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ABSTRACT We report a study of second- and third-harmonic
generation in BiB3O¢ (BiBO). The effective nonlinearity,
phase-matching angle, acceptance bandwidth, and walk-off
are calculated and analyzed within the principal planes of the
optical indicatrix. In the experiment, the phase-matched har-
monic generation is investigated within the xz and yz planes.
Also, the temperature dependence of the noncritical phase
matching for laser radiation propagating along the z axis is
measured for second-harmonic generation (SHG) at crystal
temperatures of 25-265°C. The corresponding wavelengths
of the laser radiation are in the range of 1.16 to 1.34 um. In ad-
dition, SHG of 1342-nm radiation of a g-switched Nd:YVOq4
laser system is investigated for noncritical and critical phase
matching. The achieved conversion efficiencies are 59% and
20%, respectively. Besides SHG, third-harmonic generation
(THG) of 1064-nm, ns laser pulses is investigated. The mea-
sured conversion efficiency is as high as 34%. For THG the
properties of BiBO are compared with those of BBO and LBO.

PACS 42.65.—k; 42.65.Ky; 42.70.Mp

1 Introduction

The generation of harmonics in nonlinear crystals
is a well-established method to convert infrared laser light into
visible or ultraviolet radiation. Although a variety of nonlinear
optical materials are available today, there is still a strong
interest in new nonlinear crystals with improved properties
with respect to specific applications.

An example of such a new crystal is bismuth triborate,
BiB3;0¢ (BiBO). BiBO is a monoclinic crystal of space group
C2. Its existence was first mentioned by Levin and McDaniel
in 1962 [1]. However, crystals of sufficient size and good op-
tical quality were not grown until 1999 [2]. Important linear
and nonlinear properties were reported by Hellwig et al. [3].
In 2001, Wesemann et al. presented an investigation of the
crystal quality and the optical properties of BiBO for second-
harmonic generation (SHG) of 1064 nm [4]. The crystal un-
der investigation was cut at ¢ = 90° and ® = —11° in order
to obtain a high effective nonlinearity. The crystal was of
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excellent optical homogeneity. Further advantageous proper-
ties for SHG of 1064 nm were low losses at the fundamental
1064 nm, a temperature acceptance of 2.17 K cm, an angular
acceptance bandwidth of 1.22 mrad cm, and a high effective
nonlinearity of 3.15 pm/V. These advantageous properties re-
sulted in conversion efficiencies of 50% and 41% (limited
by the available power) with nanosecond and picosecond
Nd:YVOq laser pulses, respectively. In [5], Teng et al. reported
an even higher efficiency of 67.7% for the SHG of picosecond
pulses. Also, efficient intracavity SHG of 1.06 um has been
reported for ps pulses in a BiBO crystal with ® = —11° [6].
Recently, SHG of pulsed laser radiation in BiBO crystals was
reported for different phase-matching directions [7]: it was
observed that the conversion efficiencies are different for the
phase-matching directions (¢ = 90°, ® = 11°) and (¢ = 90°,
® = —11°). A higher doubling efficiency was achieved for the
phase-matching direction (¢ = 90°, ® = —11°). In fact, the
effective nonlinearity deir = 2.2 pm/V for ® = 11° has also
been reported by Wesemann [8] as being smaller by about
30%.

Bismuth borate is of point group 2. Therefore, it is enan-
tiomorphic and crystallizes in right- or left-handed forms. All
crystals used in our experiments are right-handed crystals and
all parameters given also correspond to this form.

In the first part of this paper, we report the calculation of
the effective nonlinearity for type I and type II phase match-
ing within the principal planes of the optical indicatrix of
BiB3Og. The directions which provide the highest values are
identified. In the second part, calculated results are presented
for critical SHG in the principal planes. These results include
the wavelength dependence of the direction for critical phase
matching (CPM), the walk-off, and the angular and the spec-
tral acceptance bandwidths. These calculations show that the
most favorable directions for SHG in BiBO are within the xz
and yz planes for ® < 30°. Experimental results obtained for
phase-matched frequency conversion in these two planes are
compared with the theoretical predictions. Also, noncritical
phase matching (NCPM) is demonstrated along the z axis for
various temperatures. Efficient SHG of 1342-nm radiation of
a Nd:YVOq laser is shown for critical and noncritical phase
matching. Finally, efficient third-harmonic generation (THG)
of 1064-nm radiation of a Nd:YVOy laser system is demon-
strated and limitations are identified.
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frequency ws. In this calculation it is assumed that the djy
tensor is constant within the frequency range of interest.

