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Nonlinear frequency conversion is the important method to get coherent radiation in all-optical
waveband. The intentional manipulation of nonlinear harmonic wave, which has some special
phase, amplitude, polarization, and so on, is also important to realize all kinds of optical micro-
manipulation, optical micro-fabrication, and optical communication in all-optical waveband.
There are three methods to manipulate such nonlinear harmonic wave, which are tailoring the
functional facet, the structure of crystals, and the structure of the incident light. In this review,
we will systematically introduce the fundamental principle and latest advances in this field and
summarize the respective characteristics of these three methods.

Keywords: Nonlinear optics; diffractive optics; harmonic generation and mixing.

1. Introduction

2018 Nobel Prize in Physics was awarded to Arthur Ashkin, Gérard Mourou, and
Donna Strickland for their “inventions in the field of laser physics”, which are
“optical tweezers” technique for manipulating small objects and “Chirped Pulse
Amplification, CPA” technique for generating high-intensity, ultra-short optical
pulses. It brings people’s attention back to the property of the light wave and its
application. Light wave with special phase, amplitude, and polarization distribution,
such as Bessel beam, vortex beam, airy beam, vector beam, and so on, are important

4

in the fields of optical micro-manipulation,’™ optical micro-fabrication,* optical

imaging,”® quantum optics,”'* and optical communication.!*™'* To get light wave
with such special parameters, intentional wave-front controlling is needed. In linear

optics, wave-front controlling technique is becoming increasingly sophisticated,
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which has been used to realize arbitrary parameters’ manipulation.'? In recent years,
wave-front shaping of a nonlinear harmonic wave has attracted more and more
interest. The manipulation of nonlinear harmonic wave would make it possible to
generate in all-optical waveband. It will extremely promote the optical micro-
manipulation, optical micro-fabrication, optical imaging, and optical communication
in the all-optical scope.

The manipulation of nonlinear harmonic wave relates to two processes, which are
the generation process and the manipulation process. Intuitively, there are three
methods to manipulate such nonlinear harmonics wave according to the sequence of
generation and manipulation. The first method can be treated as the linear method,
in which the first step is the generation of nonlinear harmonics wave by using various
phase-matching types and the second step is manipulation of the generated nonlinear
harmonics wave by using linear wave-shaping method. Another method of manip-
ulating nonlinear harmonic wave is by designing the structure of nonlinear photonics
crystals (NPCs), which is only one process of the generation and manipulation. The
third method is by manipulating the incident fundamental frequency (FF) light in
advance. The property of such incident FF light will change the property of emitted
second harmonic (SH) wave. In this review, we will systematically introduce the
fundamental principle and latest advances in this field and summarize the respective
characteristics of these three methods.

2. The Fundamental Principle of SH Wave Generation

As we know, atoms would be polarized when the light is incident on the medium.
The polarization of atoms can be express as

P=coxV-E+¢e)x? :EE +¢,x*® :EEE + - - -, (1)

where y(!) is known as the linear susceptibility and ¢ is the permittivity of free space.
x® and x® are known as the second- and third-order nonlinear optical suscepti-
bilities, respectively. E is the electric field of the incident light. According to
the Maxwell equation, the wave equation can be taken to have the form

O°E 9°P
;72 —_ _— _—
Bt g = Ho )

Therefore, such polarization of the atoms in medium can be treated as the
source of the new electromagnetic radiation. In linear optics, the polarization of
the atoms only relate to the first-order of the electric field of the incident light. It
can be used to explain the refraction, reflection, and transmission of the linear
optical wave. In nonlinear optics, the higher order of the polarization of the atoms
cannot be neglected, which causes electromagnetic radiation at new frequency.
Take the SH generation as the example, the coupled wave equation can be
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written as
dA2 Z(,{) 9
e A —LAAZ
dz  cn(2w) ot 3)
dAl - w A A zAkz
dz C’I’L( ) eff 2

where A;, A, are, respectively, the complex amplitudes of the FF and SH waves
propagating along the z-axis. d.; represents the effective nonlinear coefficient,
which depends on the nonlinear crystal, the direction of light wave propagation
and its polarization.

Ak =y — 2k; = k(2w) — 2k(w). (4)

It represents the difference between wavevector of SH k(2w) and the nonlinear
polarized wave 2k(w).

