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Rewinding the arrow of time via phase conjugation is an intriguing phenomenon made possible by the
wave property of light. Here, we demonstrate the realization of a one-wave optical phase conjugation
mirror using a spatial light modulator. An adaptable single-mode filter is created, and a phase-conjugate
beam is then prepared by reverse propagation through this filter. Our method is simple, alignment free, and
fast while allowing high power throughput in the time-reversed wave, which has not been simultaneously
demonstrated before. Using our method, we demonstrate high throughput full-field light delivery through
highly scattering biological tissue and multimode fibers, even for quantum dot fluorescence.
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The light reflected from mirrors obeys the law of reflec-
tion. This limits the usage of such mirrors to simple optical
components that can only redirect propagating light in a
specific direction. However, if the phase relationship on the
mirror surface can be properly controlled, one could imagine
unconventional mirrors with various different consequences.

One of the most popular types of an unconventional
mirror is the phase conjugation mirror (PCM) [1]. The
PCM conjugates the phase on the mirror surface, and
causes the reflected light to rewind through the path that
the input light has travelled. This “time-reversal” property
of PCMs has been tried in various optical applications
such as aberration canceling [2,3], pulse compression [4,5],
laser resonators [6,7], holography [8], and the suppression
of multiple light scattering in biological tissues [9-14].
More direct demonstrations have also been performed
using acoustic waves [15] and microwaves [16], where
conventional electronics can directly measure and generate
the phase profile in real time.

To exploit this phenomenon, diverse research fields have
pursed the realization of an ideal phase conjugation mirror,
but an optical system that requires a single-input and a
single-output beam, like “natural” conventional mirrors,
has never been demonstrated. Historically, optical PCMs
have been usually aided by several nonlinear optical effects
such as stimulated Brillouin backscattering [17], four-wave
mixing [18], and the photorefractive effect [19]. The
functionality of the nonlinear PCMs relies on the interfer-
ences between input beams. The absence of electronics
allows nonlinear PCMs to handle a large degree of optical
information even in real time. However, simultaneously,
the nonlinearity raises technical difficulties that limit the
versatility of the PCMs, e.g., low reflectivity, signal
sensitivity, as well as unwanted nonlinear effects.

Inspired by the development of electronics, digital optical
phase conjugation (DOPC) has recently been suggested to
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dodge the nonlinear disadvantages [12,13,20]. DOPC mea-
sures the input field by interferometry, and then the con-
jugated field is generated from the other arm with a spatial
light modulator (SLM). The idea of the separation of input or
output arms is especially beneficial to the amplification of
conjugated light; the output light can be freely amplified
regardless of the input light intensity. However, for perform-
ing the conjugation, the desired optical field should be
exactly regenerated by the SLM, which requires extremely
precise alignment and calibration between the camera and
the SLM in six degrees of freedom [21]. Therefore, ambient
perturbations and noise can easily disable the functionality
of DOPC. This vulnerability has severely discouraged the
practical use of DOPC.

The ideal PCM will be an optical system that requires a
single input beam, like conventional mirrors [Fig. 1(a)],
as is frequently described in conceptual figures [Fig. 1(b)].
Unfortunately, all previously demonstrated PCMs rely
on separate beam paths for the input and output beams
[Fig. 1(c)]. Therefore, the requirement of the utilization of
reference light and the exact “correlation” between the
input light field and the phase conjugated output beams
generates all the critical issues described above.

