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bstract

In this work, we report the reversible reconstruction of holographic and distorted transmission images through the four wave mixing (FWM)
echnique and optical phase conjugation (OPC), an alternative method to adaptive optics, by using highly efficient Photorefractive (PR) polymers
abricated in our laboratories. These PR polymers are based on our synthesized nonlinear chromophore 4-[4-(diethylamino)-2 hydroxybenzylide-
eamino] benzonitrile (Dc). For the PR devices, diffraction efficiencies as high as 90% at 25 wt.% doping level of Dc  at an external applied electric
eld (Eext) around 56 V/�m are achieved. The reconstruction implementation is simple, of low cost, all-optical and it is capable of recovering 90%
f the original images. The real-time holographic experiments were performed at Eext of just 27 V/�m, which is one of the lowest reported values.
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eversible holographic imaging is showed with a rise-time around 0.35 s.
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.  Introduction

In image formation/detection with codified information,
berration media, such as atmospheric turbulence, perturb the
hase and cause intensity scintillation on the detectors. The
cintillation reduces the information capacity and increases the
it error rate. Adaptive optics technology can dynamically cor-
ect the spatial aberrations in the transmitted beams, which
arry the information, and significantly improve the perfor-
ance (Levine et al., 1998; Li et al., 2005). A typical adaptive

ptics system includes a wave front sensor for measurement
f the aberrations, an actuator for wave front correction, and
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E-mail address: jlmr@cio.mx (J.-L. Maldonado).
Peer Review under the responsibility of Universidad Nacional Autónoma de

éxico.

o
a
c
K
D

http://dx.doi.org/10.1016/j.jart.2015.10.007
665-6423/All Rights Reserved © 2015 Universidad Nacional Autónoma de México,
tem distributed under the Creative Commons CC License BY-NC-ND 4.0.
gation

he corresponding control electronics. Implementation of such a
ystem is expensive and complex. Considerable research efforts
ave been devoted to develop real-time, low-cost adaptive opti-
al systems, for instance, by using nonlinear optical (NLO)
ffects by means of the photorefractive (PR) phenomenon
hrough optical phase conjugation (OPC) and multiple wave

ixing (MWM) (Joo, Kim, Chun, Moon, & Kim, 2001; Köber,
alvador, & Meerholz, 2011; Li et al., 2005; Simonov, Larichev,
hibaev, & Stakhanov, 2001; Sun & Dalton, 2008; Winiarz

 Ghebremichael, 2004). PR dynamic holographic techniques
re also of interest for laser communication and information
rocessing since fast, low-cost, and all-optical compensation
f wave front distortion can be achieved without expensive
ctuators (deformable mirrors), sophisticated computation, and

omplex electronics (Günter & Huignard, 2007; Günter, 2000;
öber et al., 2011; Levine et al., 1998; Li et al., 2005; Sun &
alton, 2008).
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Fig. 1. (a) Molecular structure of our previously used nonlinear molecules H1
and H2 (Maldonado et al., 2009), the polymer matrix PVK, the plasticizer
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OPC is one of the most important phenomena in PR materials.
ull theoretical treatment of the OPC can be found elsewhere
Yeh, 1993). Briefly, when a plane wave front passes through
n inhomogeneous medium with refractive index n(x,y,z), it dis-
orts the wave front. If the wave is now reflected backwards
y an ordinary mirror and again passes through the medium,
he distortion of the wave front accumulates. In contrast, if the
ave is reflected from a phase-conjugated mirror creating the
hase-conjugated replica, distortion is canceled, and the wave
ront is reconstructed. Some of the potential applications include
ransmission of undistorted images through optical fibers (or
hrough the atmosphere), refreshing of holograms for long-term
ptical storage, optical interferometry, beam cleanup, and image
rocessing (Sun & Dalton, 2008). In a classic geometry (FWM),
hase conjugation occurs when two counter propagating pump
eams overlap in a PR material and create a phase-conjugated
eplica of a third incident beam (Sun & Dalton, 2008; Yeh,
993).

