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ABSTRACT

Multimode fibers (MMFs) are used in many applications from telecommunications to minimally invasive micro-endoscopic imaging. How-
ever, the numerous modes and their coupling make light-beam control and imaging a delicate task. To circumvent this difficulty, recent
methods exploit priors about the transmission of the system, such as the so-called optical memory effect. In this paper, we quantitatively
characterize a chromato-axial memory effect in step-index MMFs, characterized through its slope 8z/JA and its spectral and axial widths. We
propose a theoretical model and numerical simulations that are in good agreement with experimental observations.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0067892

I. INTRODUCTION

Multimode fibers (MMFs) are ubiquitous tools having a key
role in telecommunications' and driving research in many other
related fields, such as MMF lasers,” fiber-based tunable optical cav-
ities,” and reconfigurable linear operators in quantum photonics
applications.”” MMFs have also been shown to be useful as high-
resolution spectrometers.“‘» In addition, MMFs have recently raised
much hope for developing non-invasive imaging techniques and
minimally invasive endoscopes.”” Due to the complex nature of
multimode guided propagation, light-field control through MMFs
has highly benefited from recent progress in wavefront shaping tech-
niques, initially developed for adaptive optics in astronomy'”'" and
then extended to complex media.'” As for propagation through
complex media, uncontrolled coherent light propagation through
a MMF results in a speckle intensity pattern.'”'" Light-field con-
trol at the distal tip of the fiber demands iterative optimization'”
or transmission matrix (TM) measurement.'”'® Not only is this
calibration experimentally delicate, but it is also very sensitive to
perturbations, such as mechanical or thermal fluctuations. In this
regard, significant progress has been made for controlling short
MMEF eigenmodes, resulting, in particular, in an increased robust-
ness to bending.'”'? New strategies have also been developed to help

APL Photon. 6, 126105 (2021); doi: 10.1063/5.0067892
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TM measurement using continuous optimization'” or exploiting
priors.”’

A major prior information about the TM of complex media
is the so-called “optical memory effect” (ME), referring to optical-
field transforms that commute with the TM or, equivalently, those
that are diagonal in the eigen-basis of the TM.”” The expression
ME has been coined in the context of scattering media where for
a thin enough diffuser, wavefront tilting has been demonstrated,
both theoretically’! and experimentally,”” to be preserved along the
propagation. This spatial ME has then been extended to scattering
media with strong anisotropy factors.”””* Based on the cylindrical
symmetry of MMFs, the rotational ME could be demonstrated.”””®
Recently, the concept of ME has even been broadened to the spec-
tral domain.””*" It has been shown experimentally that a chromatic
shift induces an axial drift of a beam focused by wavefront shap-
ing behind 1 mm-thick brain tissues, over spectral widths as large
as ~100 nm.”” Theoretical modeling established that this broadband
chromato-axial (y-axial) ME is a characteristic of forward scatter-
ing media thinner than the transport mean free path,”® where the
product Az (wavelength and axial plane) is specifically conserved
when illuminated by a plane wave.”*” In essence, the y-axial
ME is due to the conservation of the transverse component
of the wave-vector under spectral detuning. Interestingly, this

6, 126105-1
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conservation naturally holds in step-index (SI) MMFs.'® Further-
more, broadband light propagation through a MMF has recently
been observed resulting in an axially extended focus, allowing effi-
cient volumetric imaging.”””" In this article, we experimentally char-
acterize the y-axial ME, so far unexplored, at the distal facets of
SI-MMFs and theoretically model it based on the study of the cor-
relation function. The two eigen-axes of the correlation function,
diagonal wherein the TM of the MMFs, are analytically derived,
together with their respective widths.

Il. EXPERIMENTAL SETUP, OBSERVATION,
AND INTERPRETATION

A. Experimental description

As illustrated in Fig. 1(a), our experiment consists of a tun-
able Ti:sapphire laser emitting a linearly polarized monochromatic
light coupled to a SI-MMF with a microscope objective. In all exper-
iments, MMFs of 0.22 numerical aperture (NA) and lengths L = 29,
58, and 120 mm are tightly held straight. The objectives’ NA (0.25)
is chosen to be slightly larger than that of the fibers to ensure that
light is well coupled to all fiber modes. At the MMF output, an
objective lens mounted on an axial-translation stage collects the light
and sends it to a CCD camera through a tube lens. This arrange-
ment enables the imaging of different axial planes z at the MMF
output while tuning the wavelength [see Fig. 1(b)]. The input wave-
front can be controlled by a spatial light modulator (SLM) conju-
gated with the back focal plane of the input objective in order to
either refocus the beam after the MMF or generate random input
fields.

