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We experimentally demonstrate multiple copies of optical orbital angular momentum (OAM)

states through quasi-phase-matched (QPM) second-harmonic (SH) generation in a 2D periodically

poled LiTaO3 (PPLT) crystal. Since the QPM condition is satisfied by involving different recipro-

cal vectors in the 2D PPLT crystal, collinear and noncollinear SH beams carrying OAMs of l2 are

simultaneously generated by the input fundamental beam with an OAM of l1. The OAM conserva-

tion law (i.e., l2¼ 2l1) holds well in the experiment, which can tolerate certain phase-mismatch

between the interacting waves. Our results provide an efficient way to obtain multiple copies of the

wavelength-converted OAM states, which can be used to enhance the capacity in optical communi-

cations. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4934488]

It is well known that a vortex beam with a phase de-

pendence of exp(ilh) in the azimuthal direction carries orbital

angular momentum (OAM).1 Here, l is defined as the orbital

quantum number of photons. OAM of a light beam has been

widely applied in optical tweezers,2,3 optical manipulation,4

and information processing.5–8 Recently, the research inter-

ests of OAM have been further inspired by the experimental

demonstrations that it can significantly enhance the capabil-

ity of communications.9,10 There are several ways to directly

generate a light beam with a desired OAM, for example, Q

plates, spatial light modulators (SLMs), and diffraction gra-

tings.11,12 Recently, due to the increasing demands to imprint

OAM onto light beams with different wavelengths (espe-

cially the short wavelength), nonlinear optical processes

including second-harmonic generation (SHG),13–15 sum-

frequency generation (SFG),16 and four-wave mixing17 have

been used to convert the OAM from one light beam to

another. Generally, the OAM is conserved during nonlinear

optical processes including SHG.14,18,19 However, a few

exceptions were reported in type-II spontaneous parametric

down-conversion processes.20,21

Recently, periodically poled crystals have been intro-

duced to realize highly efficient nonlinear conversion of

OAM states through quasi-phase-matching (QPM).22,23

Periodically poled nonlinear optical crystals have been exten-

sively used in frequency conversion,24 wave-front engineer-

ing,25 and quantum information26 because they can provide

reciprocal vectors to realize QPM-enhanced nonlinear optical

conversion. In 1998, Berger proposed the concept of nonlin-

ear photonic crystals (i.e., 2D periodically poled nonlinear

optical crystals).27 Because of the collinear and non-collinear

reciprocal vectors in such nonlinear photonic crystals, numer-

ous interesting phenomena have been discovered including

nonlinear Cerenkov radiations,28 conical SHG,29 nonlinear

Talbot self-imaging,30 and so on. In this letter, we experimen-

tally demonstrate that multiple copies of wavelength-

converted OAM states can be obtained through SHG in a 2D

periodically poled LiTaO3 (PPLT) crystal.

The sample in our experiment is a squarely poled LiTaO3

crystal with a size of 10 mm (x)� 5 mm (y)� 0.5 mm (z)

(Fig. 1), which was fabricated through a room-temperature

electric-field poling technique. The period of the domain

structure is K¼ 5.5 lm, and the duty cycle is about 35%. The

experimental setup is shown in Fig. 2. A tunable Ti:Sapphire

femtosecond laser serves as the input fundamental field. The

pulse width is about 140 fs, and the repetition rate is 80 MHz.

FIG. 1. (a) SEM image of the PPLT sample. (b) Reciprocal lattice vectors.

(c) Collinear QPM SHG with ~G0;1. (d) Non-collinear QPM SHG with ~G1;1,
~G1;�1, ~G2;1, and ~G�2;1.
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The wavelength can be continuously tuned from 690 nm to

1050 nm. In the experiment, the input laser is first modulated

by a SLM (BNS SN-2840) under a reflection configuration to

generate the fundamental beam with a known topological

charge. Then, the fundamental wave is focused onto the PPLT

slice along the y-axis of the crystal. The polarization of the

fundamental light is parallel to the z axis of the crystal. Under

this experimental configuration, the involved nonlinear optical

coefficient is d33, which is periodically modulated in the

PPLT crystal. After filtering out the fundamental beam, the

generated SH patterns are projected on a screen located 16 cm

away from the end face of the sample. We use a cylindrical

lens as a mode converter to analyze the topological charge of

the SH wave.31 In this method, the topological charge of a

vortex beam is equal to the number of the dark stripes of the

pattern focused by the cylindrical lens.

When a fundamental beam with a frequency of x1 and

an OAM of l1 is frequency-doubled in a PPLT crystal, the

energy conservation requires

2x1 ¼ x2: (1)

Here, x2 is the frequency of the SH wave. To realize an efficient

conversion, it is necessary to conserve the momentum within the

optical fields, which is achieved through QPM in the 2D PPLT

crystal. The phase-matching condition can be written as

2~kx þ ~Gm;n ¼ ~k2x; (2)

where kx and k2x are the wave vectors of the fundamental

and SH waves, respectively. The reciprocal vector Gm;n in a

squarely poled LiTaO3 crystal (Fig. 1(b)) is defined by

Gm;n ¼
2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2 þ n2
p

K
(3)

with the subscripts m and n representing the orders of the re-

ciprocal vectors.27 Its direction can be collinear (for exam-

ple, ~G0;1 in Fig. 1(b)) or non-collinear (for example, ~G1;1 in

Fig. 1(b)) with the input fundamental beam. Note that the re-

ciprocal vector can be artificially designed to compensate the

phase mismatch between the fundamental and SH waves. It

has been experimentally demonstrated that the introduction

of OAM in a light beam does not change the QPM condition

for SHG.22 This can be attributed to the conservation of

OAM during the SHG process, i.e.,

2l1 ¼ l2; (4)

where l2 is the OAM of the SH wave.