In Ref. [3] the dijk tensor has been measured at a wave-
length of 1079.5 nm. Also presented are the d.g values as a
function of the phase-matching angles (®, ¢) for type I and
type II SHG of 1079.5 nm. It is shown that due to the mon-
oclinic symmetry there are two different d.¢ values for the
same phase-matching process in the yz plane. This is in ac-
cordance with experimental results presented in Refs. [4, 7, 8].
Effective nonlinearities for all phase-matching angles within
the principal planes have not been published yet. For applica-
tions this is however of great interest because phase-matching
angles within the principal planes can be calculated easily and
the crystal fabrication is less difficult. In principle, the value
of d. can be calculated using Eq. (1). In the special case of
BiB3Og¢ the monoclinic symmetry introduces a rotation angle
between the main axis e; of the crystal physical coordinate
system in which the dielectric tensor djj is given and the axis
system (x, y, z) of the main refractive indices (ny, ny, n,).
(For a more detailed explanation of the coordinate systems,
see Ref. [3].) To display the effective nonlinearity in the sys-
tem of the refractive-index axis the components of the d tensor
have to be transformed by a rotation of an angle ¢ around the
x axis as in Ref. [3]. ¢ is a function of the wavelength and
varies between the extreme values ¢(365nm)=43.80° and
¢ (1014 nm) =47.18°. The effective nonlinearities calculated
for type I and type II processes in the principal refractive-
index planes are shown in Figs. 1 and 2, respectively. For
the calculation it is assumed that the dielectric tensor djj is
constant with wavelength and for simplicity the value of the
angle ¢ is constant. To illustrate the influence of the disper-
sion, the angle was calculated for the two extreme values
of ¢. Since we are exclusively discussing crystal properties
within the principal planes, we are using the terminology of
extraordinary (e) waves and ordinary (o) waves correspond-
ing to the use in uniaxial crystals (see the similar usage of
e and o in the discussion of phase-matching properties by
Dmitriev [9]). This terminology has the advantage of includ-
ing information about the polarization of the waves: e-waves
are polarized within whereas o-waves are orthogonal to the
actual phase-matching plane. For type I processes (Fig. 1)
phase matched in the xz plane (¢ = 0°) the effective nonlin-
earity is considerably larger for processes with ee—o0 polar-
ization, with a maximum value at the z axis (® = ¢ = 0°)
of 2.72pm/V (2.93 pm/V) for a coordinate-system rotation
of ¢ =43.8° (¢ = 47.18°). In this plane the dg values of

FIGURE 1 Calculated effective nonlinearity for type I ee—o0 and oo—e
processes in BiBO for waves in the principal refractive-index planes. Note
that the polarization changes from one plane to a neighboring plane. The
calculations were performed for the two extreme dispersion angles ¢ = 43.8°
(dash-dotted line and dashed line) and ¢ = 47.18° of the optical indicatrix

oo— ¢ processes are in the range of —0.4 to —0.06 pm/V. In
the xy plane (® = 90°) the d.i values of ee—o0 and oo—e
processes are remarkably high and amount to —3.89 pm/V
(=3.73pm/V) at ¢ = 45° and —1.73 pm/V (—1.93 pm/V) at
@ = 90°, respectively. In the yz plane an oo—e conversion
is not feasible due to zero nonlinearity. Instead, a conversion
with ee— o0 polarized waves provides nonlinearities varying
between —2.42 pm/V and 3.42 pm/V. Due to a rotation of the
coordinate system by an angle ¢ the extreme values of the
nonlinearities are shifted from 0 and —90° to 70° (73°) and
—20° (—17°), respectively. Therefore, there is no symmetry
of the effective nonlinearity with respect to the z axis and
there are two different values for +® and —©.

Similar calculations have been done for parametric pro-
cesses of type II (Fig. 2) considering eo—o (type Ila) and
eo—e (type IIb) polarization schemes for dispersion an-
gles of ¢ =43.8° and ¢ = 47.18° of the optical indica-
trix. In the xz plane the d.¢ value for type Ila varies from
3.78 pm/V (3.61 pm/V) at ® = 0° to O pm/V at ® = 90°. For
type IIb the d.i value shows a maximum at ® = 45° with
degr = —2.60pm/V (—2.81 pm/V). In the xy plane the values
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FIGURE 2 Calculated effective nonlinearity for type II eo—e and eo—o0
processes in BiBO for waves in the principal refractive-index planes. Note
that the polarization changes from one plane to a neighboring plane. The
calculations were performed for the two extreme dispersion angles ¢ = 43.8°
(dash-dotted line and dashed line) and ¢ = 47.18° of the optical indicatrix
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for both phase-matching (PM) schemes are rather small with
degr (type lIa) < —1.15 pm/V (—0.84 pm/V) and d.¢ (type I1Ib)
< —0.32pm/V (—0.23 pm/V). The nonlinearity for eo—o
PM in the yz plane is zero. The extreme nonlinearities for
type IIb PM in the yz plane are located at ® = 64° (68°)
and ® = —27° (—23°) with actual values of —0.67 pm/V
(—0.54pm/V) and —4.61 pm/V (—4.55 pm/V), respectively.
In summary, high values of the effective nonlinearity
can be found for phase matching of types I and II in each
refractive-index plane except for type Ila in the xy plane,
where it is zero. Crystals in the yz plane should be cut at
negative angles ® to benefit from the higher nonlinearity.

