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Single-shot hyperspectral wavefront sensing is essential for applications like
spatio-spectral coupling metrology in high-power laser or fast material dis-
persion imaging. Under broadband illumination, traditional wavefront sensors
assume an achromatic wavefront, which makes them unsuitable. We introduce
a hyperspectral wavefront sensing scheme based on the Hartmann wavefront
sensing principles, employing a multicore fiber as a Hartmann mask to over-
come these limitations. Our system leverages the angular memory effect and
limited spectral correlation width of the multicore fiber, encoding wavefront
gradients into displacements and the spectral information into uncorrelated
speckle patterns. This method retains the simplicity, compactness, and single-
shot capability of conventional wavefront sensors, with only a slight increase in
computational complexity. It also allows a tunable trade-off between spatial
and spectral resolution. We demonstrate its efficacy for recording the hyper-
spectral wavefront cube from single-pulse acquisitions at the Apollon multi-
petawatt laser facility, and for performing multispectral microscopic imaging

of dispersive phase objects.

Wavefront sensing and quantitative phase imaging are widely used for
beam metrology, adaptive optics' and biomedical imaging”. A wave-
front sensor (WFS) typically measures the wavefront of a single
monochromatic beam. For broadband beams, it is assumed that the
wavefronts are achromatic, otherwise, the WFS can only measure a
meaningless spectrally-averaged wavefront. Spectrally resolved WFS is
typically required to quantify spatio-spectral coupling in high power
laser metrolgy’, to study light matter interaction in plasma®, to image
material dispersion’ or to measure hemoglobin concentration in living
organisms®. In these applications, single-shot measurements are pre-
ferable or even required, especially to monitor fast events like in flow
cytometry’, in pump probe experiments*, in light matter interaction®,
or to characterize single laser pulses®’. Assisted by a chirped pulse,
ultrafast events can be acquired*®. Also, the performances of ultrafast
and high-power laser systems critically suffer from non-linear optical
aberrations'®. While scanning techniques can arguably characterize the
spatiotemporal pulse profiles in high repetition rate systems?, they are
incompatible with low repetition rate systems, such as petawatt and
multi-petawatt-class lasers, due to potential drift with time and limited
pulse-to-pulse reproducibility. The key challenge in this context lies in

the spectral discrimination of wavefronts. In this manuscript, we dis-
tinguish between “multispectral” and “hyperspectral” techniques -
referring, respectively, to approaches that resolve wavefronts over
discrete spectral lines versus those spanning contiguous spectra, fol-
lowing the criterion established by Goetz". This distinction is justified
by the increased difficulty of sensing wavefronts across contiguous
spectra compared to a discrete set of wavelengths. To manage con-
tinuous spectra, a spectrum-sampling Fabry-Perot interferometer was
proposed in combination with a pair of gratings, which splits the
spectral lines onto a conventional WFS, thereby enabling single-shot
multispectral wavefront sensing over four spectral lines’. Although
spectral sampling using a Fabry—-Perot interferometer is efficient, the
transmitted spectrum is sensitive to local wavefront tilt. Multispectral
phase imaging could also be achieved by digital holography by
encoding spectral information in the k-space’ or even without the
need for a reference arm by combining a wavefront sensor with a
multispectral camera®. Low-resolution (12 sampling points) and low-
throughput single-shot hyperspectral wavefront sensing can be
achieved using a coded aperture in combination with a phase retrieval
algorithm™. More recently, hyperspectral phase maps could be rebuilt
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experimentally by combining a hyperspectral camera (so-called CASSI)
with a phase diversity technique®. In a very recent publication, hyper-
spectral phase imaging could also be demonstrated by combining a
diffraction grating with a micro-lens array®. So far, hyperspectral high-
resolution WFS has only been investigated through numerical simu-
lations combining a CASSI with a lateral shearing interferometer'. As a
general principle, cascading existing techniques for achieving multi-
plexed optical sensing results in increased experimental complexity
and spatial footprints, so hindering practical use and dissemination of
the technique.

Here, we propose a single-shot hyperspectral wavefront sensing
scheme that combines both spectral discrimination and wavefront
sensing functionalities into a single mask imaged at a close distance
from a camera sensor. Our approach thus builds on the same princi-
ples underlying conventional WFS''® in which the local wavefront tilts
are encoded as local translations of the intensity pattern after propa-
gation to the camera. This design has become one of the most widely
used approaches in metrology and quantitative phase imaging'®*
because of its simplicity, compactness, single-shot capability, robust-
ness to vibrations, and compatibility with broadband light sources.
The application of this same principle to the multispectral/hyper-
spectral working regime has faced the challenge of spectral dis-
crimination when dealing with broad spectra®.