Here, we present an optical phase conjugation mirror with a
one-wave configuration for both input and phase conjugated
beams [Fig. 1(d)]. We propose and experimentally demon-
strate naturally occurring phase conjugation by actively
coupling arbitrary light fields into a single-mode reflector.
A single-mode channel can be any single phase translating
optical system such as a diffraction limited diaphragm or a
single-mode waveguide. By definition, single-mode channels
can only carry a single phase, so the light that propagates in
the opposite direction through the channel will naturally be its
phase conjugated counterpart. Exploiting this relationship,
we couple arbitrary input light into the single-mode channel
using a wave front shaper such as a SLM, a dynamic mirror
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FIG. 1 (color online). Mirrors as optical systems. (a) Natural
mirror system. (b) The ideal PCM system requires single light
input E;,. (c) Conventional PCMs require additional reference
beams R and R*. (d) Proposed idea utilizing a wave front shaper
and a single-mode reflector.

device, or a deformable mirror. Thereafter, the reflected light
from the single-mode channel will follow the exact time-
reversed trajectory of the input light. We can also couple
another light source with the same frequency onto the channel
to amplify the output light intensity, rather than using the
direct reflection of the input light.

Let an arbitrary optical system be described as a
scattering matrix S. Then, for the given input field |y),
the output field can be formulated as

Slw) = ala) + 3 plai). (1)

where |a) is a selected single-mode channel, and the
|a;t) are a basis of perpendicular space with respect to
|a) [Fig. 2(a)]. Ignoring the light loss or gain in the system,
a and p, are arbitrary complex coefficients that satisfy
la|> +>_,|8,* = 1. For any arbitrary light (input channel),
the proposed system can actually conjugate the phase of
light that reaches the desired channel [Fig. 2(b)] even prior
to wave front shaping,

Sla*) = ylw*) + Y Sulwit)- (2)

However, in this case, |y|> % [6,]> % |6,* ~ - = [5,)* ~ - -,
resulting in a speckled output beam. Here, according to the
nature of reciprocity [22], the portion of output energy
allocated to the conjugated initial field (|y|?) is identical to
the portion of input energy allocated to the desired single
channel (|a|?),

P = [(w*I8[a*) > = [(alSW)P? = laf?.  (3)

Therefore, by introducing an appropriate phase mask
onto the SLM, which is incorporated into the scattering
matrix S, we can obtain the effective scattering matrix S*,
which focuses the energy onto the channel |a) and also
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FIG. 2 (color online). Principle of the one-wave phase conjuga-
tion mirror. (a) For the initial optical system S, the input light |y) is
scrambled and the light is randomly distributed over multiple
channels. (b) The reflected light from the single-mode channel
|a*) will generate another randomly distributed output. (c) For the
optimized optical system S, the SLM actively couples arbitrary input
fields into the single-mode channel. (d) In this case, the reflected
single mode emitter would time reverse the incoming pathway.

results in the efficient phase conjugation of the input beam
[Figs. 2(c) and 2(d)]. In this reconfigured case, light
reflection is an anticausal system.

We applied the parallel optimization algorithm proposed
by Cui [23], but the proposed method is not limited to this
specific algorithm; any wave front shaping algorithm can
also be employed [24,25]. We divided the SLM pixels into
two groups in a checkerboard manner to supply reference
fields for each other. For each group, we measured 47T
intensity points x = 0, 1,2, ...,47T — 1, where T is the pixel
number of the group. During the measurement, we modu-
lated each pixel according to unique frequencies from
(T +1)/4T to 1/2 with a 1 /4T frequency increment. Then,
the field generated on the single channel £, is as follows:

T
EP(X) _ EO 4 ZtkeiZH[(T+k)/4T]x, (4)
k=1
where E, is the reference field generated by the other
group, and ¢, is the field generated by kth pixel of the
group. Therefore, the measured intensity is as follows:

T
I,,(x) _ ESEO + EB (Z tkeiZH[(T+k)/4T]x)
k=1

T
+E, <Z tze—iZH[(TJrk)/élT]x)

k=1

T
+ (Z t}k tkeiZn[(k—l)/étT]x) ) (5)
k=1

Since the last interference term (due to beating) only
exists in (—1/4,1/4) of the frequency domain, we can
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Suppression of multiple scattering using the phase conjugation mirror. (a) Schematic of the optical setup. Red

arrows represent the input wave front; dotted purple arrows represent the time-reversed wave front. SLM denotes the spatial light
modulator. (b) Scattering media: ground glass (120 grit, displayed for the comparison), 2.8-mm-thickness tissue phantom, and 3.3-mm-
thickness chicken breast tissue. (c),(h) Input images. Initial scrambled field images by (d),(i) tissue phantom and (f),(k) chicken breast
tissue. Reconstructed images created behind (e),(j) tissue phantom, and (g),(1) chicken breast tissue.

