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We investigate the generation of ultraviolet (UV) second-harmonic radiation at the boundary of a UV

. transparent crystal, which is derived from the automatic partial phase matching of the incident wave
and the total internal reflection. By adhering to another UV non-transparent crystal with a larger
second-order nonlinear coefficient x?, a nonlinear interface with large disparity in x? is formed
and the enhancement of UV second-harmonic radiation is observed experimentally. The intensity of
enhanced second harmonic wave generated at the nonlinear interface is up to 11.6 times that at the
crystal boundary. As a tunable phase-matching method, it may suggest potential applications in the UV,
and even vacuum-UV region.

. Coherent light at ultraviolet (UV) and vacuum ultraviolet (VUV) delivered by all solid-state laser systems is
. highly demanded due to numerous practical applications in lithography!, photoelectron spectroscopy?™*
© micro-machining and semiconductor processing’, high-density optical storage®, etc. Seeking for suitable trans-
. parent nonlinear media for UV and VUV harmonic wave generation has attracted great interest over past dec-
. ades, such as optical crystals, high polymers and L-alanine crystal’. Currently, the most potential crystals to
: produce VUV coherent light by second-order nonlinear processes are KBe,BO;F, (KBBF)*'2 and BaMgF,
: (BMF)"*-15 with cutoff wavelengths in the UV region of 153 nm and 126 nm, respectively.

With relatively large birefringence, the limit for birefringent phase matching (BPM) of second-harmonic gen-
eration (SHG) in KBBF is 160 nm, and the shortest wavelength achieved by sum-frequency generation is
153.4nm'S. However, the layered structure is a big limitation of KBBF, which restricts the crystal size, cutting

: angles, etc. The ferroelectricity of BMF allows for quasi-phase matching (QPM) pattern for SHG'”'8, thus evading

. the walk-off effect and relevant shortcomings. But the fabrication of periodically revered domain structures in

. bulk media with a period less than 3 ym leastwise!®, which is the requirement of SHG in the VUV wavelength

. region, is a big challenge. So far, QPM has not been demonstrated in the UV with BMF. In addition, the nonlinear
coefficients of these two VUV-transparent crystals (d,, =0.49 pm/V for KBBF and d;,=0.039 pm/V for BMF) are
significantly smaller than that of the nonlinear crystals commonly employed in the visible to infrared region, for
example LiNbO; (LN) (d33 =34.45pm/V).

To overcome these difficulties, other efficient frequency conversion processes taking advantage of tunable and

. flexible phase matching methods can find a way out?*?!, Derived from complete phase matching of the incident
: light and the scattering light, comcal SHG could be observed in bulk media?>?. The triangle phase-matching

relationship could be realized as k + k1 = kz, where k and k are the wave vectors of fundamental wave (FW)
. and second harmonic (SH) in the medium respectively. The additional FW vector k " is provided by the scattering
- light. Taking advantage of total internal reflection on the crystal boundary, k1/ could be replaced by reflected FW,

© which can greatly enhance the SHG efficiency. However, these triangle phase-matching methods also pose limi-
© tation on wavelength, due to the dispersion relation of crystal.
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Figure 1. Spectrum of the FW and harmonic wave generated at the boundary of BBO and LN. The center
wavelength of FW and SH is 650 nm and 325 nm, respectively. The inset is experimental schematic of the
generation of UV second-harmonic wave generated on the boundary of the BBO (or LN) crystal.

In this paper, we propose an automatic non-collinear phase matching method, which exploits the internal
total reflection with no restrictions on wavelength. The SH radiation is enhanced at the nonlinear interface with
large disparity in x?, which is formed by adhering another UV non-transparent crystal with higher x®. And the
added crystal does not change the properties of SH radiation, for example the emission angle.

