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Highly efficient detection of near-infrared optical
vortex modes with frequency upconversion
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Vortex beams carrying orbital angular momentum (OAM)
have been widely applied in optical manipulations, optical
micromachining, and high-capacity optical communica-
tions. Vortex mode detection is very important in various
applications. However, the detection of near-infrared vortex
modes is still difficult because of the wavelength limitations of
the detection device. Here, we present a study on measuring
optical near-infrared vortex modes with frequency upcon-
version, which can convert a near-infrared beam into a
visible beam. In our experiment, the optical near-infrared
vortex modes can be measured by the number and orienta-
tion of the fringes of the second harmonic intensity patterns.
The proposed method is a convenient and flexible way to
measure the different OAM of vortex beams, which may have
potential applications in all kinds of circumstances that vor-
tex modes involve. © 2022 Optica Publishing Group
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The angular momentum of light can be divided into spin angu-
lar momentum (SAM) and orbital angular momentum (OAM),
which are associated with circular polarization and the spatial
mode, respectively [1]. In 1992, Allen et al. [2] recognized that
light beams with a helix phase dependence of an azimuthal
phase term exp(ily) carry an OAM of [h per photon, where [
is the topological charge (TC) or the eigenvalue of the OAM
and ¢ refers to the azimuth angle. The light beams carrying the
OAM are characterized by a donut-shaped intensity distribution,
which is also known as vortex beams [3].

In addition to the amplitude, polarization, and wavelength, the
OAM can be regarded as a new degree of freedom of light waves
[4—6]. Vortex beams carrying OAM have been widely applied in
many fields, such as optical manipulation [7,8], quantum infor-
mation [9,10], free-space optical communications [11,12], and
so on [13—15]. Because of the orthogonality between different
OAM modes, they can be superimposed to enhance information
capacity [16,17]. Moreover, OAM holography has the potential
to achieve high-capacity security storage [18,19].

Since there are many useful applications of such OAM,
measuring the OAM of vortex beams has become a task of
great significance. There have been many methods to measure
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the OAM of vortex beams based on the interference method
[20-22], diffraction method [23,24], geometric coordinate trans-
formation [25,26], deep learning [27], and surface plasmon
polaritons [28,29]. Over the past years, research on vortex beams
has extended to near-infrared vortex beams, especially in optical
communication [30]. Compared with traditional visible OAM
beams, near-infrared OAM beams have many advantages, such
as low loss near the zero-dispersion area in silica fiber [31,32].
However, near-infrared detectors based on InGaAs have many
limitations, such as low pixel sensitivity, high noise, and strin-
gent cooling. In contrast, silicon-based detectors have good
performance in the visible wavelength [33]. Recently, Liu et al.
[34] reported a practical solution, which is online detection of
near-infrared vortices using nonlinear photonic crystals (NPCs).
The near-infrared vortex beams are converted to the visible
region through a three-wave mixing process, while converting
the vortex beams to Gaussian modes. Then the silicon-based
detector in the visible wavelength is used for detection. However,
this method is dependent on the structure of the NPCs, which
needs complex fabrication. It is also phase-mismatched in the
longitudinal direction based on Raman—Nath diffraction. Hence,
a laudable goal would be to develop a flexible and efficient
method to measure near-infrared vortex beams.

In this Letter, we demonstrate a highly efficient detection
method to realize measuring the near-infrared vortex modes,
including the sign and the magnitude, through second harmonic
generation (SHG). In our experiment, the hyperbolic gradu-
ally changing period pure-phase grating (HGCP-PPG) [35] is
imprinted into the homogeneous nonlinear medium by a spa-
tial light modulator (SLM), whose function is to converse the
mode between the Laguerre—Gaussian (LG) mode and the Her-
mite—Gaussian (HG) mode [36]. The near-infrared OAM beams
with the TC varying from *1 to +8 are incident on the nonlin-
ear medium. The TC of the vortex beam can be judged from
the second harmonic (SH) HG-like diffraction intensity patterns
captured by a silicon-based charge-coupled device (CCD) in the
visible wave band. Finally, we calculate and measure the nonlin-
ear conversion efficiency of the SHG process, which has a high
nonlinear conversion efficiency.

A schematic of the experimental setup is illustrated in Fig. 1.
An Nd:YAG nanosecond laser with 1064 nm wavelength and
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Fig. 1. Schematic of the experimental setup (see the text for
details). HWP; and HWP,, half-wave plates; PBS, polarization
beam splitter; BE,; and BE,, beam expanders (2x); M, reflecting
mirror; L;_3, lenses, f;_3 =300 mm, 50 mm, and 200 mm, respec-
tively; SPP, spiral phase plate; BS, beam splitter; LN, 5mol %
MgO:LiNbO3; CCD, charge-coupled device.