simply measure E(jf;, by taking the information in
[(T +1)/4T, 1/2] of the frequency domain. To maximize
the intensity, we set

= —Z(Ej) (6)

for each SLM pixel. After the individual optimizations of
the two groups, we matched the global phase between the
groups by shifting the global phase of one group to match
the other group [26].

To demonstrate the capability of the proposed method, we
obtained full-field optical phase conjugation through highly
scattering biological tissues. Biological tissues produce
multiple scattering, which makes it extremely challenging
to deliver optical information through the tissue. However,
in spite of the complexity, it is still possible to reconstruct the
input light through phase conjugation because light trans-
port in biological tissue is almost lossless and linear in the
optical regime. The concept of field reconstruction is
identical to that of aberration correction, but the difference
is that the much higher degree of scattering makes the light
trajectories inside the tissue greatly sensitive to the input
light. Thus, to achieve time reversal for biological tissue,
extremely meticulous phase conjugation is required.

Figure 3(a) shows the schematic of the experimental
setup. Input images were generated by masking laser light
with a 30-ym-diameter pinhole or a negative target (the
letter “5” in group 1 in the united states airforce target). We
used a tissue, and chicken breast tissue [Fig. 3(b)] as highly
scattering media [27]. Our single-mode channel was a
pinhole with a diameter of 10 ym, which corresponded to

the subdiffraction limited spot size of the relay optics. A
quarter-wave plate and a polarizer were used to achieve any
general polarization state for the single-mode channel. Then,
the detection polarization was adjusted to maximize the
initial intensity read by the bucket detector to achieve the
best quality phase conjugation. To block ambient light, we
placed a laser-line filter in front of the bucket detector. The
average total optimization time took 9.5 s, and the average
enhancement factor was 620, using a deformable mirror
with 1014 modes.

After the optimization, the flip mirror was flipped up to
direct the laser in the opposite direction through the pinhole,
and the single-mode channel now emitted light. The phase
conjugated light could therefore be amplified arbitrarily using
an independent light source. To observe the reconstructed
conjugated images, we rotated the quarter-wave plate in the
imaging unit (O), because the conjugated output light is
identically polarized to the polarization of the input light.
After the phase conjugated images were taken, the corre-
sponding initial outputimages were also taken in the identical
situation but with a flat wave front displayed on the SLM. For
both scattering mediums, the phase conjugated images were
successfully reconstructed [Figs. 3(c)-3(1)].

Another promising application for PCMs is its adapta-
tion to multimode fibers (MMFs), which are particularly
important for applications in biomedical endoscopic and
spatially multiplexed optical communication. However,
due to the modal dispersion of MMFs, the information
distributed at the input of the MMF becomes scrambled at
the output, making direct information transfer difficult.
PCMs have been proposed as an effective method to cancel
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FIG. 4 (color online). Demonstration of various PCM applica-
tions. (a),(e) Schematic of the optical setups for delivering images
through the MMEF, and for QD fluorescence phase conjugation
through scattering media, respectively. Note that the symbolized
units (“O” and “®”) are identical to those in Fig. 3(a). (b),(f) Input
field images. Scale bar: 30 um and 5 um, respectively. (c),(g)
Initial scrambled images. (d),(h) Reconstructed images.

the dispersion of MMFs [2,32,33]. Here, we demonstrate
that the present alignment-free optical phase conjugation
mirror can effectively undo the modal dispersion of a
commercial MMF, and successfully recover the input
image through phase conjugation [Figs. 4(a)—4(d)].

