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Abstract A photorefractive composite based on a triphe-
nyldiamine (TPD) derivative was used to restore a severely
phase-aberrated laser beam to a nearly aberration-free state.
Here, a forward degenerate four-wave mixing geometry
was employed for the elimination of phase distortions and
its practical applicability in the transmission of optically
encoded data is demonstrated. In addition, it is demon-
strated that the experimental geometry is able to effectively
restore dynamically updating images. Conventional two-
beam coupling and degenerate four-wave mixing experi-
ments were used to characterize the composite subject to
the current experimental setup. The two-beam coupling
net gain coefficient was 100 cm~! with an applied external
electric field of 70 V/um. Internal and external diffraction
efficiencies of 10 and 6%, respectively, were observed with
a similar external electric field. Due to its superior charge-
carrier mobility, the TPD-based composite exhibited a
response time of 0.28 s, approximately five times faster
than traditional PVK-based composites.
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1 Introduction

Research in optical communications progressed swiftly in
the late 20th century due to rapid advancements in laser
technology. Unfortunately, aberrations arising from imper-
fections in the transmission media (e.g., atmosphere, opti-
cal fiber, etc) pose a critical issue, because they lead to
degradation of the transmitted signal. Several techniques
involving adaptive optics have been developed to address
this issue [1, 2]. These techniques, however, are costly and
require complicated electronics. In contrast, holographic
techniques using photorefractive (PR) elements offer a sim-
ple approach and are relatively cost effective [3-5]. Previ-
ous research has demonstrated that, due to the absence of
phase cross talk between the two writing beams, inorganic
PR crystals can be used for the elimination of phase aber-
rations using two-wave mixing [6, 7]. In contrast, organic
PR composites provide an attractive alternative to inorganic
crystals due to their low cost, ease of processability, and
tunability of electrical and optical properties through modi-
fication of chemical composition [8, 9].

Preliminary proof-of-concept experiments involving
organic PR composites have shown great potential for use
in the elimination of phase aberrations. Specifically, an
organic PR composite, acting as a phase-conjugate mirror,
has been used in the elimination of phase aberrations in an
optical beam [3]. However, the geometry used in this dem-
onstration precludes it from being used to transmit a signal
from a sender to a receiver at a remote location. Here, an
optical signal originating at the sender was passed through
an aberrating medium, and subsequently, the phase-con-
jugate signal was redirected back to the sender through
the original aberrating medium. More recently, an opti-
cal system based on a forward degenerate four-wave mix-
ing (DFWM) geometry in which the signal was sent from
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a sender to a remotely located receiver has been described
[4]. It was also demonstrated that such an optical system
can be used in the correction of dynamic phase aberrations
[5]. Nevertheless, the geometry used in those demonstra-
tions lacks practical applicability in that a coherent, una-
berrated reference beam was required to be transmitted
from the sender to the receiver. In real applications, such
a requirement is impractical, because the object and refer-
ence beams (OB and RB, respectively) would be subjected
to the same aberrating transmission medium. Thus, any
aberration arising in the OB would also be present in the
RB.

To overcome these shortcomings, a novel optical system
detailed schematically in Fig. 1 is introduced. As shown in
the figure, previously unrealized practical applicability is
achieved in that this configuration is comprised of distinct
sender and receiver, separated by an aberrating medium
traversed by a single optical beam. In this model, an opti-
cal signal is encoded in a laser beam by the sender. This
information is subsequently transmitted through an aber-
rating medium, represented in the figure by AB, which has
the effect of degrading the phase quality of the encoded
information. Here, the aberrating medium was fabricated
by spreading epoxy across a microscope slide. Finally, the
aberrated information-carrying beam reaches the receiver,
where the information can be reconstructed, free of aberra-
tions, using the optical system described herein in conjunc-
tion with a suitable PR device.
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Fig.1 Schematic diagram depicting the optical system. M denotes
mirror. The numbers in the parentheses indicate the distance (cm)
of each component from the PR device as measured along the rele-
vant beam path. Laser (—224); M1 (-179); PBS (-161); L1 (-76),
f=25 cm; AF (-68); AB (—=67); L2 (-=62), f=7.5 cm; M2 (-58);
L3 (-52) f=7.5 cm; BS (—46.5); L4 (=37), f=5 cm; HP (—43); ND
(—40.5); M3 (—32); M4 (-32.5); optical aperture (—21); L5 (—15),
f=15 cm; L6 (-16), f=10 cm; L7 (15.5), f=10 cm; M5 (27); PBF
(40); CCD (45). The inset illustrates the mechanism of reducing the
aberrations associated with RB
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2 Experimental method

