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Abstract: We demonstrate focusing coherent light on a nanoparticle
through turbid media based on digital optical phase conjugation of second
harmonic generation (SHG) field from the nanoparticle. A SHG active
nanoparticle inside a turbid medium was excited at the fundamental
frequency and emitted SHG field as a point source. The SHG emission was
scattered by the turbid medium, and the scattered field was recorded by oft-
axis digital holography. A phase-conjugated beam was then generated by
using a phase-only spatial light modulator and sent back through the turbid
medium, which formed a nearly ideal focus on the nanoparticle.
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1. Introduction

Focusing light through turbid media is a highly sought after capability for imaging
applications but its implementation remains challenging. The inhomogeneous optical
properties in the sample perturb the wave-front of the focusing light and seriously degrade the
quality of the focus. For most biomedical imaging applications, especially in vivo tissue
imaging, the strong scattering of the biological specimen limits the penetration depth [1].
Adaptive optics aims to suppress the scattering effect by measuring and then correcting for the
inhomogeneities [2—11]. The suppression of scattering effects has been demonstrated by
tailoring the wave-front of the incident light properly [2—11]. The ability to focus through a
turbid medium increases the imaging depth and resolution in a fluorescence imaging system.
Furthermore, it offers the opportunity to minimize the light dosage for photothermal therapy:
instead of shining a strong beam being diffused in the scattering sample, one can use a shaped
wave-front to deliver the optical energy to the target with pin-point precision and trigger the
therapeutic event.

One of the methods to tailor the wave-front for optimal focusing is based on a feedback
loop between the active wave-front modulator and the detection of the quality of the focus
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[5,6,10,11]. Through optimization algorithms, one can find the optimal wave-front that
cancels out the scattering and forms the focus on the sample. For microscopy, the detection of
the quality of the focus is usually reported by the fluorescent probe at the focus inside the
sample. As a result, the wave-front is tailored to form an optimal focus on the fluorescent
probe.

Another method to find the optimal wave-front for focusing is based on optical phase
conjugation [2,3,7-9]. In optical phase conjugation, a coherent point source is placed inside
the turbid sample and the scattered field is recorded from the outside of the sample by
holography. The phase-conjugated scattered field is then generated from the recorded
hologram and sent back to the sample. The turbid medium will undo the initial scattering and
a focus will form at the position where the coherent light source is initially placed. Focusing
through a biological tissue by phase conjugation was demonstrated with a photorefractive
crystal, which accommodates the holographic recording and the generation of the phase-
conjugated scattered field [7,8]. Recently it has been reported that the optical phase
conjugation can be done all-digitally [9]: the scattered field is recorded by digital holography
and the phase-conjugated beam is generated by using a spatial light modulator (SLM). Digital
optical phase conjugation has the potential to be a fast and efficient adaptive optics technique.
The phase-conjugated beam is adapted to the recorded scattered field without iterative
optimization algorithm.

If we wish to focus a light beam inside a turbid medium using optical phase conjugation,
the main challenge is to have a coherent point source inside the turbid sample. Such a
coherent source is very difficult to obtain by using linear optical approaches due to the strong
background linear scattering of the turbid medium. In this paper, we demonstrate a nonlinear
optical approach to such focusing using digital phase conjugation and second harmonic
generation (SHG) active nanomaterials as the local coherent sources. Non-centrosymmetric
nanomaterials have been demonstrated as efficient SHG sub-wavelength sources [12-29].
Only materials with crystalline structures lacking a center of symmetry are capable of efficient
SHG. As a result, when imaging at the SHG frequency, these nanomaterials provide a strong
contrast in a generally unstructured or isotropic turbid environment. We refer to these SHG-
active nanocrystals as “Second Harmonic Radiation IMaging Probes (SHRIMPs).” When a
SHRIMP inside a turbid sample is excited at the fundamental frequency, it emits coherent
SHG signal at the doubled frequency like a point source. Therefore, a coherent point source at
the SHG frequency for optical phase conjugation can be obtained without any prior
knowledge of the turbid sample. The SHG scattered field from the SHRIMP is recorded by
off-axis digital holography. The phase-conjugated SHG field is calculated and generated by
using a phase-only SLM. The phase-conjugated field is then sent back to the sample, and it
forms a nearly ideal focus spot on the SHRIMP inside a turbid sample.