PR compounds need to possess simultaneously photosen-
itivity, photoconductivity and electro-optic (EO) properties.
hese materials are ideal for potential applications in real-time
ptical processing because they provide a medium for reversible
nd nonlocal volume holography (Blanche et al., 2010; Günter

 Huignard, 2007; Günter, 2000; Köber et al., 2011; Moon,
hoi, & Kim, 2013; Sun & Dalton, 2008), for instance, recently

he use of PR polymers for demonstration of holographic three-
imensional telepresence was reported (Blanche et al., 2010).
he pioneer report on organic polymer-based PR composites
y Ducharme, Scott, Twieg, and Moerner (1991) generated an
ntensive research with these materials, and in 1994 appeared
he first report of nearly 100% diffraction efficiency (η) by

eerholz, Volodin, Kippelen, and Peyghambarian (1994).
n these PR devices, a spatial optical excitation (interference
attern) produces, through a sensitizer, a number of mobile
oles/electrons, which drift under an external applied electric
eld Eext, and are subsequently trapped on the dark regions of

he interference pattern (Oh, Lee, & Kim, 2009). The resulting
pace charge electric field, Esc, alters the refractive index of
he polymer blend through the electro-optic effect (Kukhtarev,

arkov, Odulov, Soskin, & Vinetskii, 1978; Oh et al., 2009).
eorientation of the nonlinear (NL) chromophores, under the
ombined effects of Esc and Eext, leads to a modulated bire-
ringence, further enhancing the refractive index modulation
Günter & Huignard, 2007; Günter, 2000; Sun & Dalton,
008). The resulting index pattern has the same period as the
nterfering light that generates the photo-carriers, but its phase is
hifted. This phase shift is an evidence of the PR effect and leads
o an energy exchange between the two coherent beams that
enerate the light grating. For PR polymers, however, a strong
xternal electric field is necessary for charge photogeneration,
igh hole/electron mobility and orientational birefringence
Maldonado et al., 2007; Ostroverkhova & Moerner, 2004; Zhao
t al., 2011). Regarding this fact, in the literature, few reports

f highly efficient PR polymers at fields lower than 60 V/�m
re found (Hendrickx et al., 1998; Joo et al., 2001; Kippelen
t al., 1998; Maldonado et al., 2009; Tay et al., 2008; Thomas
t al., 2004), so, the reduction of Eext values is a very important

t
O
r
u

CZ and the sensitizer fullerene C60. (b) Molecular structure of the NL Dc
hromphore used in this work and a photograph of a PR polymer device doped
ith Dc.

eature to take into account in the development of novel
rganic PR materials and for the realization of technological
pplications.

Optimization of the PR effect in organic materials generally
nvolves the synthesis of push-pull  molecules (chromophores)
Marder, Kippelen, Jen, & Peyghambarian, 1997; Moon & Kim,
009; Würthner, Wortmann, & Meerholz, 2002) with strong lin-
ar and microscopic NLO properties, i.e., the permanent dipole
oment μ, the polarizability anisotropy Δα  (birefringence con-

ribution), and the first hyperpolarizability β  (EO contribution)
Marder et al., 1997; Moon & Kim, 2009). Recently, we have
eported very high diffraction efficiencies at low applied electric
eld on PR compounds based on the dipolar arylimine chro-
ophores H1  and H2  (Maldonado et al., 2009), see Figure 1,

btaining 87% and 75% at just Eext = 48 V/�m and 32 V/�m,
espectively; likewise, using the chromophore Dc, from the
ame family, diffraction efficiencies as high as 90% and 82%
ere achieved at just Eext = 56 V/�m and 63 V/�m, respec-

ively (Herrera-Ambriz et al., 2011). Our PR polymers based
n Dc  were also recently employed in a laser ultrasonic receiver
Zamiri et al., 2015) as contactless and adaptive interferometers,
hich are used widely for materials characterization (Davies,
dwards, Taylor, & Palmer, 1993; Zamiri et al., 2014).

In this work, by using our PR polymers based on Dc  NL
hromophore synthesized in our labs, reversible holographic

ransmission images and reconstruction of distorted figures by
PC under the FWM technique are reported. These reversible

econstructions were performed at one of the smallest Eext val-
es reported in the literature: 27 V/�m. Typical response time
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Fig. 2. Geometry used in FWM measurements, holographic imaging and image
reconstruction, where WB = writing beam (object and reference beams) and
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Fig. 3. Experimental setup: M = mirror, L = lens, PBS = polarizing beam split-
ter, BS = beam splitter, λ/2 = half wave plate, NDF = neutral density filter,
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B = reading beam. RB is in the opposite direction of WB2, DB = diffracted
eam (phase-conjugated signal).

f our PR polymers is about 350 ms, which enable these recons-
ructions at a reasonable fast speed.

.  Materials  and  methods

.1.  Materials

Dc  was synthesized in our laboratories according to typ-
cal synthesis procedure (Meyer, Joiner, & Stoddart, 2007)
y condensation reaction between 4-aminobenzonitrile and 4-
iethylaminosalicylaldehyde in methanol. Starting material and
olvents were purchased from Sigma–Aldrich and all of them
ere used without further purification.

