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Non-invasive three-dimension 
control of light between turbid 
layers using a surface quasi-point 
light source for precorrection
Mu Qiao1,2, Honglin Liu1,2, Guanghui Pang1 & Shensheng Han1,2

Manipulating light non-invasively through inhomogeneous media is an attractive goal in many 
disciplines. Wavefront shaping and optical phase conjugation can focus light to a point. Transmission 
matrix method can control light on multiple output modes simultaneously. Here we report a non-
invasive approach which enables three-dimension (3D) light control between two turbid layers. A digital 
optical phase conjugation mirror measured and conjugated the diffused wavefront, which originated 
from a quasi-point source on the front turbid layer and passed through the back turbid layer. And then, 
because of memory effect, the phase-conjugated wavefront could be used as a carrier wave to transport 
a pre-calculated wavefront through the back turbid layer. The pre-calculated wavefront could project 
a desired 3D light field inside the sample, which, in our experiments, consisted of two 220-grid ground 
glass plates spaced by a 20 mm distance. The controllable range of light, according to the memory 
effect, was calculated to be 80 mrad in solid angle and 16 mm on z-axis. Due to the 3D light control 
ability, our approach may find applications in photodynamic therapy and optogenetics. Besides, our 
approach can also be combined with ghost imaging or compressed sensing to achieve 3D imaging 
between turbid layers.

Control of light behind heterogeneous media is a fundamental goal in many fields ranging from photody-
namic therapy1–3 and optogenetics4–6 to atmospheric optics7–9 and biomedical optics10–13. Considerable efforts 
have been made with methods such as adaptive optics technologies14–16, wavefront shaping17–22, transmission 
matrix23–29, optical phase conjugation30–37, and memory effect38–40. Guidestar-assisted methods19, using either 
optical phase conjugation or wavefront shaping to suppress turbidity, can focus light through or into scattering 
media. Transmission matrix method measures the matrix elements connecting the input and output modes of 
a scattering layer, and then modifies the input modes to accumulate more energy to the intended modes on the 
output plane.

Memory effect39,40, stating as that tilting of the incident light beam within a certain angular range results in 
shifted, but highly correlated speckle patterns, is an effective tool for applications dealing with thin scattering 
layers. Via memory effect, scanning of a light focus behind a turbid layer can be done on x-y plane41,42 or along 
z-direction43 by digitally superposing a linear or quadratic phase pattern on the optimized one displayed on spa-
tial light modulator (SLM). Moreover, several memory effect based imaging techniques44–46 were demonstrated, 
which had characteristics such as incoherent illumination, non-invasion and optical speckle-scale resolution.

Here, we demonstrated an approach combining memory effect and optical phase conjugation technique for 
3D light control between two turbid layers (in our case, two 220-grit ground glass plates spaced by a 20 mm 
distance) in a completely non-invasive way with diffraction-limited resolution. We used a lens to focus the sam-
ple beam onto the external surface of the front turbid layer (left surface of the left layer, Fig. 1a), resulting in 
a micrometer-scale quasi-point source on the internal surface of the front layer (right surface, Fig. 1a), which 
emitted a quasi-spherical wave toward the back turbid layer (right layer, Fig. 1a), where the wavefont was strongly 
diffused. Then a digital optical phase conjugation34 (DOPC) system was used to measure and conjugate the dif-
fused wavefront. By taking advantage of the memory effect, we used the phase-conjugated wavefront as a carrier 
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wave to transport a pre-calculated wavefront through the back turbid layer. Then, the pre-calculated wavefront 
could project a desired 3D field, just like 3D holographic projection, at intended positions in between the two 
turbid layers. A direct application of our approach is to focus light into an optically transparent medium confined 
by turbid layers, such as crustaceans and eggs, without assistant of any real47,48 or virtual32,34,35 guidestars inside 
the medium, so our approach is completely non-invasive.

Results
Principle.  For thin scattering layers, the memory effect states that a tilt of the incident light field results in an 
equal amount of tilt of the output field. We know that a tilt of light field corresponds to a shift in wavevector space, 
which can be equally described in coordinate space as multiplying the initial field by a plane wave. So the memory 
effect can be expressed as

∗ = ∗T ik x A x ik x T A x(exp( ) ( )) exp( ) ( ( )) (1)x x

where T represents the transmission function characterizing a scattering layer27,29, kx represents the wavevector, x 
represents the coordinate, and ik xexp( )x  represents the tilt of an arbitrary incident light field A x( ). Here we fur-
ther exploit the memory effect to gain more control over light behind thin scattering layers rather than just shift-
ing an interference based focus on the x-y plane or along the z-direction.

