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Abstract: Manipulating photon’s orbital angular momentum (OAM) through nonlinear
interactions has drawn increasing research interests in recent years. In this work, we propose a
scheme to control the OAM of the third harmonic wave through two cascaded second-order
nonlinear processes. A Gaussian beam was frequency doubled at the first stage. Subsequent
sum frequency mixing of the Gaussian second harmonic wave and an orthogonal-polarized
Laguerre-Gaussian-like fundamental wave generate the third harmonic wave, which carries
the same OAM as that of the Laguerre-Gaussian-like fundamental wave. In this experiment,
we demonstrated controlling the OAM of the third harmonic wave in a tandem periodically-
poled LiTaO; optical superlattice, and the results are in accordance with theoretical
predictions.
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1. Introduction

Light beams whose spatial waveform feature an azimuthal phase dependence of the form
exp(—il8), carry an OAM of [# per photon [1], where @ is the azimuthal coordinate in the

transverse plane and the integer / is the topological charge (TC). The unique properties related
to the OAM make such beams an intensively studied topic with diverse applications in
micromanipulation, super-resolution imaging, classical and quantum communications [2-9].
Among these studies, the OAM exchange in nonlinear interactions is of particular interest.
Through frequency conversion, such as the frequency up [10-13] and down conversions
[14,15] in nonlinear optical crystals, four wave mixing in atomic vapor [16,17], and high
harmonic generation (HHG) in a gas medium [18], light beams carrying OAM could be
generated at new wavelengths. During frequency conversions of OAM-carrying beams,
arithmetic relations among the TC of the interacting modes are generally satisfied, i.e., the TC
of the harmonic wave is equal to that of the fundamental wave (FW) multiplied by the
harmonic order. However, in practical applications, such as stimulated emission depletion
microscopy, light beams carrying certain OAM at the target wavelength are preferred. In an
optical parametric oscillation, the OAM of the pump can be selectively transferred to the
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generated beams by controlling the relative losses of the resonant beams [15]. Second
harmonic (SH) waves with arbitrary OAMs were obtained at different diffraction orders from
twisted quadratic nonlinear crystals [19]. Third harmonic generation (THG) and fourth
harmonic generation can transfer OAM from the commercially available near-infrared laser to
short wavelength (down to the ultraviolet) through cascaded processes in second-order
nonlinear crystals [20-22]. For example, in our previous work [21], near-infrared light
carrying OAM was converted to the visible through THG in a quasi-periodical optical
superlattice and the OAM of the third harmonic (TH) wave was three times that of the FW. In
such high-harmonic generations which based on cascaded second-order nonlinearity, methods
to control the OAM of the generated harmonic waves regardless of the harmonic order
remains an interesting topic.

In this paper, we propose a scheme to control the OAM in THG using quasi-phase-
matching (QPM). The FWs consist of Gaussian and Laguerre-Gaussian-like (LG-like) beams
with the same frequency. Firstly, the Gaussian beam is converted into SH wave with a
Gaussian profile. Subsequently, sum frequency mixing of the Gaussian-shaped SH wave and
the LG-like FW generates the TH wave carrying the same OAM as that of the LG-like FW.
Currently, it is still a challenge to separate beams carrying different OAMs with the same
frequency and same polarization. In the proposed scheme, we utilized the polarization degree
of freedom, and set the two FWs at different polarizations. By choosing suitable nonlinear
frequency converters, in which the individual THG of the input FWs should not occur, a pure
output of the OAM-controlled TH wave may be obtained. The cascaded processes can be
realized using two birefringent crystals based on birefringence phase matching. In contrast, an
optical superlattice based on QPM can provide access to the largest nonlinear coefficient of
the material and avoid spatial walk-off. Most importantly, it is feasible to arrange for multiple
parametric interactions in a single crystal by domain engineering [23, 24]. The nonlinear
optical material used in our experiment is a tandem periodically poled LiTaO; crystal with
two cascaded domain sections. The first section of the superlattice was used for frequency
doubling of the extraordinary Gaussian beam. The second part was used for sum frequency
mixing of the extraordinary SH wave and ordinary LG-like beam at the fundamental
frequency, generating the ordinary TH wave carrying the same OAM as that of the input LG-
like FW, as indicated in Fig. 1.
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Fig. 1. Illustration of the scheme for controlling the OAM of the TH wave in an optical
superlattice. The inset is the microphotograph of the domain structures revealed by etching.
The left part of the inset corresponds to the first periodic structure of the superlattice. The
upper-right and lower-right parts of the inset are the corresponding parts of the fan-out domain
structure in the second section.