Specifically, our system leverages both the so-called “angular
memory effect”” and the limited spectral correlation width” occurring
at a short distance from the output of a multicore fiber bundle (MCF).
The angular memory effect encodes wavefront gradients in intensity
pattern displacements®, while the limited spectral correlation width
ensures distinct pattern encoding. The proposed instrument thus
inherits the advantages of conventional WFS with only a modest
increase in computational post-processing complexity and no need for
regularization. We demonstrate the quantitative nature of our
approach on well-defined optical systems. Next, we demonstrate the
practical usability of our instrument by characterizing the hyperspec-
tral wavefront cube from a single-pulse beam of multi-PW laser line at
the Apollon laser facility, captured in a single-shot image acquisition.
Finally, since our system relies on Hartmann deflectometry, it enables
tuning the trade-off between spatial resolution and phase sensitivity**.
We thus show that our implementation also enables single-shot, mul-
tispectral, quantitative phase microscopy with a high spatial
resolution.

Results

Conceptual framework

Suitable optical mask for single-shot hyperspectral WFS. In the
quest for instrument simplification, spectrally resolved wavefront
sensing calls for a single optical element that simultaneously provides
both spectral discrimination and wavefront sensitivity.

Several masks can be placed in the close vicinity of a camera that
result in wavefront-sensitive intensity patterns: arrays of holes,
microlens arrays”, meta-micro-lens arrays®, thin diffuser®, diffraction
gratings®. A key characteristic for wavefront reconstruction is that a
local tilt of the wavefront is transmitted through the mask, such that a
wavefront tilt at the entrance of the mask results in a local translation
of the intensity pattern at the camera plane. This principle, generalized
in the context of scattering media and coined “memory effect’?, is
satisfied by optical elements whose transmission matrix is diagonal in
the canonical basis.

The spectral sensitivity of a mask is characterized by the spectral
correlation width of the intensity patterns at the camera. All the masks
listed above provide highly achromatic WFS properties. Spectral dec-
orrelation may arise from chromatic dispersion within the mask itself
or from free-space propagation over the distance d between the mask
and the camera. However, axial dilation of intensity patterns due to
free-space propagation”** contributes only marginally to spectral

sensitivity when the mask is positionned at millimeter-scale
distances®". To achieve hyperspectral WFS, the use of spectrally dis-
persive optics is therefore required. For interference effects to be
wavelength-sensitive, these optics must involve a diversity of large
optical path lengths. Nanometer-scale spectral sensitivity is typically
achieved using complex media, such as multiply scattering samples®
or multimode fibers®°. Notably, diffraction gratings are achromatic at
short distances' and thin diffusers — which we have previously shown
to enable effective WFS - are only weakly dispersive*. Furthermore,
complex media have been shown to be well suited for multiplexed
spectral®?*? and polarimetric*® imaging, and even for multiplexed
wavefront sensing in a single spectral channel®.

Therefore, optics that satisfy both spectral and angular properties
required for achieving spectrally resolved wavefront sensing are not
numerous. For instance, thick multiply scattering diffusers exhibit
improved spectral sensitivity at the expense of degraded angular
memory effect as thickness increases, drastically limiting the applic-
ability to WFS?. In contrast, MCF exhibit both large angular memory
effect® and narrowband spectral correlation properties®. MCF exhibit
a diagonal transmission matrix if fibers are perfectly monomode and
uncoupled. In practice, many bundles are composed of few-modes
fibers, so limiting the angular range of the memory effect. The physical
mechanism behind the limited spectral correlation width in these
fibers is still unclear but involves statistical dispersion in longitudinal
wavenumbers in individual fibers due to variations in their diameters
and potentially coupling between fibers. This dispersion is not speci-
fied by manufacturers and probably results from a lack of control in
the fabrication process.

Image formation. The speckle pattern created by a scattering medium
exhibiting an angular memory effect” encodes the incident wavefront
gradients into local speckle grains displacements at a short distance
d*****%_ For a monochromatic light beam, the relationship between a
reference speckle pattern R(x, y) obtained under plane wave illumi-
nation and a speckle pattern M(x, y) obtained with unknown beam
wavefront and intensity profile is:

M, y)=a(x,y) - Rix +u(x,y),y +v(x,y)] @

where a(x, y) is the beam intensity and u(x, y), v(x, y) the components
of the vector displacement map induced by the wavefront gradient.
The spatial-phase gradient V, ¢ is related to u(x, y) and v(x, y)
according to:

ux,y)= %g—f )
= do @
vex,y) = 4%

Measuring the displacement map (u, v) thus enables the recon-
struction of the wavefront ¢ by a numerical integration step*~*>.