2. Sample preparation and experimental setup

We used 300-nm (in diameter) barium titanate (BaTiO3) nanocrystals as the SHRIMPs. The
crystal structure of the BaTiO; nanocrystals is tetragonal which is non-centrosymmetric and
allows for efficient SHG without further treatment. The BaTiO; nanocrystals were deposited
on a microscope cover slip (~145 um in thickness). The turbid medium is composed of two
layers of Parafilm M laboratory film (~130 pum in thickness each) attached on a cover slip by
two layers of double-sided tape (~80 um in thickness each, Scotch, 3M). Assuming the
absorption of the turbid medium at 400 nm wavelength is negligible, we measured the
quantity of pl (u,, effective scattering coefficient, 1, thickness of the sample) of the turbid

medium at 400 nm wavelength by measuring the transmitted ballistic light. Experimentally, a
collimated 1-mm-diameter pulse laser beam centered at 400 nm wavelength was obtained by
frequency doubling a Ti:sapphire oscillator (150 fs laser pulses at 80 MHz centered at 800
nm) with a B-barium borate (BBO) crystal. The laser beam illuminated the scattering medium,
and the transmitted light was estimated by measuring the portion of light transmitted through
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a 1-mm-diameter iris placed 3 meters away from the turbid medium. The p 1 of the turbid
medium was measured to be ~8.5. With the effective thickness of the scattering medium as
~420 pm (two layers of the Parafilm and two layers of the double-sided tape), the effective
scattering coefficient is estimated to be ~200 cm™'. For the demonstration of the concept, we
placed the SHRIMPs and scattering medium on two independent sample holders which are 1
mm apart from each other as shown in Fig. 1.

Parafilm
Cover slip / \\ Coverslip

Excitation

N/
Double-sided tape

Fig. 1. Schematic diagram of the sample structure.

The experimental setup is shown in Fig. 2. The excitation light source is a Ti:sapphire
oscillator generating 150 fs laser pulses at 80 MHz centered at 800 nm. The excitation is
focused by a 10x microscope objective (NA 0.25, OBJ1 in Fig. 2) onto the SHRIMP. The
average excitation power is approximately 50 mW. The SHG signal from the SHRIMP emits
in both forward and backward directions. The epi-SHG signal is collected by the same
microscope objective (OBJ1), reflected by a dichroic mirror, and then imaged on a charge-
coupled device (CCD) camera (Scion, CFW-1312M, CCD1 in Fig. 2) with a lens of 20-cm
focal length (L1).

The forward SHG signal is scattered by the turbid medium after propagating in air by 1
mm. The scattered SHG field is recorded by a harmonic holographic (H”) microscope
[21,23,30,31]. The H* microscope can be understood as a 4F imaging system followed by a
holographic recording system. The scattered SHG field from the SHRIMP is collected and
optically magnified by a 4F system consisting of a 10x microscope objective (NA 0.25, OBJ2
in Fig. 2) and a lens of 20 cm focal length (L2). The detector of the H* microscope is an
electron multiplying charge coupled device (EMCCD, Andor iXonEM + 885) camera (CCD2
in Fig. 2). We put the CCD2 away from the 4F imaging plane so that the scattered field could
propagate and fill the detection area of EMCCD. The hologram recording distance, i.e. the
distance between the SHG image formed by the 4F system and the EMCCD, is 20 cm. A
plane wave at the SHG frequency generated by a separate BBO crystal served as the reference
beam. By overlapping the scattered field and reference beam both spatially and temporally on
the CCD2, we record an off-axis digital hologram of the scattered SHG field. The angle
between the signal and reference arms is ~1 degree. The complex scattered SHG field is then
extracted from the recorded off-axis digital hologram.
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Fig. 2. Digital phase conjugation experimental setup. /2, half wave plate; PBS, polarization
beam splitter; M, mirror; DI, dichroic mirror; L1 — L4, lens; OBJ1 and OBJ2, microscope
objectives; S, sample; BS1 — BS3, non-polarizing beam splitters; BF, band-pass filter centered
at 400 nm. The laser power for SHRIMP excitation and phase conjugation can be controlled by
the A/2 and the PBS. A translation stage was used to overlap the signal and the reference pulses
temporally for the H* microscopy. Band-pass filters are placed in front of the CCD cameras to
remove the excitation from the SHG signal.