In this work, we chose congruent LiTaO; (CLT) as the host material. In comparison with
other materials, such as congruent LiNbO; and KTP, CLT has a high damage threshold and a
relative simple poling technique. The poling period of the first part was 14.7 um, which was
used for first order SHG of 1342 nm via a type-0 (eee) phase-matching process at 100 °C. In
order to compensate for the inaccuracy of the Sellmeier Equation of CLT crystals [25], the
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second part had a fan-out structure in which the poling periods varied from 15.7 to 16.5 um,
which was used for the third-order sum frequency mixing of the 671 nm extraordinary wave
and 1342 nm ordinary wave through a type-II (eoo) process. The optical superlattice was
fabricated using the conventional electrical-field poling technique [26] and the lengths of the
two sections were 10 and 8 mm. The microphotographs of the domain structures revealed by
etching are as shown in Fig. 1; the inverted domain distributions were uniform in both
sections and the duty cycles of the two sections were 50% and 40% respectively.

2. Experimental setup
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Fig. 2. Schematic of the experimental setup.

The schematic of the experimental setup is shown in Fig. 2. The fundamental light source was
a watt-level diode-pumped Nd:YVOy, laser working at 1342 nm with a 10 kHz repetition rate
and a 50 ns pulse duration. The polarization of the z-polarized FW from the laser was rotated
by 40° using a half-wave plate. Then the FW was split into two branches with a polarizing
beam splitter (PBS). The z-polarized FW in the upper branch had a Gaussian-shaped intensity
profile. The OAM was imprinted onto the y-polarized FW in the lower branch through spin-
to-orbital conversion using a quarter wave-plate (QWP) together with a g-plate. The
circularly polarized OAM-carrying FW was then transformed to linear y-polarization using a
second QWP. The two beams were then recombined and focused into the optical superlattice
using a lens with the focusing length of 50 mm. The optical path difference of the un-
balanced Mach-Zehnder interferometer was 15 cm, and the time delay between the pulses
from the two arms was calculated to be 0.5 ns, which is negligible in comparison with the
pulse duration of 50 ns. The optical superlattice was placed in an oven for temperature
control. After filtering the residual FWs and generated red light with two filters, the profile of
the generated TH wave at 447 nm was detected with a CCD. To reveal the TC of the beams, a
titled convex lens was used to convert the LG modes to Hermite-Gaussian modes. By
counting the dark strips in the converted pattern, we obtained the TC of the OAM state [27].

3. Results and discussions

To characterize the SHG part of the nonlinear crystal, only a z-polarized Gaussian beam at
1342 nm was incident onto the nonlinear crystal. The measured optimal phase-matching
temperature of the SHG in the first section was 105.5 °C, and the deviation from the designed
value of 100 °C was attributed to the inaccuracy of the Sellmeier Equation of CLT as well as
small fabrication errors during sample fabrication. A maximum output power of 550 mW was
obtained with a 1.1-W input. Taking into account the Fresnel reflection loss which is about
13% at the facet of the optical superlattice, the SHG efficiency was about 66%. High
efficiency SHG can be described using the coupled-wave equations for focused Gaussian
beams in [28]:

dA, (x) i . .
- A, A" exp(—iMkx
dx \/Z(1+i§)[a 4 exp(-ink)] W
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where 4, @, ,n; are the field amplitudes, angular frequencies, and refractive indices of the
FW and SH wave respectively. Ak =k, —2k, — G, is the wave-vector mismatch between the
FW (k) and the SH wave (k, ), and this wave-vector mismatch can be compensated by the
mth-order reciprocal vector G, =2mm / A provided by the optical superlattice with a poling
period of A. b= kjWOZj, J =12 is the confocal parameter where }¥; are the waist radii of
Gaussian beams. f, =2sin(mzD)/(mrm) is the Fourier coefficient of the optical superlattice
with D being the duty cycle. ¢ is the speed of light in vacuum. Substituting
W, = x/EWOZ =40um , D=50% andd,, =10.7pm/V [29] into Eq. (1), the coupled-wave
equations can be numerically solved and the results are shown in Fig. 3. The calculated output
power of the SH wave at the end facet of the crystal was 670 mW, with a conversion

efficiency of ~70%. The measured efficiency is very close to the calculated one which
indicates a uniform domain quality in the first section of the optical superlattice.
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Fig. 3. Dependence of the powers of the FW and SH wave on the propagation distance inside
the optical superlattice.

Blue light at 447 nm with z-polarization was observed during the experiment, and the
output power was 36 uW. By calculation, we found that the poling period for type-0 sum
frequency mixing of 1342-nm near-infrared light and 671-nm red light using the third-order
reciprocal vector is 14.682 um. This poling period is very close to the period (14.7 pm) of the
first section, and deviates far from the period (15.7-16.5 pm) of the second part, indicating
that z-polarized blue light was not generated from the second part (this was also confirmed by
incident the z-polarized FW from the end facet of the second section). In the experiment, the
un-wanted z-polarized blue light could be easily separated from the y-polarized blue light
using a PBS. To avoid THG of the z-polarized blue light, we can change the phase-matching
temperature away from 100°C during the design of the structure of the optical superlattice.
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The SHG of the y-polarized FW was weak in the experiment due to the large wave-vector
mismatch, hence THG contained only y-polarized FW was too weak to be observed.