20 Hz repetition rate is adopted as the linearly polarized funda-
mental frequency (FF) wave source, which produces 4 ns pulses.
A half-wave plate (HWP,) is used to control the polarization of
the FF wave. The FF wave is split into two orthogonal directions
waves by a polarization beam splitter (PBS). The transmitted
beam is incident on the spiral phase plate (SPP), which has an
exp(ilp) phase distribution [2] after passing through the beam
expander (BE,). The FF wave can be expressed as follows:

2

11| 2
E\(r, ) = (\/EL) L, (Zr—z) exp (—r—z) exp(ilp), (1)
wo w? W,

0

where wy is the beam waist of the FF wave, r and ¢ are the polar
coordinates, L (x) is the associated Laguerre polynomial, and p
is the radial index (p = 0 in our experiment).

The reflected beam is incident onto a SLM (UPOLabs,
HDSLMS80R), which is used to load the HGCP-PPG, as illus-
trated in the inset of Fig. 1. The phase function of the HGCP-PPG
is Y (x,y) = h(x* — y*), where x and y are the Cartesian coordi-
nates and & is a key parameter of the HGCP-PPG [35]. An
additional half-wave plate (HWP,) is inserted with its fast axis
orienting at 45° to rotate the vertical polarization into the
horizontal one, since the SLM is sensitive to the horizontal
polarization beam. The FF wave in the SLM arm can be written
as Ex(x,y) = exp[iy(x, y)].

The 4-f system consisting of lenses L, and L; is used to imprint
the NPPG on MgO:LiNbO; (LN), while in the SPP arm, the
4-f system consisting of lenses L, and L; is used to regulate
the beam size. These two beams are recombined by a beam
splitter (BS) and superposed in a 10 mm X 10 mm X 1 mm 5 mol
% LN to participate in the SHG process together. The LN is
cut for the Type-I (0o-e) phase-matching process based on the
birefringent phase matching. The angle between the propagation
direction and optic axis of the crystal is 75° according to the
Sellmeier equation [37]. In the non-collinear phase-matched
SHG process, the intersection angle of such two FF waves is 6°,
and the SH radiation angle is 80° with respect to the ¢ axis of
the crystal. Due to the small intersection angle, the two beams
are approximately collinear in the thin LN. The generated SH
beam can be expressed as follows:

AOLEI(rs (p)Eg()C, y)’ (2)

where Egy(x, y) represents the generated SH beam, A, is a param-
eter that characterizes the strength of the nonlinearity, and L

Eg(x,y) =
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Fig. 2. Numerical simulation results of the SH intensity distribu-
tion patterns: (al)—(a8) and (b1)—(b8) are the simulation results of
the SH intensity distribution for the FF wave with TCs from / = +1
to/=+8and /= —1to !/ = -8, respectively.

is the thickness of the nonlinear crystal along the propagation
direction. Finally, in order to get the SH patterns in the far field,
the complex amplitude distribution can be recorded by the CCD,
which can be written as follows:

ik
—CXII)/(IIZ %) exp [ o — W+ V)| -

// (. ) exp ( 127r(ux + vy)) dudy.

where u and v are the far-field coordinates, E(u,v) is the far-
field complex amplitude, A is the FF wavelength, k = 27/4 is
the wavenumber, and z; is the distance between the LN and the
CCD (zo = 500 mm in our experiment).

The numerical simulation results are shown in Fig. 2. Fig-
ures 2(al)-2(a8) and 2(b1)-2(b8) are the simulation results of
the SH intensity distribution for the FF wave with TCs from
I=+1tol=+8and ! = —1tol= -8, respectively. The waist of
the FF wave w, = 0.8 mm and the optimal parameter & = 1/w}?
are used in the simulation. For the sake of simplicity, the FF
OAM wave is vertically incident on the center of the NPPG. As
shown in Fig. 2, the intensity patterns of the SH are composed
of several bright spots and dark fringes, which are the HG-like
light spots. With the number of TCs increasing, the value of the
fringes is also increasing. Assuming that the number of bright
spots is m, the TC value of the FF OAM wave is equal to m — 1.
Meanwhile, the positive and negative TCs can be distinguished
by the SH intensity distribution patterns with different orienta-
tions. For example, the orientation of the dark fringe is 45° in
Fig. 2(al), corresponding to the positive TC, while the fringe
along - 45° shown in Fig. 2(b1) corresponds to negative TC.

The corresponding experiment results for measuring the
TCs of the FF OAM wave from /[ =+1to /=+8 and [ = -1
to [ = -8 are, respectively, presented in Figs. 3(al)-3(a8)
and 3(b1)-3(b8). The beam waist wj is also used at about 0.8 mm
in the experiment. The FF Gaussian wave at 1064 nm is incident
onto the SPPs with the TC from / = -8 to [ = +8. As shown in

E(u,v) =

@)
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Fig. 3. Experimental results of the SH intensity distribution pat-
terns: (al)—(a8) and (b1)—(b8) are the measured OAM results of
the SH intensity distribution for the FF OAM wave with TCs from
l=+1tol=+8and/=-1tol= -8, respectively.