In nonlinear frequency conversion process, the energy conservation determines the
frequency of the generated SH wave and the momentum conservation, which also
terms the phase matching relation as shown in Eq. (4), directly affects the conversion

19,16 and quasi-phase matching'” are the most

efficiency. Birefringent phase matching
common phase matching methods to realize nonlinear frequency conversion, which
use birefringence and structure of the nonlinear crystal to compensate the dispersion
of the optical wave in different frequency, as shown in Fig. 1. In addition, not limited
to these two phase matching methods, the new type of phase matching method
is also a hot research topic in nonlinear fields, such as random phase matching,'®
quasi-phase matching assisted by photorefractive effect'® or electro-optical effect,?’

and so on.?%°
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Fig. 1. (a) The possible types of birefringent phase matching in negative uniaxial crystal and (b) quasi-
phase matching method.
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Fig. 2. Two cases of the manipulation nonlinear harmonic waves using linear method.*”*’

3. Manipulation of SH Wave by Using Linear Method

The most direct method to realize the manipulation of SH wave is by using the most
mature and simple technique. Now, the linear method has been successfully used to
manipulate all kinds of parameters of the optical wave, such as the phase, amplitude,
polarization, angular momentum, and so on. In this process, it prompts the devel-
opment of the experimental research of some special light beams like vortex

26-28 2031 32736 and so on. Hence, such linear method is

beam, vector beam, Airy beam,
the ideal candidate to realize the manipulation of SH wave. The whole process can be
described as two steps. The first step is the generation of the SH wave by using
different phase matching types and the second step is that we let the generated SH
pass through the preprocessed functional facet. In recent research, FF and SH vortex
can be generated at the same time when the functional facet was designed as a fork-
shaped grating, as shown in Fig. 2(a).*” Following this idea, the functional facet can
also be fabricated to arbitrary shapes to generate SH waves with arbitrary phase and
amplitude distribution, as shown in Fig. 2(b).**%

The advantage of manipulating of SH wave by using linear method is that we
can make full use of mature linear optical wave modulation methods. Its
disadvantages include: (1) Due to the dispersion of optical wave in nonlinear
materials, the optical elements in the original FF band cannot be directly applied to
the SH waves. Hence, the modulation of SH waves is often inaccurate by using the
same optical elements in FF waveband. (2) Optical elements need to be redesigned
and manufactured corresponding to different wavelengths, which increases the cost

and workload.

4. Manipulation of SH Wave by Using NPCs
4.1. NPCs and its fabrication

Since the quasi-phase matching technology was proposed, x(? space modulation
technology of the nonlinear crystals has been greatly developed in recent decades.
Especially in some ferroelectric crystals, the electric field polarization technology has
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Fig. 3. The fabrication process of NPCs by using electric field poling technique.”

become more and more sophisticated.’’*! By using electric field polarization
technology, commercial periodically polarized ferroelectric crystals are easily avail-
able now, such as periodically polarized LiNbO3, KDP, KTP (PPLN, PPKDP,
PPKTP), and so on. As the correspondence of the photonic crystals in nonlinear
field, researchers have also put forward the new concept of NPCs.*> The so-called
NPCs refer to the materials in which the second order susceptibility x(? is spatially
modulated while the linear susceptibility remains constant. These structures are
significantly different than the more common photonic crystals, in which the linear
susceptibility is modulated.

The fabrication process of NPCs by using electric field polarization technology
can be briefly described as the following processes, as shown in Fig. 3*%

(1) The photoresist is uniformly applied to the surface of the crystal with the glue
throwing machine. The prepared mask is covered on photoresist and exposed by
using the ultraviolet light.

(2) After exposure by using ultraviolet light, one can remove the mask and use
etchant to corrode the photoresist at the exposed or unexposed positions. In this
way, the photoresist on the surface of the sample will show the same or the
opposite pattern of the mask.

(3) The upper and lower surfaces of the sample are coated with metal electrodes.
The high voltage pulses between electrodes of upper and lower surfaces are used
to flip the domain structure of the nonlinear crystal.

In addition to electric field polarization technology, x(2) modulation of NPCs can also
be realized by ion exchange,®® electron beam radiation,** femtosecond laser radia-
tion.?” % Electron beam radiation technology can realize domain inversion at

1850047-5



J. Nonlinear Optic. Phys. Mat. Downloaded from www.worldscientific.com

by SHANGHAI JAOTONG UNIVERSITY on 02/21/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

H. Liu & X. Chen

nanometer scale, which provides a technical path for the fabrication of nonlinear
metasurface.