a
(@) SLM Fixed Jepndes Moveable

—092  ~— Moveable
@ 50pum, 105m
x10 p, o : x10

LASER NA; = 0.25 MMF | Na,=02

In a first set of experiments, we engineered a focused 800 nm
laser spot just after the MMF by input wavefront modulation using
the TM of the fiber. The TM is measured by sequentially displaying
a basis of modes onto the SLM and gradually phase stepping them.'?
The focus is then generated by phase conjugation. When applying a
spectral shift to the input beam, the focus is observed to be axially
shifted at the MMF output [Fig. 1(c)], similar to what was observed
through forward scattering media.”” The y-axial ME is observed not
only for an engineered focused spot but also when coupling random
light patterns to the fiber. In this case, the similarity of speckles can
be observed by computing the zero-mean cross-correlation products
between output speckles,”

(1(6z,60) o)

C(8z,81) = .
(12(8z,00)) (1)

1)

with I =1-(I), where () stands for spatial averaging over all
speckle grains. The 0 index represents the reference speckle image at
z=0and Ay = 800 nm, to which all the other ones are compared.
Importantly, before computing the correlation product of experi-
mental images, we numerically corrected them from potential trans-
verse drifts and intensity inhomogeneities (see the supplementary
material). The correlation products of the so-corrected experimen-
tal intensity patterns are shown in Fig. 1(d) as a function of dz
and 0A.

Similar to what we obtain for the focused spot, a y-axial ME is
obtained for output speckles: a correlation line appears when com-
paring speckles, proving the coupling between A and z shifts. In

f =300mm Camera

FIG. 1. Experimental setup and proce-
dure. (a) A monochromatic tunable laser
illuminates a MMF. The output field at

(b)
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different axial positions is captured as

images on a CCD camera. A reflective

phase-only SLM shapes the input wave-

front (represented as a transmission one

for schematic convenience). (b) For each

wavelength, a microscope objective axial

scan is performed and a set of images

is acquired. (c) Observation of the

x-axial effect. A TM is measured at Ao

=800 nm and z, = 0 for a 50 ym core

radius fiber of 58 mm length. A focus-

ing phase mask is applied on the SLM

0.8 (central panel). The focus remains vary-

ing both the wavelength and the axial

0.6 position. (d) Correlation plot of speck-

les acquired for the same fiber as in

0.4 (c). A high-valued antidiagonal correla-

tion region is visible. Color dots make

0.2 the correspondence with the images of

(c). Profile widths along z(/;) and A(/,)
axes are presented on the side.
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addition, these plots illustrate that the y-axial ME extends over lim-
ited spectral and axial ranges and that the longer the fiber, the steeper
the correlation slope [Fig. 2(a)]. Notably, the spectral and axial cor-
relation ranges associated with the y-axial coupling are both larger

than the ones usually defined for fixed A (Rayleigh length: I, = Nz—iz”)
and z (l,\ = i”Nlﬁi 7‘”). I, and I) are illustrated in Fig. 1(d), and their

experimental values are given in the supplementary material. We
thus now present a simple model allowing us to discuss how the
correlation slope scales with physical parameters in the ray optics
approximation.

B. Interpretation of the y-axial ME in the framework
of the ray optics approximation

Since the fiber diameters (50 and 105 ym) are large in compar-
ison to the working wavelength 1o = 800 nm, supporting, respec-
tively, around 500 and 2000 transverse modes per polarization, we
first consider a ray optics approximation model.** In a SI-fiber, the
modulus of the transverse component of the wavevector is conserved
and the optical path length along a multiple bouncing trajectory
scales quadratically with the incident angle,”® similar to the phase
accumulated under free-space propagation in the Fresnel approxi-
mation. The Fresnel diffraction formula implies that the intensity
is unchanged when the product Az, appearing as the prefactor of
the quadratic phase, is conserved, thereby resulting in the y-axial
effect.”® In a SI-MMF, taking the differential of the equation Az
= const. results in the following slope for the y-axial ME at the fiber
output:

