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We have generated a phase-conjugate (PC) wave from nanoparticles with a new microscopic system proposed. *e microscope
includes a confocal system with a degenerate four-wave mixing (DFWM) system, which plays a major role in generating the
phase-conjugate wave to compensate phase distortion in the optical path toward targets. *e proposed optical system detects
feeble PC wave and imagines 3D particles while improving the inplane contrast resolution of the microscopic image.

1. Introduction

Organic days have attracted extensive attention in optical
memory, optical communications, optical information
processing, OPC, holographic recording, third harmonic
generation (THG), stimulated scattering, and so on [1–8]. In
1972, Zel’dovich et al. first clarified the concept of the phase-
conjugate (PC) wave. It has the ability to perform mea-
surements with high accuracy by the phase correction of
phase-conjugate light. After that, the degenerate four-wave
mixing (DFWM) system was proposed by Hellwarth as a
method to generate the PC wave. *is “degenerate” means
that all four-wave frequencies are equal. *e DFWM system
can be measured in all media with no phase shift. Until now,
the transport band has been used as a medium for generating
the PC wave [9]. In this research, we have succeeded in
generating the PC wave from nanoparticles doped with
phycoerythrin (PE) dyes for the first time to the best of my
belief.

In this paper, we target on exploiting a novel microscope,
which includes the confocal optical system with the DFWM
system.*e purpose is to increase the maximum value of the
scattering signal by generating the PC wave and to improve
the resultant inplane contrast resolution. Lots of conven-
tional microscopic systems use confocal optical microscopy

for cell observation. However, the inplane resolution of the
confocal system is determined by the wavelength of a laser
and the numerical aperture (NA) of the objective lens.
*erefore, we have an idea for using the PC wave exhibiting
nonlinear optical response to improve the inplane contrast
resolution in the confocal optical system. We evaluated the
characteristics of the phase-conjugate wave for the micro-
scopic optical system and performed 3Dmeasurement using
organic dye-doped nanoparticles. We used nanoparticles
doped with PE dyes as a nonlinear optical material for PC
wave generation. *e PE dye is a pigment protein present in
red algae and has a large absorption in the wavelength of our
light source (see Figure 1).

In our paper, we employed the combined four-wave
mixing optical system with the confocal optical system. *e
proposed confocal optical system is designed so that the
focal point of that and the focal point of the imaging lens
have a confocal relationship as its name suggests. When
there is a target at the focal position of the objective lens, the
scattered signal passes through the pinhole at the focal point
of the imaging lens. When the target is in a position deviated
from the focal point of the objective lens, the scattered signal
is not imaged at the focal position of the imaging lens, and
most of the signal is blocked by the pinhole. *erefore, by
using the confocal optical system, it is possible to detect only
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the information at the focal position at the objective lens
[10]. Furthermore, while moving the piezo-stage on which
the sample is placed, we can get a 3D image converted into
digital data.

*e DFWM system is an optical configuration for
generating the PC wave. *e DFWM system uses 3 beams:
probe beam (Epr), forward pump beam (Ef ), and backward
pump beam (Eb) to generate the PC wave. At this time, the
total incident electric field E is written as

E � Ef + Eb + Epr. (1)

Now, a light wave generated from the nonlinear medium
(EPC) is omitted for simplicity. *e third-order nonlinear
electrical polarization contributing to generation of the PC
wave is expressed as follows:

P
(3)
pc (r, t) �

3
2
ε0χ

(3)
EfEbE

∗
pr exp i kf + kb −kpr  · r − ωt  ].

(2)

Now, ε0 is the dielectric constant in vacuum and χ(3) is
the tensor component of the third-order nonlinear sus-
ceptibility. In this paper, we consider the degeneracy case.
For this reason, the frequency of P(3)

pc is also the same ω. *e
wave number P(3)

pc is written as

kpc � kf + kb − kpr. (3)

Since two pump beams are incident opposite to each
other, kf � −kb. *at is to say, kpc � −kpr, which indicates
that the phase matching condition is satisfied. *erefore, in
the DFWM system, if two pump beams are incident op-
posite to each other, the phase matching condition is
automatically satisfied and the PC wave is generated.