3 Second-harmonic generation in BiBO

The knowledge of the effective nonlinearity for
each direction as well as the possible phase-matching schemes
for the specific type of interaction allows the determination of
the range of angles for the most efficient frequency conversion.
Phase matching is achieved when conservation of the energy
(hwy + hwr, — hws = 0) and momentum (Ak = 0) are met
simultaneously. The wave-vector mismatch for a propagation
direction ®, ¢ of the interacting waves A1, Ay, and Az with the
polarization e or o is given by

Ak = Kky +k; — k3, 2

with
27 ne o(Aj, O,

K = ye@, o),
where 7 is the refractive index and e and o denote orthogonal
polarizations. Sellmeier equations for the refractive indices
have been published in Ref. [3].

Using these data the birefringent phase matching is
calculated for collinear second-harmonic generation within
the principal planes of the indicatrix. Figure 3 shows the
fundamental wavelengths as a function of the crystal angle
for the phase matching of type I and type II processes. Type
I phase matching is possible for all wavelengths within
the transparency range of the material. Most interesting
are the angles ® close to the z axis, where large tuning of
the fundamental wavelength coincides with high values of
the nonlinearity. Type II phase matching is limited at short
wavelengths by 689nm and at long wavelengths by the
transparency limit. While the effective nonlinearity in the
yz plane is zero, reasonable values of up to 2.5pm/V are
achieved in the xy and xz planes.

To verify the calculated wavelengths for type I phase-
matching curves in the yz and xz planes, the wavelengths
for phase-matched SHG are measured for different values
of ®. For this purpose a BiB3Og crystal was cut orthogonal
to the z axis. To have access to very large internal angles ®
from the z axis, the aperture of the crystal was 5.0 x 5.1 mm?
and the crystal length was kept short (L = 3.5mm).
These dimensions allow angle tuning by more than £30°.
Tunable fundamental wavelengths were generated using
an optical parametric oscillator (OPO) system (GWU
VisIR). This OPO system was pumped at 355 nm, the third
harmonic of a 10-Hz repetition rate Nd:YAG laser. The
OPO generated radiation at wavelengths from 410nm to
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FIGURE 3 Calculated fundamental wavelengths as a function of the phase-
matching angles for possible SHG for type I and type II processes in BiBO
for waves in the principal planes. For easy comparison the corresponding
effective nonlinearity is also given. (Phase matching and nonlinearity of type
I: solid line; of type II: dashed line.) For wavelengths shorter than 572 nm
(horizontal dotted line) the second-harmonic wave (< 286 nm) might already
be absorbed significantly
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FIGURE 4 Second-harmonic generation with critical phase matching in the
yz plane of BiBO. The dots represent the measured fundamental wavelength
as a function of the polar angle ®. The calculated phase-matching curve is
represented by the solid line
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2500 nm. The spectral width of the OPO wavelengths was
about 4cm~! throughout the tuning range. The wavelength
was measured with a LRLO05 A meter from Atos. The OPO
radiation passed through a spatial filter and was focussed into
the crystal to a spot size of 0.5 mm. The crystal was kept at
room temperature, which was about 30°C. Figure 4 shows
the measured wavelengths for angles ® ranging from —10°
to +30°. By comparing the wavelengths for phase-matched
SHG on both sides of the crystal, we found that the actual
cut of the crystal was about —0.7° off the crystal’s z axis.
At normal incidence the measured fundamental wavelength
for SHG was 1186 nm. The deviation of the measured and
calculated wavelengths varies from 8 nm close to the z axis
to about 2nm at ® = 30°. Regarding the xz plane (Fig. 5),
the fundamental wavelengths for phase-matched SHG were
measured for angles ® from —8° to 11.3°. In this plane
the measured phase-matching angle ® = 0° was identical
with the angle of the crystal cut. The difference between the
calculated and measured wavelengths ranges from 8 nm at
normal incidence to about 10 nm at ® = 10°.
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FIGURE 5 Second-harmonic generation with critical phase matching in the
xz plane of BiBO. The dots represent the measured fundamental wavelength
as a function of the polar angle ®. The calculated phase-matching curve is
represented by the solid line