Figs. 3(al)-3(a8), the SH intensity distribution patterns with a
visible green color are in good agreement with the numerical
simulation ones. The magnitude of the TC is determined by the
number of bright spots or dark fringes, which is equal to m — 1.
The sign of the TC is distinguished by the orientation of the
dark fringes. The experiment results of negative TCs are shown
in Figs. 3(b1)-3(b8), in which the orientation of positive TC
patterns rotates by 90° in the vertical direction. They are also
in good agreement with the theoretical simulations shown in
Figs. 2(b1)-2(b8). Therefore, the method we proposed enables
the visualization of invisible near-infrared vortex light based on
the observation of SH intensity distribution patterns.

Without loss of generality, we choose TCs of [ =4 and
[ = —4 to compare the theoretical and experimental intensity
distribution results. The directions of the intensity distribu-
tion are indicated by white dashed white lines, as shown in
Figs. 2(a4), 2(b4), 3(a4), and 3(b4). The theoretical intensity
distribution results of the SH patterns corresponding to [ = 4
and / = —4 are shown in Figs. 4(a) and 4(b), and the experi-
mental ones are shown in Figs. 4(c) and 4(d). The two larger
peaks at two sides of the curves represent the bright spots of the
SH patterns, and the secondary peaks represent the weak bright
fringes. It can be observed that the number of valleys is equal
to the TCs of the measured FF OAM wave, while the valleys
are marked by black dots. However, the errors with respect to
the experimental results may be due to the inevitable diffraction
effect.

Finally, the nonlinear conversion efficiency is measured in the
experiment. As shown in Fig. 5(a), the power variation of the
SH beam changes with the increase of the FF power in the SPP
arm as the TC is 4. The FF power in the SPP arm power is from
5.8 mW to 24 mW, while the average power of the FF wave
in the SLM arm adjusted by HPW, is constant at 5 mW. The
conversion of the SH beam is given by 17 oc CPsy/(Prw, - Prw,),
where Pgy is the average power of the SH wave, Pry, and Py,
are the average power of the FF wave in the SPP arm and the
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Fig. 4. Intensity distributions of the SH patterns, which are per-
pendicular to the bright fringes: (a), (b) the theoretical intensity
distribution results; (c), (d) the measured intensity distribution
results corresponding to / = +4 and [/ = —4, respectively. W is the
distance along the fringe structure.
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Fig. 5. (a) Comparison between measured (triangle) and linear
fit (solid curves) results of the average SH beam power dependence
on the average FF input power in the SPP arm. (b) SHG efficiency
as the topological charge changes from 1 to 8.

SLM arm, respectively, and C is a constant. Figure 5(a) con-
firms a linear relation between Pgy and Pry,. The nonlinear
conversion efficiency from the FF wave in the SLM arm and
the SPP arm to the current SH beam is about 4.7 x 10™' %W ™'
in the case of / = 4. Further, we measured the SHG efficiency
as the TC changes from 1 to 8, as shown in Fig. 5(b). The FF
wave power in the SPP arm is about 9.7 mW, which is basi-
cally unchanged with the variations of TCs. Obviously, with
the increase of TC, the conversion efficiency of the SH genera-
tion is about 4.7 x 10~ '%W ', while the dashed line represents
4.7 x 10 '%W ", While the TC is increasing, the OAM radius is
basically unchanged because the beam size is compressed by the
4-f system in the SPP arm. Therefore, the overlapping energy of
the two beams is basically constant and the efficiency is almost
unchanged.

In our experiment, the HGCP-PPG is used to realize such
near-infrared vortex mode detection, since it has been proved to
have excellent properties by Liu er al. [35]. We would like to
point out that the method that we proposed can be used to mea-
sure an unbounded OAM state without redesigning the structure
of the nonlinear material. For different FF beam waists, it is con-
venient to get the measured OAM result by updating the loaded
HGCP-PPG onto the SLM. Moreover, it has a relatively high
conversion efficiency based on the phase-matched SHG process,
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which can be achieved with nanosecond beams compared with
the method of Liu er al. [34]. It can also be used for online detec-
tion of high-energy classical beams because the non-collinear
process does not change the vortex mode.

In conclusion, we have realized a highly efficient method
to measure optical near-infrared vortex modes with frequency
upconversion, which is determined by the direction and number
of dark fringes of the measured SH HG-like diffraction patterns.
In our experiment, we have measured the OAM near-infrared
beams with TCs from / = +1 to [ = +8. The experimental results
agree well with the simulations. In addition, the relationship
between the power of the SH beam and the FF beam in the SPP
arm is studied. The result indicates that the power of SH beam
varied linearly with the FF beam in the SPP arm. This method
may have potential in optical communication or fiber optics,
where near-infrared vortex modes are expected to be measured.
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