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Multichannel nonlinear holography in a two-dimensional nonlinear photonic crystal
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To manipulate the wave front of the harmonic wave, nonlinear photonic crystals (NPCs) have been employed
in constructing nonlinear holography. Through designing a multi-channel x? structure, nonlinear multiplexing
holography is reported here in NPCs. We propose a multi-channel nonlinear holography in an orbital-angular-
momentum- (OAM-)multiplexing NPC. In experiment, three images encoded in a single NPC are reconstructed
in second-harmonic waves distinctively, when the necessary Fourier-domain OAM-matching conditions are met,
respectively. Our method not only conceptually extends nonlinear holography, but also provides a multifunctional

platform for high-capacity security storage.
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The quasi-phase-matching (QPM) theory proposed by
Bloembergen provides an effective method to compensate
the phase mismatch and enhance the conversion efficiency
in the nonlinear light interaction processes [1]. To fulfil the
QPM conditions, nonlinear photonic crystals (NPCs), i.e.,
the domain-modulated LiNbOj;, LiTaOs3, and other ferro-
electric materials [2], have been widely investigated in the
past several decades [3-6]. Because of the collinear and
noncollinear reciprocal vectors in such NPCs, numerous inter-
esting phenomena have been discovered, including nonlinear
optical frequency conversion [7], nonlinear Cerenkov radi-
ation [8], conical second-harmonic generation (SHG) [9],
nonlinear Talbot self-imaging [10], and so on. By using spe-
cially designed NPCs, the concept of holography has also
been extended from linear to nonlinear optics [11], leading
to a universal method to manipulate arbitrary wave fronts of
harmonic waves [12-16]. In experiment, a two-dimensional
(2D) NPC with a certain domain structure offers a suit-
able platform to record a nonlinear hologram. Since the
information can only be reconstructed in nonlinear optical
fields, the encryption security is improved in comparison to
linear holography. However, due to lack of a way to en-
code various images into a single NPC independently, it
remains a great challenge to realize multichannel nonlinear
holography.

In order to explore the full capability for information
display and enhance the encryption security, multifunctional
holograms are highly desired. In linear optical multiplexing
holography, additional orthogonal physical dimensions, such
as polarization [17,18], wavelength [19-22], time [23], and
space [24-27], have been utilized to controllably switch the
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holographic images. Unfortunately, in the regime of nonlinear
optics, none of the above-mentioned physical dimensions has
ever been adopted as an information carrier that is capable
to separably reconstruct nonlinear optical images from a x2-
modulated NPC plane hologram.

Orbital angular momentum (OAM) [28], due to its inherent
orthogonality [29], has emerged as a new degree of freedom
of light for boosting classic [30-32] and quantum information
capacity [33,34]. Recently, OAM holography for high-density
encryption has been experimentally demonstrated in linear
optics [35,36]. In nonlinear optical processes, such as SH
generation, the traditional phase-matching condition is con-
sidered irrelevant to the OAM of lights [37-40], laying a
physical barrier to utilize the OAM dimension in nonlinear
holography. Here, we propose a Fourier-domain nonlinear
OAM-matching mechanism, in which the spiral phase of
OAM mode composes an additional phase-matching require-
ment to control the SH intensity in nonlinear holography.
By introducing different OAM orders to encode multiple im-
ages, one can controllably switch the holographic images in
SH waves and realize OAM-based multichannel nonlinear
holography. The sampling in OAM nonlinear holography is
governed by the nonlinear OAM conservation law [2]. In the
experiment, we employ the popular electrical poling tech-
nique [41,42] to fabricate the specially designed nonlinear
hologram in a 2D LiTaO3; NPC. Three independent images
encoded in the x? distribution of the 2D NPC will appear
individually in the second-harmonic wave when the corre-
sponding OAM-matching condition is met.

A common scheme of nonlinear holography in 2D NPC
is to input a fundamental wave (FW) along its z axis and
modulate the SH wave front on the x-y plane [upper panel of
Fig. 1(a)]. Consider a SHG process in the NPC with dimen-
sions of W(x) x H(y) x L(z). The generated SH power can be
expressed as (Py,) o sin c2(25%) sin 2 (252 ) sin 2 (44E).
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FIG. 1. Conceptual illustrations for Fourier-domain nonlinear OAM matching and multichannel nonlinear holography. (a) Comparison
between the phase mismatch and the OAM mismatch in a 2D NPC. (b) Multichannel nonlinear holographic display based on the OAM-

multiplexing nonlinear holography.