0z L
- = (2)
5)L 1’11)(0

(@ L=29mm L=58mm L =120mm 1

\

— 100
g
= 0

0.5

e

< -100
-4 0 4
(b) A (nm)
200 magm ,

T
g =~
g -60f \‘:;}\ .
i HH Exp (O50pm) \.::\_i |

= -80F 4 Exp (0105pm) \'x::‘\.\l-:!q
<100  ----RO S .
120 —-—=-LP (#50um) %
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L (mm)

FIG. 2. (a) Correlations in the (6z, 1) plane plotted for three fiber lengths: 29,
56, and 120 mm. The observed effect is present in all three cases, but its slope
(6z/68)) depends on the fiber length. (b) Experimental slopes measured for differ-
ent fiber lengths and two core diameters [@ = 50 um (blue dots) and @ = 105 um
(orange dots)]. The expected slope obtained from ray optics (RO) calculations is
represented with the red dashed line. The green dashed line represents the slope
obtained from the calculation with the linearly polarized (LP) modes {for @ = 50 um
and e = 0.11 [see Eq. (8)]}. Error bars are obtained from 95% confidence bounds
of the slope extraction and fiber length measurement.
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where L is the fiber length and #,, the refractive index contrast of the
core with the output medium, is due to Snell-Descartes’s law apply-
ing at the output facet of the MMF [see the supplementary material
for the derivation of Eq. (2)]. A spectral shift of the impinging beam
thus results in a homothetic axial dilation of the intensity in the
SI-MMF, with the origin of the homothety at the input facet of the
fiber. This is noticeably different from the y-axial ME in forward
scattering slabs’” wherein the origin of the dilation was found to be
in a virtual plane located at 1/3 of the slab thickness.”*”’ Here, multi-
ple scattering events lead to a random walk in k-space that shifts the
origin of the dilation. The slope obtained from Eq. (2) is plotted in
Fig. 2(b), showing good agreement with the corresponding exper-
imental measurements. Notably, within the framework of the ray
optics model, the slope does not depend on the fiber radius, which
is in qualitative agreement with experimental observations for the
50 ym and 105 ym fibers that exhibit similar slopes, since this model
is justified in both cases. However, although the ray model well pre-
dicts the measured slopes, it does not explain why the effect remains
limited to finite y-axial ranges, as observed experimentally [Figs. 1(d)
and 2(a)]. A wave model is required to understand and estimate
the observed limited spectral correlation width AA and the limited
axial range scanning ability Az. In the following, we thus propose
to analyze our results in the framework of the SI-MMF eigenmodes,
assuming cylindrical symmetry for the fibers.

I1l. EXPERIMENTAL AND THEORETICAL COMPARISON
OF THE y-AXIAL ME IN THE FRAMEWORK OF LP
MODES

A. Correlation between the spectral and the axial
shifts

Here, we express the fiber modes in terms of linearly polar-
ized (LP) modes to calculate an analytical expression for the cross-
correlation product [Eq. (1)] as a function of z and . The slope of
the y-axial effect and its spectral and axial bandwidths arise from this
expression. Importantly, all calculations are carried out inside the
fiber and do not consider free-space propagation outside, making
these results not specific to our experimental system but revealing
the intrinsic spectro-axial properties of SI-MMEF. In addition, for the
sake of simplicity of expressions, spectral components of the field are
now described by their angular frequencies w = 27¢/A, with ¢ being
the light speed in vacuum, rather than by their wavelength A.

SI-MMF propagation eigenmodes are, in the weak guidance
approximation, LP modes.”> The field propagating in a fiber of
radius a can then be expressed as

Eul6,2) = S Ein(@)e e 1, ), ©)
Lm

where a is the fiber radius, / and m are the azimuthal and radial num-
bers of the LP modes, respectively, J; is the Bessel function of the first
kind of order [, and B, and uy,,, the longitudinal and transverse
wavenumbers, respectively, are imposed by continuity equations at
the core-cladding boundary.

Assuming that the fields in the fiber are random patterns with
Gaussian statistics,’® the cross-correlation product of Eq. (1) is

C(w,w',2,2") o< |(EuE,) :

, 4)
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up to a normalization factor. As discussed in the supplementary
material, intensity correlations at the fiber output are dominated by
the phase delays accumulated along the fiber due to the chromatic
dependence of B, ,

2
, (5

Clw,w',z,2') =

(el @7 21)

Lm

where, assuming ergodic hypothesis, statistical averaging is replaced
by modal averaging over I and m values. Equation (5) appears
as the characteristic function of variables 8[f;,,(w)z] = fim(w)z