An He—Ne laser operating at a wavelength of 633 nm
with s-polarization (500:1) was used for all experiments.
A polarizing beam splitter (PBS) further filtered any
p-polarization. The beam diameter at the object, an Air
Force resolution target (AF) in this case, was adjusted with
lens 1 (L1). Here, the 0.5 mm sized figures from the AF
were imaged (see Fig. S1 in Supplementary Material).
L2, L3, and L6 were used to adjust the size of the beam
at the respective optical components. The signal beam was
divided into OB and RB using a 50:50 beam splitter (BS).
The polarization of OB could be continuously rotated by
an angle, ¢, away from s-polarization (¢ =0° is maximized
s-polarization, and ¢=90° is maximized p-polarization)
via a half-wave plate (HP). A neutral-density filter (ND)
was used to adjust the intensity of OB. To produce an
RB which was relatively free of aberrations, RB was first
expanded using L4 to a diameter of ~3 mm and subse-
quently passed through an optical aperture with a diameter
of ~1 mm, allowing for a relatively “clean” portion of RB
to be isolated. A schematic of this process is shown in the
inset of Fig. 1. The diameter of RB at the PR device was
finally adjusted using L5. For all experiments herein, OB
and RB had beam areas of 0.12 cm? and intensities of 14.7
and 7.3 mW/cm?, respectively, at the PR device, unless
otherwise noted. The writing beams, OB and RB, inter-
sected at an angle of 35° in the air at the PR device. The
angle between the PR device normal and the beam bisec-
tor was 40°. These angles were experimentally determined
to optimize the quality of the restored image. A polarizing
beam filter (PBF) was placed after the PR device at the
position, as indicated in Fig. 1, allowing only the p-polar-
ized portion of OB, diffracted by the PR grating, to pass
and subsequently be imaged by the CCD camera. Hence,
the diffracted, p-polarized portion of OB is referred to as
the information beam (IB). L7 was used to create an image
plane at the CCD. Photos of the experimental setup can be
found in Figs. S2 and S3 in the Supplementary Materials.
The PR composite used in this study was composed of
N,N’-bis(3-methylphenyl)-N, N’-diphenylbenzidine (TPD),
poly(9-vinylcarbazole) (PVK), 4-homopiperidinoben-
zylidenemalononitrile (7-DCST) and Cg, with TPD:PVK:7-
DCST:Cyy=45:10:45:1.0 wt%. 7-DCST and Cg, served as
the non-linear optical chromophore and photosensitizer,
respectively. A small amount of PVK was included in the
composite to enhance its resistance to phase separation, as
well as to decrease the dark conductivity. PR composites
found in previous studies have often relied on PVK as the
charge-transport species [4, 5]. More recently, however,
polymers containing TPD pendant functional groups, such
as poly(acrylic tetraphenyldiaminobiphenol) (PATPD),
have been shown to possess superior functionality [10-12].
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Specifically, the hole mobility of PATPD has been shown
to be ~100 times greater than that of PVK with E=16 V/
um [10]. A faster charge-carrier mobility is advantageous
in PR composites, especially when response time is of
concern. In addition, PR devices based on PATPD have
shown improved stability in their PR performance [11, 12].
Considering the pendant geometry of the TPD groups in
PATPD, it is not surprising that the polymer and the TPD
monomer have similar energy gaps, E,, between the high-
est unoccupied molecular orbital and the lowest occupied
molecular orbital, with that of TPD being E,=3.20 eV
and PATPD exhibiting Eg=3.23 eV [12, 13]. Despite the
monomeric nature of the TPD used in this study, the PR
devices have not exhibited detectable phase separation in
over 1 year. In addition, due to the predominantly molecu-
lar nature of the PR composite, the inclusion of a plasti-
cizer was unnecessary, further increasing the available vol-
ume for functional entities within the composite [14, 15].
The PR device was fabricated by melting and sandwiching
the composite between two glass slides coated with indium
tin oxide to provide electrodes. The thickness of the PR
devices was maintained at d =50 pm using glass beads.