*e confocal signal is generated from the area within the
focal depth of the objective, which determines the corre-
sponding effective wave-mixing interaction length for PC
generation in the confocal DFWM system proposed. *e
interaction length is estimated as 283 µm for NA� 0.9. It is
also well known that the PC wave diffraction efficiency
increases with increasing the product of absorption coeffi-
cient (α0) and film thickness (L) at an incident beam in-
tensity high above the saturation intensity (Isat) of resonant

absorptive materials. Our confocal DFWM system regards
the interaction length corresponding to the film thickness L
for the usual PC generation as constant in focal depth.
*erefore, if the focused incident beam intensity is constant
within the objective’s focus depth, the confocal PC wave
linearly depends on α0, which means absorptive focus depth,
which means absorptive molecular density. Furthermore,
the confocal microscope installed in DFWM sensitively
detects a small portion of the PC wave generated. In practice,
therefore, the very low PC wave diffraction efficiency should
never be a problem. As a result, the confocal DFWM system
three dimensionally measures the PC wave which imagines
the fine structure of resonant absorptive materials.

Generating the PC wave is derived from the third-order
nonlinear optical effect. Since all materials have third-order
nonlinear susceptibility causing the effect, the phase-con-
jugate wave generation is also possible in all media. How-
ever, since there is a limit to the output power of lasers in
practice, it is limited to a medium having a large nonlinear
susceptibility of the nonlinear optical medium. Major
nonlinear media are crystals, polymer single crystal, organic
compounds, and organic dyes. In this paper, assuming the
generation of the PC wave from living cells, we target on
organic compounds now. *e delocalized conjugate π
electrons contained in the benzene ring involve the non-
linear susceptibility of organic compounds. In order to
obtain large nonlinear susceptibility, it is necessary to use a
light source having a wavelength close to the resonant re-
gion. In this paper, the PE dye functions as the PC wave
generator due to its own saturable absorption properties.

2. Methods

Figure 2 shows an experimental setup for the microscopic
optical system proposed. *e light source of this system is a
YVO4 − SHG laser (λ � 532 nm). A high-power coherent
light source is essential for pulsed lasers. *e proposed
DFWM system equipped with confocal microscope can
measure with low-power. *erefore, we do not use the pulse
laser but use the CW laser [11, 12]. *e laser light is
modulated at a frequency of 5 kHz. *is modulation fre-
quency that can remove white noise is sufficiently lower than
the response frequency of a sample of the organic material.
*e scattering signal from the sample, which is converted
into an electric signal by the photodiode, passes through the
lock-in amplifier. Furthermore, the signal, whose noise is
removed by the phase detector in the lock-in amplifier, is
recorded as data.

Now, we consider the case of detecting the PC wave
involved in the nonlinear susceptibility χ(3)

yxxy. A x-polarized
beam of light from the laser is divided by the beam splitter
(BS1) into 2 beams. *e diameter of the reflected beam by
BS1 is magnified 2.5 times by two plano-convex lenses in
order to maximize the numerical aperture (NA) of the
objective lens. *e expanded beam is divided by BS2. One of
the reflected beam by BS2 becomes a probe beam (Epr). Epr is
set to be y-polarized through a half-wave plate. Epr is
converged on the sample through the objective lens
(NA� 0.9). In the ordinary DFWM system, the probe beam
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Figure 1: Absorption spectrum of PE-dye-doped polystyrene
nanoparticle.
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has a major role in probing and the pump beams have a
major role in exciting and generating χ(3). In our DFWM
system proposed, however, the probe beam has two roles in
both probing and exciting. Furthermore, the role of pump
beams is to match the mutual phase condition for PC wave
generation as well. In this situation, energy flow from pump
beams to probe beam is much smaller than that from probe
beam to pump beam to pump beams. For that reason, the
general DFWM system mostly cannot monitor the PC
signal. *e proposed DFWM system equipped with a

confocal microscope that detects a small part of low scat-
tering can monitor the low PC signal. *e general DFWM
system measures all interaction areas, but the proposed
DFWM system selects and measures only small areas near
the focal point. In view of the small interaction region, high
dense optical storage by use of dye-doped particles has been
reported [13–17].