The experimental images on the screen are shown in

Fig. 3. The input fundamental beam was imprinted with an

OAM of l1¼ 1, 2, and 3 in our experiment. The wavelength

is tuned between 900 nm and 950 nm to realize collinear and

non-collinear QPM SHG. First, we set the input wavelength

to realize collinear QPM by the use of ~G0;1. The measured

wavelength in the experiment is 945 nm, which is well con-

sistent with the theoretical value of 948 nm deduced from

Eq. (2). The corresponding SH image on the screen is shown

in Fig. 3(a). The central SH ring results from the collinear

SHG involving ~G0;1. The corresponding phase-matching

configuration is shown in Fig. 1(c). Clearly, there are two

non-collinear SH beams in Fig. 3(a). They are generated by

the QPM SHG processes involving ~G1;1 and ~G�1;1 (Fig.

1(d)). The measured exit angle of the non-collinear SH beam

is 4.94�, which is in good agreement with the calculated

4.91� from Eq. (2). By using a cylinder lens, the OAMs of

the collinear and non-collinear SH beams (Figs. 4(a) and

4(b)) are measured to be l2¼ 2, 4, and 6, which correspond

to the input OAMs of l1¼ 1, 2, and 3, respectively.

Obviously, the OAM conservation law as described in Eq.

(4) holds well for both collinear and non-collinear SHG

processes. In Fig. 3(a), the intensity of the collinear SH

beam with ~G0;1 is almost twice that of the non-collinear

SHG with ~G1;1 or ~G�1;1 because high-order reciprocal vec-

tors usually have lower effective nonlinear optical coeffi-

cients. When increasing the topological charge of the input

FIG. 2. Schematic of experimental setup.

FIG. 3. SH images projected on the screen. (a) At an incident wavelength of

945 nm, collinear and non-collinear QPM SHG processes are simultaneously

achieved with the help of ~G1;0, ~G1;1, and ~G1;�1. (b) The phase-matching con-

dition with ~G2;1 or ~G�2;1 is satisfied at an input wavelength of 926 nm. (c)

The fundamental wavelength is 906 nm, which can realize QPM involving
~G3;1 and ~G�3;1. The topological charges of the generated SH beams and the

corresponding reciprocal vectors are also shown in the figures.
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beam, the OAM conversion becomes less efficient because

high-order OAM modes usually have bigger sizes and lower

power densities.

Next, we tune the input wavelength to 926 nm. As

shown in Fig. 3(b), the non-collinear SHG process is phase-

matched by the reciprocal vectors ~G2;1 and ~G�2;1. The meas-

ured exit angle of the corresponding SH beams is 9.46� while

the calculated angle is 9.72�. The OAMs of the SH beams

are also doubled in comparison to the input one, as shown in

Fig. 4(c). It is interesting to note that the SH beams involving
~G0;1, ~G1;1, and ~G�1;1 can also be observed on the screen.

Although their intensities are much lower because the phase

mismatches are not perfectly compensated by the reciprocal

vectors, their OAMs are still well-defined and conserved.

This implies that the OAM conservation law has a certain

tolerance for phase-mismatching.

Then, the wavelength is set at 906 nm, which can satisfy

the QPM condition for SHG by using the reciprocal vectors
~G3;1 and ~G�3;1. As shown in Fig. 3(c), the corresponding SH

beams are projected onto the screen at an angle of 14.20�.
The theoretically calculated exit angle is 14.18�. The OAM

of the SH beams can be determined from Fig. 4(d). In Fig.

3(c), one can also see the SH rings resulted from ~G1;0, ~G1;1,
~G1;�1, ~G2;1 and ~G�2;1, which have much lower intensities

due to the non-perfect QPM. Their OAMs are all conserved

during the SHG processes. Interestingly, one can find weak

SH strips between the well-defined SH rings, which may be

attributed to the diffraction from the PPLT structure.32 The

OAMs of these SH strips are destroyed or severely distorted

because one cannot recognize complete rings in them. One

plausible explanation is that the tolerance of OAM

conservation law for phase-mismatching is limited. In our

experiments, the OAMs of the SH beams conserve at several

special exit angles because the reciprocal vectors in the 2D

PPLT crystal can totally or partially compensate for the

phase-mismatches between the interacting waves. When the

mismatch becomes too large to be compensated by the recip-

rocal vector, the OAM conversion is destroyed as in the

weak SH strips in Fig. 3(c).

In conclusion, we have experimentally demonstrated

OAM conversions through SHG in a 2D PPLT crystal.

Multiple copies of the SH beams carrying the doubled

OAMs are obtained by utilizing the collinear and non-

collinear reciprocal vectors in the 2D PPLT crystal. The

OAM conservation in non-collinear SHG processes is con-

firmed. Our experimental results also reveal that the OAM

conservation law can tolerate phase-mismatching in a certain

range. The 2D PPLT crystal, also known as a nonlinear pho-

tonic crystal, can be employed as a potential platform to real-

ize wavelength conversion and multiple copies of OAM

states in one device. Potential applications include beam

splitter and mode converter in high-capacity optical commu-

nications based on OAMs.
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