.2.  PR  sample  preparation

We made thick, solid film samples of Dc  in combination with
he widely used mixture of PVK:ECZ:C60, PVK being the pho-
oconducting polymer matrix and ECZ the plasticizer (Kippelen
t al., 1998; Maldonado et al., 2009; Sun & Dalton, 2008),
t 25:49:25:1 wt.%. Magnetic stirring in dichloromethane dis-
olved the Dc:PVK:ECZ constituents. The sensitizer fullerene
60 was previously dissolved in toluene and then mixed with

he Dc:PVK:ECZ solution. The final mix was filtered through
 11 �m pore size paper filter. Solvent was evaporated under
educed pressure, and the mixture was subsequently dried in an
ven at 60 ◦C, for 12 h. Next, the dried material was melted and
ixed within two large glass slides. A small piece of the resulting
lm was cut, and melted between two ITO-coated glass slides
t a temperature of about 145–160 ◦C. Calibrated glass spacers
f thickness d  = 110 �m were used to ensure a uniform sample
hickness.

.3.  Holographic  experiments
The performance of our PR polymers was tested with a
ilted four wave mixing (FWM) and two beam coupling (TBC)

p
w
r

C = personal computer.

eometries (Köber et al., 2011); details of our experimental
et up can be found elsewhere (Herrera-Ambriz et al., 2011;

aldonado et al., 2009). Figure 2 shows the used geometry
or the dynamic holographic experiments and OPC. The FWM
xperimental set up is shown in Figure 3. Briefly, our experi-
ents were performed with a 10 mW He–Ne laser (λ  = 633 nm).
he writing beams (WBs) had s-polarization, each with power
f ∼0.7 mW. They were focused on the sample, with a spot
ize of ∼1.5 mm; so, the recording light intensities (I) were
f ∼40 mW/cm2. The angle 2θ  (α2 −  α1) between the writing
eams outside the sample was 21◦, whereas the tilt angle ψ  was
0◦. The refractive index of the polymer composites, measured
ith a reflectometer (Filmetrics F20), resulted in n  = 1.58–1.60

t 633 nm. The grating spacing under these conditions was
.9 �m (Herrera-Ambriz et al., 2011; Maldonado et al., 2009).
easurements of the diffraction efficiency were carried out with

 p-polarized probe/reading beam with a spot size of <1.5 mm
nd a power of only a thousandth (1/1000) of the power of the
riting beams. In FWM geometry, it is typical to have different
olarization for the writing and reading beams in order to neglect
ossible effects of the probe beam on the grating even when its
ntensity is much weaker than that of the writing beams.

For image reconstruction, holograms of two-dimensional
bjects (of about 5 mm in size) on a slide were employed
before PSB2 in Figure 3). In dynamic holography, a hologram
an be stored, or erased, without the need of a development
tep. It can be used in an unlimited number of write–erase
ycles, and can virtually display information in real time. In
ur case, holographic images were acquired by using the Bragg
iffraction of a reading beam (diffracted phase-conjugated
ignal). To have control over the beam size (about 8 mm in
iameter) a beam expander (Galilean telescope) was imple-
ented. In the formation of dynamic holographic images, the

robe beam was p-polarized, and was sent into the PR polymer

ith a spot size of ∼2 mm in the vicinity of the sample. After

econstruction, the holographic images were sent into a small,
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Fig. 4. Rise time is τ ∼ 350 ms (dynamic diffracted signal) for PR polymers
D
t

s
t

p
a
s
H
i
t
c
i

3

g
u

m
d
v
g
s
&
w
w
t
s
d
b

i
P
t
p
s
p
l
∼

Fig. 5. Photographs of (a) original image of a military target through the PR
sample, (b) transmission holographic reconstructed image (without aberration
medium), (c) transmitted distorted image by using a glass Petri dish and (d)
restored phase-conjugated image.

Fig. 6. Photographs of (a) original image of Leon soccer club logo through the
P
g

2
W
o

c:PVK:ECZ:C60 (25:49:25:1 wt.%) at Eext of 35 V/�m. Faster decay (erase)
ime is observed.

imple and nonexpensive CCD camera eliminating with this
he need for electronic processing.

Once image reconstruction (without aberration medium) was
roved, for OPC demonstration, the image deformation was
chieved by an aberration medium placed between L2 and the PR
ample, to intentionally distort the beam, as shown in Figure 3.
ere, a glass Petri dish was used to distort the WB1 image

nformation. The phase-conjugated image was achieved with
he diffracted beam (DB) in the opposite direction of WB1. DB
rosses the aberration medium again and generates the corrected
mage detected with the cheap and small CCD camera.