Noncritical phase matching (NCPM) is of special inter-
est because in this case beam interaction is free from beam
walk-off. NCPM occurs along the main axes x, y, and z. As
illustrated in Fig. 3 only type I PM is possible along the y
and z directions due to the nonzero value of d.i. Along the
y axis the calculated phase matching is achieved by doubling
542 nm to 271 nm, a wavelength which is already partly ab-
sorbed. In the direction of the z axis phase matching should be
possible at room temperature for 1178 nm and 2342 nm. The
PM wavelength can be tuned by changing the refractive index
via the crystal temperature. Since the temperature change of
the refractive index has not been published yet, temperature
tuning has to be determined experimentally. For this purpose
the crystal was mounted in an oven with a maximum temper-
ature near 200°C. In BiBO temperatures of up to 300°C are
not critical. The fundamental wavelength was provided by the
OPO system mentioned above. The crystal temperature was
varied between 25°C and 190°C. In a second experiment with
another oven we could reach a crystal temperature of up to
260°C. The results are shown in Fig. 6. The second harmonic
was generated for wavelengths ranging from 1183.0nm at
25°C to 1341.7 nm at 262.6°C. The solid curve was obtained
by fitting a polynomial of second order to the measured data:

rao(T)=A+ BT —T,)+C(T —T.,), 3)

with A =1.17286 um, B =4.4011 x 10~*um/K, C =
7.6454 x 1077 um/K?, and T, = 273 K.

For real beams the phase mismatch Ak is nonzero due
to the temperature fluctuations, the angular divergence of the
beam, and the spectral width of the radiation. The finite ac-
ceptance width of the nonlinear crystal for these parameters
can limit the conversion efficiency. The efficiency is reduced
by a factor of two if the wave mismatch is Ak = 0.886r /L.
The dependence of Ak on the parameter p in the second
approximation is determined by the derivatives

d(Ak) 1 3%(Ak)

Ak(p) = Ap(0) + ——Ap + =
(p) = Ap(0) + o Pt P

(Ap), 4)
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FIGURE 6 Second-harmonic generation with noncritical phase matching
along the z axis in BiBO. The squares represent the measured fundamental
wavelength as a function of the crystal temperature (solid line: polynomial
fit)

with Ak derived from Eq. (2). Ap can be calculated by solving
Eq. (4) and knowing the dependence of the refractive index
n on the parameter p. The temperature acceptance has to be
determined experimentally. Angular and spectral acceptances
can be calculated using the Sellmeier equations in Ref. [3].

Figure 7 illustrates the angular and bandwidth acceptances
for collinear phase-matched SHG within the three principal
refractive-index planes. The typical spatial divergence of a
focussed Gaussian laser beam is in the order of 1-10 mrad.
In BiBO angular acceptances in the magnitude of Gaussian
beams are found mainly close to the three axes, especially in
the vicinity of the z axis. Fortunately, the width of the spectral
acceptance is also largest around the z axis and coincides with
the range of high nonlinearity.

Another parameter limiting the SHG efficiency is the
spatial walk-off between the e-waves and the o-wave. The
walk-off angle depends on the wavelength and is depicted in
Fig. 8 for 400 nm and 2.5 um. It can be seen that the walk-
off in BiBO is relatively large in the yz and xz planes. The
maximum values for the different planes at A = 400 nm are
pxy) =1.2°, p(yz) = 4.6°, and p(xz) = 5.8°.
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FIGURE 7 Calculated angular (solid line) and spectral (dashed line) accep-
tance widths for second-harmonic generation in the principal refractive-index
planes of 10-mm-long BiBO crystals. Open squares are measured angular
acceptance widths or given in Ref. [4]. Crosses correspond to the measured
spectral acceptance of the same reference
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FIGURE 8 Walk-off angles calculated for 400-nm (solid line) and 2.5-pum
(dashed line) radiation in the refractive-index planes

In conclusion, most promising collinear second-harmonic
generation in BiBO can be achieved for type I critical phase
matching within the yz and xz planes, where the values of
the effective nonlinearity and the spectral and angular ac-
ceptances are relatively large. Since the walk-off is large in
these planes a good spatial overlap of the interacting beams is
restricted to phase matching along or in the vicinity of the z
axis. For larger PM angles crystals of shorter length have to be
used.

As an example of the capabilities of BiBO for SHG,
frequency doubling of 1.342-pum radiation of a g-switched
Nd:YVO, laser was investigated experimentally. Phase
matching of the 1.3-um line of Nd-doped laser crystals with
BiBO can be achieved by NCPM along the z axis at temper-
atures near 250°C and by CPM in the xz plane at an angle ®
of approximately 9.1°.