In addition, the propagation through a complex medium encodes
spectral information into uncorrelated speckle patterns®. The possi-
bility to unmix such statistically independent speckle patterns under
broadband illumination enables spectroscopy””° and even hyper-
spectral intensity imaging®*. In these systems, the spectral resolution
is determined by the number of interfering spatial modes, which
typically scales with the spectral correlation width of the scattering
medium, O6Anedium, defining the spectral detuning necessary for
speckle decorrelation to occur**.

As argued above, to achieve single-shot spectrally resolved
wavefront sensing, the Hartmann mask must be carefully chosen. Here
we suggest using a MCF which demonstrated both a wide angular
memory effect® and a limited spectral correlation width***, The latter
can be tuned by adjusting the length of the MCF (see Supplementary
Fig. S4). As illustrated in Fig. 1a, b, when a broadband light beam
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Fig. 1| Setup and calibrations. a Unknown multispectral wavefronts are imaged
onto the input facet of a multicore fiber. A plane at a distance d from the output
facet is imaged onto a camera using a x10, 0.3NA microscope objective and a
f=300 mm tube lens. b A multiplexed image (i) consists of a sum of locally
translated reference intensity patterns (ii) according to the model (iii). The set of

reference patterns (ii) are sequentially measured under monochromatic and plane
wave illumination. The wavefronts (iv) and the intensities are then reconstructed by
solving the inverse problem. ¢ Angular correlation of the wavefront sensor mea-
sured at four wavelengths. d Spectral correlation width of the wavefront sensor as a
function of the wavelength.

illuminates such a complex medium having angular memory effect, a
speckle intensity pattern M(x, y) is created at a distance d from the
medium output, which can be imaged on a camera. This speckle is the
sum, over the beam spectrum, of the monochromatic reference
speckle intensity patterns R(x, y, 1), weighted by the spatially-
dependent power spectrum amplitude of the beam intensity
a(x, y, A), and distorted according to the incident hyperspectral phase
gradients:

Mx,y)= / .Aa(x, Y, DR[x +u(x,y,A),y+v(x,y,A),AdA 3)

where u(x, y, A), v(x, y, A) are the displacements induced by the phase

gradients (g—f, %—‘yp) according to Eq. (2) (Fig. 1b). Therefore, because of

the spectral diversity of speckles, both the spectro-spatial phases and
amplitudes information of the incident field are encoded and multi-
plexed in the single speckle pattern image M(x, y). Since spectral
information is spatially encoded in the speckle patterns captured by
the camera, increasing spectral resolution requires allocating more
camera pixels to each sampling point, which in turn reduces the
number of spatial sampling points on the wavefront sensor. Ultimately,
this trade-off between the number of spectral and spatial modes is
made with the contraint that the total number of modes is limited by
the number of camera pixels (see Supplementary Section S2).

Reconstruction algorithm. The inverse problem in Eq. (3), summar-
ized in Fig. 1b, is solved doing the two following assumptions: (i) the
displacements u(x, y, A) and v(x, y, 1) are sufficiently small, relative to
the speckle grain size, to justify a first-order Taylor expansion of Eq. (3).
(ii) Both the beam amplitude a and wavefront gradient (i.e. (u, v)) can
be considered as constant within a given neighborhood. This latter
assumption is at the basis of the Lucas-Kanade optical flow
algorithm*, a variant of which we use here. Over this neighborhood,
Eq. (3) can be re-written in the discretized matrix formalism as

M =RX +noise 4)
where k:[R,.,aXR,.,ayR,.] is the matrix composed of all the reference
speckles R; measured at wavelengths (4);;., together with their
partial derivatives (0R;, 9,R;) along x and y coordinates, respectively.

X =[a;, wa;,v;a;]" is the sought-for vector containing both the
displacements (u4; v;) and the beam amplitudes a; at each A;
wavelength.

For a discrete set of wavelength (i.e. for multipsectral imaging),
the matrix Eq. (4) is solved over a sliding Gaussian window based on a
least square minimization by computing the Moore-Penrose pseudo-

-1
inverse X' =(I~?TI~2) RM. When a contiguous spectrum is considered
(i.e. for hyperspectral imaging), Eq. (4) is solved over a set of patches
covering the camera surface, using a truncated singular value
decomposition (SVD) estimation*” where the low singular values are
filtered out with a half-Gaussian function of width ogy*.