.  Results  and  discussion

In Table 1, some NL parameters of Dc and the main holo-
raphic values (Herrera-Ambriz et al., 2011) of our PR polymers
sed in this work are summarized.

Rise time (τ) for our PR polymers based on Dc  chro-
ophore is shown in Figure 4: from 10% to 90% of this

iffraction efficiency, the τ  value is about 350 ms, which is a
ery acceptable time for holographic and optical phase conju-
ation re-constructions because, in some reports, this time is of
everal seconds (Joo et al., 2001; Simonov et al., 2001; Winiarz

 Ghebremichael, 2004; Winiarz, 2007). Even shorter times
ere recorded for the erasure process. These rise and erase times
ere determined as follows: when one of the WB is illuminating

he PR sample with the applied external electric field “on”, the
econd WB is sent to the PR sample and the evolution of the
iffracted signal is monitored in time. Then, the same WB is
locked and the drop of the diffraction is obtained.

Figures 5 and 6 show image photographs of two objects (mil-
tary target and Leon soccer club logo: real images through the
R sample), their holographic reconstructed photos, the dis-

orted images (by using a glass Petri dish) and their restored
hase-conjugated images. It can be seen that the images are
everely distorted and cannot be recognized at all unless the OPC

rocess is used to retrieve them. Resolution of the images was
imited by the CCD pixel size. Images were formed in less than

0.35 s, which is a reasonably short period of time (Joo et al.,

l
e
G

R sample, (b) holographic reconstructed image, (c) distorted image by using a
lass Petri dish and (d) restored phase-conjugated image.

001; Simonov et al., 2001; Winiarz & Ghebremichael, 2004;
iniarz, 2007). Also, these experiments were performed at Eext

f just 27 V/�m, which is one of the lowest fields found in the

iterature (Herrera-Ambriz et al., 2011; Joo et al., 2001; Köber
t al., 2011; Li et al., 2005; Maldonado et al., 2009; Winiarz &
hebremichael, 2004; Winiarz, 2007).
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Table 1
Computed β and μ for Dc (in chloroform). Experimental value of the product βμ (through EFISH technique) = 320 esu D. Our PR composites and their measured values
for the holographic parameters are shown. A He–Ne laser (633 nm) was used. Sample thickness d = 110 �m; absorption coefficient α was at 633 nm (Herrera-Ambriz
et al., 2011).

PR composite
25:49:25:1 wt.%

β  (10−30 esu) μ (D) λamax (nm) α (cm−1) ηmax, % (Eext, V/�m) Δn, ×10−3 (Eext, V/�m)
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From Figures 5 and 6 (a), (b) and (d), one can visually see
hat the distorted images were acceptably corrected in the sense
hat they are clearly recognized from the originals (a). The two-
imensional cross-correlation is a widely used technique for
ecognizing patterns in images and determines the percentage
imilarity of two pictures (Baxes, 1994). This technique allows

 sub-picture w(x, y) of size K  ×  L  to be localized within an
mage f(x, y) of greater size M  ×  N, where K,L  ≤  M  ≤  N. Here,
he correlation to compare images was performed in Matlab
sing the equation:

 =
∑
m

∑
n(Imn − Ī)(Jmn − J̄)√(∑

m

∑
n(Imn − Ī)2

)  (∑
m

∑
n(Jmn − J̄)2

)

here I  is the original holographic image, J  is the distorted or
he reconstructed object, and Ī and J̄ are the average values of
he image pixels.

Image in Figure 5(c) is distorted more than 54% and the
estored image, Figure 5(d), has 89% of reconstruction in com-
arison with the holographic image (Fig. 5b). For the case of
eon soccer team logo, it is distorted 56% and it is reconstructed
9% with respect to Figure 6(b).

Chemical-structural stability of our samples is of several
onths and when there exists some damage, it is just enough to

eat the samples above 100 ◦C to recover their optical quality
see photo in Figure 1b) for some more days or even weeks.

.  Conclusions

In this work, by using highly efficient organic photorefrac-
ive polymers and through the FWM technique and optical phase
onjugation, we corrected images that present a high degree of
berration. Images were distorted by ∼55% and were recov-
red ∼90% with respect to the original ones. We were able to
orrect images almost unrecognizable to the human eye. The
ise time of our PR polymers was very acceptable: ∼350 ms.
n order to perform these reconstructions, the external applied
eld Eext was one of the lowest found in the literature: 27 V/�m.
his all-optical set up based on NLO effects, through the PR
henomenon, for image cleanup is simple and of low cost.
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