A home-built diode-pumped acousto-optically q-switched
Nd:YVOq, laser provided pulses with a duration of 12ns, a
repetition rate of 10.1kHz, and a maximum output power
of 1.6 W. The laser pulses were focussed to a waist of
wo = 77 um. For NCPM SHG a crystal with a length of
L = 10 mm and an aperture (x, y) of 2.8 x 3.0 mm? was used.
The crystal was mounted in an oven. Crystal and oven were
positioned such that the focus was in the center of the crystal.
To measure the power of the second harmonic it was separated
from the fundamental by a Pellin—Broca prism. The values of
the measured power are corrected for the Fresnel losses at the
facets of the SHG crystal. At the highest fundamental power of
1.6 W, 920 mW of 671-nm radiation is produced (see Fig. 9).
The conversion efficiency is 59%. Assuming a temporal Gaus-
sian beam profile, the estimated effective nonlinearity is about
2.9 pm/V. This value is somewhat higher than the value calcu-
lated from the d tensor, which is about 2.8 pm/V (see Fig. 1).
To determine the temperature acceptance for SHG of 1341.7-
nm radiation the power of the generated second harmonic was
measured for temperatures in the range from 250 to 275°C.
As seen in Fig. 10, the phase matching with Ak = 0 occurs
at 262.6°C. A sinc? fit to the data provides a temperature
acceptance of ATL =4.2Kcm.

Correspondingly, we measured the generated second-
harmonic power as a function of the angle of incidence. A
sinc? fit to the measured data gave an angular acceptance
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FIGURE 9 Generated second-harmonic power (triangles) of the 1342-nm
radiation of a g-switched Nd:YVOy laser by NCPM in BiBO. The highest
conversion efficiency (dots) of 59% is obtained at a fundamental pump power
of 1.6 W
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FIGURE 10 Power of the second harmonic generated at different crystal
temperatures for propagation in the direction of the z axis. The temperature
acceptance width of AT = 4.2K is obtained by a sinc? fit (solid line)

of A®L = 24 mrad cm. This high value is in fair agreement
with the calculated value of 30 mrad cm (Fig. 7). The spec-
tral acceptance was not measured but the calculated value of
AML = 1.7nm cmi is large in comparison to the spectral width
(AA = 0.1 nm) of the laser radiation.

Critical phase matching for the generation of 671 nm was
performed by using a crystal cut in the xz plane at ® = 9.1°.
The aperture was 3.0 mm x 4.2 mm. The length of the crystal
was 5.1 mm; since the walk-off of the 671-nm radiation equals
1.5°, this limits the effective interaction length

L= YT )
tan p

to about 6 mm. At 1.6 W of fundamental radiation the power
of the generated SHG was 320mW at 671 nm. This corre-
sponds to a conversion efficiency of 20%. The lower conver-
sion efficiency is mainly due to the shorter crystal length of
5.1 mm. The value of the estimated effective nonlinearity is
2.65 pm/V, which is in good agreement with the calculated ef-
fective nonlinearity of 2.8 pm/V. The angular and temperature
acceptance bandwidths were measured as described above.
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By fitting a sinc? function the values were determined to be
ATL =7.5Kcm and A®L = 1.36 mrad cm.

4 Third-harmonic generation in BiBO

Using Eq. (2), the relation between wavelength and
phase-matching angle has been calculated for third-harmonic
generation in BiBO within the principal planes of the optical
indicatrix. Type I and type II phase matching (see Fig. 11)
can be achieved for all wavelengths within the transparency
range of the crystal. Type I PM is limited to ® < 60° in the
yz plane and in the entire xz plane due to the transparency cut
off for THG wavelengths shorter than 286 nm. Fortunately,
the nonlinearity is highest in these planes. Type II PM can
be separated into two parts by considering the polarization of
the generating waves. For both type II PM schemes, PM is
possible in all planes. In the yz plane, however, the value of
desr 1S zero.

The angular acceptance for THG processes is shown in
Fig. 12. The values were calculated for the three possible PM
schemes in a BiBO crystal with alength of 10 mm. In all planes
the acceptance is well above 1 mrad cm. The restrictions on the
beam divergence can be met by most common (near-Gaussian)
laser beams.

The spectral acceptance is illustrated in Fig. 13. The broad-
est spectral acceptance exists nears the z axis with values ex-
ceeding 10 nm cm. The lowest values are about 0.3 nm cm, for
directions close to the x and y axes.