We digitally conjugate the phase of the measured scattered field and project it on to a
phase-only reflective SLM (PLUTO-VIS, HOLOEYE). The pixel size of the SLM is 8 x 8
um’, which matches with the pixel size of the CCD2. A plane wave at the SHG frequency is
incident on the SLM and picks up the conjugated phase pattern after the reflection. The phase-
conjugated beam is delivered back to the turbid medium through the 4F system. When the
optical system is well aligned (i.e. the CCD2 and the SLM are aligned pixel by pixel), the
turbid medium will undo the scattering and the phase-conjugated beam is expected to form a
focus on the SHRIMP. We evaluate the phase-conjugated focus with the imaging system
placed in the epi-geometry (i.e. OBJ1, L1 and CCD1).

3. Results and discussion

We started the measurement without scattering media. An isolated SHRIMP was excited and
the epi-SHG image was observed on the CCD1, which is shown in Fig. 3 (a). The full-width
at half-maximum (FWHM) of the spot is measured to be 1.95 pm which is the diffraction
limit. The SHRIMP acts as a point source at SHG frequency and the emitted SHG field is
similar to a spherical wave in the far field. Therefore, the phase of the SHG field recorded by
the H* microscope is a spherical wave-front. The conjugation of the measured phase is a
Fresnel zone plate as shown in Fig. 3 (b). The Fresnel zone plate was projected on to the
SLM, and the phase-conjugated beam formed a focus on the SHRIMP after passing through
the 4F system. We blocked the excitation and used the epi-imaging system (i.e. OBJ1, L1 and
CCD1) to monitor the phase-conjugated focus. When the optical system is well aligned, the
focus is exactly located on the SHRIMP. The presence of the SHRIMP at the phase-
conjugated focus disturbs the phase-conjugated focus due to the scattering of the SHRIMP.
Therefore, we removed the SHRIMP from the focus to evaluate the quality of the phase
conjugation. The phase-conjugated focus is shown in Fig. 3 (c). The FWHM of the phase-
conjugated focus is 1.95 um, showing a good quality of the phase conjugation through a clear
medium.
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Fig. 3. Digital phase conjugation through a clear medium. (a) The epi-SHG image of the
SHRIMP under excitation. (b) The conjugated phase pattern of the recorded SHG field emitted
from the SHRIMP, showing a Fresnel zone plate. (c) The phase-conjugated focus formed at the
sample by using the Fresnel zone plate shown in (b). The FWHM of the bright spots in (a) and
(c) is 1.95 um. The scale bars in the figures are 5 pm.

We then placed the turbid medium 1 mm away from the sample of SHRIMPs as shown in
Fig. 1 and repeated the measurement. The SHG field from the SHRIMP under excitation was
scattered and recorded by the H® microscope. The acquisition time of the digital hologram is
approximately 1 second. The conjugation of the measured phase is shown in Fig. 4 (a). The
random phase information implies the phase of the SHG field has been severely disturbed by
the scattering media. When the phase pattern in Fig. 4 (a) was projected on the SLM, the
phase-conjugated beam was able to form a focus at the position where the SHRIMP was
located as shown in Fig. 4 (b). The FWHM of the conjugated focus in Fig. 4 (b) is 2.3 pum,
which is close to the diffraction limit of the system. When we used the Fresnel zone plate
pattern (as shown in Fig. 3 (b)) on the SLM, no focus could be formed through the turbid
medium due to the scattering. A speckle pattern was observed as shown in Fig. 4 (c).
Comparing Fig. 4 (b) and (c), it is clear that much more optical power is delivered to the focus
spot when the phase conjugation is performed with the measured phase pattern. The ratio
between the total power within the phase-conjugated bright spot (within the FWHM area) and
the average power of the speckle pattern within the same size of area is measured to be 30. In
Fig. 5, we plot and compare the intensity profiles of the diffraction limited focus (as shown in
Fig. 3 (¢)) and the phase-conjugated focus through the turbid medium (as shown in Fig. 4 (b)).
Nearly ideal focus was obtained by the digital phase conjugation through the turbid medium.
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Fig. 4. Digital phase conjugation through a turbid medium. (a) The conjugated phase pattern of
the scattered SHG field. (b) The normalized intensity image of the phase-conjugated focus
through a turbid medium by using the phase pattern shown in (a). The FWHM of the spot is 2.3
pm. (c¢) The normalized intensity image of the distorted focus when using the Fresnel zone
plate (as shown in Fig. 3 (b)) as the phase pattern. No focus is observed. Note that (b) and (c)
are measured with the same power of the phase-conjugated beams and they are normalized by
the same factor in the image processing. The scale bars in the figures are 5 um.
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Fig. 5. Comparison of the measured diffraction limited focus and the phase-conjugated focus.
Black: the normalized intensity profile of the diffraction limited focus; red: the normalized
intensity profile of the phase-conjugated focus. The FWHMs of the diffraction limited focus
and the phase-conjugated focus are 1.95 pm and 2.3 pm respectively.