Figure 1a presents the schematic of our approach. A lens with short focal length focuses a sample beam onto 
the external surface (the left side) of the front ground glass plate (the left one), resulting in a micrometer-scale 
focus which, serving as a quasi-point light source, launches a quasi-spherical wave toward the back ground glass 
plate (the right one). For clarity and simplicity, we will call the back ground glass plate as the modulating layer 
below. The field Eout on the external surface (the right side) of the modulating layer can be read as

=E TE (2)out sphe

where Esphe denotes the quasi-spherical wave on the internal surface (left side) of the modulating layer and T 
represents the transmission function of the modulating layer. The outside surface (right side) of the modulating 
layer is imaged onto a phase-only spatial light modulator by a commercial lens (not shown in Fig. 1a, see 
Supplementary Information Fig. S1) - which eliminates the convolution calculation involved by propagation of 

Figure 1.  The Schematic of the presented approach for light control between two turbid layers. (a) The 
schematic of our experimental setup. The scenario we consider here is a light-transparent space confined 
by two turbid layers. The sample beam (green path) is focused by a lens to form a quasi-point source on the 
internal surface (right surface) of the front turbid layer (left one), which is used as a reference spot for pre-
characterization of the back turbid layer (right one). A spatial light modulator is imaged onto the external 
surface (right surface) of the back turbid layer (imaging lens not shown here, see Fig. S1 in Supplementary 
Information). The played-back reference beam (red path) is modulated by the SLM according to the applied 
phase map, which is a stacked one consisting of three parts shown in (b), (c) and (d), respectively. (b) The 
conjugated phase map of the sample beam. (c) A quadratic phase map which is used to cancel out the quasi-
spherical wave emitted from the quasi-point source. (d) A pre-calculated phase map for the intended intensity 
pattern (presented by the smiling face). The modulated reference beam can be seen as a loaded carrier wave 
with the phase-conjugated wave and the quadratic wave together as the carrier, and the pre-calculated wavefront 
as the load. The carrier wave suppresses the turbidity of the back turbid layer and thus can transport the pre-
calculated wavefront through this layer, which would generated/projected the intended intensity pattern.
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light between these two planes, and thus enables direct phase control of the field on the external surface of the 
modulating layer by loading a phase pattern to the SLM. As the first step of our approach (recording step), inter-
ference patterns created by Eout and a reference beam are recorded with the DOPC system using a 4-phase step-
ping method49. In the second step (playback step), the sample beam is switched off and the SLM displays a 
‘stacked’ phase pattern which is a superposition of three patterns: a conjugated phase pattern Econj calculated from 
the interference patterns recorded in the first step, a quadratic phase pattern Equad used to cancel out the 
quasi-spherical wave Esphe, and a phase pattern H which is calculated from an intended 3D intensity distribution 
using an iterative Fourier transformation algorithm50. The reference beam is modulated by the SLM and travels 
back to the sample. The field on the external surface of the modulating layer can be written as

′ = ∗ ∗E E E H (3)out conj quad

Substituting = ⁎ ⁎E T Econj sphe (superscript * denotes the complex conjugation operation of a matrix) into equation 
(3), we get

′ = ∗ ∗⁎ ⁎E T E E H( ) (4)out sphe quad

When this field passes through the modulating layer and reaches the internal surface of this layer, the field 
becomes

′ = ∗ ∗⁎ ⁎E T T E E H(( ) ) (5)in
T

sphe quad

where superscript T denotes the transposition operation of a matrix, and TT31 denotes the time-reversed trans-
mission function of the modulating layer and satisfies

=⁎T T A A (6)T

for arbitrary field A. The term ∗E Hquad  in the right side of equation (5) can be decomposed into a set of plane 
waves

∑∗ = ∗E H a ik xexp( ) (7)quad l l l

where al is the coefficient of the l th plane wave with wavevector kl. Substituting equations (1), (6) and (7) into 
equation (5), and considering the linearity of the time-reversed transmission function TT, we have

′ = ∗ ∗⁎E E E H (8)in sphe quad

If the quasi-point source is infinitely small, we have = +−E x yexp( ( ))sphe
ik
d2

2 2  under paraxial approximation, 
where k represents the wavevector of light, d represents the distance between the two turbid layers, x and y repre-
sent the transverse coordinates. Then we can make Equad equal +− x yexp( ( ))ik

d2
2 2  to get ∗ =⁎E E 1sphe quad  and 

equation (9) becomes

′ =E H (9)in

Here, we can see that the conjugated wave, serving as a carrier wave, is able to ‘escort’ H through the modulat-
ing layer safely so that the field ′E in on the internal surface of the modulating layer contains no information about 
the turbid layers. The pre-calculated wavefront H could project a desired 3D light field in between the two turbid 
layers.