- B, (w")Z', which we approximate to the normal one, hence giving

C(w,0',2,2") ~ exp(=Var{3[B.(w)z]}), (6)

where the variance is calculated over all possible / and m values. The
axial shift §z that maximizes the correlation coefficient (i.e., mini-
mizes the variance) for a given spectral shift dw is thus an extremum
of C obtained by solving

O Nat[6(Binz)] =0,

7
0(0z) @
leading to (see the supplementary material)
z
0z = (1-¢€)=dw, ®)
w

where € is a positive constant scaling as 1/v, with v = waNA/c, the
normalized frequency. For large fiber cores (wa/c > 1), € vanishes.
Numerical simulation further reveals that the product ve does not
strongly depend either on the NA or on the core diameter. On aver-
age, ve is found to be numerically on the order of 4.7 for both 50 ym
and 105 ym core diameters (see the supplementary material).

In the large core limit, Eq. (8) leads to Eq. (2) obtained in the ray
optic model. The axial shift analytically found in Eq. (8) in the frame

(a)

1 X
-
g o \-\\P\
R
§ £°
[oH
"
= 0 |
-4 0 4
1
L =120mm
=L =58mm
? EN-L:29mmI [
g g7
a \ /,
0=
-20 0 20
A (nm)

of LP-mode modeling is compared to the ones obtained experimen-
tally and theoretically in the ray optics framework in Fig. 2(b). To
compare Eq. (8) to the experimental data, the slope value in Eq. (8) is
divided by n; to take into account the Snell-Descartes relation when
exiting the fiber.

B. Spectral and axial widths of the ME

We now consider the observed correlation width of the
x-axial ME along the correlation line [Fig. 2(a)]. Experimental spec-
tral widths and axial displacement amplitudes are measured at the
full width at half maximum (FWHM) by projecting maximal val-
ues of the cross-correlation function on the A and z axes [see Fig. 3
(top)]. The spectral correlation widths of fibers are observed to
depend on their lengths. Conversely, the axial correlation width
remains almost unchanged in relation to the fiber length. We mea-
sure spectral widths of 7, 3, and 1 nm for the fibers of lengths 29, 58,
and 120 mm, respectively, and a mean value of 130 ym for the axial
correlation width.

The analytical expression of the correlation width of the y-axial
ME along the correlation line may be obtained by plugging Eq. (8)
into the expression of the correlation function Eq. (6). Replacing 6z
by dw in Eq. (6) according to Eq. (8), we get

dw \?
r%jxc = exp[f(m) ], )
with
Aw = a2n1wa, (10)
NAz

where « is a prefactor close to one on average and whose exact
value is discussed in the supplementary material. The spectral width
results are presented in Fig. 3(a) (bottom), where we plotted together
the analytical formula Eq. (9) (dashed lines) and the results of

(b)

—_

max C
_

_
v

max C

-1000

1000
6z (pm)

FIG. 3. Ranges of the y-axial ME. The top graphs represent experimental correlation plots projected on the A (respectively, z) axis. Different fibers (of 50 um diameter) are
distinguished by line colors: red for L = 29 mm, blue for 58 mm, and yellow for 120 mm. The bottom graph displays fiber intrinsic spectral and axial widths (solid lines) and
their comparison to the theoretical values obtained from the LP model (dashed lines) for the same three fiber lengths. (a) Spectral width varies with the fiber length. The
bottom gray domains indicate where the top corresponding experimental data are measured, showing a scale factor of 5. (b) Axial width: because it does not depend on the
fiber length, only one plot (black dashed line) is presented for the analytical model.
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numerical simulations (solid lines). As expected and experimentally
observed, the spectral width depends on the fiber length. From the
analytical LP model, we calculate expected spectral widths of 20, 10,
and 5 nm for fibers of lengths 29, 58, and 120 mm, respectively.
These theoretical values are larger than the experimental ones by a
factor ~3 for the shortest fiber and up to 5 for the longest fiber, but
both the orders of magnitude and the global evolution trend with
fiber lengths agree.