*e other beam by BS2 passing through a plano-convex
lens (f� 200mm) is incident on the sample as a plane beam
through an objective lens. On the one hand, this beam
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Figure 2: Experimental setup for DFWM nonlinear confocal microscope.
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Figure 3: Confocal scattering signals from nanoparticle.
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Figure 4: Vectorial DFWM beam coupling measured with a confocal microscope.
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Figure 5: Tomographic images of two dimensionally arranged PE-dye-doped polystyrene with two types of microscopes: (a) with
conventional confocal microscope and (b) with DFWM confocal microscope.

yz

x500nm

Figure 6: 3D image of two dimensionally arranged PE-dye-doped polystyrene nanoparticles with DFWM confocal microscope.
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becomesEf. On the other hand, the beam divided by BS1 is
incident on the sample opposite to Epr and Ef. *is beam
becomes counter propagating pump beam, Eb.

3. Results and Discussion

Figure 3 shows the measurement obtained by horizontally
scanning the nanoparticle with a diameter of 500 nm in one
direction. *e dotted line of Figure 3 is in on the ordinary
confocal system, and the solid line is in on the DFWM-
installed confocal system. From Figure 3, you can see more
clearly that the increase of the scattering signal by the
DFWM confocal system is limited to the vicinity of the
central part of the nanoparticle. *e scattering signal with

the DFWM confocal system is increased by about 10%. At
present, the improvement of the in-plane contrast resolution
is slight, but from now on, we believe that inplane contrast
resolution can be further improved by improving incident
light intensities and optical system conditions in the future.

Figure 4 shows the measurement of vectorial DFWM
beam coupling with a confocal microscope. Y-polarized
probe beam Epr and x-polarized counter propagating two
pump beams Ef,b irradiated a single nanoparticle as a phase
conjugator. On the one hand, scattering signal in y polar-
ization at 0 and 180 deg increases with increasing pump
beam intensity If,b; on the other hand, scattering signal in x
polarization at 90 deg reveals no increase. *e experiment
confirmed that the Ef,b’s beams energies were coupled to
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Figure 7: (a) Tomographic image of two dimensionally arranged PE-dye-doped polystyrene. (b) Confocal scattering signals from
nanoparticle with and without DFWM.
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Epr’s back scattering energy. *e nanoparticle acts as a
vectorial phase-conjugate mirror and generates energy
coupling by polarization conversion.

Figure 5 shows a 2D centrospherical image of nano-
particles. Figure 5(a) shows the measurement with the usual
confocal optical system, and Figure 5(b) shows the mea-
surement with the DFWM system proposed. Comparing
Figures 5(a) and 5(b), the maximum color value of the signal
in Figure 5(b) is larger than that in Figure 5(a). Furthermore,
this is due to the fact that the PC wave is generated by the
DFWM system, and the maximum value of the scattering
signal is thereby increased. Since the PC wave generates only
in the vicinity of the central part of the nanoparticle, that is,
in the vicinity of the maximum value of the scattering signal,
the in-plane contrast resolution of the image is improved.

Figure 6 shows a 3D image obtained by superimposing
the tomographic images shown in Figure 5. You can see 4
nanoparticles with a diameter of 500 nm in Figure 6.
Looking the cross-sectional view of the nanoparticles in
Figure 5, the signal value increases as it is closer to the center.
Phase distortion correction effect of DFWM clearly observes
the inside of the nanoparticle.

Furthermore, we have succeeded in PC wave generation
even in a nanoparticle with a diameter of only 200 nm.
Figure 7(a) shows the measurement with the usual confocal
optical system. Figure 7(b) shows the measurement obtained
by horizontally scanning the nanoparticle with a diameter of
200 nm in one direction. *e dotted line of Figure 7 is in on
the ordinary confocal system, and the solid line is in on the
DFWM-installed confocal system. From Figure 7(b), you
can see more clearly that the increase of the scattering signal
due to polarization vector conversion (energy flow from x-
polarized Ef,b to y-polarized Epr) by the DFWM confocal
system is limited to the vicinity of the central part of the
nanoparticle as with Figure 3.

4. Conclusions

We have succeeded in generating the PC wave from
nanoparticles doped with PE dyes by combining the DFWM
system with the confocal optical system for the first time. By
superimposing these image data, we have succeeded in
creating a high-contrast 3D image. *e proposed optical
system has a potential to improve the inplane contrast
resolution of the nanoparticle’s image by the phase-conju-
gate wave.

Data Availability

*e data used to support the findings of this study are in-
cluded within the article.
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