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An efficient two-dimensional arbitrary harmonic wave-
front shaping has been demonstrated in amplitude-type
nonlinear photonic crystals, where the phase-matching con-
dition is fulfilled through the birefringence and nonlinear
Raman—Nath effects in longitudinal and transverse phase
matching, respectively. The binary modulated nonlinear
photonic crystal was fabricated by femtosecond laser micro-
machining based on binary computer-generated holograms.
Three second-harmonic Hermite—-Gaussian beams, HG;,
HGy, and HGy,, were achieved by pumping a nanosecond
pulsed fundamental Gaussian beam, with the measured
normalized conversion efficiency of 8.4%W~! cm™? in the
first diffraction order of the HGy; structure. The amplitude-
type nonlinear photonic crystal opens wide possibilities
in the field of efficient harmonic beam shaping and mode
conversion. © 2019 Optical Society of America

https://doi.org/10.1364/0L.45.000220

Nonlinear frequency conversion in quadratic nonlinear crys-
tals is an important method to generate coherent radiation in
wavelengths when compact and efficient sources are not avail-
able [1,2]. It is worth noting that beam shaping of a nonlinear
harmonic wave has attracted intense interest in recent years and
has been studied in various applications [3,4], including opti-
cal micro-manipulation [5-7], optical micro-fabrication [8],
optical imaging [9,10], quantum optics [11-14], and optical
communication [15-17]. The usual way to realize the beam
shaping of a nonlinear harmonic wave is to generate a beam in
the nonlinear crystal first and shape the beam in the next step
with filters, lenses, mode converters, spatial light modulators, or
other conventional optical elements placed beyond the exit facet
of the nonlinear crystal. However, these optical elements often
consume a large workspace while increasing the mechanical
stability requirement of the whole system [18]. A novel method
for overcoming these problems is to integrate the beam-shaping
process within the nonlinear optical microstructured materi-
als, such as nonlinear photonic crystals (NPCs) [19-21] and
nonlinear metamaterials [22,23]. To achieve the desired beam
profile in NPCs, the electric-field poling technique has been
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used to spatially modulate the second-order nonlinear coef-
ficient of the crystal. The beam profile can be manipulated to
realize beam shaping [24-26], focusing [27], and steering [28].
However, this approach is challenging in achieving efficient
nonlinear harmonic frequency along with the shaping of the
beam in two transverse dimensions, since the longitudinal part
of the vectorial phase-matching condition is not fulfilled.

In this Letter, we demonstrate efficient two-dimensional
(2D) arbitrary harmonic beam shaping, with three Hermite—
Gaussian (HG) beams, HGj9, HGj;, and HGy,, in the
second-harmonic (SH) beam with measured normalized con-
version efficiency of 8.4%W ™! cm™? achieved in the quadratic
nonlinear crystal. We named these crystals as amplitude-type
NPCs (A-NPCs). The A-NPCs are fabricated by femtosecond
laser micromachining and have a geometric specific pattern
with 0 or +1 binary modulation of quadratic susceptibility in
ferroelectric crystals designed by computer-generated holo-
grams (CGHs). The modulated NPC was cut for a specific angle
between the optical axis and the z axis of the crystal, where the
phase-matching condition is fulfilled through birefringence
phase matching (BPM) and the nonlinear Raman—Nath process
inlongitudinal and transverse, respectively.

A standard method for 2D beam shaping in linear optics
is based on the use of CGH [29]. When sending a light beam
through a CGH pattern, the far-field diffracted wavefront
will have the desired amplitude and phase. Several methods
of implementing the coding of information in a CGH have
been developed, e.g., encoding in a continuous [30] or a binary
[31] form. Since the A-NPCs use the nonlinear Raman—Nath
process [32] to fulfill the transverse part of the vectorial phase-
matching condition, we cannot use a coding function that relies
on continuous modulation of the amplitude and phase. Then
the only possibilities we have are either an entirely positive or an
erased zero quadratic susceptibility throughout the interaction
region by femtosecond micromachining. Fortunately, such a
case of binary modulation has already been addressed in the field
of linear CGH by Lee [31], who suggested the following binary
coding method for the amplitude transmittance function of a
CGH:
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tx, y) = { 0 otherwise,
(1)

where ¢ (x, y) is the function of the amplitude of the encoded
information, defined by sin[m * ¢(x, y)] = A(x, y). A(x, y)
is the amplitude of the Fourier transform (FT) of the desired
wavefront in the first diffraction order, which is normalized to
the range of 0-1. ¢(x, y) is the phase of the FT of the desired
wavefront in the first diffraction order, which is in the range of
0 — 2m. Also, g (x, y) is in the range of 0-0.5; fzsrier tepresents
the frequency of the carrier function. We can use this function to
realize a 2D nonlinear CGH in A-NPCs. The 2D modulation
of the second-order nonlinearity coefficient of an A-NPC in this
case is