Making use of Eq. (8), the correlation product can also be
expressed as a function of the axial shift as

rréiXC:exp[(iz)z], (11)

with the axial correlation range

2ma
NA’

Az=a(l-¢) (12)
which, in agreement with experimental observations, does not
depend on the fiber length. The simulated axial width and the Gaus-
sian analytical prediction are shown in Fig. 3(b) (bottom). The axial
correlation range obtained with the LP model is 700 ym inside the
fiber, yielding 480 ym outside the fiber, once the Snell-Descartes law
is taken into account. As for the spectral correlation width, the theo-
retical value is a factor 3 above than the one obtained experimentally
(130 ym). In Fig. 3, it appears that the theoretical model agrees with
the numerical simulations, except for the largest values of §A and
the smallest values of §z. We attribute this discrepancy to the limit
of validity of our modeling hypothesis. Moreover, our model solely
addresses the case of perfect fibers, thus ignoring modal couplings
in the fiber and fibers face imperfections, which are unavoidable for
real fibers.

IV. DISCUSSION

A detailed analysis of the contribution of the different modes to
the total y-axial ME presented in the supplementary material reveals
the key role of the less confined modes. Our model assumes that the
transverse profiles of LP modes are achromatic, but this approxima-
tion becomes inaccurate when the spectral correlation width is very
large, as implied for short fibers, hence the better matching of the
model with numerical simulations for the longest fiber than for the
shortest one in Fig. 3. The spectral sensitivity of the less confined
modes also suggests that it is possible to broaden the spectral corre-
lation width of the y-axial ME by limiting the light coupling to the
lowest NA modes or by filtering high-NA modes at the output (i.e.,
working at a numerical aperture slightly below the one of the fiber,
still allowing high-resolution imaging if an in-purpose higher-NA
fiber is used). Another way to improve the results could be to bet-
ter fulfill the achromatic input field hypothesis by imaging the SLM
in the fiber proximal end instead of imaging it on the microscope
objective back aperture.

Finally, for applications where the y-axial ME is of interest after
exiting the fiber, the intrinsic correlation width of the fiber is not
the only limitation to consider: a mere geometric limitation arises.
Indeed, when imaging planes far away, outside the fiber emission
cone (defined by the fiber radius and its numerical aperture), the
maximum spatial frequency decreases resulting in larger patterns

APL Photon. 6, 126105 (2021); doi: 10.1063/5.0067892
© Author(s) 2021

that no-longer correlate with fields near the fiber output facet. This
geometrical effect thus limits the axial scan to 8z, = 2% ~ 230 ym
that translates into a spectral width limitation adding to the intrinsic
correlation range of the fiber. Importantly, for practical applications,
both limitations are of the same order of magnitude: the FWHM of
the intrinsic LP axial width is [using Eq. (11)] 2In(2)Az ~ 2.58z..
None of the mentioned phenomena should then dominate.

V. CONCLUSION

In conclusion, we experimentally demonstrated and quantified
the y-axial ME in a SI-MMEF. Two different theoretical approaches
enable us to predict the value of the y-axial shift. A simple ray
optics model gives access to the shift only using easily accessible
fiber parameters with a good degree of approximation. However,
in the frame of this model, an infinite spectral width is predicted
and slight discrepancies arise on the slope of the y-axial ME when
the field penetration inside the fiber cladding cannot be neglected.
The framework of LP modes not only brings more accuracy on the
slope of the y-axial ME but also allows the derivation of its corre-
lation width. We observe that the studied y-axial scanning ranges
are not infinite and also obtain that it is possible to optimize the
effect: analytical results demonstrate that working with the most
confined modes would allow extending significantly the spectro-
axial correlation range of this ME. For imaging purposes, when
a large spectral bandwidth is required, working with short MMF
should be preferred. Alternatively, avoiding the excitation of the
less confined modes is expected to increase the spectral correlation
range, in principle, up to arbitrarily large values.

Characterization of the y-axial ME in MMFs is of high impor-
tance to simplify light-beam manipulation by using the blind con-
trol of polychromatic wavefields at distal facets, especially for imag-
ing applications. Thanks to the y-axial ME, only one TM mea-
surement would be needed to perform foci on different z planes
and thereby overcome the current inability of wavelength tuning
while imaging.”’ Furthermore, the y-axial ME knowledge enables
a priori wavefront correction to achieve non-linear microscopy””**
and to extend the confocal microscopy technique of Ref. 39 for
objects subjected to inelastic scattering or broadband fluorescence.
This fast axial scan ability opens up the possibility of extending
the “spot scanning” imaging technique in three dimensions,'”"’
paving the way to non-invasive imaging (in biological media, for
instance).

SUPPLEMENTARY MATERIAL

See the supplementary material for information on the devices
and experimental precautions, the derivation of the analytical model
for ray optics and LP modes as well as the LP modes simulations
details, and a discussion of the role of the less confined modes.
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