4.2. Transverse modulation

Supposing the FF light incident along the transverse direction (domain wall
direction or z-axis of the NPCs), and under paraxial and small signal approximation,

51,52

the coupled wave equation can be expressed as’

: 2
(52 + 51 oz ) sl 2) = —in(a) oA ), o)
where A, (z) and A,(z, 2), respectively, represent the amplitude of FF and SH wave.
Ay (z) = Aje(#=20)"/a* for the Gaussian beam. Here, A;, x, and a are, respectively,
the amplitude constant, the central position and the half-height width of the FF
beam. g(x) represents the spatial distribution function of x(?) of NPCs. 8, =
kox?) /(2n3) represents the nonlinear coupling coefficient, where n, is the refractive
index of the SH wave.
The amplitude A,(k,, z) can be expressed as the Fourier spectrum

As(ky,2) = /AQ(z,z)ei“f”d:v. (6)

Substitute it into Eq. (5)

ﬁ—ﬁ A ( )— _ﬂ / ( )AZ( ) ik, T iAkzd (7)
Oz 2]€2 2(Rgs ) = —1P2 glr)Aa(x)e xT.

The amplitude of the SH in the far field can be expressed as
Ay(Ky, 2) = —i@zeMN"*"‘?ﬂ/%ﬁ/Q sin c[z(Ak — k2 /2ky) /2]

« / o(z) AX(z)e*" da. (8)

In case of one-dimensional periodically modulated NPCs, g(z) can be expanded
into the form of Fourier series as:

o)=Y gue™ N 9)

m=0,£1,4+2,...

Here, Gy =2n/A is the reciprocal lattice vector of the NPCs. g,,(m #0) =
2sin(mmD)/(7m) and gy = 2D — 1 are the Fourier coefficients. D is the duty ratio of
crystal structure. Substituting Eq. (9) into Eq. (8) and considering the relationship
between light intensity and amplitude of the SH Sy(k,, z) = |A5(k,, 2)|?, it can be
obtained that

So(Ky,2) = 7ra22253112 x {sin c[z(Ak — ni/?kz)/Q]}Q

2
_ 2/8
% E Gm€ a?(mGy+k,) /867,777,6'0 . (10)
m=0,£1,4+2,...
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From Eq. (10), three fundamental phenomena can be observed, which are nonlinear
Raman-Nath diffraction, nonlinear Bragg diffraction, and nonlinear Cherenkov ra-
diation. The last term in Eq. (10) represents the discrete Gaussian function and the
corresponding SH is determined by the following relation:

mGy + K, = 0. (11)

This expression is the nonlinear Raman-Nath diffraction condition: x, = —mG, =
ko sin oy, .

According to Eq. (10), Ak — k2/2k, = 0 when sin ¢[z(Ak — k2 /2k,)/2] reaches
its maximum. k3 = k2 + (2k;)? when the condition [1 — (k,/ks)]Y/? ~ 1 — K, /2k, is

satisfied. Then, the nonlinear Cherenkov condition can be obtained as follows:
ky cos O = 2k;. (12)

Nonlinear Bragg diffraction depends on both Egs. (11) and (12). Namely, nonlinear
Bragg diffraction can be treated as the resonance condition of the nonlinear Raman-
Nath diffraction and nonlinear Cherenkov radiation.”® > The schematic diagrams
and the phase-matching conditions of these three fundamental phenomena can be
shown in Fig. 4.

According to Eq. (10), the pattern of nonlinear Raman-Nath SH in the far field is
proportional to the Fourier transform of x(?) structure in NPCs. In fact, such Fourier
transform relation between the structure of the NPCs and the SH in the far field also
keep in two-dimensional case. Therefore, the SH can be manipulated by changing
x@ structure of NPCs. For example, the x2) structure of NPCs can be modulated as

— ./

NL 3 1

X i
z Cherenkov |~ :

v Filter Screen - ’

kl kl
® NL *
L Bragg \IG

screen

Fig. 4. Schematic diagrams and the phase-matching conditions of the nonlinear Raman-Nath diffraction,
nonlinear Cherenkov radiation, and nonlinear Bragg diffraction.” >
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the following form®’:

X(Q)(x7 y) = dijSign{COS[Qﬂ-fcarrierx - d)(xa y)] - COS[?Tq(.Z‘, y)}}’ (13)

where f.ier Tepresents the spatial frequency of the nonlinear grating. ¢(z,y) and
q(z,y) represent the modulation parameters of the nonlinear grating. The Fourier
transform corresponding to this nonlinear grating can be written as

mm

FO() = 3 {wxexp[im(Zcharrierw+¢(w,y))]}~ (14)

Therefore, the +1-order of nonlinear Raman-Nath diffraction can be written as
E(2w) o sin[mq(z, y)lexplid(z, y)]. (15)

The amplitude and phase of the generated SH are completely determined by the
structure parameters of the NPCs. Following this principle, the SH vortex beam
E(2w) o< F[x® (x,y)] o exp(iml,$) can be generated when the structure of NPCs
modulated as the fork-shaped grating x?(z,y) = d,;Sign{cos[27 feamiex® — [.4]}, as
shown in Fig. 5(a).”” Here, [, represents the topological charge of the NPCs. In
addition, SH Hermitian Gaussian (HG) beam and SH Laguerre Gaussian (LG)
beam can also be realized by using the same method,”® as shown in Fig. 5(b).
Theoretically, SH with arbitrary amplitude and phase can be generated by using
this method.

However, we can see that the nonlinear Raman-Nath diffraction process is a
phase-mismatching process, as shown in Fig. 4. Therefore, the conversion efficiency
of the SH generation process is quite low. To further improve the conversion effi-
ciency of nonlinear Raman-Nath diffraction, nonlinear Bragg diffraction can be used
to solve this problem to some extent. Figure 6 shows the manipulating SH by using
nonlinear Bragg diffraction. In this case, the NPCs are tilted to satisfy the nonlinear
Bragg condition.”®

N S Carmnko ring | A screen at
far-field

1 +1 1 +1
2w 2w

iy N
i IT'T S -
{11 111 'nmil[lmn 1
G?m | /*{W"IIH J.IEM?HUMW LYT/Z

(a) (b)
Fig. 5. (a) The generation of second-order harmonic nonlinear vortices by using a twisted NPC’" and (b)

the generation of HG,; and LGy, in the first-order of nonlinear Raman-Nath spot by utilizing the two-
dimensional (2D) modulated NPCs.”
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Fig. 6. 1D (HGsp) and 2D (LGy;) SH manipulating by using nonlinear Bragg diffraction.”

4.3. Longitudinal modulation

In the case of longitudinal modulation process, the incident FF beam propagates
along the quasi-phase matching direction. Assuming that the FF beam propagates
along z-axis (here, z-axis only represents the propagation direction and independents
to the optical axis of the crystal), the coupled wave equation can be rewritten as the

following expression under the paraxial and small signal approximation’??:
dAs(z iw )
) Aldaespl-ilk, - 2h)7, (16)

where d(2) = dggr - g(2) represents the modulation of the nonlinear coefficient along
the light propagation direction, which can be written as the product of the effective
nonlinear coefficient d; and the spatial modulation function g(z) of the nonlinear
coefficient. When the FF light passes through a nonlinear crystal with the length of
L, the amplitude of the SH can be expressed as

Ay(L) = ﬁdeﬁ‘A% /jc g(z)exp(—iAkz)dz. (17)

It can be seen that the SH emitted from the exit facet of the crystal is proportional to
the Fourier transform of g(z), which can be expressed as

G(Ak) = % /fo g(z)exp(—iAkz)dz. (18)

o0
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Therefore, the amplitude of the generated SH can be represented as

A(L) =

W

mdeffLA%G(Ak). (19)

Therefore, both the amplitude and phase of the SH can be manipulated by designing
the structure parameters of the NPCs. For example, the structure of the NPC can be

modulated into the following form©:

X (z, y) = d;;Sign{cos[27 f,x — ¢(y)] — cos[mq(y)]}. (20)

Only considering the case of +1-order reciprocal lattice vector of the NPCs to fulfil
the phase matching condition, the generated SH can be expressed as

E(2w) o sin[mq(y)]explig(y)]- (21)