The domain structure on the x-y plane carries the nonlin-
ear holographic information, which produces the designed
SH field through spatial controls of Ak* and Ak’ un-
der the nonlinear Raman-Nath phase-matching configuration.
Considering that the domains along the z direction are un-
modulated, and the sample thickness is typically much larger
than the coherence length in SH generation, the SH power, as
well as, the contrast of SH holographic image are insensitive
to AK*L. If multiple images are encoded in this 2D NPC,
one cannot distinguish them under the traditional scheme of
nonlinear holography.

The conceptual illustration of OAM-matching nonlinear
holography is shown in the lower panel of Fig. 1(a). Accord-
ing to the spatial frequency distribution of the spiral phase
[35], the OAM dimension can be effectively introduced to
encode the SH wave front into the x? distribution of the NPC.
After proper sampling, we can obtain the phase-only nonlinear
hologram (PONH) of the target SH image [Ey = exp(i¥y)].
Then, a spiral phase with | = —I.[Espp = exp(—il.¢)] is
added on the PONH, resulting in the OAM-selective nonlinear
hologram (OSNH),

EI(\?AMfsel = EsppEy = exp [i(¥n — L.@)]. (1

When the fundamental beam carrying an OAM of | =,
i.e.,

E,(r, ¢, 2) = Ay exp (ilug + ik;,z) 2

is injected onto the NPC with the above OSNH structure, the
electrical field of the generated SH wave in the spatial domain
can be expressed as

—
Ero(r, ¢, 2) = Asy exp (ikh, 7 + ik5,2) = kEE,EN™M .
3)
Here, A, and A, are the envelopes of the FW and SH
waves, respectively. x is the nonlinear coupling coefficient.
—>

K, and k5, are the SH wave vectors along the transverse and
longitudinal directions, respectively. Assuming that the pump
is undepleted and the field’s envelops vary slowly, A,,, can be
written as

AZlexp (i Ak,L) — 1]
K

Aro i A,
x exp(i Alg)exp (in — ik—;; . 7) (@)
Here, we define
Al =21, — 1, ®)

as the OAM mismatch in nonlinear optical processes. Then,
the electrical field of the SH wave in the spatial frequency
domain (Egg ) can be expressed as (see Appendix A)
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FIG. 2. Principles of OAM nonlinear multiplexing holography. (a) Spatial frequency analysis. (b) Sampling constant calculation for
nonlinear OAM holography. (c) Design of sampling array for nonlinear holography. (d) Design principles of the PONH, OSNH, and OMNH.

where F and ® are the symbols of Fourier transformation
and convolution, respectively. Only when the OAM-matching
condition is met (i.e., Al = 0), the target image with Gaussian
intensity pixels can be reconstructed distinctively. As shown
in Fig. 1(b), OAM selectivity in the OSNH could be applied in
multichannel nonlinear holography. Three images (the letters
N, J, and U) encoded with different spiral phases (—l.1, —I.2,
and —I[.3) are multiplexed in an OAM-multiplexing nonlinear
hologram (OMNH). When the corresponding OAM-matching
condition is met (i.e. I} = %‘, 2 = 1”72, and > = 1‘73), the
three letters could be reconstructed in the generated SH wave,
respectively.

Proper sampling is critical in order to preserve the encoded
spiral phase and guarantee the OAM selectivity [35]. In lin-
ear OAM holography, the sampling distance (d;;) is directly

calculated from the spatial frequency of the incident OAM
beam. In comparison, two essential differences distinguish
the sampling rules in such OAM nonlinear holography. First,
the sampling distance for SH image (d,) is decided by the
spatial frequency of the corresponding SH OAM beam, i.e.,
E», = Ay, exp(—i2l,p) exp(—i2k5 z). As shown in Fig. 2(a),
the SH OAM order is twice the fundamental one according
to the OAM conservation law in nonlinear optical conversion
processes [2]. We calculate its distribution in spatial frequency
domain and define the sampling constant (d;) as the 30% of
the maximal modulus amplitude without loss of generality
(see Appendix B). The relationship between the input FW
OAM order and the sampling distance of nonlinear hologra-
phy is plotted in Fig. 2(b). Here, we use the parameters in our
experiment for the calculations.
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FIG. 3. Effects of binarization and adding a blazed grating function on the OSNHs.

Second, according to the expression of SH conver-
sion efficiency in nonlinear Raman-Nath diffraction 1

{sin c[z(Ak* — %)/2]}2 [43], the SH power varies with the
involved reciproca'fvectors (G). If the intensity distribution of
the target SH image is intended to be uniform [upper panel
in Fig. 2(c)], the Fourier coefficients of the reciprocal vectors
(G) provided by the x? distribution need to be adjusted. This
can also be understood since a modified comb function rather
than the uniform one as in linear holography [35] is used for
sampling in nonlinear holography [lower panel in Fig. 2(c)].