The first order Taylor expansion performed to linearize Eq. (3) is
only valid over displacements of the order of one speckle grain size
(Supplementary Fig. S5b). To make the resolution robust to larger
displacements, we implemented an iterative multi-scale registration
algorithm®. The principle of the multi-scale approach consists in
adjusting the speckle grain size at each iteration by Gaussian-filtering
all images (M and R), thereby ensuring the first order approximation
remains valid at each step by distorting the reference images accord-
ing to the estimated larger-scaled displacement maps. The filter width
Oscale iS then progressively decreased to measure finer displacement
structures while preserving robustness to noise (Supplementary
Fig. 5c). The detailed description of the inversion process, including
the definition of the neighborhood and wavelength sampling, can be
found in the Methods section and the algorithm workflow is illustrated
in Supplementary Fig. S6.

After solving Eq. (4) over a dense set of patches, a numerical
integration of the displacement maps (u;, v;) is achieved in the Fourier
domain. To avoid artifacts associated with periodic boundary condi-
tions, Fourier integration is achieved after symmetrizing the gradient
vector field*.

Experimental results

Optical characteristics of our system. The built-up hyperspectral
wavefront sensor consists of a few-mode MCF (FIGH-100-1500N, Fuji-
kura, Japan), a relay imaging system (x10, 0.3NA microscope objective
and a 300mm tube lens), and a camera (PCO Panda 4.2) that
image the output facet of the MCF at a distance d. MCFs exhibit both
angular memory effects and a limited spectral correlation width
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Fig. 2 | Hyperspectral wavefront metrology. a Comparison of the differential
deviation angle induced by various prisms (2', 4° and 6°) as a function of the
wavelengths, using sequential measurements, single-shot multiplexed measure-
ments and expected values. b Reconstructed tilted wavefronts at 640 nm com-
paring sequential reconstruction (S), single-shot multiplexed reconstruction (M),
and the residual difference between them (R). c Comparison of the spectral defocus

C. d.
80{ . + Sequential OPD (nm)
— = Multiplexed
g 60 — - Expected 200
z % 100
T 20
g o0 0
4
©-20 -100
a
40 SF11 -200
-60 -

550 650

600
Wavelength (nm)
measured for two afocal systems (f; = > = 50 mm) in NBK7 (in cyan) and SF11 (red) as
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wavefronts from the SF11 afocal system at 560 nm comparing sequential mea-
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simultaneously. The spectral sensitivity results from the statistical dis-
persion of optical path lengths between cores, which is an inherent
characteristic of MCF*. In our case, the angular correlation of the few-
mode MCF, measured by tilting a collimated beam at the entrance of its
input facet, exhibits a ~ 30% drop for a tilt of 20 mrad (See Fig. 1c and
Sec. for technical details). This limited angular memory effect reduces
our ability to recognize speckles and reconstruct wavefronts. Our
experiments were conducted within this range, thereby validating this
lower bound of the dynamic range for our wavefront sensor imple-
mentation. This limited angular correlation is attributed to the fact that
the MCF is made of few-modes fibers (~4) and not monomode fibers.

As detailed in the Supplementary Information, once interference
occurs between even a few cores, the spectral correlation width is
determined solely by the intrinsic properties of the fiber (see Supple-
mentary Fig. S4). For a distance d = 88 mm between the fiber image
plane and the camera, we experimentally measured correlation widths
on the order of 2nm across the entire 500-800 nm spectral range
(Fig. 1d). Both the angular memory effect and the resulting spectral
correlation widths are well suited for hyperspectral wavefront sensing
applications.

The experimental parameters must then be chosen based
on the desired measurement characteristics. In particular, the
required wavefront sensitivity defines the optimal distance d between
the MCF and the camera. Given that our algorithm can reliably detect
displacements as small as 1/50 of a pixel (see Supplementary Fig. S5b),
increasing d enhances sensitivity. However, due to free-space propa-
gation, this same distance also sets the spatial resolution of the
wavefront sensor, which scales as NA - d, where NA is the numerical
aperture of the MCF. Finally, the number resolvable spectral channels is
linked to the ability to solve the inverse problem, which depends on
the rank of the calibration matrix that encodes the reference patterns
across the desired spectral range. According to the Marchenko-Pastur
law for random matrices (See Supplementary Section S2), the dis-
tribution of singular values is governed by the ratio r = Ny/M, where N,

2
is the number of desired spectral channels and M= (%) is the

number of independent spatial modes sampled within a given patch,
with ko the central wavenumber and P the patch size that should match
the spatial resolution NA x d. The upper bound for the condition
number k, which reflects the invertibility and stability of the problem,
is given by

(©)

as detailed in Supplementary Section S2.2.1. To ensure a well-
conditioned system, the number of spectral channels N; must be
chosen such that x remains sufficiently small, depending on the
desired reconstruction fidelity and tolerance to noise.