Simulation

At first, ax-cut § — BaB,0, (BBO) sample (absorption edge is 189 nm, dlBlBO = 2.26 pm/V) of the size of 5 mm(x)
x10mm(y) x 10 mm(z) was employed as the transparent nonlinear medium to generated the UV SH wave. The
light source we used was an optical parametric amplifier (TOPAS, Coherent Inc.), producing 80 femtosecond
pulses (1000 Hz rep. rate) at the variable wavelengths from 280 nm to 2600 nm. The FW was adjusted to be ordi-
nary polarized with the wavelength of 650 nm and loosely focused by a 100-mm focal length lens to a beam waist
of 50 pm. The spectrum of the FW was shown in Fig. 1.

The inset of Fig. 1 shows the experimental schematic: the beam was obliquely incident into the BBO crystal
and reflected on the boundary with an angle « and the output light was then collected by a fiber optic spectrom-
eter. As the FW reflection, the stimulated nonlinear polarization wave propagates along the BBO boundary with
a wave vector k,,, = 2k;sina. When the wave vector of nonlinear polarization smaller than that of harmonic, SH
wave emits at a specific angle 6 which is regarded as the nonlinear Cherenkov radiation satisfying the longitudinal
phase-matching condition?*-2: k,sinf = 2k, sincv. Since this is an automatic and tunable phase-matching process,
one can always find suitable incident angles for SHG without wavelength limitation. In experiment, we observed
SH generated at the BBO boundary and the spectrum was shown in Fig. 1. As a comparison, a z-cut periodi-
cally poled 5mol% MgO:LiNbO; (LN) sample with the size of 10 mm(x) x10 mm(y) x5mm(z) was employed
to repeat the above experiment. Although the second-order nonlinear coefficient of LN sample is significantly
higher than that of BBO, the SH was completely absorbed as the cutoff wavelength is 380 nm in LN.

To analyse the properties of SH generated at the boundary of BBO, a more general situation was considered: y
= 0 plane is a interface with nonlinear coefficient Xl(z) and another medium with y ? [see Fig. 2(a)]. The coupled
wave equation of this nonlinear process was solved using the Fourier transform?”%¥, and the intensity of SH I, can

be expressed as
a k?
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where k, is the components of k, in x directions, n, is the refractive index of the SH, I, denotes the intensity of the
gauss-type FW with beam width a. The phase mis-matching is Ak = k, — k,,,, and D( 2“%

) denotes the Dowson

function.

According to Eq. (1), one can find that I, will have a maximum when the phase-matching condition Ak =
k,/2k, is satisfied. The radiation angle of SH can be derived as k,sinf = 2k;sinc, which is exactly the longitudinal
phase- matchlng condition. The absolute value |y, @ _ (2)| directly affects the SH intensity, since the term con-

taining e * K18 decreases sharply with the increasing of the absolute value of k,. When the medium is air, Xz(z)
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Figure 2. (a) Diagram of SH generated at the 1nterface of BBO (¢ (2)) and another medium (X ).

(b) Simulation result under the condition Xl X2 ? which presents a homogeneous nonlinear coefficient
environment. (c) and (d) are distributions of SH generated on BBO boundary (X 2 — 0) and the interface of
BBOand LN (y, @—13 X )y, respectively. The colors indicate the intensities of $H. The radiation angle of these
two cases is the same and the intensity in (d) is higher than that in (c).

equals to 0, representing the condition of the above experiment that SH generated at the boundary of BBO. If the
nonlinear coefficient of another medium is large enough that the relation |y, @ _ x 2(2)| > |X1(2)\ is satisfied, the SH
intensity is thus enhanced theoretically.

The simulation results are shown in Fig. 2 with the FW wavelength of 650 nm and the incident angle o = 60°.
Both FW and SH are o- polarrzed in BBO, therefore, the nonlinear coefficient is x, @ — 24280, The simulation
result by assuming ‘Xl 2)\ = 0 is presented in Fig. 2(b) as a contrast, where the 1ntensrty of SH almost
equals to zero. When X = 0 the distribution of SH intensity is shown in Fig. 2(c). SH generated on the BBO
boundary will radiate at the particular angle § = 57°, which equals to that calculated by longitudinal
phase-matching condition. When the medium is changed to LN, x, @ — 2d3; IN sinc is about 13 times of Xl(z) As
aresult, the intensity of SH generated at the interface of BBO and LN s greatly enhanced as shown in Fig. 2(d). It
is worth noting that the radiation angle is the same as that in Fig. 2(c) since SH is generated at the interface and
propagates in BBO side. Hence the radiation of SH will not be effected by the absorption and dispersion relation
of LN. It indicates that one can employ a medium with a larger nonlinear coeflicient to enhance the SH generated
in UV-/VUV-transparent crystals no matter the medium itself is transparent or not.