3 Results and discussion

As mentioned above, OB was linearly polarized and could
be rotated via HP, such that it contained both s- and p-polar-
ization. Because the other writing beam, RB, was s-polar-
ized, a degree of s-polarization was required in OB to cre-
ate the required optical interference pattern within the PR
device. The p-polarized component was necessary to serve
as a source for IB. To optimize ¢, the intensity of IB was
monitored as the polarization of OB was rotated and this
dependence is illustrated in Fig. 2a (externally applied elec-
tric field, E=70 V/um, AF was removed, and the CCD cam-
era was replaced by a photodiode). Evident in the figure, the
intensity of IB was maximized for ¢ =45°, and therefore,
this ¢ was used in all imaging experiments. The intensity of
IB was also characterized as a function of E, and the result

is illustrated in Fig. 2b (¢ =45°). The maximum intensity of
IB occurred at the highest applied field of E=70 V/um, and
over-modulation was not observed for the range of E used in
this study. Based on these results, E=70 V/um for all imag-
ing experiments unless otherwise noted.

To gauge the imaging capability of the optical system, as
shown in Fig. 1, an unaberrated image was recorded and is
shown in Fig. 3a. To obtain this image, the PR device was
replaced by a mirror and AB was removed. Evident from
the figure, the optical system is capable of producing a clear
image. Furthermore, this image serves as a control to which
subsequent images can be compared. Removing the mirror
and reinserting the PR device, with AB removed, yielded
the image, as shown in Fig. 3b. In comparing Fig. 3a, b, it
is apparent that insertion of the PR device results in a small
degree of image degradation. This degradation is attrib-
uted primarily to macro- and micro-scale inhomogenialities
which likely manifest in the PR composite. To minimize
this effect, the PR devices were fabricated with thickness,
d, of 50 um. This thickness, while relatively thin, ensures
that the PR grating is in the Bragg regime, which was con-
firmed through the observation of a single detectable order
of diffraction [9]. The aberrated image shown in Fig. 3c
was acquired by replacing the PR device with a mirror and
inserting the AB at the position, as indicated in Fig. 1. As
shown in the figure, the image is significantly aberrated.
Finally, a corrected image shown in Fig. 3d was acquired
using all the components, as shown in Fig. 1. The quality
of the corrected image in Fig. 3d is nearly identical to the
unaberrated image, as shown in Fig. 3b, demonstrating the
ability to largely eliminate phase aberrations in the optical
beam. Furthermore, the experimental geometry in Fig. 1,
in conjunction with the PR composite utilized herein,
was shown capable of eliminating phase aberrations in an
OB conveying dynamically updating images, as shown in
Video 1 of the Supplementary Material. Here, the posi-
tion of the AF was oscillated back and forth with a speed
of 1 mm/s in a direction perpendicular to the incident laser
beam. As shown in the video, the dynamically oscillating
image can be clearly identified. This stands in contrast to
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Fig. 3 a Unaberrated image
using a mirror in place of the
PR device. b Unaberrated
image captured using the PR
device. ¢ Aberrated image. d
Corrected image. e Corrected
image captured with the optical
aperture removed. f Interference
pattern written by intersecting
a coherent, plane-wave, beam
with the RB between the PBS
and L1. g Interference pattern
written by intersecting a coher-
ent, plane-wave, beam with

the RB between M3 and the
optical aperture (AF removed).
h Interference pattern writ-

ten by intersecting a coherent,
plane-wave, beam with the RB
between the optical aperture
and L5 (AF removed). The inset
depicts the configuration of the
beam cross sections of OB and
RB at the PR device

Video 2 in the Supplementary Material, captured by replac-
ing the PR device with a mirror. As shown in the video,
absent the corrective function of the PR device, the image
is mostly unidentifiable.