Here, we demonstrate two implementations of our instrument
corresponding to two trade-offs between spatial and spectral
resolutions:

1. One hyperspectral wavefront sensing modality measuring the first
few Zernike wavefront modes over =~20 spectral contiguous
channels over a continuous 100-nm-wide spectrum.

One quantitative multispectral and high-resolution wavefront
imaging modality (220 x 220 pixels) performed at three discrete
wavelengths in a microscopic imaging configuration.

Quantitative hyperspectral wavefront sensing. To verify the instru-
ment’s quantitativity, a first setup was implemented to perform
hyperspectral wavefront sensing over a continuous spectrum using
simple test optical systems. The test optical systems under con-
sideration were: three wedge prisms made of NBK7 material (with
deviation angles of 2', 4°, and 6" at 633 nm), and two afocal lens-pair
systems (f = 50 mm) in NBK7 and SF11 materials. A supercontinnum
laser coupled with a computer-controled filter box was used as a light
source. The output plane of the optical system under test was imaged
onto the MCF facet using a 1: 3 demagnifying telescope. The distance
d ~ 90 mm between the fiber output image plane and the camera was
finely calibrated over the whole 100-nm-wide spectrum of interest, so
taking into account chromatic aberrations of relay optics. For
numerical reconstruction, the patch size at the camera was qualita-
tively adjusted to match the diffraction pattern of a single fiber after
free space propagation, resulting in the reconstruction of phase and
intensity maps of resolution 16 x 16-patches across a 100 nm spectral
range with a spectral resolution of 5nm. Next, the wavefronts were
reconstructed both from the single broadband multiplexed images
and from sequential images acquisition while scanning the spectrum.
Throughout the article, we use the following terminology: multiplexed
acquisition refers to a single-shot measurement of the spectrally
resolved wavefront datacube, while sequential acquisition refers to a
series of quasi-monochromatic wavefront measurements obtained by
scanning the spectrum. More details about the experiment and data
processing are given in the Methods section. An illustration of the
reconstructed multiplexed and sequential wavefronts is shown in
Fig. 2b for the 2° prism at 640 nm, while Fig. 2d similarly provides an
illustration for the SF11 afocal system at 560 nm. The wavefront accu-
racy evaluated by computing the root mean square error (RMSE)
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Fig. 3 | Single-pulse reconstruction of a 10 Hz Apollon pulse. a Multiplexed
speckle captured by the camera. b Reconstructed power spectrum derived from
the multiplexed data. ¢ Intensity profiles reconstructed at 805 nm and 825 nm.

d Wavefront measured at 825 nm. e Wavefront difference between 785 nm and
825 nm. f Spectral deviation angles across the pulse spectrum. g Peak-to-valley
spectral defocus variation across the pulse spectrum. h Intensity at the focal plane

computed from the measured pupil electric field. The colormap’s maximum value
is scaled according to the peak intensity of an unaberrated focus. i Reconstructed
ideal electric fields (dark) and actual electric fields (red-yellow) at the two positions
indicated by the arrows in (h), assuming a flat spectral phase at the center of the
focus. The gray lines represent the real part of the electric field.

between the expected and measured wavefronts over the whole
spectrum reconstructed from the prisms experiments, is 1.3 nm (i.e.\/
450 at 600 nm) for the sequential reconstruction and 9.1 nm (i.e.A/65
at 600 nm) for the multiplexed reconstruction.

Finally, we extracted the tip/tilt and defocus components from
the wavefronts, for the prisms and afocal systems, respectively, and
measured the differential chromatic contribution, taking 600 nm as an
arbitrary reference wavelength. These results are shown in Fig. 2a for
the prisms, and in Fig. 2¢ for the afocal systems. Results obtained from
multiplexed measurements exhibit excellent agreement with the ones
obtained from sequential data. These experimental results were fur-
ther compared with values expected from numerical simulations
(based on the geometrical specifications of optics and the tabulated
refractive indices of the materials). The theoretical spectral defocus
induced by the afocal systems were computed within the frame of the
thin lens approximation. All measurements show excellent agreement
with one another and together with theoretical expectations and
demonstrate the quantitative nature of our hyperspectral wavefront
sensing approach.