To confirm the properties of BiBO for third-harmonic gen-
eration, frequency tripling of 1064-nm laser radiation has been
investigated experimentally. In these investigations two BiBO
crystals have been used. Crystal no. 1 was cut at ® = 33.7°
and crystal no. 2 at ® = —33.7°. Both crystals provided type I
phase matching in the yz plane. The size of these crystals was
2.9 x 2.9 x 5mm?>. The front facets were antireflection (AR)
coated for the fundamental and the second harmonic (AR at
1064 nm and AR at 532 nm); the rear facets were antireflection
coated for the generated third harmonic (AR at 355 nm).
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FIGURE 11 Calculated fundamental wavelengths as a function of the
phase-matching angle for third-harmonic generation of types I and II in
BiBO for waves in the principal refractive-index planes. The dotted horizon-
tal line indicates the shortest wavelength which can be converted by THG to
radiation within the transparency limit of the crystal
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FIGURE 13 Spectral acceptance bandwidth for type I and type II THG

within the refractive-index planes in a 10-mm-long BiBO crystal (solid line,

type I; dashed or dash-dotted line, type 1I)

The experimental setup for the investigation of THG is
shown in Fig. 14. The laser system is a g-switched Nd:YVO,
laser system that generates 6-ns-long pulses at a repetition
rate of 10kHz. The diffraction-limited (M? = 1.1) laser ra-
diation was frequency doubled (SHG) in a noncritically tem-
perature phase matched LBO crystal. The fundamental and
the second harmonic were separated by a dichroic beam split-
ter DS1 to allow for a rotation of the polarization of the
second-harmonic wave by a half-wave plate. Two antireflec-
tion coated f = 175-mm lenses were used to focus the funda-
mental and the frequency-doubled beams to equal beam waists
of wy = 200 pm. The beams were spatially superimposed by
using the dichroic mirror DS2. The BiBO crystal was mounted
on a rotation stage and was positioned at the beam waist. The

f=175mm
AR 532 nm

=532 nm D$2

w2-Plate l

Lasersystem

BI&O ps3

i

SHG-Stage

%= 1064 nm

Ds1

4

f=175mm
AR 1064 nm

crystal

FIGURE 14 Experimental setup of the THG 355-nm generation
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FIGURE 15 Generated TH (355 nm) power as a function of the temperature
of a 5-mm-long BiBO crystal. The temperature acceptance width (FWHM)
is AT = 2.2K (solid line: sinc? fit)

temperature of the crystal could be controlled with a Peltier
with an accuracy of 0.1°C. The generated and transmitted radi-
ation were separated by two dichroic mirrors (DS3 and DS4).

Phase-matched THG could be achieved with crystal no.
1 but with output powers around 10mW for a total pump
power of 1 W. This was expected since as seen from Fig. 1
the calculated effective nonlinearity is very small (0.2 pm/V).
In comparison, the calculated value for d.s for crystal
no. 2 is 3.1 pm/V. This crystal was thus used exclusively in
the following experiments.

In order to measure the temperature acceptance of the THG
process the crystal was adjusted for highest output power at
a crystal temperature of 25°C. The dependence of the third
harmonic (TH) output power on the crystal temperature is
shown in Fig. 15. This dependence shows a FWHM of 2.2 K.
The temperature acceptance for THG of 1064-nm radiation is
therefore 1.1 K cm.

In a similar way the angular acceptance was determined
by measuring the output power in dependence on the phase-
matching angle. According to a sinc? fit the external angular
acceptance is A®L = 1.84 mrad. This corresponds to an an-
gular acceptance width of A®L = 0.52 mrad cm.

The calculated walk-off for the e-polarized fundamental
and the SH are 3.7° and 3.9°, respectively. Since the value
of the walk-off is quite high the radius of the beam waist wy
should not be below 200 um. In this case the effective length
L. (Eq. (5)) is close to the length of Smm of the crystals
used. As the crystal length is short compared to the confocal
parameter of the focussed laser beams (which are 120 and
240 mm), the divergence of the beams inside the crystal is
well below the angular acceptance.

For an average power of the fundamental laser beam of
4.5 W the generated SHG power was 2.55 W. The power of the
remaining fundamental laser light was 1.95 W. With these in-
put powers the average power of the generated 355-nm pulses
was 1.75 W, which corresponds to an efficiency of 39%.

To investigate the beam quality of the generated third har-
monic the spatial profile, the divergence, and the M? value of
the UV beam were measured. The beam profile measured with
a CCD camera is shown in Fig. 16. It has an almost Gaussian-
like intensity distribution in the horizontal (yz plane of the
crystal) and the vertical directions. Due to the walk-off the

FIGURE 16 Intensity distribution and profiles of the generated 355-nm
radiation at 1-W UV power

UV power [mW] Mf_ Mﬁ
300 1.0 1.3
600 1.1 14
1300 1.2 1.5

TABLE1 Beam-propagation factor M? for the 355-nm radiation for different
generated UV powers. M? values were determined perpendicular (Mi) and

parallel (Mﬁ) to the walk-off (yz) plane

shape of the beam is slightly elliptical. The divergences in the
horizontal and vertical directions were 1.6 mrad and 1.0 mrad,
respectively. The larger value in the horizontal direction is a
result of the walk-off. The beam-propagation factor M? was
measured with a beam profiler (Beamscope, Merchantek) for
three different UV powers (Table 1).