Similar to the case of transverse modulation, the amplitude and phase of the gen-
erated SH are completely determined by the structure parameters of the NPCs.
Following this principle, the generated SH on the exit facet of the crystal is pro-
portional to the phase distribution of the Airy beam exp(if.y*) when the structure of
NPCs modulated as the following form x®)(z,y) = d;;Sign[cos(2nf,x + f.4°)], as
shown in Fig. 7(a).®! Here, f, and f. respectively, represents the spatial frequency
along the propagation direction and the modulation intensity along the transverse
direction of the FF beam. In this case, the phase matching relation can be expressed
as: 2nf, = ky — 2k;. In addition, 1D SH HG (HG(; and HGy3) beam and 1D SOS
Morse-coded function: three Gaussians (for the three short pulses of “S” in Morse
code), three super-Gaussians (for the three long pulses of the “O” in Morse code)
beam can also be realized in the near-field by using this method, as shown in
Fig. 7(b).®" Theoretically, 1D SH with arbitrary amplitude and phase can be gen-
erated by using this method.

Furthermore, some important theories were also proposed for designing the
structure of NPCs to realize arbitrary SH manipulation. For example, nonlinear
Huygens—Fresnel principle®? is proposed to realize the SH manipulation based on the
local phase matching in nonlinear frequency conversion, as shown in Fig. 8(a). The

Measurement

HGo

== 1]
HGo:
(218 ]
.
SR 1IN I.

Fig. 7. (a) The generation of nonlinear Airy beam®! and (b) schematic of on-axis 1D near-field SH
shaping by using NPCs.%
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Fig. 8. (a) Nonlinear Huygens-Fresnel principle®® and (b) nonlinear volume holography.®

concept of the nonlinear volume holography® is also an important theoretical
extension to the well-know volume holography concept in the linear optical field, as
shown in Fig. 8(b).

Manipulation of SH wave by using the structure of the NPCs has advantages in
the field of integrated photonics because of its compact structure. However, this
method also has its own disadvantages: First, domain inversion can only be carried
out in a fixed direction due to the intrinsic atomic arrangement of crystals. For
example, domain inversion is only along z-axis in LiNbO3, LiTaOj3 crystals. There-
fore, only 1D modulation of the SH wave can be realized along the longitudinal
direction of the crystal. In order to realize 2D modulation of the SH wave, FF light
needs to be incident along the transverse direction. For nonlinear Raman-Nath
diffraction, the efficiency of the SH generation is quite low due to the phase mismatch
in the propagation direction. Nonlinear Bragg diffraction can increase the conversion
efficiency of the SH in some extent, but the modulated SH can only be generated on
one side. Secondly, the original value of x(2) becomes negative after domain inversion
process. Therefore, different domains of NPCs only produce 0 or 7 modulation for the
SH waves. Finally, once the crystal structure is fabricated, it is difficult to change its
structural characteristics. Therefore, the SH generated by using this method cannot
be dynamically changed.

4.4. Three dimension NPCs

Since the first proposition of three-dimensional (3D) NPCs in theory,®*% two
research groups independent realize three-dimensional NPCs in the experiment by
using femtosecond laser direct writing technology in recent years,%-®7
new degree of freedom to manipulate the SH waves. In this structure, the reciprocal

which offer a
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()

Fig. 9. (a) Show the schematic of the structure of 3D NPCs,"* (b) and (c) show the structure of 3D NPCs
realized in the experiment.’®"’

lattice vectors of the crystal G,, ,,; exist in 3D direction

2mm 2mn 27l

Goi=——x+-"y4+lg
m,n,l Am x+ Ay y+ AZZ

(22)
Here, A,, A, and A, are, respectively, the period of the 3D NPCs along x, y and z
direction. Figure 9(a) show the schematic of the structure of 3D NPCs. Figures 9(b)
and 9(c) show the structure of 3D NPCs realized in the experiment in recent works.

By using such 3D NPCs, most of the disadvantages of manipulating SH by using
structure of the NPCs summarized above could be overcome. For example, it can
realize phase matching in arbitrary direction to increase the conversion efficiency of
the generated SH. By using 3D structure, not only 1D and 2D manipulation of the
generated SH, but also 3D shaping of the SH with high conversion efficiency can be
realized. Unfortunately, the femtosecond laser direct writing technology is still not
mature enough to realize 3D x() modulation because only a few layers can be fab-
ricated in the propagation direction of the femtosecond laser. Therefore, it still has a
long way to go.