Single pulse reconstruction at the Apollon laser facility. Next, we
installed our single-shot hyperspectral wavefront sensor in the Long
Focus Area (LFA) at the Apollon multi-PW laser facility*® (Saint-Aubin,
France). The full footprint of our wavefront sensor does not exceed
100 cm? and could be directly integrated into the diagnostics setup of
the Apollon laser in a few hours only. Wavefront measurements were
carried out through the 1IPW beam-line, using a test laser beam having
50 mJ pulse energies at 10 Hz repetition rate (activating 2 amplification
stages out of 5). Since following the very same optical path as in the
full-energy configuration (nominal pulse-energy of 15] at a rate of
1shot/min), the laser beam was carrying the main static residual spa-
tiotemporal coupling aberrations of the system. The 140 mm diameter

laser beam was demagnified down to a beam diameter of 0.7 mm at the
input facet of the MCF with achromatic telescope relay systems. The
hyperspectral wavefront sensor was calibrated in situ over the spectral
range 650-1000 nm with a resolution of 1 nm. More details about the
system and its calibration can be found in the Methods section.

The multiplexed speckle image is shown in Fig. 3a. The beam
exhibits a central hole resulting from the sampling mirror of the cur-
rent LFA configuration (see Methods). From this single image, the
~40-nm-wide spectrum of the laser is retrieved (Fig. 3b) together with
hyperspectral intensity beam profiles (Fig. 3c) showing very good
agreement with the real Apollon beam characteristics. The hyper-
spectral optical path differences (OPD) are also retrieved (see illus-
tration of the OPD in Fig. 3d for the wavelength 825nm). Before
integration of wavefront gradients, the missing information in the
central zero-intensity region was filled in using a median filter. The
measured wavefronts (Fig. 3d) mostly present low order aberrations.
The differential chromatic aberrations between 785 nm and 825nm,
shown in Fig. 3e, mostly exhibits chromatic defocus but negligible
spectral tilt, so demonstrating the excellent alignement of the Apollon
laser system (up to a few prad at the WFS plane). The residual spectral
tilt and defocus are plotted in Fig. 3f, g. The chromatic defocus is
measured to be about 50 nm PtV (4/16) over the FWHM-bandwidth of
the Apollon pulses, corresponding to a * zi /8 longitudinal depth of
focus, with zi the Rayleigh length of the focused beam. This value is
also in good agreement with the theoretically expected longitudinal
chromatism of the Apollon beam transport system employing in its
front-end part relay imaging telescopes based on simple singlet fused
silica lenses for an aperture up to 18 mm in diameter®.

To characterize laser pulses in the temporal domain, measuring
the spectral phase is required, at least within a sub-aperture of the
near-field beam™. In the Apollon laser system, the spectral phase is
routinely measured and optimized for the central portion of the beam.
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Fig. 4 | Single-shot high resolution multispectral reconstruction of 5.2 um
PMMA beads at 480/20 nm (blue), 580/10 nm (green) and 690/10 nm (red).

a Intensity and OPD measurements captured at the three wavelengths in single-
shot. Scale bar =10 pum. b OPD cross-sections of the bead located at the center of
the field of view (white arrow in (a)), after numerical refocusing from sequential

(dashed line) and multiplexed (solid line) reconstructions. For comparison, theo-
retical expectation is shown as the gray strip. ¢ Differential OPD between the blue
(480 nm) and red (690 nm) channels. d Measured peak OPDs, fitted by a dispersion
model considering the contribution of both PMMA and the solution (made of
water, sucrose, and FCF chromophore).

This enables pulse compression nearly to the Fourier transform limit
(FTL). The resulting focus at the focal plane and the electric field time
traces at the center of the focus and on one lobe are presented in
Fig. 3h, i assuming a flat spectral phase at the center of the focus and
preserving the missing hole in the amplitude pupil data. The power
spectrum was apodized with a Tukey window with a = 0.35. The
measurements realized in this study are in agreement with previous
multi-shot characterization campaigns and indicate negligible peak
intensity losses in the order of 15% compared to an ideal focus. In
contrast to multi-shot acquisition systems, our instrument now
enables the characterization of potential non-linear spatio-temporal
coupling at the single-pulse level.