It should be note that some approximations and simplifications are applied in the above derivations. First, only 
phase distribution is considered due to the phase-only feature of the SLM we used. Second, Equation (6) strictly 
holds only with complete phase conjugation, i.e., full control of amplitude, phase, and polarization of the diffused 
light over the full π4  solid angle, which is infeasible in conventional experiments. Third, the object-image trans-
formation between the external surface of the modulating layer and the SLM plane, and the quadratic phase factor 
introduced by the imaging lens are not considered in the above derivations, which, however, has trivial effect on 
the final result. Fourth, for equation (7), only those plane waves whose directions are within the angular range 
where memory effect holds can be transferred through the modulating layer, and the information implicated in 
the remaining compositions is missing. Fifth, the derivation from equation (8) to equation (9) is based on the 
paraxial approximation and the assumption that the quasi-point source is infinitely small. However, in fact, a real 
quasi-point source has a certain size, so the quasi-spherical wave Esphe can not be exactly expressed by a quadratic 
phase function even under the paraxial approximation, and thus is unable to be fully compensated by another 
quadratic phase pattern Equad. So, equation (9) should be modified to ′ ≈E Hin .

Simulation.  From the principle above, we know that our approach needs a point source on the internal sur-
face of the front turbid layer for pre-correction of the back turbid layer. If the wavefront Esphe emitted from the 
point source is a perfect spherical wave, then we can compensate it by a quadratic phase pattern Equad through the 
SLM. However, the scattering of the front turbid layer causes phase nonuniformity inside the quasi-point light 
source, resulting in a distorted quasi-spherical wave which can not be fully compensated by a quadratic phase 
pattern Equad.

In order to estimate the influences of this distortion on the performances of our approach, we carried out a 
simulation, in which the quasi-point light source on the internal surface of the front turbid layer was assumed to 
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be a speckle field with diffraction-limited speckle size (λ/2, λ = 532 nm), and had a Gaussian-profile intensity 
distribution. The distance between the two turbid layers was set to be 20 mm. The full width of half maximum 
(FWHM) of the quasi-point source was set to be 1 μm to 30 μm at 1 μm step size. At each step, the distorted 
quasi-spherical wavefront Esphe emitted from the quasi-point source was compensated by the phase-conjugated 
wavefront of an ideal spherical wavefront, which had a format of +− x yexp( ( ))ik

d2
2 2  under paraxial approxima-

tion. The under-compensated wavefronts (discrepancies between Esphe and the ideal spherical wavefront) for the 
quasi-point source with sizes of 1 μm, 10 μm, 20 μm and 30 μm are shown in Fig. 2a–d, respectively. We then 
supposed the quadratic phase function of a lens with a focal length of 10 mm on the under-compensated wave-
front at each step, and investigated the intensity distributions on the focal plane. The results for the quasi-point 
source with sizes of 1 μm, 10 μm, 20 μm and 30 μm are shown in Fig. 2e–h, respectively. Obviously, as the size of 
the quasi-point source increasing, the quality of the focus decays. More energy is transferred from the focus to the 
surrounding speckles, decreasing the contrast of the focus against the background. To quantify the contrast of the 
focus, the peak-to-background ratio (PBR), defined as the ratio of the maximum intensity of the focus to the 
averaged intensity of the background (a 30 μm * 30 μm area around the focus in our quantification), and the 
maximum-to-submaximum ratio (MSR), defined as the ratio of the maximum intensity of the focus to the maxi-
mum intensity of the sub-brightest speckle around the focus, were calculated (see Fig. 2i). These two indices 
describe the contrast of the focus from two different perspectives. Generally speaking, the size of the quasi-point 
source should be less than 10 μm for good performance. However, longer distance between the two turbid layers 
will have more tolerance for larger quasi-point source.

Focusing light between two turbid layers.  The sample used in our experiments consisted of two ground 
glass plates (DG10–220, Thorlabs, USA) separated by a 20 mm-thick air layer. The sample beam, a Gaussian beam 
with a diameter of 2.2 mm, was focused onto the external surface of the front ground glass plate by an aspherical 
lens with a focal length of 4 mm. The size of the focus was calculated to be 1.2 μm. And due to the thin thickness 
1.6 μm51 of the ground glass plate, the size of the quasi-point source on the internal surface of this ground glass 
plate was no more than 10 μm, even though strong scattering was suffered when the focus passed through this 
layer. A commercial lens (Micro-Nikkor 105mm f/2.8, Nikon, Japan), providing 3.4X magnification, was used to 
image the external surface of the back ground glass plate onto the SLM (LETO, Holoeye, Germany) plane. We 
selected a circular area with a diameter of 6.9 mm on the center of the SLM plane as the controlled area, and its 
image on the sample surface had a diameter of 2 mm.

