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The computer-generated holography technique is a power-
ful tool for three-dimensional display, beam shaping, optical
tweezers, ultrashort pulse laser parallel processing, and
optical encryption. We have realized nonlinear holography
in ferroelectric crystals by utilizing spatial light modulators
in our previous works. Here, we demonstrate an improved
method to realize second-harmonic (SH) holographic imag-
ing through a monolithic lithium niobate crystal based on
binary computer-generated holograms (CGHs). The CGH
patterns were encoded with the detour phase method and
fabricated by femtosecond laser micromachining. By the use
of the birefringence phase-matching process in the longitu-
dinal direction, bright nonlinear holograms can be obtained
in the far-field. The realization of SH holography through
monolithic crystal opens wide possibilities in the field of
high power laser nonlinear holographic imaging. © 2020
Optical Society of America

https://doi.org/10.1364/0L.394162

Optical holography is a wavefront reconstruction technique
that records and reconstructs the amplitude and phase of a
light wave from an illuminated object. It was first proposed and
realized by Dennis Gabor in 1948 [1]. With the development
of the information age, computer technology and holography
have been integrated more closely and have led to the emergence
of the computer-generated holograms (CGHs) [2]. The CGH
technology can model the interference recording progress on
a computer without performing experiments by the use of an
optical system. It has been widely used in various fields, such as
three-dimensional (3D) display [3—5], image projection [6],
beam shaping [7,8], optical tweezers [9-11], ultrashort pulse
laser parallel processing [12,13], and optical encryption [14,15].
Nowadays, computer-generated holographic imaging has been
realized in various ways, including metamaterials [16-18],
spatial light modulators (SLMs) [19-22], and diffractive optical
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elements (DOEs) [23-27]. However, these ways achieved holo-
graphic imaging in the linear optics and had some limitations
when applied to the nonlinear field.

Nonlinear frequency conversion with the quadratic nonlinear
crystals is an important method to generate coherent radiations
[28]. In recent years, the combination of nonlinear frequency
conversion and wavefront shaping has been widely studied
[29-32]. At present, there are two main methods to realize
nonlinear wavefront shaping. One is to generate the second-
harmonic (SH) wave from the nonlinear crystal first and
then conduct the wavefront shaping through SLMs. We
have used this method to realize dynamic SH wavefront
modulation in our previous work [33]. Due to the limita-
tion of SLMs, this method increases the complexity of the
system and cannot withstand high power laser irradiation.
Another way is integrating the wavefront shaping process
within the nonlinear materials by the use of nonlinear pho-
tonic crystals (NPCs) [34]. By using the electric-field poling
technique [30-32] or femtosecond laser micromachining
[35-38], the second-order nonlinear coefficient x'* of the NPC
can be spatially modulated for wavefront shaping. In our pre-
vious research, we have realized the efficient two-dimensional
(2D) nonlinear wavefront shaping in amplitude-type NPCs by
femtosecond laser micromachining [8]. Nowadays, nonlinear
computer-generated holographic imaging has been attracting
extensive research interest.

In this Letter, we demonstrate a general approach to realize
the nonlinear computer-generated holographic imaging in
monolithic lithium niobate (LiINbO3) crystal. We have chosen
two specific original images: “SJTU” and the Shanghai Jiao
Tong University (SJTU) logo for experiments. We encoded
these images with the detour phase method. The calculated
CGH patterns were fabricated in LINbO3 with 0 or +1 binary
modulation of quadratic susceptibility by femtosecond laser
micromachining. The modulated LiNbOj3 crystal was cut for
a specific angle between the optical axis and the z axis, where
the phase-matching condition is fulfilled through birefringence
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phase matching (BPM) in the longitudinal direction. By send-
ing a nanosecond laser of 1064 nm wavelength to the fabricated
CGH, the bright SH holographic imaging can be achieved in
the far-field.

The process of creatinga CGH can be broken down into three
separate parts. First is the computational part, which involves
the calculation of the complex fields in the hologram plane
with discrete sampling points by a fast Fourier transform (FFT)
algorithm. The second part of the process is the encoding part,
which involves the choice of a suitable encoding method for
the complex fields in the hologram plane. The third part of the
process is the fabrication part, which involves the transfer of the
encoded representation of the complex fields to a transparency
object. Because the computation part has been developed into a
universal algorithm in Ref. [39], we will not elaborate here. The
following content of this Letter will illustrate the encoding and
fabrication part.