Multispectral quantitative phase microscopy. Single-shot multi-
spectral imaging is also of interest for microscopy applications. We
thus implemented our system in high-spatial resolution working
regime by reducing the distance d down to = 6mm between the image
of the fiber-bundle output and the camera. The distances d were
accurately measured over the full field of view (Supplementary Fig. S7).
The sample was illuminated in transmission mode with a custom-built
source based on three dielectric bandpass filters (480/20 nm, 580/
10 nm and 690/10 nm), and imaged onto the PCF using a %20 mag-
nification and 0.4NA microscope objective. The PSF sampling factor by
the MCF is dictated by the 4.5 um mean nearest-neighbor distance
between fiber cores and varies in the range between 2.7 (at 480 nm)
and 3.8 (at 690 nm). Eq. (4) was solved using a Moore-Penrose pseudo-
inversion over a sliding Gaussian window with standard deviation
OGauss = 4pixels. The sample was prepared, consisting in 5.2 pm PMMA
beads immersed in an aqueous solution. Sucrose was added to the
solution to reduce the refractive index mismatch between water and
PMMA. A chromophore (BlueBrillant FCF) was also added in order to
introduce a controled amount of spectral dispersion®. All details
regarding the optical system, the sample preparation and the algo-
rithm can be found in the Methods section. Then, multiplexed and
sequential multispectral wavefront imaging of the sample was
carried out.

The single-shot multispectral intensities and OPDs are shown in
Fig. 4a. Noteworthy, the imaging system between the sample and the
WFS exhibits a slight chromatic aberrations since the red channel

(690 nm) appears unfocused. Based on both the measured intensity
and OPDs, numerical refocusing is performed (Supplementary Fig. S8).
Comparison of OPD profiles obtained by sequential and multiplexed
measurements can then be done and confronted to theoretical
expectations based on the solution composition and the specified
geometric characteristics of the beads (Fig. 4b). The only missing
parameters, the exact sucrose and chromophore concentrations, were
fitted from experimental data. The dispersion of the sample clearly
appears in the images shown in Fig. 4c where the difference in OPD at
480 nm and 690 nm is displayed. Finally, the peak OPDs are plotted in
Fig. 4d both from sequential and multiplexed data, demonstrating very
good agreement between experimental results and the spectral dis-
persion expected from theoretical modeling. The scattering observed
in the measurements of refractive indices is due to the dispersion in
the sizes of the micro-beads (Supplementary Fig. S9).

Discussion

In summary, we have introduced a hyperspectral wavefront sensor
with an accuracy of approximately /60 and a tunable spatio-spectral
resolution. The sensitivity, defined as the minimum measurable angle,
is proportional to the minimal detectable displacement using the
implemented optical flow algorithm, which is about 1/50™" pixel (Sup-
plementary Fig. 5b). For the two proposed implementations, the sen-
sitivity is 7.5 prad and 0.35 prad for the high spatial resolution and high
spectral resolution experiments, respectively.

The maximum achievable spectral resolution is determined by the
spectral correlation width of the MCF (6Aedium = 2nm), and can
therefore be changed by tuning the fiber length. Practically, the
effective spectral resolution is controlled by the width of the half-
Gaussian filter osyp used to truncate the singular values. The number of
recovered spectral channels is then qualitatively given by 3 Ojaser/Osvp,
where 0j,s¢r is the beam bandwidth, and the factor 3 accounts for the
three independent information recovered: the amplitude and the
phase gradient components. Based on our experimental results, we
assess that the spectral resolution of the hyperspectral wavefront
sensor instrument can be qualitatively estimated as Nj= 6 Ojaser/
Osyp = 20.

The spatial resolution is limited by the free-space propagation
distance d between the output facet of the MCF and the camera sensor.
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At short distances, in the high-spatial resolution microscopy imple-
mentation, the spatial resolution is limited by the mean inter-core
distance equal to 4.5 um. In the high-sensitivity mode used for laser
and optics metrology where the distance d is large, the spatial reso-
lution is 66 pm at the output facet of the MCF. For quantitative phase
microscopy, the point spread function of the incoming beam (after
magnification) should be properly sampled by the fiber cores. In our
current setup, the speckle grains measured on the camera are over-
sampled (12 x 12 pixels), suggesting that a larger field of view could be
achieved with a bundle containing more fibers. Moreover, the small
size of the current MCF (0.7 mm in diameter) required a relay imaging
system, which introduces chromatic aberrations that must be taken
into account through an accurate calibration of the system.

The post-processing time to unmix the spectral components and
compute the intensity and wavefront images was 5 min. in the laser and
optics metrology experiments, and 50 s. per scale for the high spatial
resolution implementation, with the matrix inversion being the most
time-consuming step (on laptop equipped with an Intel Core i7-10710U
CPU). In this latter configuration involving large dynamics of the
wavefront gradient, the multiscale processing algorithm, requiring
multiple matrix inversions, is required for phase imaging to be quan-
titative. However, for qualitative real-time monitoring, image proces-
sing can be achieved on a single scale wherein the matrix inversion
step, only requiring the calibration patterns, can be performed once
for all and in advance. Optimizing the reconstruction speed, combined
with the use of a full-field spatial light modulator®*, could enable real-
time adaptive optics to correct chromatic aberrations and spatio-
temporal coupling.

