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Optical memory effect in square multimode fibers

We demonstrate experimentally the existence of a translational optical memory effect in square-core multimode fibers. We found that symmetry properties of square-core waveguides lead to speckle patterns shifting along four directions at the output for a any given shift direction at the input. A simple theoretical model based on a perfectly reflective square waveguide is introduced to predict and interpret this phenomenon. We report experimental results obtained with 532-nm coherent light propagating through a square-core stepindex multimode fiber, demonstrating that this translational memory effect can be observed for shift distances up to typically 10 microns after propagation through several centimeters of fiber.

The so-called memory effect has attracted considerable atten- This 2d-periodic input field consists of four 2d-periodic sub-fields that each undergoes a shift when E in (r a ) undergoes a shift ∆r a (see also the animated illustration as Supplementary Information). The shift direction of each sub-field is given by one of the four possible images of ∆r a after mirror reflection on the boundary of the waveguide, noted ∆r + a = ∆r a , ∆r ∓ a , ∆r - a and ∆r ± a . As a consequence, the corresponding field at the output E out (r b ) may also be described as composed of four 2d-periodic fields with the same translational properties, as further described in the Supplementary Information.
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The propagation through a multimode fiber being determin- 
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  tion since the seminal work by Feng and Freund in the 80s [? ? ]. 5 In the optics community, the optical memory effect refers to the 6 fact that the wavefront transmitted or reflected by a scattering 7 material will tilt or shift, but otherwise not change, when the in-8 cident wavefront is tilted of shifted [? ? ? ? ]. Beyond its interest 9 for fundamental physics, as a particular class of input-output 10 correlations, the optical memory effect have proven extremely 11 useful to perform imaging through multiple scattering media, 12 either by enabling calibration-free imaging methods [? ? ] or by 13 extending the range of isoplanatic patches in wavefront shaping 14 experiments [? ? ]. 15 Highly multimode waveguides behave in many ways simi-16 larly to multiple scattering media, and many imaging methods 17 developed to see through multiple scattering media have been 18 adapted to perform imaging through multimode waveguides, 19 most specifically through multimode fibers (MMFs) [? ? ]. Input-20 output correlation through MMFs in the form of some optical 21 memory effect would thus enable the development of calibration 22 free imaging methods inspired from those developed for scatter-23 ing media [? ? ], which would revolutionize minimally invasive lensless microendoscopy. However, as opposed to thin scat-
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  Fig. 1 illustrates that the four different types of mirror images 68
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 1 Fig. 1. Translational properties associated to a perfectly reflective square waveguide of dimension d. Based on image theory, aninput field E in (r a ) defined inside the square waveguide is equivalent to a 2d-periodic input field E in,2d (r a ) defined in free space. This 2d-periodic input field consists of four 2d-periodic sub-fields that each undergoes a shift when E in (r a ) undergoes a shift ∆r a (see also the animated illustration as Supplementary Information). The shift direction of each sub-field is given by one of the four possible images of ∆r a after mirror reflection on the boundary of the waveguide, noted ∆r + a = ∆r a , ∆r ∓ a , ∆r - a and ∆r ± a . As a consequence, the corresponding field at the output E out (r b ) may also be described as composed of four 2d-periodic fields with the same translational properties, as further described in the Supplementary Information..

  defined above. The explicit expressions of the output field and 76 its four shifting components are provided in the Supplementary 77 information. The corresponding total intensity pattern at the 78 output plane may be derived from the field amplitude as 79 I out,2d (r b ; ∆r a ) = I + out,2d (r b -∆r a ) + I ∓ out,2d (r b -∆r ∓ a )+ I - out,2d (r b -∆r - a ) + I ± out,2d (r b -∆r ± a ) + I out,interf,2d (r b ; ∆r a ) (1) Eq. 1 indicates that the intensity pattern corresponding to the 80 shift of any input field can thus be described as four shifting in-81 tensity patterns on top of a non-shifting intensity pattern (result-82 ing from cross-terms interference), and defines the translational 83 optical memory effect considered in this work. While Eq. 1 is 84 valid for any type of input and output fields, we focus in this 85 work on output fields that can be described in first approxima-86 tion by statistically uniform speckle fields, which are naturally 87 formed by propagation through multimode fibers for mostly 88 any input field. Under the assumption that the output intensity 89 can be described as a second-order stationary speckle pattern, 90 the normalized cross-correlation between two output intensity 91 patterns corresponding to two shifted versions of a given input 92 field may be defined as: 93 C(∆r b ; ∆r a ) = δI out,k (r b + ∆r b
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 234 Fig. 2. Theoretical predictions for the correlation of output intensity patterns through a square waveguide for various shifts ∆r a of the input pattern. Images: C analytical (∆r b , ∆r a ) as a function of ∆r b for three values ||∆r a || = 1 µm, ||∆r a || = 4 µm, ||∆r a || = 6 µm and three directions φ a = 0 • , φ a = 22 • , φ a = 45 • ; ∆r a are depicted by red arrows. Curves: amplitude of C analytical (∆r a , ∆r a ) at the expected location of the (+) peak. The blue dashed line on the graphs represents the limit value for each case, 1/4 for φ a = 0 • , 1/16 for φ a = 22 • and φ a = 45 • ..

Fig. 5 .

 5 Fig. 5. Experimental results. Graphs: displacement and amplitude of the correlation peaks as a function of the input shift ∆r a , for three translation direction φ a (0 • , 22.5 • and 45 • ). The images correspond to experimental cross-correlations obtained for ∆r a = 4 µm..
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