The choice of an encoding method is often influenced by
the properties of the fabrication device that will be used, so the
second and third parts of the problem are not entirely inde-
pendent. Since we use the femtosecond laser to modulate the
crystal with either an entirely positive or an erased zero quadratic
susceptibility throughout the interaction region [38] in the
fabrication part, the binary CGH was chosen to generate in our
experiments, and then the most appropriate encoding method is
the detour phase method [40]. In the detour phase method, an
elementary cell is allocated for reproducing the amplitude and
phase of each sampling point of the CGH. The modulus of the
complex number is represented by the size of the opening (aper-
ture) in the cell, and the phase is represented by the position of
the opening within the cell.

The schematic illustration of the holographic imaging encod-
ing process is shown in Fig. 1. We used a binary image with the
dimensions of M x N pixels as the object and conducted the
FFT process with the software of MATLAB [41]. A 2D complex
value matrix can be achieved as follows:
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Fig.1. Schematic illustration of the holographic imaging encoding
process. The lower part of the diagram shows the principle of the binary
detour phase method for representing the hologram. FFT, fast Fourier
transform.
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where A,,, and ®,,, are the amplitude and phase of the complex
value F,,,, respectively. After computing Fourier elements of the
desired binary image (the object), each of these elements is rep-
resented by an opaque cell with dimensions of w x /. Based on
the detour phase method [40], each cell has a rectangular trans-
parent aperture; the width of the rectangular aperture D - w is
fixed, the height L ,,, - 4 is proportional to the amplitude 4,,, of
different points (7, 7), and the distance from the center of the
opaque cell P, - w is proportional to the phase ®,,,, of different
points (72, n). The specific relationship is shown as follows:

Lmn = Amn
DPmn - (2)
{ Pm” = K

The maximum value of A4,,, is normalized to 1. The parameter
K determines the effective carrier frequency of the binary holo-
gram. In our experiments, we have chosen the following param-
eters: D =0.5, K = 1. This coding process is carried out for all
the cells in the hologram with the software of MATLAB.

After the computation part, we fabricated the detour phase
holograms in LiNbOj crystal with femtosecond laser pulses,
as shown in Fig. 2. The hologram pattern has been fabricated
in a 5 mol.% MgO-doped LiNbOj crystal [42], which has
the dimensions of 10 mm(x) x 10 mm(y) X 1 mm(z). In
addition, It was cut for a specific angle of = 75° between the
optical axis (¢ axis) and the z axis of the crystal. We used a com-
pact ytterbium-doped diode-pumped ultrafast amplified laser
as a laser source, which delivered linearly polarized pulses with
a duration of 500 fs. The center wavelength is 1030 nm, and
the repetition rate is 1 kHz. An objective lens with a numerical
aperture of 0.50 (RMS20X-PE Olympus) was applied to focus
the laser pulses. The crystal sample was mounted on a computer-
controlled XY Z translation piezo-stage with 0.1 pm resolution.
Controlling by the computer program, the crystal sample was
moved step by step and irradiated by the focused femtosecond
laser pulses. The irradiated dots became “black” by selectively
erasing the ferroelectric domain, while the unirradiated dots
remained “blue.” A magnified illustration of the geometric
specific pattern with 0 or 41 binary modulation of the quadratic

(a) Femtosecond Laser

Objective | UPlanFLl /!
20x/0.50 ’
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Lithium Niobate

Fig. 2. (a) Schematic illustration of the CGH pattern fabrication
process using femtosecond laser micromachining. (b) The zoomed-in
geometric specific pattern with 0 or +1 binary modulation of the
quadratic nonlinear susceptibility ¥® in lithium niobate. The crystal

was cut for a specific angle between the ¢ axis and z axis.



4134 Vol. 45, No. 15/ 1 August 2020 / Optics Letters

Original Image CGH Pattern Fabricated Pattern

(a)

s SJTU NERRY

— 20pixels

Binary Image

— 20pixels

a
—
]

(X
1
Zoomed-in :

_________

Fig. 3.
culated CGH patterns, and fabricated patterns of two specific images:
(@)—(d) “SJTU” and (e)—(h) SJTU logo. (i)—(I) show the zoomed-in

images.

Comparison between original images, binary images, cal-

nonlinear susceptibility x® in LiNbOj is shown in Fig. 2(b).
The physical mechanism of the ferroelectric domain erasing
process can be understood in that the crystallinity is reduced
through laser irradiation [38]. It should be noted that the refrac-
tive index of the crystal was changed of 2.5 x 1073, which
was calculated by a diffraction method [43]. We fabricated the
specific hologram pattern with 512 x 512 pixels, where each
pixel has a size approximately at 2 pm 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 crystal with
the incident energy of 0.9 yJ per pulse. It was first scanned in
x direction step by step and then moved to the next pixel by
moving in the 4y direction. The translation speed of the stage
is 280 um/s. The odd pixels and even pixels were all scanned in
the same +x direction. Itis worth mentioning that it took about
3.5 h to fabricated the 512 x 512 pixels binary phase hologram
in LINbO; with femtosecond laser pulses.