Figure 2(d) shows the procedure to design an OMNH. Af-
ter the necessary adjustments on the sampling array described
above, a PONH of the target image [Epong = exp(i¥ponm)]
can be achieved by iterative inverse fast Fourier transfor-
mation algorithm [35,36] [Fig. 2(d)]. Then, a spiral phase
with [ = —[. is added to achieve the OAM selectivity.
In order to eliminate the twin-image effect induced by
the binary phase modulation of SH waves (i.e., 0 and 7
phases from the positive and negative domains, respec-
tively), we add a blazed grating function into the final
OSNH {Eosnu = expli(¥ponu — L@ + Gp)]}. After complex
superposition of OSNHs for the letters N, J, and U, the
phase term of the complex amplitude distribution, Eopng =
expli*angle(Esny + Edsnu + ESsnyg)]s is defined as the
OMNH (i.e., the final domain structure encoded in the NPC).

In order to show the effect of the blazed grating function in
our design, the images reconstructed from the binary OAM-
selective nonlinear holograms with and without blazed grating
function are shown in Fig. 3. The OSNH is encoded with a
spiral phase plate / = —I.. When inputting a FW of /, =0,
a twin image with [ = [, and / = [, will appear in the spatial
frequency domain due to the binarization of OSNH. As such,
adding a blazed grating function is a good choice to separate
the images.

Notably, in the binary OMNH, the blazed grating function
is necessary only if the encoded OAM numbers include —I.
and /. simultaneously. For example, if two images are encoded
with [ = 2 and / = 4, the blazed grating is helpful to reduce

the cross talk but not necessary for image selectivity in the
OMNH. In our experiment, the letters N and J are encoded
with = —2 and [ = 2, respectively. As a result, the blazed
grating function is introduced in the design.

The experimental setup is shown in Fig. 4(a). A 900-nm
fundamental beam with a pulse width of 75 fs and a repe-
tition rate of 80 MHz from a Ti:sapphire femtosecond laser
(Chameleon, Coherent) passes through a half-wave plate and a
polarization beam-splitter to control its power. A spatial light
modulator (Holoeye Pluto-2-NIR-011) is used to generate an
incident fundamental OAM beam with different topological
charges. Then, this fundamental beam is loosely focused by
two lenses to an ~4-mm beam waist on the sample. We use
a Fourier lens with a focal length of 200 mm to observe the
SH images. The charge-coupled device (CCD) camera is put
at the 41 order of the binary blazed grating. The samples in
our experiment are z-cut LiTaOj3 crystals with dimensions of
4 mm (x) X 4 mm (y) x 0.5 mm (z). The domain structure is
fabricated by electric-field poling technique at room temper-
ature. Note that z is the propagation direction of the incident
FW, and the nonlinear coefficients dy, is utilized under our
experimental configuration.

Figure 4(b) shows the experimental demonstration of
OSNH. The images in the first and second columns illustrate
the calculated binary OSNH and the optical microscopic
images of the NPC with x® =dy» sgn[sin(Yosnu)l,
respectively. When the incident FWs carry no OAM (/,, = 0),
the SH images on the Fourier plane are shown in the third
column. Clearly, each pixel has a ring-shaped intensity profile.
The corresponding astigmatic transformation patterns [44] in
the fourth column suggest that the OAM states encoded in
the PONHs of the letters N, J, and U are [, = =2, [, = 2,
l.3 = 4, respectively. As can be seen from the last column of
Fig. 4(b), the SH image appears obviously with Gaussian-spot
pixel when the FW carries the appropriate OAM state to
satisfy the well-defined OAM-matching condition. Notably,
the binarization due to the NPC poling technique has
no significant effect on the performance of the OAM
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FIG. 4. Experimental demonstration of OSNH. (a) Experimental setup. (b) The structures of the OSNH for the letters N, J, and U encoded
with [. = —2, 2, and 4 are shown in the first (design) and second (experiment) columns. Note that the microscopic images record the
domain walls. The third column shows the OAM-mismatched SH images by a fundamental beam with /,, = 0. The fourth column depicts
the corresponding astigmatic images. As shown in the last column, by inputting fundamental beams with /,, = 1, —1, and —2, the letters N, J,
and U encoded in the SH waves with Gaussian spot pixels are reconstructed, respectively, when the corresponding OAM-matching condition

is satisfied.

nonlinear holography, according to our numerical simulation
and experiment.