To focus light into our sample, the pre-calculated phase pattern H should be a lens-like (quadratic) phase map, 
and the distance between the focus and the back ground glass plate equaled to the focal length of the virtual lens 
H. We used a CCD camera to directly measure the size of the focus. In order to reduce the measuring error caused 
by the finite pixel size (3.45 μm) of the CCD, a 20X objective lens (NA: 0.25; SLMPLN20x, Olympus, USA) pro-
viding 21X magnification, was used to image the focus onto the CCD’s sensor (Fig. 3a). Because of the limited 
space, in this measurement the front ground glass plate was removed from the experimental setup to make room 
for the CCD camera and the objective lens after the recording step. However, this operation did not violate the 
non-invasive feature of our approach, because this was only for observation and measurement of the focus, and 
was not necessary for the realization of light focusing. By continuously changing the focal length of the virtual 
lens H , the focus was scanned along the z-axis from z = 5 mm to z = 20 mm (the origin was at the back ground 
glass plate). The FWHM of the focus at each z position were measured. The results are shown in Fig. 3b (green 
line), which agree well with the theoretical diffraction-limited values (blue line).

Figure 2.  Simulation of the influences of the quasi-point source size on the performance of our approach. 
(a–d) Discrepancies between an ideal spherical wavefront and the quasi-spherical wavefronts emitted from 
quasi-point sources with size of 1 μm, 10 μm, 20 μm and 30 μm, respectively. The field of view is a 2 mm * 2 mm 
area. (e–h) The foci generated by superposing a lens with a focal length of 10 mm on the under-compensated 
wavefronts shown in a-d, respectively. The field of view is a 15 μm * 15 μm area on the focal plane. (i) Peak-to-
background ratio (PBR, the blue curve) and maximum-to-submaximum ratio (MSR, the green curve) of the 
generated focus versus the size of the quasi-point source. The smooth curve is obtained by averaging 100 curves 
for different random phase distributions inside the quasi-point source.
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To demonstrate the ability of our method to focus light simultaneously to multiple spots, we changed the H to 
a compound lens function which was calculated by the following process. First, we calculated the lens-like func-
tion for each focus. A lens-like function has the format of + + +x y ik x ik yexp( ( ) )ik

f x y2
2 2 , where f  represents the 

focal length and thus determines the z position of the focus, kx and ky represent the directions of the wavevector 
and thus determine the focus position on the x-y plane. Second, we added these phase-only complex functions 
together to get a function ′H , which had both phase and amplitude distributions. Third, the phase distribution 
was selected from ′H  as the H. It should be noted that the second step of the above process was based on the line-
arity of light propagation through scattering media. The multi-foci patterns were observed by the magnification 
system shown in Fig. 3a. Figure 3c shows the image of four foci on an x-y plane. Figure 3d shows the images of 
three foci at different z positions. The size of each focus in the multi-foci focusing case is still diffraction-limited.

Due to the loss of amplitude information in H, there are some distortions between the intended and the 
observed patterns. In the multi-foci case, the distortions appear as high-order foci surrounding the intended foci, 
which are caused by the high-order harmonics in H (See Supplementary Information Fig. S2).

Controlling light between two turbid layers.  To extend our approach to more than just focus light 
between two turbid layers, we wish to generate more complex intensity distributions/patterns (such as letters) in 
target positions between two turbid layers.

Here we used the iterative Fourier transformation algorithm (an in-built feature in the application software of 
our SLM) to calculate the phase-only wavefront H from the intended intensity distributions/patterns, and used a 
CCD camera (see Fig. 4a) to observe the actual intensity patterns generated/projected by H. Figure 4b and Fig. 4c 
show the intended and observed intensity pattern, respectively. Similar to the multi-foci case, to project a 3D 
intensity distribution, the H was calculated by the following process. First, the iterative Fourier transformation 
algorithm was used to calculate three phase-only H s for three 2D intensity patterns, i.e., capital letter ‘A’, ‘B’ and 
‘C’ with their target z positions at 5 mm, 10 mm and 15 mm, respectively. The second and third procedures were 
the same as the multi-foci case. Figure 4d shows the observed 3D intensity patterns on the CCD camera.

In this case, the distortions between the intended and the observed intensity patterns appear as speckle arte-
facts. Simulations showed that with an amplitude-phase SLM, smooth intensity distributions could be obtained 
(Supplementary Information Fig. S3).