For demonstrating nonlinear holographic imaging, we
have used two specific original images: “SJTU” and the SJTU
logo for experiments. The comparisons between the origi-
nal images, binary images, calculated CGH patterns, and
fabricated patterns of these two specific images are shown in
Fig. 3. We have converted the original images to the binary
images for the convenience of encoding the images with the
detour phase method. It is worth mentioning that the binary
images of “SJTU” and the SJTU logo have the dimensions of
128 x 128 pixels and 256 x 256 pixels, respectively. The CGH
patterns of these two images have been enlarged to the dimen-
sions of 512 x 512 pixels for the convenience of the fabrication
process. The two fabricated patterns [Figs. 3(d) and 3(h)] and
their zoomed-in images [Figs. 3(j) and 3(1)] show the excellent
quality of the femtosecond laser fabrication process.

The schematic illustration of the SH holographic imaging
setup is shown in Fig. 4. An Nd:YAG laser producing 10.5 ns
pulses at a 1 kHz repetition rate at a wavelength of 1064 nm
has been used as the fundamental frequency (FF) source. The
ordinary polarized laser beam was irradiated on the center of
the fabricated hologram pattern in the crystal, which created a
waist radius of approximately 500 pm. The polarization axis
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Fig.4. Schematic illustration of the SH holographic imaging setup

in lithium niobate (LINbO3) crystal pumped by the Nd:YAG laser
with 10.5 ns pulse duration at a 1 kHz repetition rate at 1064 nm.
The screen in the far-field is the simulation result of the SJTU logo
SH holographic imaging. The filter is used to separate the FF and SH
beams. The lower right section is the schematic illustration of the BPM
process, where ;1 represents the wave vector of the FF beam and %2
represents the wave vector of the SH beam, 7; represents the refractive
index of the FF beam, and 7, represents the refractive index of the SH
beam. Subscripts “0” and “e” represent the ordinary and extraordinary
polarized light, respectively.

of the incident ordinary polarized fundamental wave is parallel
to the x direction, and an extraordinary polarized SH beam at
the wavelength of 532 nm was generated through the crystal.
We have used a filter (TF1, Thorlabs) to separate the FF and
SH beams. Also, the illustration shows the fabricated pattern
of the SJTU logo image and the transverse setting in which the
experiment took place. Numerical simulation was performed
on a screen at far-field based on the split-step Fourier method
with the software of MATLAB. The LiNbOj crystal was cut
for the Type I (0o0-¢) phase-matching process based on the
BPM [44] theory. Hence, the longitudinal part of the vectorial
phase-matching condition was fulfilled, and efficient nonlinear
harmonic holographic imaging can be obtained at the far-field.
The output SH patterns were projected onto a white screen,
which was put 100 cm behind the crystal, and then recorded by
acamera.

Figure 5 presents a comparison between the binary images,
SH holography imaging simulation results, and experiment
results of two specific images: “SJTU” and the SJTU logo.
The results show high correlation values between simulations
and experiments of the generated holography images: “SJTU”
(90%) and the SJTU logo (86%) [45]. In our experiment, the
intensity of the fundamental input light is about 300 mW, and
the generated total SH intensity is 31.5 pW. The measured
normalized conversion efficiency 7o, can be calculated by the
formula as follows:

P2w
Nnor = sz 12 s (3)

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 [46]. The normalized conversion
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Fig.5. Comparison between binary images, SH holographic imag-
ing simulation results, and experiment results of two specific images:
(@)—(c) “SJTU” and (d)—(f) SJTU logo. The color bars indicate the
relative light intensity. (The white regions mean the intensities are
beyond the color bars.)

efficiency in our experiment is 3.5% W' cm ™2, with the 1 mm
thick crystal. The SH diffraction efficiency in our experiments is
about 2.8%, and it can be improved by optimizing the encoding
algorithms and the fabricated CGH pattern quality [47].

In conclusion, we have demonstrated the realization of
the SH holographic imaging in a monolithic lithium niobite
crystal by femtosecond laser micromachining. Based on the
detour phase method, arbitrary binary images can be encoded
to generate hologram patterns. In the future, the combination
of optimized encoding algorithms and femtosecond laser fabri-
cation processes can be used to improve the holography quality
and the nonlinear harmonic conversion efficiency. The ability to
convert the frequency of light and generate holographic imag-
ing simultaneously in a monolithic ferroelectric crystal will be
useful for all-optical 3D displays and high power laser nonlinear
holographic imaging fields.
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