The unaberrated RB was obtained using an optical aper-
ture [16], the position and size of which greatly influenced
the ability to restore the image to an unaberrated condition.
Reducing the size of the aperture yielded a clearer image,
however, at the expense of intensity of IB. It was deter-
mined that, under the current experimental conditions, an
aperture diameter of ~1 mm yielded an optimal image. For
practical applications, the aperture position and size can be
adjusted using a feedback system [17]. To demonstrate the
necessity of the optical aperture, an image was obtained
with the aperture removed and is shown in Fig. 3e. Appar-
ent from the figure is that the image quality decreased dra-
matically from that shown in Fig. 3b. Nevertheless, some
degree of correction is observed in comparing Fig. 3e to
the aberrated image, Fig. 3c. This is attributed to the for-
mation of an effective optical aperture associated with
the intersection of OB and RB at the PR device. As illus-
trated in the inset of Fig. 3, when the optical aperture was
removed, the size of RB became larger than that of OB at
their intersection at the PR device. Because only the por-
tion of RB which was coincident with OB at the PR device
could contribute to the PR grating, those aberrations asso-
ciated with regions of RB which were not coincident with
OB were essentially eliminated. Moreover, the beam cross
section of RB at the PR device was “stretched” horizontally

@ Springer
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due to the relatively large incident angle of 57.5°, as com-
pared to 22.5° for the OB. Hence, an artificial aperture was
created in the region, where interference occurs, effectively
reducing the aberrations associated with RB.

To characterize the spatial coherence of RB before
and after passing through the aberrator and the subse-
quent optical aperture, interference patterns created by
the intersection of RB with a coherent, plane-wave, beam
were obtained. Shown in Fig. 3f is the interference pat-
tern obtained at a position between the PBS and L1 and is
included to gauge the spatial coherence of the laser beam
prior to any aberrations. Evident from the figure is the
familiar pattern associated with the interference of two
plane waves. The interference pattern obtained after aber-
ration of the RB, between M3 and the optical aperture (AF
removed), is shown in Fig. 3g. Here, the lack of any dis-
cernable interference pattern reflects the severely aberrated
nature of the RB. Finally, Fig. 3h shows the interference
pattern written after the optical aperture, between the opti-
cal aperture and L5 (AF removed). Evident from this series
of figures, the use of the optical aperture is effective in the
restoration of the RB to a plane wave.

The elimination of phase aberrations is rooted in the
holographic nature of the PR device. This process is illus-
trated by the equation:

(Wap - Uop + URB)2 =1Iop + Iz + Urp - Uogp™ - Yap”
+Uop  Urg" - ¥ap> M
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where Uy and Uy are the amplitudes of OB and RB,
respectively, Iy and Iy are the intensities of OB and RB,
respectively, Upy and Ugg" are the complex conjugates of
OB and RB, respectively, and ¥, and ¥, represent the
phase aberrations and its complex conjugate, respectively.
Here, because an aberrated OB, W,zUqg, is used to write
the PR grating, and assuming RB is an unaberrated plane
wave, the aberrations are “encoded” in the grating. In a
self-induced grating, the PR grating in this case, the grat-
ing created by the aberrated OB, ¥,zUqp, is also read by
Y gUpg. Evident in the second term of the equation:

and L is the optical path length of the beam experiencing
gain inside the device. For applications involving TBC-
based amplifications, the net gain factor, I, defined as
I'=I—a, should be considered. Here, a is the optical
attenuation experienced by the beam as it traverses the PR
device, with a=[log (Iyp"/Izg")1/d=40.82 cm™!, where I’
and Izg" are the intensities of RB before and after the PR
device, respectively. Evident from Fig. 4, net gain occurs
under the current experimental conditions for £>40 V/um.

To further characterize the utility of the current PR

composite for future application in the current optical sys-

Pap - Uop - Uop + Igp + Urp * Uop™ - Pap™ + Uop - Urp™ * ¥ap)
= (IOB +IRB) - Wap - Uop + lop - Ugp + (UOB -~ Ugg” - lPAB) - Wap - Uop:

@

is that the aberrations, ¥, in the reading OB, ¥,z Uqp,
and the complex conjugate of the phase aberrations, ¥, 5*,
encoded in the grating, cancel each other, so that the optical
beam diffracted by the grating, including IB, is aberration-
free [4, 5]. A more detailed explanation can be found in the
literature [18].