5. Manipulation of the SH Wave by Using Structured FF Light

In addition to the method mentioned before, the manipulation of SH can also be
realized by modulating the structure of FF light in advance,’® as shown in Fig. 10. By
using slow-varying amplitude approximation, the couple wave equation satisfies the
following relation when the FF light propagates along the z-axis:

0A,,
0z

where A, and A,, denote the complex amplitude of FF light and SH, respectively.
V% = 0%2/022 + 02 /0y? represents the 2D Laplace operator of the transverse direc-
tion. k = xPw?/c? represents the nonlinear coupling coefficient. In case of phase
matching condition 2k, — ky = 0, exp[i(2k; — ko)z] = 1. The diffraction effect of FF

V2 Ay, + 2ik, = —kA2eihi—k)z (23)
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Fig. 10. Realizing SH shaping by modulating FF beam.’®

light can be ignored if the nonlinear crystal is short enough. In this way, the couple
wave equation can be rewritten as
dAQw _ ik

=_——" A2 24
dZ ng v ( )

The complex amplitude of the incident FF light can be written as A, =
|Alexp(ip,,). Under small signal approximation, the SH can be obtained

ik 20, (x,y
AQw(ma y) ~ _2_]{/,2“4141(33; y)Pe 2ol ’J>L' (25)

We can see that the amplitude and phase of the generated SH can be manipulated by
the amplitude and phase of the incident FF beam. Following this method, SH beams
68,6

such as different types of HG beam and Airy beam® % have been achieved, as shown

in Fig. 11.

Fig. 11. Simulated (top) and experimental (bottom) results of generating the following SH beams: (a)
and (b) HGyy, (c) and (d) HG,, () and (f) HG,y, (g) and (h) 2D Airy beam.*
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()

Fig. 12. (a)(d) The phase structure of the FW, (b)(e) the corresponding phase-matching geometries of
the nonlinear Raman-Nath SH, (c)(f) observed SH diffraction patterns in the far field and (g) the profile of
the FW at end of the nonlinear crystal.”

The concept of structured FF beam, of which the phase in the cross-section of
the beam was modulated as some special structures, was introduced to the
nonlinear frequency conversion process in our recent works.”’ "® The diffraction of
SH originates from the structure modulation of the phase of the FF beam,
rather than the grating of an NPC. In our work, we bring more attention to the
concept of spatial structure of the FF beam, which not only mimics the effects as
those in NPCs but also exhibits much more flexibility and controllability in ma-
nipulating SH waves.

It has been demonstrated that nonlinear Raman-Nath SH can be dynamically
achieved when the phase periodically modulated FF beam is incident on a homo-
1,° as shown in Fig. 12. The first row shows the case of FF
beam without phase modulating. The second row shows nonlinear Raman-Nath SH
generation when the phase of FF beam is periodically modulated. It is different with
the SH diffraction effect observed in NPCs. In NPCs, the SH diffraction originates
from the structure of the nonlinear grating. In our method, the diffraction of Raman-
Nath SH comes from the phase changes of the structured FF beam. Besides, non-
linear Raman-Nath SH generation of hybrid structured FW, which combine periodic
and random structure of the FF phase, was also investigated.”' In this case, more
diffraction spots can be obtained and the intensity and directions of generated SH
can be manipulated by the phase structure of the FF beam.

Nonlinear vortex beam array can also be generated by utilizing an FF beam with
fork-shaped phase structure incident on a homogeneous nonlinear crystal.”?> The
topological charge of SH vortex beam of different diffraction orders located in such
SH vortex beam array can be measured by a cylindrical lens. Figures 13(a) and 13(b),
respectively, show 1D and 2D nonlinear vortex beam array generation when the
phase of the FF beam was modulated as 1D and 2D fork-shaped grating structure.

geneous nonlinear crysta
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Fig. 13. (a) 1D and (b) 2D nonlinear vortex beam arrays generation when different phase structures of
the FW incident into the nonlinear bulk crystal.”