With increasing power the M? value increased to M7 =
1.2 orthogonal and M} = 1.5 parallel to the (yz) walk-off
plane. These results indicate the good beam quality of the
generated UV radiation.

As the generated radiation at 355nm is close to the
transparency limit of BiBO the threshold for damaging the
crystal is of high interest. In the experiments the energy and
power densities were up to 0.36 J/cm? (62 MW/cm?) for the
two pump waves and 0.14 J/cm? (18 MW/cm?) for the UV
beam. At these energy and power densities no damage of
the crystal has been observed. To find the damage threshold,
we investigated the absorption of 355 nm in BiBO using the
z-scan method. Moderate UV powers (in the range of 1 to
120 mW) were focussed into an uncoated BiBO sample (di-
mensions: 3 x 3 x 5mm?; cut at § = 33.7°, ¢ = 90°). In the
focus the beam waist was 30 um x 30 um. The crystal was
moved in steps of 25 wm from —25 mm to 25 mm with respect
to the focus position. For each crystal position the transmitted
power was recorded. These measurements were performed
separately for the two directions of the polarizations of the
355-nm beam. The data were corrected for Fresnel losses.
Incident powers and transmitted powers were divided by the
measured beam area at the corresponding crystal position.
Figure 17 shows the measured values for a polarization within
the yz plane (e-polarization, triangles) and a polarization
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FIGURE 17 Transmitted 355-nm intensity as a function of the power in-
tensity inside the BiBO crystal for e- and o-polarized radiation. The data
were obtain by several z-scan measurements at different incident powers for
the same focussing. The coefficients for linear and nonlinear absorption of
355-nm e-polarized (within yz plane) radiation are o = 0.095cm~! and
B =1.60x10"""m/W and o = 0.066cm™"! and 8 = 0.71 x 10710 m/W
for o-polarized (parallel to x axis) pulses

perpendicular to the yz plane (o-polarization, dots). The
diagonal (dashed line) refers to zero absorption. By assuming
the presence of linear absorption o and nonlinear absorption
B, the change of the intensity d/ over a length dz is given by

dl = —(a+ B 1) dz. ©6)
The equation is solved by
1e) = - lye™%, )

o+ Blo(1 —e4%)

where [ is the incident intensity. A fit of the function (7)
to the measured data provides values for the linear and
nonlinear absorption of 355nm in BiBO. For e-polarized
waves o« =0.095cm™! and B = 1.60 x 10~'°m/W. For
o-polarization @ = 0.066cm™" and B = 0.71 x 1079 m/W.
Crystal damage was observed at power densities of
59 MW/cm? and 55 MW/cm? for e- and o-polarized waves,
respectively. The UV radiation generated by THG is o-
polarized. For this polarization the absorption is somewhat
lower but still causes a relatively low damage threshold. As
a consequence, the power densities have to be below the
damage threshold by using weak focussing.

To compare the performance of BiBO with those of com-
monly used nonlinear optical materials, THG of 1064-nm
radiation was investigated in BBO and LBO using the same
experimental setup. The uncoated BBO crystals were 7- and
12-mm long and cut for type I and type II PM. In LBO PM
was of type II. The crystal was 15-mm long with AR-coated
facets. The experimental results and relevant material param-
eters are shown in Table 2. To allow a comparison of the
results, the focus diameter of the incident laser radiation was
kept at 400 pm x 400 um. The TH output powers listed in
Table 2 were achieved for a fundamental power of 4.5 W. The
walk-offs in BiBO and both BBO PM configurations are very
similar with 3.8°, 4.1°, and 4.5°. That of LBO is smaller by
almost an order of magnitude with a value of 0.5°. The re-
sulting effective crystal length is reduced to about 5 mm for
BiBO and BBO. The effective length for LBO is /, = 40 mm,
which exceeds the crystal length. The influence of the temper-
ature and angular acceptances on the efficiency is negligible
since temperature stabilization is easy to achieve and weak
focussing (200 um) reduces the divergence inside the crystal
sufficiently. Besides the effective crystal length (which favors
LBO), the value of the effective nonlinearity is most impor-
tant for a high conversion efficiency. In this respect BiBO is
clearly of advantage since the nonlinearity is 3.1 pm/V com-
pared to 2.05 and 1.4 pm/V in BBO and 0.8 pm/V in LBO.
The resulting efficiencies are 39% in BiBO, 36% in LBO, and
about 22% in BBO. The corresponding UV powers are 1.75,
1.63, 0.94, and 0.85 W, respectively.

