nm. The dimensions of the YCOB crystal used in this
experiment are 20 x 7 x 15 mm?. The Y plane is polished, but
uncoated. The X and Z planes are processed to be side planes,
respectively. This crystal is mounted on a Fedorow table that
can be adjusted to any direction in space.

The measured phase matching (PM) points are shown in
Fig. 3. The PM point in the XY plane is (90°, 73.8°), and in
the YZ plane is (59.8°, 90°). These points are fitted to curve a,
as shown in Fig. 3. Based on the two sets of Sellmeier equa-
tions published before [2, 6], we calculate the PM curves for

Nd:YAG laser diaphragm KTP YCOB filter power meter

Fig. 2. Experimental setup for the measurement of the phase matching
points and the sum-frequency conversion-efficiency
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Fig. 3. Type-I phase-matching curves for THG of 1064 nm in YCOB



a type-I sum-frequency of 1064 nm—+ 532 nm — 355 nm in
YCOB, as b and c in Fig. 3. The experimental curve is located
between the two calculated curves, indicating that the practi-
cal index in the ultraviolet region has some discrepancy with
both the two Sellmeier equations.

3 The spatial distribution of effective non-linear
coefficient

As far as the Kleimann symmetry is concerned, the contracted
matrix of non-linear coefficients [di,] can be expressed as
follows:

dy dip diz 0 dy 0
0 0 0 dyp 0 dp]). 4)
dy dyp dyz 0 diz O

Scaling all these non-linear coefficients is complicated
work. In Chen et al. [7], they have been determined as
follows: dj; = 0.056pm/V, dp; = 0.128pm/V, dj3 =
—O.186pm/V, d31 :OlSlpm/V, d32 = 136pm/V, d33 =
—0.93pm/V, where di1, d12, di3, d3; are theoretical values
calculated from complete neglect of differential overlap
(CNDO) programs, and d3;,d3; are experimental values
obtained from the Maker Fringes measurement. The signs
of dx, ds; are determined from CNDO programs. A fur-
ther calculation indicates that the largest des for second-
harmonic generation (SHG) in YCOB is in the region of
(90° < 6 < 180°,0° < ¢ < 90°), which has been proved by
experiments. By the PM SHG method, Mougel et al. [6]
have also measured some non-linear coefficients, i.e. d1», d31,
and d3;. Their results appear larger than those reported
by Chen et al. The origin of this discrepancy may come
from the use of different methods. To clarify this, further
theoretical and experimental research work needs to be
performed.

Because the dj; data reported by Chen et al. are more in-
tegrated, and the SHG property speculated from them has
been proved successfully, here we use them in the following
calculation. Associating them with the two sets of Sellmeier
equations [2, 6], we fit the spatial distributions of |d.g| for
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Fig. 4. The distribution of |desf| for the THG of 1064 um in YCOB
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THG in YCOB, as shown in Fig. 4. The non-linear coeffi-
cients we used are determined by SHG experiments, and in
fact the magnitude of them depends on the wavelengths of the
interacting waves; so the calculated results may be somewhat
different from the actual situation. Nevertheless, the varying
trend of d. is considered to be reliable. Both curves exhibit
that the maximum degr is not in the principal planes or the
first quadrant (90° > 6 > 0°, 90° > ¢ > (0°), but in the second
quadrant (180° > 6 > 90°, 90° > ¢ > 0°). defr in the XY plane
is larger than that in the YZ plane, which has been proved by
our prior experiment [4].

4 THG experiments on different YCOB samples

From curve a in Fig.3, we choose four points to pro-
cess the crystal samples, which are (65°, 82.8°), (90°,
73.8°), (106°, 77.2°), and (111°, 79.6°). All these crys-
tals are 10.4mm in length, and their transmission ends
are polished. The experimental setup has been shown in
Fig. 2. The THG output is measured, and the results are
shown in Figs. 5 and 6. From these figures we know that
(106°, 77.2°)-cut YCOB has the largest THG output. When
the input intensity is 0.76 GW/cm?, its THG conversion
efficiency reaches 26.2%. As far as we know, it is the
best result for a YCOB crystal reported to date. For the
(111°, 79.6°)-cut YCOB and the (90°, 73.8°)-cut YCOB,
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the conversion efficiency is lower. For the (65°, 82.8°)-
cut YCOB, the conversion efficiency is the lowest (< 5%).
Generally, the THG output of these crystals is consistent
with the distribution rules shown in Fig. 4. Both the ex-
periments and the calculations have shown that the max-
imum deg is near the direction of (106°, 77.2°), or other
equivalent regions. When the input intensity is larger than
1 GW/cm?, the THG conversion efficiency decreases gradu-
ally. The explanation of this phenomenon can be found in the
literature [8—11].

5 Conclusion

In this paper we report research on the sum-frequency for
1.064 um + 0.532 pum — 0.355 wm in a YCOB crystal. The
type-1 PM points, as well as the THG conversion efficiency of
different YCOB samples, have been measured. When the PM
angle is 6 = 106°, ¢ = 77.2°, the THG conversion efficiency
reaches 26.2% under the input intensity of 0.76 GW/cm?,
which is the best result for a YCOB crystal reported so far.
Our experiments and calculations have shown that the max-
imum deg for this sum-frequency is near the direction of
(106°, 77.2°) in the second quadrant, or its equivalent direc-
tions in other quadrants. We believe that our research result
is helpful for the further research and the applications of
YCOB crystals, as well as for other low-symmetric non-linear
crystals.
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