Figure 3.  Focusing light between two ground glass plates. (a) Experimental setup for measurement of the focus 
size. A magnifying system, consisting of a CCD camera and a 20X objective lens, provides 21X magnification for 
precise measurement of the focus size. (b) The theoretical values (the blue dots) and experimental values (the 
green dots) of the focus size versus the distances between the focal plane and the back ground glass plate. (c) 
Observed multi-foci on an x-y plane 10 mm away from the back ground glass plate. (d) Observed multi-foci on 
z-axis. The z-positions for the three foci are 5 mm, 10 mm and 15 mm, respectively.
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Discussion
Here we proposed and demonstrated a non-invasive approach for 3D light manipulation between two turbid 
layers. A direct application of our method is to focus light non-invasively in between turbid layers, when no 
fluorophores, second harmonic particles or ultrasound focuses exist, such as in eggs and crustaceans.

A previous memory effect based imaging method44 used an adaptive optimization method to find the opti-
mized phase pattern for the SLM, which corrected the initially speckled point spread function of a point source 
behind a thin scattering medium into a bright spot on the camera. Then due to the memory effect, objects in the 
vicinity of the pre-corrected point source could be directly imaged onto the camera. This mechanism looks very 
like ours, however, the fundamental distinction is that this method images objects passively, but ours controls 
light actively.

Ryu et al. reported an approach52 that transformed a single scattering layer into a scattering lens through a 
DOPC system, aiming to achieve variable focusing and 3D patterning. In contrast, our approach uses a surface 
quasi-point source for pre-characterization of a scattering sample and thus achieves focusing and 3D control of 
light in the space confined by turbid layers. Besides, their approach needed to measure multiple wavefronts of a 
reference point at different axial locations. In contrast, our approach, by utilizing the large longitudinal memory 
effect range, just performs a single wavefront detection and then achieves 3D light control over an axial range (16 
mm) that nearly covers the distance (20 mm) between the two turbid layers.

Low frame rate of our SLM (60 Hz) limits our approach to those applications in which the decorrelation 
time of the back turbid layer is no less than 16 ms, while this time for in-vivo tissues is typically under 10 ms53,54. 
However, we believe this limitation can be easily broken with a high-speed SLM55,56.

There is an interesting phenomenon about the resolution of our approach. Theoretically, if the SLM is 
infinitely large so that all the light emitted from the quasi-point source is recorded and then phase-conjugated, 
the time-reversed focus should have the same size as the quasi-point source. For example, if the size of the 
quasi-point source is 10 μm, then the ideal time-reversed focus should also be 10 μm. Surprisingly, however, 
with a SLM of finite size (2 mm * 2 mm area), a quasi-point source of 10 μm diameter, and a 20 mm distance 
between the two turbid layers, as shown in the simulation part of the article, the size of the time-reversed focus 
is of diffraction-limited value 5.3 μm, smaller than that of the ideal time-reversal. Here, we give a possible expla-
nation for this phenomenon. The quasi-spherical wave emitted from a quasi-point source with finite size can be 
seen as a superposition of many displaced spherical waves emitted from different points inside the quasi-point 
source. Phase gradient in the paraxial region of a spherical wave is smaller than that in the abaxial region, so if the 
quasi-point source is small enough and the SLM is placed in the paraxial region, the quasi-spherical wave received 
by the SLM can be approximated as a spherical wave, therefore, the size of the time-reversed focus is determine 

Figure 4.  Controlling light between two ground glass plates. (a) Experimental setup for observation of the 
projected intensity patterns. (b) Intended 2D intensity pattern of capital letters ‘SIOM’ (0.55 mm * 0.15 mm) on 
an x-y plane 10 mm away from the back ground glass plate. (c) Image of the generated/projected 2D intensity 
pattern on the target x-y plane. The phase map H is calculated from the intensity pattern shown in (b) with 
an iterative Fourier transformation algorithm. (d) Images of the generated/projected 3D intensity patterns on 
three x-y planes with z-positions of 5 mm, 10 mm and 15 mm, respectively. The phase map H in this case is 
a superposition of three phase maps which are calculated from three intensity patterns, capital letter ‘A’ (0.22 
mm * 0.26 mm), capital letter ‘B’ (0.12 mm * 0.19 mm) and capital letter ‘C’ (0.13 mm * 0.17 mm), respectively, 
with the iterative Fourier transformation algorithm.
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by the aperture of the SLM and the distance between the focus and the SLM. In contrast, an infinitely large 
SLM receives all the wavefront emitted from the quasi-point source, including the paraxial part and the abaxial 
part, so the size of the time-reversed focus should be exactly the same as the quasi-point source. Partial phase 
conjugation is generally considered to be inferior to complete phase conjugation because of its disadvantages, 
such as background noise around the time-reversed focus and speckle artefacts in the holographic optical field 
(Fig. 4c,d). However, with proper geometries, including the size of the quasi-point source, the distance between 
the two turbid layers and the size of the SLM, partial phase conjugation has better resolution than complete phase 
conjugation. Nevertheless, as the size of the quasi-point source increases, the quasi-spherical wave will have more 
high-frequency components, resulting in more energy transferred from the central focus to the surrounding 
speckles on the focal plane, therefore decaying the resolution.