An important factor regarding the utilization of our
technique is its applicability to incoherent light sources
[34]. For example, quantum dots (QDs) or fluorescent
proteins can be functionally tagged to specific targets inside
living tissue and act as internal beacons using phase
conjugation in a totally noninvasive manner. Achieving
robust phase conjugation for such sources will be a crucial
step in expanding our technique to biomedical applications.

To verify such characteristics, we excited a dried QD
with a 488 nm laser diode [Fig. 4(e), SI]. The fluorescences
emitted from spatially distinguishable points did not
interfere with each other due to the temporal incoherency
of fluorescence, and incoherence between the QDs. The
incoherence severely reduces the interference contrast. To
minimize the issue, we used pointlike input images [27]. In
addition, given that the intensity was much lower than in
the previous applications, thinner chicken breast tissue
(410 um) was used as the scattering medium, and more
time (36 s) was taken for the optimization.

The results are shown in Figs. 4(g)—4(h). Using the
present method, quantum dot fluorescence, excited by a
point illumination of the 488 nm laser diode [Fig. 4(f)], can
be focused at the sample position without image distortion

after double passing the highly scattering chicken breast
tissue. In contrast, simple reflection only generates highly
dispersed weak speckle patterns [Fig. 4(h)].

In summary, we proposed and experimentally demon-
strated a one-wave optical phase conjugation mirror, a time-
reversal reflection module that is self-aligning. We expect
immediate and diverse applications of the present method
including focusing and imaging inside biological tissues
[25,35-37], near-field control [38,39], nonlinear optics
[40], optical fiber communications [41], stable laser reso-
nators [42], and the delivery of high-power laser beams
through a turbulent atmosphere [43]. In principle, the
technique is also applicable for any form of waves includ-
ing infrared, ultraviolet, seismic waves, and even x rays. We
hope that this easily distributable technique will immedi-
ately find diverse usage in the many research areas where
wave transport through aberrating or scattering volumes is
inevitable.

This work was supported by KAIST Institute, the
Korean Ministry of Education, Science and Technology,
and the National Research Foundation (Grants
No. 2014K1A3A1A09063027, No. 2013M3C1A3063046,
No. 2012-M3C1A1-048860, and No. 2014M3C1A3052537).

“Present address: Howard Hughes Medical Institute, Janelia
Research Campus, Ashburn, Virginia, USA.
‘yk.park @kaist.ac.kr
[1] D. M. Pepper, Opt. Eng. (Bellingham, Wash.) 21, 212156
(1982).
2] G.J. Dunning and R. C. Lind, Opt. Lett. 7, 558 (1982).
3] R.K. Jain and R. C. Lind, J. Opt. Soc. Am. 73, 647 (1983).
4] D.T. Hon, Opt. Lett. 5, 516 (1980).
5] H. Vanherzeele and J.L. Van Eck, Appl. Opt. 20, 524
(1981).
[6] D. Pohl, Phys. Lett. 24A, 239 (1967).
[7] J. AuYeung, D. Fekete, D. M. Pepper, and A. Yariv, IEEE J.
Quantum Electron. 15, 1180 (1979).
[8] J. O. White and A. Yariv, Appl. Phys. Lett. 37, 5 (1980).
[9] Z. Yaqoob, D. Psaltis, M.S. Feld, and C. Yang, Nat.
Photonics 2, 110 (2008).
[10] X. Xu, H. Liu, and L. V. Wang, Nat. Photonics 5, 154
(2011).
[11] Y. M. Wang, B. Judkewitz, C. A. DiMarzio, and C. Yang,
Nat. Commun. 3, 928 (2012).
[12] M. Cui and C. Yang, Opt. Express 18, 3444 (2010).
[13] C.-L. Hsieh, Y. Pu, R. Grange, and D. Psaltis, Opt. Express
18, 12283 (2010).
[14] K. Si, R. Fiolka, and M. Cui, Nat. Photonics 6, 657 (2012).
[15] M. Fink, IEEE Trans. Ultrason. Ferroelectr. Freq. Control
39, 555 (1992).
[16] G. Lerosey, J. de Rosny, A. Tourin, and M. Fink, Science
315, 1120 (2007).
[17] B.Y. Zel’dovich, V. Popovichev, V. Ragul’Skii, and F.
Faizullov, JETP Lett. 15, 160 (1972).
[18] A. Yariv and D. M. Pepper, Opt. Lett. 1, 16 (1977).
[19] J. Feinberg, Opt. Lett. 5, 330 (1980).