To confirm the PR nature of the devices used in
this work, two-beam coupling (TBC) techniques were
employed using the experimental setup shown in Fig. 1
with minor modifications. Specifically, PBS, AF, AB, and
HP were removed and OB and RB were p-polarized. Bias
was applied to the PR device, such that RB would experi-
ence gain at the expense of OB, and the beam intensity was
monitored using a photodiode. The TBC gain coefficients
are shown in Fig. 4 as a function of E and were calculated
according to the equation:

I'=[ln(p)-In(B+1-n]/L, A3)

where y is the ratio of the intensity of the beam expe-
riencing gain with and without the pump beam, f is the
ratio of the writing beam intensities before the PR device,
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Fig.4 TBC gain coefficient, I", as a function of external electric
field, E

tem, DFWM experiments were performed. As with the
TBC experiments, AF, AB, and HP were removed. In this
case, OB and RB were s-polarized, and had equal inten-
sities of 12.12 mW/cm? at the PR device (adjusted using
ND and removing the optical aperture). A p-polarized
probe beam with an intensity of 0.06 mW/cm? and a beam
area of 0.12 cm® were made to counter propagate opposite
to OB. The diffracted probe beam was collected using a
PBS located between L5 and the PR device. The internal
and external diffraction efficiencies, #;, and 7, respec-
tively, were measured as a function of E with the results,
as shown in Fig. 5. The efficiencies were calculated using
the equations 7, =1y/(I3+1) and 5. =14/I,, in which I, is
the intensity of the probe beam before the PR device, and
I and I, are the intensities of the diffracted and transmitted
probe beams, respectively, after the PR device. As shown
in the figure, a maximum of #;,,=10% and 7.,,=6% were
measured at E=70 V/um and over-modulation was not
observed for the range of E used in this study. While these
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Fig. 5 Diffraction efficiencies, #, as a function of external electric
field, E. The inset depicts the internal diffraction efficiency as a func-
tion of time with E=70 V/um
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n are relatively low, it is noted that the optical system was
optimized for image acquisition. For example, the 40° tilt
angle between the PR device normal and the writing beam
bisector, while optimized for image reconstruction, dictates
that only a small component of E coincides with the grating
vector. In addition, beam cross sections were maximized at
the PR device in an effort to minimize image distortions.
This resulted in beam intensities which were lower than
ideal in terms of efficiency [19-21].

Time-resolved DFWM experiments were also conducted
to characterize the PR grating growth rate, z,, under the
current experimental conditions. By fitting the obtained
data to the equation,

n=A[l - exp(-t/7,)]. “)

where A is a fitting constant [4, 22], 7, were deter-
mined as 1.77, 0.63 and 0.28 s for E=50, 60 and 70 V/um,
respectively. The inset of Fig. 5 shows the time-dependent
Nine With E=70 V/um. To the best of our knowledge, this
is among the fastest 7, recorded for any PR device operat-
ing in an image correction system [3—7]. In this case, the
improvement in 7, can likely be attributed largely to the
superior charge-carrier mobility of TPD, which allows for
faster formation of the space-charge field. In contrast, the
PVK-based PR device exhibited a maximum 7, of 9.3 s
under similar experimental conditions. The faster z, implies
that TPD-based PR composites are well-suited for applica-
tions involving the dynamic processing of optical informa-

tion [23].

4 Conclusion

In summary, a novel optical system employing a TPD-
based PR composite for the elimination of phase aberra-
tions is introduced. The optical system has the ability to
restore an aberrated, information-carrying, optical beam
to a nearly unaberrated condition under both static and
dynamic conditions, while its potential for application in
optical signal transmission is clearly established by the
sender-media-receiver geometry. In addition, we demon-
strate that the system has the ability to dynamically correct
aberrations. The PR composite shows a net TBC gain for
E>40 V/um, and #;,,=6% and #.,=10% are measured
with the current optical system. Moreover, with Tg=0.28 S,

@ Springer

the TPD-based PR composite demonstrates potential for
real-time image correction applications, which is the focus
of future research.
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