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Abstract: We discuss the problem of tomographic reconstruction of fluorescent objects
hidden behind random media. To accomplish this, we focus on the properties of the auto-
correlation, relying on phase retrieval algorithms to perform 3D reconstruction. © 2020
The Author(s)

1. Introduction

Imaging [1] and focusing [2] through disordered structures has recently caught the attention of researchers work-
ing in the field of optical imaging, providing new ways to peak inside biological structures or complex media.
In particular, the statistical properties inherently retained in the speckle’s auto-correlation have enabled tunable
lensing properties [3,4] and imaging capabilities [1, 5] at optical wavelengths. We introduce a new tomographic
approach for the reconstruction of a three-dimensional fluorescent object located behind a scattering layer. Using
a previously confirmed theoretical assumption, relying on the auto-correlation of the speckle pattern, we demon-
strate that a tomographic reconstruction can be achieved. We acquire an auto-correlation sequence, that can be
inverted by the means of phase retrieval protocols and a modified back projection algorithm, obtaining a faithful
reconstruction of the hidden object [6].

2. Materials and methods

Let us consider the case of a three-dimensional fluorescent object, O (x,y,z), incoherently emitting behind a generic
scattering slab. A camera, placed on the other side, can record only the intensity field that propagated through
the disordered layer and has no access to its direct imaging. A sketch and further details of the experimental
setup can be found in our main work [6]. In this configuration, the camera sees a seemingly disordered intensity
distribution, better known as speckle pattern S, like the one shown in Fig. 1A). Under isoplanatic conditions, also
called the memory-effect regime [1, 3], such pattern is determined by the convolution between a random point-
spread-function (PSF) introduced by the scattering layer and the object emitting behind it. The opaque layer acts
as a disordered optical element in a classical sense and the speckle pattern may resemble a shuffled superposition
of object’s projections randomly located in space. Since our object of interest is three-dimensional, this concept
may be extended at any rotation angle ¢ at which we observe the scrambled field Sy, that contains the underlined
object’s projection Oy. Interestingly, if the opaque object is completely random, the auto-correlation of the PSF is
a sharply peaked function, thus PSF x PSF = §. This suggests the following chain of relations:

Se*Sp = (0g*PSFy) x (04 *PSFy) = (0% Oy) * (PSFy xPSFy) = Op x 0. (1)

This implies, under memory-effect conditions, that the auto-correlation of the speckle pattern matches the auto-
correlation of the object hidden behind it. For better clarity, we report the results of the measurement of an object
composed by two -separated- fluorescent structures. The auto-correlation calculated from the speckle pattern in
Fig. 1A) is shown in Fig. 1B), for the angle ¢ = 0. Here we can notice that x, has a well defined structure,
implying that an apparently random intensity sequence still retains information about the object secreted behind
it. The result of the calculation Y, at any rotational angle ¢ = 0,27 gives rise to the so-called sinogram in Fig.
1C), where each auto-correlation was stacked one after the other and looked from above as a function of the
angle ¢. The auto-correlation sinogram is crucial for a correct reconstruction of the object without relying on any
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Fig. 1. A) Speckle pattern produced by the light-propagation through a scattering media from an
unknown object. B) Auto-correlation of the speckle pattern shows the presence of structural infor-
mation. C) Sinogram obtained by stacking auto-correlation from different angular measurement. D)
Final reconstruction of the object after sinogram-inversion and phase retrieval.

Xop = Sp*Sp

alignment procedure [7], as it was also proven in direct imaging with selective plane illumination microscopy [8].
The yp-sinogram in fact, can be inverted via back-projection algorithms (such as inverse Radon transform) in
order to obtain a tomographic reconstruction for the three dimensional auto-correlation ) of the object [6]. Once
obtained an estimate for J, it is possible to feed this quantity into a phase retrieval algorithm [9] that solves the
inverse problem of finding the phase connected to the Fourier modulus of the object. In fact, this quantity can be
easily estimated by |.#{0}|| = /% {x}, thanks to the Fourier-spectrum theorem. Once retrieved the phase, the
reconstruction is made possible by a simple inverse Fourier transform. We render the result of the reconstruction
of the sample considered in Fig. 1D), along with its axial maximum projections along the three views.

3. Discussion and Conclusion

We have discussed how it is possible to extend the concepts of computed tomography in the field of hidden
imaging. Without the use of a lens system, we observe that three-dimensional features were correctly recovered
by only looking at scrambled speckled intensity of an unknown object hidden behind a scattering layer. This may
open new paths to be exploited in disordered photonics, with potential applications in high-resolution tomography
even in the case of strong light-scattering scenarios.
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