[
[
[
[

153902-4


http://dx.doi.org/10.1117/12.7972881
http://dx.doi.org/10.1117/12.7972881
http://dx.doi.org/10.1364/OL.7.000558
http://dx.doi.org/10.1364/JOSA.73.000647
http://dx.doi.org/10.1364/OL.5.000516
http://dx.doi.org/10.1364/AO.20.000524
http://dx.doi.org/10.1364/AO.20.000524
http://dx.doi.org/10.1016/0375-9601(67)90586-5
http://dx.doi.org/10.1109/JQE.1979.1069906
http://dx.doi.org/10.1109/JQE.1979.1069906
http://dx.doi.org/10.1063/1.91700
http://dx.doi.org/10.1038/nphoton.2007.297
http://dx.doi.org/10.1038/nphoton.2007.297
http://dx.doi.org/10.1038/nphoton.2010.306
http://dx.doi.org/10.1038/nphoton.2010.306
http://dx.doi.org/10.1038/ncomms1925
http://dx.doi.org/10.1364/OE.18.003444
http://dx.doi.org/10.1364/OE.18.012283
http://dx.doi.org/10.1364/OE.18.012283
http://dx.doi.org/10.1038/nphoton.2012.205
http://dx.doi.org/10.1109/58.156174
http://dx.doi.org/10.1109/58.156174
http://dx.doi.org/10.1126/science.1134824
http://dx.doi.org/10.1126/science.1134824
http://dx.doi.org/10.1364/OL.1.000016
http://dx.doi.org/10.1364/OL.5.000330

PRL 115, 153902 (2015)

PHYSICAL REVIEW LETTERS

week ending
9 OCTOBER 2015

[20] T.R. Hillman, T. Yamauchi, W. Choi, R. R. Dasari, M. S.
Feld, Y. Park, and Z. Yaqoob, Sci. Rep. 3, 1909 (2013).

[21] M. Jang, H. Ruan, H. Zhou, B. Judkewitz, and C. Yang, Opt.
Express 22, 14054 (2014).

[22] C. Vassallo, Optical Waveguide Concepts (Elsevier,
New York, 1991).

[23] M. Cui, Opt. Lett. 36, 870 (2011).

[24] A.P. Mosk, A. Lagendijk, G. Lerosey, and M. Fink, Nat.
Photonics 6, 283 (2012).

[25] H. Yu, J. Park, K. Lee, J. Yoon, K. Kim, S. Lee, and Y. Park,
Curr. Appl. Phys. 15, 632 (2015).

[26] J. Yoon, K. Lee, J. Park, and Y. Park, Opt. Express 23,
10158 (2015).

[27] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.115.153902, which in-
cludes Refs. [28-31], for the detailed optical setup infor-
mation, information about the scattering medium
preparation, the calculation of the theoretical explanation
of enhancement, and the contrast of results.

[28] F. Ayers, A. Grant, D. Kuo, D. J. Cuccia, and A. J. Durkin,
Proc. SPIE 6870, 687007 (2008).

[29] S. A. Prahl, M.J. C. van Gemert, and A.J. Welch, Appl.
Opt. 32, 559 (1993).

[30] I. M. Vellekoop and A.P. Mosk, Opt. Commun. 281, 3071
(2008).