dnro(x, y) = 3dg{1 4 sign{cos[27 fiamierx — @ (2, p)] @)
—cos[mg (x, )1},

where dj; represents an element of the quadratic nonlinear sus-

ceptibility x ® tensor. Without regard to the amplitude or phase
modulation of the beam shaping, the nonlinear coefficient of
the structure is periodically modulated by the angular frequency
27 fearrier- In this case, the nonlinear Raman—Nath process
generates an SH beam at the angle Orn = arcsin(27 foaier/ #200)
which is equivalent to the angle of the first diffraction order in
the case of a regular grating with the same angular frequency.
When the amplitude and the phase are added, the far-field
SH beam profile at this first diffraction order is the FT of
A(x, y) explig(x, )] [25]. What needs to be pointed out
is that the nonlinear Raman—Nath process provides only the
transverse matching of the wave vectors; the longitudinal part of
the vectorial phase-matching condition is fulfilled by the BPM
process, which will be illustrated later in this Letter.

To demonstrate the concept of A-NPCs, we chose to fabricate
a crystal aimed to generate three modes from the HG family,
HG;y, HGy;, and HGy,, in the first diffraction order. The
transverse spatial distribution of the HG modes at origin is

Upm(x. 3. 0) = A, G, {ﬁx} G {ﬁq . @)

Wo Wo

where A; , represents the amplitude, Wj is the waist, and G;(#)
represents the /th-order HG function.

Different from the previous method of using electric-field
poling to produce the NPCs, femtosecond laser micromachin-
ing is used to fabricate the A-NPCs in this Letter. In recent
research, the femtosecond laser has been proven a convenient
technique to invert [33,34] or erase [35,36] second-order non-
linear susceptibility. A schematic illustration of the fabrication
process of the A-NPCs by femtosecond laser micromachining
is shown in Fig. 1(a), with the CGH pattern of HGy; structure
embedded in the nonlinear crystal. We fabricated the suggested
structure in a 5 mol. % MgO-doped lithium niobate (LiNbO3)
crystal with dimensions of 10 mm (x) x 10 mm (y) X1 mm (z).
In addition, the LiNbOj3 was cut for a specific angle of = 75°
between the optical axis (¢ axis) and the z axis of the crystal. A
compact ytterbium-doped diode-pumped ultrafast amplified
laser was employed as a laser source, which delivered linearly
polarized pulses with a duration of 500 fs (FWHM), a center
wavelength at 1030 nm, and a repetition rate of 1 kHz. An
objective lens with a numerical aperture of 0.50 (RMS20X-PF,

Vol. 45, No. 1/ 1 January 2020 / Optics Letters 221

(a)

Fs-laser

.
l
/o
/
/
/ 1
/I !
I
/
,
/
/
/
/ i
/ i
I

Objective | Urairs
20x/0.50

/
/0.17/FN26°. K

I [0
-7 + @

Lithium Niobate

Fig. 1. (a) Schematic illustration of the A-NPCs by femtosecond
laser micromachining for the HGy; structure and (b) the geometric
specific pattern with 0 or +1 binary modulation of the quadratic
nonlinear susceptibility x @ in lithium niobate. The crystal was cut for

aspecific angle between the ¢ axis and z axis.

Olympus) was applied to focus the laser pulses. The crystal sam-
ple was mounted on a computer-controlled XY Z translation
piezo-stage with 0.1 pm resolution. To record the desired CGH
pattern in A-NPC, the crystal sample was moved step by step
and irradiated by the focused femtosecond laser pulses accord-
ing to the specific hologram pattern. The irradiated dots became
“black” by selectively erasing the ferroelectric domain with
femtosecond laser pulses, while the unirradiated dots remained
“blue.” A magnified illustration of the geometric specific pattern
with 0 or 41 binary modulation of the quadratic nonlinear sus-
ceptibility x @ in LiNbOj3 is shown in Fig. 1(b). The physical
mechanism of the ferroelectric domain erasing process can be
understood in that the crystallinity is reduced through laser
irradiation, which has been verified by measurements of the
transmission electron microscopy (TEM) diffraction pattern
and micro-Raman signal in the engineered area by Wei ez al. [35]
in previous research work.

We fabricated the specific pattern with 512 x 512 pixels,
where each pixel isapproximately 2 im x 2 pm by the scanning
process of the femtosecond laser pulses. The chirped pulses were
focused 30 pm beneath the front surface of the sample with the
incident energy of 0.9 pJ per pulse. The CGH was first scanned
in x direction step by step and then moved to the next pixel by
moving in +y direction. The odd pixels and even pixels were
all scanned in the same +x direction. The translation speed
was 280 pm/s. The final fabricated crystal had three separate
~ 1.0 x 1.0 mm? structures, with different modulations of the
quadratic nonlinear susceptibility x®, according to Eq. (2).
Figure 2 shows a comparison between the calculated, fabri-
cated, and SH image of the CGH patterns in the HG19, HGy;,
and HGy; structures, respectively. Figures 2(d)-2(f) are the
microscope pictures of the x — y surface of the crystal after
femtosecond micromachining, and the excellent quality of the
fabrication process can be observed. Also, the SH image of the
CGH patterns shown in Figs. 2(g)—2(i) are in good agreement
with the calculated and fabricated patterns.

