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Abstract

We present a scheme for conversion of pulsed light from the infrared to the red spectral region, using an aperiodically poled ferroelectric crystal
within a resonant cavity in which two cascaded nonlinear optical processes occur when pumped with a pulsed Nd:YAG laser. This device emits
9 ns pulses of over 1 mJ at 710 nm and is a viable source for future biomedical applications.
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Lasers have a wide range of applications in medicine, both
in surgery and diagnostics, mainly since they can be made to
interact with selected target area regions with minimal collateral
damage to nearby regions. Some of these biomedical applica-
tions require the use of light in the red and near infrared region of
the spectrum; for example the ruby laser has been used success-
fully in treatment of melanoma (Polla et al., 1987), destruction
of hair follicles (Grossman, Dierickx, Farinelli, Flotte, &
Anderson, 1996) and tattoo removal (Goldman, Wilson, Hornby,
& Meyer, 1965) among other applications. The HeNe laser has
also been used successfully for capillary blood flow measure-
ment using the technique of laser-Doppler spectroscopy (De Mul
et al., 1984) and also in dermatology for the treatment of skin
spots or to stimulate tissue regeneration in scars.

Photoacoustic imaging, also called optoacoustic imaging,
is a diagnostic technique which is based on the detection of
acoustic waves induced in tissue by the absorption of electro-
magnetic radiation, usually from pulsed sources on a nanosecond
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timescale. The optical wavelengths most commonly used are
between 600 and 900 nm because they can penetrate up to
several centimeters of human tissue (Emelianov et al., 2006).
This technique can be used to detect hemoglobin, lipids, water,
microcalcifications in breast tissue, among other things. In the
particular case of microcalcifications, a wavelength between 600
and 800 nm is optimal to obtain photoacoustic images (Kang
et al., 2011); however the optical pulse sources currently used
for this technique are expensive and bulky, which restricts the
further application of this technology in medicine and biology.

As an alternative to the current light sources, in recent works
the use of optical parametric oscillators (OPO) based on aperi-
odically poled ferroelectric crystals has been proposed. In these
devices light in the red spectral region can be obtained through
nonlinear optical processes, for example in (Figen & Akın, 2014)
a device was presented that emits at 632 nm using a Nd:YAG
laser as the pump source, with the OPO being injection-seeded
with a 1550 nm laser diode.

Here we present a simple device that emits nanosecond pulses
at a wavelength of 710 nm (deep red) specifically for photoa-
coustic imaging which is also based on an aperiodically poled
ferroelectric crystal. In this case however, it requires only a
Nd:YAG laser source to obtain the red beam.
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We convert light from 1064 nm to 710 nm with quasi-phase-
matching obtained with an aperiodically poled lithium niobate
crystal, as described in (Robles-Agudo & Cudney, 2011). In
order to achieve this conversion it is necessary to perform at least
two cascaded nonlinear optical processes within the crystal. We
designed a crystal which produces optical parametric generation
at the degeneracy point, i.e. the signal and idler wavelengths are
the same, 2128 nm, which is twice the wavelength of the pump
beam, and simultaneously a sum-frequency generation process
between the pump and signal waves resulting in a beam with a
wavelength equal to 2/3 of the pump wavelength, 710 nm.

From Maxwell’s equations we can deduce the coupling
among the waves. Let Ap, As and Ar be the electric field
amplitudes of the pump, signal and red waves, with angular fre-
quencies of ωp, ωs and ωr, and kp, ks and kr their corresponding
wavevectors. Assuming that the three waves are co-propagating
along the same direction, from Maxwell’s equations we deduce
that the coupled wave equations for these amplitudes are
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Here z  is the distance along the propagation direction of the
waves, np,  ns and nr are the refractive indices of the pump, signal
and red waves, χ(2)(z) is the spatially-varying nonlinearity of the
medium, c is the speed of light and �kOPO and �kSFG are the
propagation constant mismatches of the optical parametric and
sum-frequency generation processes, given by

�kOPO =  kp −  2ks, (4)