The phase-conjugated focusing we observed was remarkable considering that we captured
only a portion of the scattered field. The SHG signal emitted from the SHRIMP under
excitation is a femtosecond laser pulse. When it is incident on the turbid medium, the pulse
will spread temporally into a ballistic component and a diffuse component due to the
scattering [32]. In our digital holographic recording, the coherence length of the reference
beam is ~150 fs (determined by the laser pulse width) which is only able to capture part of the
diffused scattered field. We adjusted the time of the reference pulse arriving at the CCD
camera so that the strongest contrast of the hologram was observed. The holography faithfully
recorded part of the scattered field within the coherence length of the reference pulse. In our
phase conjugation setup, a plane wave of ~150 fs pulse width was used to carry the
conjugated phase pattern. As a result, it can be understood that the phase conjugation was
performed only for the holographic-recorded portion of the scattered field. The phase-
conjugated focusing can be improved if the temporal diffused light is considered. It has been
reported that the local complex field with temporal information can be measured by using
SHG-active nanoparticles [33]. We expect an optimal spatio-temporal focusing can be
achieved by combining optical phase conjugation and proper pulse shaping.

It is worth noting the role of polarization in our experiment. The laser at the fundamental
frequency was divided into s- and p-polarizations by a polarization beam splitter (PBS in Fig.
2). The s-polarization was used to excite the SHRIMP. The p-polarization was frequency
doubled by a BBO crystal through type I phase matching, so the polarization of the reference
beam and the phase-conjugated beam at the SHG frequency were s-polarized. The SHRIMP
under s-polarized excitation emits the SHG signal in all polarizations through the second-
order nonlinear susceptibility tensor [23]. The SHRIMP signal is then being scattered by the
turbid medium, which further depolarizes the signal. When using an s-polarized reference
beam, we only capture the s-polarized component of the scattered SHG field of the SHRIMP.
The information contained in the p-polarized scattered field is discarded. Therefore, the digital
phase conjugation is only performed for s-polarized scattered field. We expect a better quality
of the phase-conjugated focus if both of the polarizations are considered.

It is also critical to consider the resolution of our optical system compared to the size of
the speckles in the scattered field. When the turbid medium is highly scattering, the scattered
field at the output surface of the turbid media can have a speckle size approaching to the
diffraction limited of light (~0.24 pm FWHM at 400 nm wavelength). This is because the
turbid medium scatters light in all the directions randomly so that a broad angular distribution
of the scattered light can be possibly formed, which leads to a small speckle size. In our
experiment, the resolution of the optical system is ~0.98 um, limited by the NA 0.25
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microscope objective. The scattered field of higher spatial frequency would not be captured in
the hologram, and therefore, not be considered in the phase conjugation. Besides, the scattered
field is recorded by off-axis holography which inevitably degrades the resolution of the
optical system. To minimize this effect, we experimentally remove the non-interferometric
part (i.e. the signal and reference) from the digital hologram by subtracting a background of
the two pulses not being temporally overlapped. As a result, the spatial resolution is controlled
to be decreased by a factor of 2 in only one transversal direction. The resolution of the optical
system can be increased by using a higher NA microscope objective, and thus a tighter phase-
conjugated focus is achievable.

4. Conclusion

We demonstrated focusing coherent light on a nanoparticle through a turbid medium
(p,] ~8.5) based on the digital phase conjugation of the SHG signal emitted from the

nanoparticle. Non-centrosymmetric nanoparticles act as coherent point sources at SHG
frequency under excitation which provide great contrast in a turbid medium for optical phase
conjugation. We observed a nearly ideal focus on the nanoparticle through digital phase
conjugation. 30 times more optical power was successfully delivered to the diffraction limit
area centered at the nanoparticle in our experiment. Our work enables concentrating optical
energy on the nanoparticles inside a turbid medium. While 300 nm BaTiO; particles were
used in our demonstration, our approach can be easily extended to smaller SHG-active
nanoparticles. We expect in the future to be able to use smaller particles by improving the
sensitivity of the detector and the SHG efficiency of the nanoparticles [28]. Combining the
phase conjugation technique with the functionalized SHRIMPs [29], one can specifically label
the targets of interest inside the turbid medium with the SHRIMPs and then deliver the optical
power efficiently to the desired locations.
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