[31] I. M. Vellekoop, E. G. van Putten, A. Lagendijk, and A.P.
Mosk, Opt. Express 16, 67 (2008).

[32] A. Yariv, D. Fekete, and D. M. Pepper, Opt. Lett. 4, 52
(1979).

[33] I. N. Papadopoulos, S. Farahi, C. Moser, and D. Psaltis, Opt.
Express 20, 10583 (2012).

[34] I. M. Vellekoop, M. Cui, and C. Yang, Appl. Phys. Lett.
101, 081108 (2012).

[35] J. Yoon, M. Lee, K. Lee, N. Kim, J. M. Kim, J. Park, C.
Choi, W.D. Heo, and Y. Park, Sci. Rep. 5, 13289 (2015).

[36] J. Jang, J. Lim, H. Yu, H. Choi, J. Ha, J.-H. Park, W.-Y. Oh,
W.Jang, S. Lee, and Y. Park, Opt. Express 21, 2890 (2013).

[37] D.J. McCabe, A. Tajalli, D. R. Austin, P. Bondareff, 1. A.
Walmsley, S. Gigan, and B. Chatel, Nat. Commun. 2, 447
(2011).

[38] J.-H. Park, C. Park, H. Yu, J. Park, S. Han, J. Shin, S. H. Ko,
K.T. Nam, Y.-H. Cho, and Y. Park, Nat. Photonics 7, 454
(2013).

[39] C. Park et al., Phys. Rev. Lett. 113, 113901 (2014).

[40] J. Pendry, Science 322, 71 (2008).

[41] S. Watanabe, T. Naito, and T. Chikama, IEEE Photonics
Technol. Lett. 5, 92 (1993).

[42] H. Eichler, A. Mocofanescu, T. Riesbeck, E. Risse, and D.
Bedau, Opt. Commun. 208, 427 (2002).

[43] K. Baker et al., Opt. Lett. 29, 1781 (2004).

153902-5


http://dx.doi.org/10.1038/srep01909
http://dx.doi.org/10.1364/OE.22.014054
http://dx.doi.org/10.1364/OE.22.014054
http://dx.doi.org/10.1364/OL.36.000870
http://dx.doi.org/10.1038/nphoton.2012.88
http://dx.doi.org/10.1038/nphoton.2012.88
http://dx.doi.org/10.1016/j.cap.2015.02.015
http://dx.doi.org/10.1364/OE.23.010158
http://dx.doi.org/10.1364/OE.23.010158
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.153902
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.153902
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.153902
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.153902
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.153902
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.153902
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.153902
http://dx.doi.org/10.1117/12.764969
http://dx.doi.org/10.1364/AO.32.000559
http://dx.doi.org/10.1364/AO.32.000559
http://dx.doi.org/10.1016/j.optcom.2008.02.022
http://dx.doi.org/10.1016/j.optcom.2008.02.022
http://dx.doi.org/10.1364/OE.16.000067
http://dx.doi.org/10.1364/OL.4.000052
http://dx.doi.org/10.1364/OL.4.000052
http://dx.doi.org/10.1364/OE.20.010583
http://dx.doi.org/10.1364/OE.20.010583
http://dx.doi.org/10.1063/1.4745775
http://dx.doi.org/10.1063/1.4745775
http://dx.doi.org/10.1038/srep13289
http://dx.doi.org/10.1364/OE.21.002890
http://dx.doi.org/10.1038/ncomms1434
http://dx.doi.org/10.1038/ncomms1434
http://dx.doi.org/10.1038/nphoton.2013.95
http://dx.doi.org/10.1038/nphoton.2013.95
http://dx.doi.org/10.1103/PhysRevLett.113.113901
http://dx.doi.org/10.1126/science.1162087
http://dx.doi.org/10.1109/68.185071
http://dx.doi.org/10.1109/68.185071
http://dx.doi.org/10.1016/S0030-4018(02)01637-1
http://dx.doi.org/10.1364/OL.29.001781