Sum frequency mixing of the z-polarized 671 nm red light (pump) from the first section
and the y-polarized 1342 nm near-infrared light (signal) was realized in the second section of
the optical superlattice. In the un-depleted pump approximation, the sum frequency
generation (SFG) process can be predicted according to [30]:

l6x°d;, P,P.L2

eff
= (1, %), 4)
i ECNgN g /I;FG /1p
with
1 paase 325¢ (1+ix) (1-iy)
h(l’ é) - E-.‘l.z&ﬁ d J.I.25§ dy y) (5)

{(1+ix)(1—iy)[2+"(%]+a(l+%)(l—%>[2+t(x—y)]}’”

The upper and lower limits of integration in Eq. (5) are different from which in [30], because
the beam waist of the interacting waves were not at the middle of the second section of the
optical superlattice. The detailed description of the parameters can be found in the
supplementary material of [30].

To characterize the SFG section, firstly, the near-infrared light from the laser passed
through a half-wave plate, thus two Gaussian FWs with orthogonal polarization were
obtained. The powers of the z-polarized and y-polarized FWs at 1342 nm were 0.68 and 0.48
W respectively, and the power of the SH wave at 671 nm was calculated to be 320 mW
according to Eq. (1). Thus some key parameters used in the simulation can be determined and
given in the following: P, =735W and P, =835W (Fresnel loss considered) are the peak

powers of the pump and signal waves respectively;
d, =dy -2sin(3zD)/ (37)=0.12pm/V is the effective nonlinear coefficient; £=0.4906 is

the focusing parameter; @=1/2 ; #=1.02 . Optimized TH output was obtained by moving the

sample along the transverse direction of the fan-out structure. The power of the generated
Gaussian TH wave was measured to be 350 uW, which was close to the theoretical value of
400 pW calculated using Eq. (4).

When two FWs with different spatial modes were incident onto the optical superlattice
using the un-balanced Mach-Zehnder interferometer, OAM-controlled TH wave could be
obtained. We imprinted three different TC numbers, / = 1, 2, and 3, on the y-polarized 1342-
nm FW with a liquid crystal g-plate [31, 32]. The intensity profiles and TC numbers of the
FW are as shown in Fig. 4(a) and 4(b). Through controlled THG, we can see from Fig. 4(c)
that the generated TH waves had doughnut-shaped intensity profiles, and the measured TCs
of the TH waves were 1, 2, and 3 using a tilted convex lens, as shown in Fig. 4(d). The results
indicate that the OAM of the y-polarized FW wave was transferred to the blue light through
THG.
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Fig. 4. Intensity profiles of the FW (a) and the generated TH waves (c) recorded by a CCD. By
using a titled convex lens, the converted patterns indicate that the TH waves (d) carrying the
same OAM as that of the corresponding FWs (b). From left to right, the TC numbers are / = 1,
2 and 3.

Average output powers of 12, 10, and 6 uW at 447 nm were obtained when the TC of the
y-polarized FW was 1, 2, and 3 respectively. The conversion efficiency from the total input
power to the TH power was of the order 10°. The measured and theoretical results of the
normalized TH power depending on the OAM index of the LG-like FW are shown in Fig. 5.
The measured results show a decreasing tendency with increasing OAM index, however,
there is a large deviation between experiment and theory for / = 1. This can be explained by
the misalignment of the two incident FWs in space when switching to different g-plates, and
subsequent a deviation of the nonlinear spatial overlapping integral.
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Fig. 5. Measured results and theoretical predictions of the normalized output power of the TH
varying with the OAM index of the LG-like fundamental wave.

The temperature tuning waves for the cascaded SHG and SFG processes are shown in Fig.
6; the TC of the y-polarized wave was / = 1. The measured phase-matching temperatures for
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SHG and SFG were both at 105.5 °C, with the full widths at half maximum of 6 and 3.5 °C
respectively. Due to the fan-out structure in the second section, the temperature tuning curves
of the two processes overlapped well, which is favorable for efficient THG. According to
[25], the dispersion of CLT crystal is temperature dependent, so the wave-vector mismatch of
the interacting waves in THG will vary with the temperature. Thus the conversion efficiencies
of the nonlinear optical processes will change with the temperature of the nonlinear crystal.
By numerically solving the coupled-wave equations for THG in [28], the output powers of the
SH and TH waves depending on the temperature of the optical superlattice can be fitted, as
shown in Fig. 6.
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Fig. 6. Measured and fitted temperature tuning curves for the SHG and SFG processes.
4. Conclusions

Two orthogonally polarized waves with the same frequency but different spatial modes were
mixed in a tandem periodically-poled LiTaO; optical superlattice. Through two cascaded
nonlinear processes, the TC of the generated TH blue light at 447 nm was equal to that of the
input LG-like near-infrared beam at 1342 nm. By carefully designing the domain structure of
the optical superlattice, the temperature tuning curves for the cascaded processes overlapped
well, and the TH wave with controlled OAM can be separated from those with different
spatial modes by polarization filters. The dependence of the output power on the TC of the
input wave as well as the conversion efficiency were measured and investigated theoretically.
The proposed scheme in this work provides a compact solution for generating light beams
carrying desired OAM at short wavelength, and can be further extended to HHG in second-
order nonlinear optical materials.
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