Experiments and Discussion

To demonstrate this theoretical prediction, the BBO sample and the LN sample was tightly abutted upon each
other under high pressure, as shown in Fig. 3(a). The artiﬁcially fabricated interface of BBO and LN sharply mod-
ulates the nonlinear coefficient with a larger value of | Xl X, (2)|. Similar to the above experiment, o-polarized
FW with the center wavelength at 650 nm was obliquely 1nc1dent onto BBO crystal and reflected at the BBO-LN
interface with an angle a.

The wavelength spectrum of SH with varying FW incident angles at the BBO-LN interface were measured by a
fiber optic spectrometer, as shown in Fig. 4(a). For comparison, the SH generated on the boundary of single BBO
sample was detected by the spectrometer with a same distance and angle at corresponding angles of incident FW.
At the same a, the intensity of SH generated at the interface of BBO-LN was much higher than that generated at
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Figure 3. (a) Setup of experiment that enhanced UV second-harmonic wave at the interface of BBO and LN.
(b) and (c) are energy-level descriptions of second-order nonlinear process with SH wavelength 325 nm in BBO
and LN, respectively.
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Figure 4. (a) Spectrum of SH generated on BBO boundary (blue) and interface of BBO-LN (red) with a set

of FW incident angles. (b) Internal radiation angle of SH 6 versus internal FW incident angle . Theoretical
prediction (solid curve) and experimental results (symbols) are in good agreement. (c) Measured enhancement
factor of SH generated at the BBO-LN interface and boundary of BBO crystal.

the BBO boundary. It verifies from the coupled wave equation. And in microcospic perspective, the nonlinear
polarization wave motivated by FW and propagating along the interface is the oscillation of electric dipoles. In
the BBO side, the oscillation of electric dipoles radiate SH at the phase-matching angle [see Fig. 3(b)]. However,
in LN side, the SH at 325 nm is absorbed corresponding to inherent frequency of substance. Figure 3(c) describes
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this process that an atom makes a transition from its ground state to an excited state by the simultaneous absorp-
tion of two photons®’, and the electric dipoles will be greatly enhanced. Although SH would not emit out of LN,
the polarization on interface is intensified, which, meanwhile, enhances the SH generation in the BBO crystal.

Figure 4(b) shows the relationship of the measured SH radiation angle 6 versus FW incident angle o, which
agrees well with theoretical prediction. It demonstrates the attached LN sample doesn’t change the
phase-matching condition. The enhancement factor of SH intensity introduced by LN was from 5 to 13 in our
experiment [Fig. 4(c)] smaller than the theoretical prediction. The partial refraction of FW from BBO to LN
reduces the bump energy of this nonlinear process, and reduces the conversion efficiency of SH. The intensity of
SH is positively correlated with the factor of IIII’ , where I, and 11’ denote the intensity of incident and reflected FW.
Moreover, the two crystals are just pressed together, there is an air gap with a thickness of about several microns.
The intensity of SH will be strongly affected by the air gap. Using direct bonding or crystal growth techniques, a
direct interface of two crystals may be fabricated to generate enhanced SH radiation at required wavelength
region.

Conclusion

In conclusion, the SH generated on a crystal boundary under an automatic and tunable phase matching method
can be enhanced by another medium with larger nonlinear coefficient even though it is non-transparency at the
SH wavelength. The intensity of SH generated on this artificially fabricated interface was about 5 to 15 times of
that on single crystal boundary in our experiment. The radiation direction of SH will not be effect by the pressed
crystal. It suggests potential applications in the UV even vacuum-UYV spectral region.
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