Due to the capability of 3D light control, our approach may find applications in photodynamic therapy and 
optogenetics. Besides, when combined with ghost imaging57 or compressed sensing58, it can achieve 3D imaging 
between turbid layers.

Methods
A diagram of the complete experimental system is shown in Supplementary Information Fig. S1. We used a con-
tinuous laser with 50 m coherent length and 100 mW output power. A full-wave liquid crystal variable retarder 
(LCC1413-B, Thorlabs, USA) was used to change the optical path difference between the sample beam and the 
reference beam during the recording step. The diameter of the reference beam was 33 mm after expanded by a 
10X beam expander (BE10–532, Thorlabs, USA), which was about five times larger than the controlled area of 
our SLM (a circle area with a diameter of 6.9 mm). Because of the Gaussian-profile of the reference beam, larger 
beam diameter results in more uniform intensity distributions in its illuminating area on the SLM, and thus 
makes fuller use of the dynamic range of the interferogram-recording CCD camera. The ratio of the minimum 
to the maximum intensities of the reference beam within the controlled area of the SLM was 0.91. We used previ-
ously reported methods59,60 to align the DOPC system, and correct the aberration in the reference beam and the 
substrate curvature of the SLM.

Data Availability.  The datasets generated and analyzed during the current study are available from the cor-
responding author on reasonable request.

References
	 1.	 Dolmans, D. E., Fukumura, D. & Jain, R. K. Photodynamic therapy for cancer. Nature reviews cancer 3, 380–387 (2003).
	 2.	 Dougherty, T. J. et al. Photodynamic therapy. Journal of the National Cancer Institute 90, 889–905 (1998).
	 3.	 Henderson, B. W. & Dougherty, T. J. How does photodynamic therapy work? Photochemistry and photobiology 55, 145–157 (1992).
	 4.	 Deisseroth, K. Optogenetics. Nature methods 8, 26–29 (2011).
	 5.	 Fenno, L., Yizhar, O. & Deisseroth, K. The development and application of optogenetics. Annual review of neuroscience 34, 389–412 

(2011).
	 6.	 Yizhar, O., Fenno, L. E., Davidson, T. J., Mogri, M. & Deisseroth, K. Optogenetics in neural systems. Neuron 71, 9–34 (2011).
	 7.	 Andrews, L. C. (SPIE Bellingham).
	 8.	 McCartney, E. J. Optics of the atmosphere: scattering by molecules and particles. New York, John Wiley and Sons, Inc., 1976. 421 p. 

(1976).
	 9.	 Tyson, R. K. Principles of adaptive optics. (CRC press, 2015).
	10.	 Wang, L. V. & Wu, H.-i. Biomedical optics: principles and imaging. (John Wiley & Sons, 2012).
	11.	 Tuchin, V. V. & Tuchin, V. Tissue optics: light scattering methods and instruments for medical diagnosis. Vol. 13 (SPIE press 

Bellingham, 2007).
	12.	 Stover, J. C. Optical scattering: measurement and analysis. Vol. 2 (SPIE optical engineering press Bellingham, 1995).
	13.	 Andrews, L. C. & Phillips, R. L. Laser beam propagation through random media. Vol. 1 (SPIE press Bellingham, WA, 2005).
	14.	 Roorda, A. et al. Adaptive optics scanning laser ophthalmoscopy. Optics express 10, 405–412 (2002).
	15.	 Liang, J., Williams, D. R. & Miller, D. T. Supernormal vision and high-resolution retinal imaging through adaptive optics. JOSA A 

14, 2884–2892 (1997).
	16.	 Hardy, J. W. Adaptive optics for astronomical telescopes. (Oxford University Press on Demand, 1998).
	17.	 Tay, J. W., Lai, P., Suzuki, Y. & Wang, L. V. Ultrasonically encoded wavefront shaping for focusing into random media. Scientific 

reports 4, 3918 (2014).
	18.	 Nixon, M. et al. Real-time wavefront shaping through scattering media by all-optical feedback. Nature Photonics 7, 919–924 (2013).
	19.	 Horstmeyer, R., Ruan, H. & Yang, C. Guidestar-assisted wavefront-shaping methods for focusing light into biological tissue. Nature 

photonics 9, 563–571 (2015).
	20.	 Chen, Y.-H., Huang, L., Gan, L. & Li, Z.-Y. Wavefront shaping of infrared light through a subwavelength hole. Light: Science & 