A schematic illustration of the proposed experimental non-
linear wavefront shaping setup using A-NPC is shown in Fig. 3.
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Fig. 2. Comparison between (a)—(c) calculated, (d)—(f) fabricated,
and (g)—(i) SH image of the CGH patterns in the HG;o, HGy;, and

HG;, structures, respectively.

We used an Nd:YAG laser producing 10.5 ns pulses ata 1 kHz
repetition rate at a wavelength of 1064 nm as the fundamental
frequency (FF) source. An ordinary polarized laser beam was
irradiated on the center of the CGH pattern in the crystal,
creating a waist radius of approximately 500 pum, and gener-
ated an extraordinary polarized SH beam at the wavelength of
532 nm. The polarization axis of the incident ordinary polar-
ized fundamental wave was parallel to the x direction. A filter
(TF1, Thorlabs) was used to separate the FF and SH beams.
Also, the illustration shows the fabrication pattern of the crystal
computed for HGy; and the transverse setting in which the
experiment took place. Numerical simulation was performed on
a screen in the far field based on the split-step Fourier method.
The A-NPC was cut for the type I (0o-¢) phase-matching proc-
ess based on the BPM [37] theory of the LINbOj3 crystal. Hence,
the longitudinal part of the vectorial phase-matching condition
was fulfilled. In addition, the transverse part of the vectorial
phase-matching condition was fulfilled through the nonlinear
Raman—Nath process. Because of the full matching of the wave
vectors, efficient nonlinear harmonic wavefront shaping can be
obtained in the first diffraction order in the far field.

We obtained desired HG modes at the first (left and right,
—1 and +1) diffraction order. The frequency of modulation in
the y direction, fmier, Was chosen to be 0.04 pm™"; therefore,
the first diffraction order was obtained at an external angle
of Asy fearsier ~ 21.3 mrad, where Asy is the SH wavelength.
Figure 4 presents the comparison between theoretical and mea-
sured beam profiles at the first diffraction order in the HGyy,
HGi1, and HGy; structures, respectively. The results show high
correlation values between theoretical predictions and experi-
ments of the generated HG beams: HG1¢(93%), HG11(92%),
and HG12(92%) [38]

We examined both the total SH generation power and the
first diffraction order power of the HGy; structure in Fig. 5.
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Fig. 3. Schematic illustration of the nonlinear wavefront shaping
setup in A-NPC pumped by Nd:YAG laser with 10.5 ns pulse duration
ata 1 kHz repetition rate at 1064 nm. The screen in the far field is the
simulation result for HGy;. The bottom right is the schematic illus-
tration of the fulfilled phase-matching condition through the BPM
and nonlinear Raman—Nath process in longitudinal and transverse,

respectively, where /;1 represents the wave vector of the FF beam and
ky represents the wave vector of the SH beam. Subscripts “o0” and “e”
represent the ordinary and extraordinary polarized light, respectively,
and G,, represents the transverse reciprocal vector in the mth diffrac-
tion order of the SH wave. The A% is the momentum mismatch in the
propagation directions for various diffraction orders of the nonlinear
Raman—Nath diffraction.

Fig. 4.
(f) measured beam profiles at the first diffraction order in the HG;,,
HG;, and HG;; structures, respectively.

Comparison between (a)—(c) theoretical and (d)-

These plots confirm a well-known fundamental quadratic
relation between intensity of the SH and fundamental beams.
The fair agreement between the values indicates that the A-NPC
structures are sufficient for the realization of highly efficient 2D
harmonic beam shaping. The measured normalized conversion
efficiency 1o, can be calculated by

P2w
Nnor = Wy (4)
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Fig. 6.
result of the fork grating structure for generating the nonlinear vortex
beams.

(a) Calculated, (b) fabricated, and (c) far-field experiment

where P, and P, are the powers of the fundamental and har-
monic, respectively, and L is the length over which the light
beams propagate in the crystal [39]. The normalized conversion
efficiency of HGy; structure in the 41 first diffraction order we
calculated is 8.4%W ™! cm ™2, with the input power of 300 mW
and SH power of 75.8 uW in the A-NPC of 1 mm thickness.

The A-NPCs can be used to generate arbitrary profiles of
beams and are not limited to HG beams. We also demonstrate
the generation of nonlinear vortex beams with the fork grating
structure in A-NPC in Fig. 6.

In conclusion, we have proposed and realized efficient phase-
matched nonlinear 2D beam shaping in A-NPCs fabricated
by femtosecond laser micromachining. The approach can be
utilized in different materials with different diffraction peri-
ods at broadband wavelengths. Furthermore, highly efficient
nonlinear optical beam shaping can be employed for the desired
wavefront and provide full control of the amplitude and the
phase of the converted beam. The ability to convert the fre-
quency of light and to reshape its wavefront simultaneously in
the desired way will be useful for all-optical shaping, routing,
and switching of beams.
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