In 1D case, the topological charge of SH in different orders obeys the law gy = ul;. In
2D case, the topological charge of SH in different orders obeys the law gy =
ul, + vl,. In addition to pure phase modulation of the SH, we can also realize the
modulation of amplitude and phase in the +1-order diffraction of the SH. In our
recent works, amplitude modulated LG SH beams (including LG, and LGy;) and
LG;; SH beam with the both modulated amplitude and phase were generated.”

Nonlinear holography technique is a powerful tool for all optical switching and
manipulation of arbitrary nonlinear harmonic waves. In previous works, the method
of realizing such nonlinear holography is by configuring the structure of NPCs.5%7"
However, it is a challenge to dynamically tune the nonlinear harmonic wave pattern.
To overcome the long-term existed non-dynamic property of such nonlinear holo-
graphs, the method of the combination of dynamic computer-generated optical
holograms and noncollinear SH generation process is proposed in our recent work.”
In our experiment, arbitrary patterns both in FF and SH waveband can be generated
at the same time. Compared with previous works, this method does not need complex
arrangement of optical components and fabrication of the NPCs. Figures 14(a)
and 14(b) show the schematic of the experimental setup and the phase-matching
diagram, respectively. To illustrate the dynamic property of our method, a running
horse is experimentally realized, as shown in Fig. 14(c).

In addition to the amplitude and phase modulation of the SH, we also realized the
polarization manipulating of the SH in our recent work, ® as shown in Fig. 15. It is a
challenge to realize nonlinear frequency conversion and manipulation of vector
beams because of the polarization sensitivity in most of the nonlinear processes. In
our experiment, we generate SH vector beams by using three-wave mixing processes,
which occur in two orthogonal placed nonlinear crystals, and the vector property is
recognized by using a Glan—Taylor polarizer. FF vector beam can be written as

1850047-15
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Fig. 14. (a) Schematic of the experimental setup to realize dynamic nonlinear holography. SLM: spatial
light modulator; SF: spatial filter; Sample: 5mol.% MgO:LiNbOs, (b) phase-matching diagram of the
noncollinear SHG process and (c) a running horse is realized in the experiment.”

E(w) = [cos(mep + ¢y), sin(my + ¢g)]. Here, ¢, m and ¢, are the azimuth angle,
topological charge, and the initial phase of the vector beams, respectively. When
such vector beams pass through two orthogonal placed nonlinear crystals, oo-e bi-
refringent phase matching process is used in our experiment, the generated SH vector

(a) SLM
e e HWP PBS QWP fis s Imaging system
. .L-l
E———
v v
L o GT polarizer CCD

CCD
SH

(d)

Mirror

IU

Fig. 15. (a) Schematic of the experimental setup. Sample: two orthogonal placed quadratic nonlinear
crystals, (b) the phase loaded on SLM, (c1) and (c2) are, respectively, phase matching type and relative
position of two LiNbOj crystals (LN1 and LN2) and (d) the polarization and intensity distribution of
radially polarized FF vector beam and the corresponding generated SH vector beam.”®
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beam can be expressed as

E(2w)

_iwdegL < sin?(me + ¢q) ) (26)

 en(2w) cos? (i + @)

It can be seen that the generated SH waves still keep the vector property. Therefore,
we can realize the polarization manipulation of the SH by using this method.

The advantages of the method of modulating the SH through the FF light are as
follows: (1) It can make full use of the mature technology of linear light wave
modulation, especially the modulation of the FF light through the spatial light
modulator. It is a flexible way to realize dynamical modulation of the nonlinear
harmonic. (2) The phase of the FF light can be almost continuously changed.
Therefore, the phase of the generated SH can also be continuously changed by using
this method. (3) The modulation element of FF waveband can be fully utilized
without redesigning the optical element corresponding to the SH. However, the
disadvantage of this method is that the amplitude and the phase of the generated SH
are sensitive to the nonlinear crystal length. It means that the shorter the length of
the nonlinear crystal, the more accurate the parameters of the generated SH. In case
of the longer crystal, there is no analytical solution of the generated SH, which
requires the assistance of optimization algorithm to accurately manipulate the SH
parameters.

6. Conclusion

In this review, we have systematically introduced the fundamental principle and
latest advances of SH waves manipulation. Intuitively, there are three methods to
manipulate such SH waves according to the sequence of generation and manipula-
tion, which are tailoring the functional facet, the structure of crystals, and the
structure of the incident FF light. At the end of each method, we also systematically
summarize their respective advantages and disadvantages.
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