Applications 1, e26 (2012).
	21.	 Yu, H. et al. Recent advances in wavefront shaping techniques for biomedical applications. Current Applied Physics 15, 632–641 

(2015).
	22.	 Lai, P., Wang, L., Tay, J. W. & Wang, L. V. Photoacoustically guided wavefront shaping for enhanced optical focusing in scattering 

media. Nature photonics 9, 126–132 (2015).
	23.	 Kim, M. et al. Maximal energy transport through disordered media with the implementation of transmission eigenchannels. Nature 

photonics 6, 581–585 (2012).
	24.	 Katz, O., Small, E., Bromberg, Y. & Silberberg, Y. Focusing and compression of ultrashort pulses through scattering media. Nature 

photonics 5, 372–377 (2011).
	25.	 Conkey, D. B., Caravaca-Aguirre, A. M. & Piestun, R. High-speed scattering medium characterization with application to focusing 

light through turbid media. Optics express 20, 1733–1740 (2012).
	26.	 Aulbach, J., Gjonaj, B., Johnson, P. M., Mosk, A. P. & Lagendijk, A. Control of light transmission through opaque scattering media 

in space and time. Physical review letters 106, 103901 (2011).
	27.	 Popoff, S., Lerosey, G., Fink, M., Boccara, A. C. & Gigan, S. Image transmission through an opaque material. arXiv preprint 

arXiv:1005.0532 (2010).
	28.	 Choi, Y. et al. Overcoming the diffraction limit using multiple light scattering in a highly disordered medium. Physical review letters 

107, 023902 (2011).
	29.	 Chaigne, T. et al. Controlling light in scattering media non-invasively using the photoacoustic transmission matrix. Nature Photonics 

8, 58–64 (2014).



www.nature.com/scientificreports/

8SCIentIFIC REPOrTS | 7: 9792 | DOI:10.1038/s41598-017-10450-7

	30.	 Ma, C., Xu, X., Liu, Y. & Wang, L. V. Time-reversed adapted-perturbation (TRAP) optical focusing onto dynamic objects inside 
scattering media. Nature photonics 8, 931–936 (2014).

	31.	 Judkewitz, B., Wang, Y. M., Horstmeyer, R., Mathy, A. & Yang, C. Speckle-scale focusing in the diffusive regime with time reversal of 
variance-encoded light (TROVE). Nature photonics 7, 300–305 (2013).

	32.	 Ruan, H., Jang, M., Judkewitz, B. & Yang, C. Iterative time-reversed ultrasonically encoded light focusing in backscattering mode. 
Scientific reports 4, 7156 (2014).

	33.	 Mosk, A. P., Lagendijk, A., Lerosey, G. & Fink, M. Controlling waves in space and time for imaging and focusing in complex media. 
Nature photonics 6, 283–292 (2012).

	34.	 Wang, Y. M., Judkewitz, B., DiMarzio, C. A. & Yang, C. Deep-tissue focal fluorescence imaging with digitally time-reversed 
ultrasound-encoded light. Nature communications 3, 928 (2012).

	35.	 Xu, X., Liu, H. & Wang, L. V. Time-reversed ultrasonically encoded optical focusing into scattering media. Nature photonics 5, 
154–157 (2011).

	36.	 Si, K., Fiolka, R. & Cui, M. Fluorescence imaging beyond the ballistic regime by ultrasound-pulse-guided digital phase conjugation. 
Nature photonics 6, 657–661 (2012).

	37.	 Yaqoob, Z., Psaltis, D., Feld, M. S. & Yang, C. Optical phase conjugation for turbidity suppression in biological samples. Nature 
photonics 2, 110–115 (2008).

	38.	 Judkewitz, B., Horstmeyer, R., Vellekoop, I. M., Papadopoulos, I. N. & Yang, C. Translation correlations in anisotropically scattering 
media. Nature physics 11, 684–689 (2015).

	39.	 Feng, S., Kane, C., Lee, P. A. & Stone, A. D. Correlations and fluctuations of coherent wave transmission through disordered media. 
Physical review letters 61, 834 (1988).

	40.	 Freund, I., Rosenbluh, M. & Feng, S. Memory effects in propagation of optical waves through disordered media. Physical review 
letters 61, 2328 (1988).