�kSFG =  kr −  ks −  kp. (5)

Since the magnitudes of the wavevectors are given by k  =
ωn/c and since the refractive index depends on the angular fre-
quency ω, the propagation constant mismatches are non-zero;
this limits the coupling of the fields and ultimately the conversion
efficiency into the red beam. To increase the coupling efficiency,
the complex exponential factors appearing in Eqs. (1)–(3) must
be compensated by the spatially varying nonlinearity, that is,
χ(2)(z) must have a non-negligible Fourier component for both
processes, given by (Robles-Agudo & Cudney, 2011)

χ(2)(�kj) =
∫ L

0
χ(2)(z)ei�kjzdz,  (6)

where L  is the length of the nonlinear medium. However, in order
to generate the red beam the signal beam must be generated first,
so it is necessary to control the ratio of the magnitudes of each
of the Fourier components. We accomplish this by creating an
aperiodically poled LiNbO3 crystal (APLN) that has the appro-
priate Fourier components (Kartaloğlu, Figen, & Aytür, 2003;
Robles-Agudo & Cudney, 2011). We define

g(z) =  sgn[(1 −  w) cos(�kOPOz) +  w  cos(�kSFGz)],  (7)
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Figure 1. Experimental setup.

where w  is a weighting parameter used to adjust the contribution
of each of the Fourier components. From this function we design
the APLN: we create a domain structure that follows g(z). If
all of the waves have extraordinary polarization then χ(2)(z) =
χ

(2)
33 g(z).

We designed several domain structures with different values
of w. Using the refractive indices predicted by the Sellmeier
equation given in (Jundt, 1997), we calculate that kOPO =
0.198 μm−1 and kSFG =  0.383 μm−1 (corresponding to peri-
odicities of 31.8 and 16.4 �m), assuming operation at room
temperature. These designs were transferred using standard pho-
tolithographic and electrical poling techniques (Cudney, Ríos,
Arellanes, Alonso, & Fonseca, 2002) onto a 500 �m thick,
z-cut LiNbO3 wafer. After cutting and polishing, the crystal
was 34 mm long, and antireflection coatings for 2.2 �m were
deposited on the end facets. The crystal was placed in the exper-
imental setup shown in Figure 1. As a pump we used a Nd:YAG
laser that emits 12 ns long (FWHM) pulses with a repetition rate
of 10 Hz. We used a half-wave plate (λ/2) and a Glan–Thompson
polarizer (P) to vary the energy of the pump beam. In order to
increase the conversion efficiency from the pump beam to the
red beam, the APLN crystal was placed in a resonant cavity
formed by two flat dielectric mirrors separated by 5.8 cm which
are highly reflective at the signal wavelength and highly trans-
mitting at both the pump and red wavelengths, i.e. we made an
OPO that oscillates at λ  = 2128 nm.

The maximum pump energy that can be used is determined
by the damage threshold of the APLN crystal, which is approxi-
mately 3 J/cm2. Since the APLN crystal is only 500 �m thick, the
maximum pump energy that can be used without damaging the
sample is around 6 mJ, assuming the beam has a circular cross
section. In order to circumvent this restriction we focused the
pump beam to an elliptical cross-section (0.34 mm ×  2.8 mm,
FWHM) by using a pair of lenses, a 400 mm focal length spher-
ical lens (L1) and a 100 mm focal length cylindrical lens (L2).

We obtained a red beam with all of the domain structures;
in all cases it had a spectrum centered at 710 nm with a large
bandwidth (∼10 nm FWHM) and a temporal duration of ∼9 ns
(FWHM) (Yankelevich, González, Cudney, Ríos, & Marcu,
2014). The output energy per pulse at 710 nm vs. pump energy
for the best two structures, one with w  =  0.20 and the other with
w =  0.34, is shown in Figure 2.

As can be seen, in both cases the threshold to obtain the red
beam is around 1 mJ. However, above the threshold the conver-
sion efficiency is higher for w  =  0.34. At a pump level of 7 mJ
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