5 Summary and conclusion

In this paper the possibilities for phase-matched
second- and third-harmonic generation in the new nonlinear
material BiBO are analyzed. In addition, the values of the
effective nonlinearities are calculated for directions within
the three principal refractive-index planes. Values of up to
3.4pm/V for type I and 4.6 pm/V for type II are obtained.
Especially in the vicinity of the z axis, the nonlinearity is high.
Due to the monoclinic symmetry the effective nonlinearity is
different for negative or positive polar angles within the yz
plane.

Calculations of the directions which provide phase-
matched type I and type II harmonic generation show that
SHG and THG are possible at all wavelengths within the

Geom. Effective Max.
crystal  crystal Temp. Angular Effective TH
Nonlinear  Crystal Phase Walk- length  length acceptance acceptance nonlinearity power Efficiency
material cut matching Coating off [°] [mm] [mm] [Kcm] [mradecm]  [pm/V] [W] [%]
BiBO ¢ =90° Typel AR 3.8 5 53 1.1 0.59 3.1 1.75 39
® = -33.7°
BBO ¢ =0° Type 1 - 4.1 7 4.9 16 0.26 2.05 0.94 23
e =31°
BBO ¢ =30° Type 11 - 4.5 12 4.5 13 0.35 1.4 0.85 21
® =39°
LBO ¢ =90° Type 11 AR 0.5 15 40 3.15 0.8 1.63 36
O =427°

TABLE 2 Measurement results and important crystal parameters for third-harmonic generation with competing nonlinear materials. The TH power was
measured at a fundamental pump power of 4.5 W focussed to a waist diameter of 400 um
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transparency range. The corresponding angular and spec-
tral acceptances indicate that most favorable conditions exist
in the yz and xz planes. The calculated walk-off in these
planes is large with maximum values of up to 4.6° and
5.8°.

Experimentally, phase-matched SHG and THG are inves-
tigated for 0° < ® < 30° in the yz plane and 0° < ® < 11°
in the xz plane at a crystal temperature of 30°C. The differ-
ence between the measured wavelength and the wavelength
calculated by using the Sellmeier equations in Ref. [3] is up to
10 nm. This might be due to the large temperature tuning of the
phase-matching wavelength of 0.44 nm/K. The temperature
tuning was measured for noncritical PM along the y axis by
varying the crystal temperature from 25 to 260°C. To demon-
strate the advantage of BiBO for SHG, pulsed 1342-nm radi-
ation was frequency doubled by noncritical and critical PM.
The conversion efficiencies were 59% and 20%, respectively.
The lower conversion efficiency obtained by critical phase
matching is due to the shorter effective crystal length. The
deduced effective nonlinearities are 2.65 pm/V and 2.8 pm/V.
This is in good agreement with the calculated values. The
temperature acceptances are 4.2 K cm and 7.5 K cm. The mea-
sured angular acceptances agree well with the calculated
ones.

In a similar way, phase matching for third-harmonic gen-
eration was analyzed. First, the wavelength dependence of
the phase-matching angle was calculated for type I and types
IIa and IIb within the principal planes as well as the cor-
responding widths of the spectral and angular acceptances.
The analysis indicated that phase matching is possible for all
wavelengths within the transparency range of the crystal. An-
gular and spectral acceptances are quite large with values well
above 1 mrad cm and 0.2 nm cm. Limitations are mainly due
to zero nonlinearity for type II PM in the yz plane and the
large walk-off.

Experimentally, THG of the 1064-nm fundamental of a
Nd:YVOq, laser system with 6-ns-long pulses and a repe-
tition rate of 10kHz was investigated. With a crystal cut
in the yz plane at ® = —33.7° a conversion efficiency of
39% was achieved. TH power at 355nm of 1.75W out of
4.5-W fundamental radiation was generated. The measured
temperature acceptance was 1.1 K cm and the angular accep-
tance was 0.59 mrad cm. The generated UV radiation is nearly
diffraction limited with a value of M? = 1.2 perpendicular
and M? = 1.5 parallel to the walk-off plane. Also, the linear
and nonlinear absorption coefficients have been determined
for both polarizations. Due to the high nonlinear absorption
the damage threshold is about 55 MW/cm?. A comparison of
BiBO with BBO and LBO for 355-nm generation showed that
BiBO is a competitive material. Due to its high nonlinearity,
strong focussing is not required, which reduces the influence
of walk-off and intensity-dependent absorption.

In conclusion, BiBO is a suitable material for efficient
second- and third-harmonic generation within a large wave-
length range.
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