	41.	 Vellekoop, I. M. & Aegerter, C. M. Scattered light fluorescence microscopy: imaging through turbid layers. Optics letters 35, 
1245–1247 (2010).

	42.	 Hsieh, C.-L., Pu, Y., Grange, R., Laporte, G. & Psaltis, D. Imaging through turbid layers by scanning the phase conjugated second 
harmonic radiation from a nanoparticle. Optics express 18, 20723–20731 (2010).

	43.	 Ghielmetti, G. & Aegerter, C. M. Scattered light fluorescence microscopy in three dimensions. Optics express 20, 3744–3752 (2012).
	44.	 Katz, O., Small, E. & Silberberg, Y. Looking around corners and through thin turbid layers in real time with scattered incoherent 

light. Nature photonics 6, 549–553 (2012).
	45.	 Katz, O., Heidmann, P., Fink, M. & Gigan, S. Non-invasive single-shot imaging through scattering layers and around corners via 

speckle correlations. Nature photonics 8, 784–790 (2014).
	46.	 Bertolotti, J. et al. Non-invasive imaging through opaque scattering layers. Nature 491, 232–234 (2012).
	47.	 Katz, O., Small, E., Guan, Y. & Silberberg, Y. Noninvasive nonlinear focusing and imaging through strongly scattering turbid layers. 

Optica 1, 170–174 (2014).
	48.	 Hsieh, C.-L., Pu, Y., Grange, R. & Psaltis, D. Digital phase conjugation of second harmonic radiation emitted by nanoparticles in 

turbid media. Optics express 18, 12283–12290 (2010).
	49.	 Yamaguchi, I., Matsumura, T. & Kato, J.-I. Phase-shifting color digital holography. Optics letters 27, 1108–1110 (2002).
	50.	 Fienup, J. R. Phase retrieval algorithms: a comparison. Applied optics 21, 2758–2769 (1982).
	51.	 Seem, P. R., Buchanan, J. D. & Cowburn, R. P. Impact of surface roughness on laser surface authentication signatures under linear 

and rotational displacements. Optics letters 34, 3175–3177 (2009).
	52.	 Ryu, J., Jang, M., Eom, T. J., Yang, C. & Chung, E. Optical phase conjugation assisted scattering lens: variable focusing and 3D 

patterning. Scientific reports 6, 23494 (2016).
	53.	 Liu, Y. et al. Optical focusing deep inside dynamic scattering media with near-infrared time-reversed ultrasonically encoded 

(TRUE) light. Nature communications 6, 5904 (2015).
	54.	 Lev, A. & Sfez, B. In vivo demonstration of the ultrasound-modulated light technique. JOSA A 20, 2347–2354 (2003).
	55.	 Liu, Y., Ma, C., Shen, Y., Shi, J. & Wang, L. V. Focusing light inside dynamic scattering media with millisecond digital optical phase 

conjugation. Optica 4, 280–288 (2017).
	56.	 Wang, D. et al. Focusing through dynamic tissue with millisecond digital optical phase conjugation. Optica 2, 728–735 (2015).
	57.	 Cheng, J. & Han, S. Incoherent coincidence imaging and its applicability in X-ray diffraction. Physical review letters 92, 093903 

(2004).
	58.	 Donoho, D. L. Compressed sensing. IEEE Transactions on information theory 52, 1289–1306 (2006).
	59.	 Jang, M., Ruan, H., Zhou, H., Judkewitz, B. & Yang, C. Method for auto-alignment of digital optical phase conjugation systems based 

on digital propagation. Optics express 22, 14054–14071 (2014).
	60.	 Azimipour, M., Atry, F. & Pashaie, R. Calibration of digital optical phase conjugation setups based on orthonormal rectangular 

polynomials. Applied optics 55, 2873–2880 (2016).

Author Contributions
H.L., S.H. and M.Q. proposed the idea; M.Q. performed the simulations and experiments; M.Q. and H.L. 
performed the theoretical analyses; G.P. assisted the experiments; M.Q. and H.L. wrote the manuscript; H.L. 
supervised the project. All authors discussed the results and revised the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-10450-7
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-10450-7
http://creativecommons.org/licenses/by/4.0/

	Non-invasive three-dimension control of light between turbid layers using a surface quasi-point light source for precorrect ...
	Results

	Principle. 
	Simulation. 
	Focusing light between two turbid layers. 
	Controlling light between two turbid layers. 

	Discussion

	Methods

	Data Availability. 

	Figure 1 The Schematic of the presented approach for light control between two turbid layers.
	Figure 2 Simulation of the influences of the quasi-point source size on the performance of our approach.
	Figure 3 Focusing light between two ground glass plates.
	Figure 4 Controlling light between two ground glass plates.