Based on nonlinear OAM-matching theory, we can
achieve OAM-enabled multichannel nonlinear holography
in a 2D y2-modulated LiTaO; crystal (Fig. 5). The calcu-
lated OMNH and the microscopic image of the NPC with

x® =do, sgn[sin(Yomnu)] are shown in Fig. 5(a). When
the NPC hologram is decoded by a FW with [, = 0, the SH
image recorded with enhanced CCD sensitivity can be seen
in Fig. 5(b). Because of the OAM mismatches, the letters
embedded in the SH waves have donut-shaped pixels and
relative low intensities, which cannot be well discriminated.
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FIG. 5. Experimental demonstration of the OMNH. (a) The designed and experimental structures of the OMNH. (b) The reconstructed
SH image by a fundamental beam with /, = 0 (i.e., the OAM is mismatched). (c) Three-channel nonlinear holographic displays by using
fundamental OAM beams with [, = 1, —1, and —2 to satisfy the OAM-matching conditions, respectively. Notably, the SH intensity in (b) is
far lower than those in (c). Notably, the SH intensity in (b) is far lower than those in (c).

As shown in Fig. 5(c), only the fundamental OAM beams with
l, = 1, —1, —2 can satisfy the corresponding OAM-matching
conditions and selectively reconstruct the holographic images.
In principle, more SH images could be encoded in a single
2D NPC because of the orthogonality of the OAM orders,
which is technically limited by the damage threshold of the
used nonlinear crystal and the fabrication precision of domain
structure.

In conclusion, we have proposed and experimentally
demonstrated multichannel nonlinear holography in 2D x2-
encoded NPC by introducing the OAM dimension and making
use of its orthogonality. The additional OAM-matching
conditions in nonlinear optical processes provide the neces-
sary ability to select various nonlinear holographic images
from a single 2D NPC. If the lateral size of the recently
developed three-dimensional NPC [5,6] reaches several mil-
limeters, the Fourier-domain OAM-matching technique can,
then, be applied for nonlinear volume holography. Notably,
the 2D NPC plane hologram has certain unique advan-
tages in compactness and integration for on-chip nonlinear
optical applications. We also note that the nonlinear meta-
surface is another promising platform to realize nonlinear
holography under a different mechanism [4,19,45-52]. The
combination of the 2D NPC and nonlinear metasurface may
provide a potential way to utilize the information chan-
nels of the fundamental and SH waves simultaneously. Our

scheme could be further extended to higher-harmonic waves
through cascaded nonlinear optical processes in the NPCs
[7], leading to wavelength-multiplexing nonlinear holography.
Since the NPC has spatially modulated x? rather than x',
the encoded information can only be detected in nonlinear
harmonic waves, which provides a useful mechanism for
encryption technology. The multichannel nonlinear hologra-
phy in the OAM multiplexing NPC could significantly boost
high-density information security storage and communication
capacities.
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APPENDIX A: ELECTRICAL FIELD OF THE
SECOND-HARMONIC WAVE IN THE SPATIAL
FREQUENCY DOMAIN

In the cylindrical coordinates, we consider a FW
Ei(r,p,z) =Ajexplil,o +ikiz) and a SH wave
Ex(r.p.2) = Ayexp(iks, 7 +iki,z) with A, and A, being
arbitrary envelopes. When the fundamental beam with [ = [,
is input on the 2D OSNH [Ey = exp(iYy)], assuming that
the pump is undepleted, and the field’s envelops vary slowly,
the evolution of the SH wave is given by

dAZw

= kA2 exp [i(2L, — )l exp [i(2K, — K5,)z]
z

—
x exp (iyy — ikh, - 7). (A1)

Therefore, the SH wave in the spatial domain can be ex-
pressed as

Az)[exp (i Ak, L) —1]
K

A &
2o i Ak,

—

x exp(i Alp)exp (iyy — ik, - 7)  (A2)

Here, Al =21, —I., Ak, =2k%, — k. As a result, the

electrical field of the SH wave in the spatial frequency domain
(ES]) can be expressed as

ESE o Fle' 219} @ F{e/ V7)), (A3)

APPENDIX B: CHARACTERIZATION OF THE SAMPLING
CONSTANT FOR THE SECOND-HARMONIC IMAGE

In the cylindrical coordinates, the spiral phase plate with a
topological charge / can be expressed as

Espp(r, @) = circ(l%) exp(ilg), (B1)

where R is the radius of the spiral phase plate, and r and ¢ are
the radius and azimuthal angle in the polar coordinate system,
respectively.

The modulus amplitude of its spatial frequency can be
calculated by

lE(p, 0)] = I|Espp(r, ¢)|
1y R
= %exp(il@)/o J1<§r,o>r dr

where k = 2 /A is the wave number and f is the focal length
of a Fourier lens. r and p are the radii on the hologram
plane and the image plane, respectively. Because the modulus
amplitude features radial symmetry, the distribution along an
arbitrary radius direction can be analyzed by

|E(p,0)| = ‘ﬂfRJ (Er )rdr
P - f 0 1 f P

Without loss of generality, the sampling constant (d), cor-
responding to the sampling spatial frequency k., is defined
as 30% of the maximal modulus amplitude throughout this

paper.

(B2)
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