As a perspective, the hyperspectral wavefront sensor presented
here appears as perfectly suited for characterizing the spatio-temporal
coupling effects of single pulses in ultrashort laser installations like
Apollon. Single-pulse metrology is especially critical in this case since
Apollon operate at a rate of only 1 shot per minute at full power (both
for the 1 PW and 10 PW beam-lines). Our instrument now enables the
investigation of potential nonlinear chromatic effects®, and a more
precise and comprehensive estimation of the on-the-target focused
intensity. Furthermore, the system could be extended with additional
multiplexing capabilities, such as polarimetric measurements™,
enabling even richer characterization of complex light fields. Addi-
tionally, the high spatial resolution system could be combined with
tomographic microscopes™ to extract not only the optical path delay
dispersion but also the refractive index dispersion of a sample.

Methods

Optical design of the wavefront sensor

The output facet of a 1-cm-long multicore few-mode fiber (FIGH-100-
1500N, Fujikura, Japan) is imaged at a distance d from a camera (PCO
Panda 4.2) with a microscope objective (x10, NA = 0.3) on a translation
stage and a tube lens (f = 300 mm and f = 200 mm for the hyper-
spectral system and multispectral system respectively), asillustrated in
Fig. la. The fraction of transmitted light energy through the
MCEF is 95%.

Light sources

For hyperspectral WFS, the optical system is illuminated using narrow
linewidth collimated beams generated by broadband laser sources and
filtered using computer-driven filter boxes. For the prism/afocal
experiment, the supercontinuum source (Leukos, Electro Vis) and the
filter box (Leukos, Bepop) provided a minimum bandwidth of ~5nmin
the spectral range between 500 nm and 800 nm. At the Apollon laser, a
Ti:Sa laser (Rainbow, Femtolasers Produktions GmbH, Austria) cover-
ing the spectral range 650-1000 nm was used for calibration, in
association with a custom-built monochromator. The monochromator
consisted of a pair of blazed gratings, an afocal telescope and a slit
mounted on a motorized translation stage. After the monochromator,

the beam had a linewidth of ~2nm over the spectral range
730-860 nm. The calibration of the monochromators was completed,
and their performance was evaluated using a spectrometer (Ocean, ST
VIS-25). At the output of the monochromators the beams were spatially
filtered using single mode fibers and re-collimated before being sent
on the input facet of the MCF or the test optics. The reference speckle
patterns R; were then sequentially recorded over the given spectral
ranges by steps of 1 nm. Broadband illumination could be obtained by
tuning the linewidth up to 100 nm for the commercial filter box, and
simply by removing the slit from the custom-built monochromator.

For the multispectral wavefront imaging experiment, a white
halogen lamp, spatially filtered by a pinhole and collimated, was split
into three optical paths. The three illuminating wavelengths were
obtained by inserting off-the-shelf available bandpass filters (480/
20 nm, 580/10nm and 690/10 nm), placed in each path before
recombination using beam-splitters.

Spectral calibration of the hyperspectral WFS

Multicore fibers (MCFs) exhibit a limited spectral correlation width
due to the inherent statistical dispersion of optical path lengths
between cores®. The spectral correlation width of the MCF was mea-
sured over the full spectrum by measuring the speckle contrast C as a
function of the central wavelength of the 5-nm-wide laser line. The
contrast is directly related to the number of independent speckles N,
present in the image as: N, =1/C****°. The speckle contrast decreases as
the number of independent spectral speckles increases. We thus
conventionally define the spectral correlation width of the MCF as
OAmedium = Olaser/Na Where 0Ojasr is the linewidth of the laser used. We
initially purchased a 50-cm-long MCF which we shortened down to
1cm to tune its spectral correlation width in accordance with the
requirements of our applications (see Supplementary Fig. S4). As
shown in Fig. 1d, we measured correlation widths of the order of 2 nm
over the full spectrum in between 500 nm and 800 nm. The spectral
width of the MCF ultimately determines the maximum spectral reso-
lution of our hyperspectral WFS.

Angular memory effect & calibration of the distance d
Multicore fibers (MCFs) exhibit an angular memory effect. The angular
correlation, limited by the number of modes in individual fibers, was
measured experimentally. The tilt angle of a collimated beam was
scanned at the input facet of the MCF. The tilt angle was controlled by
translating the output of a monomode fiber in the focal plane of a fixed
collimating lens (f = 30 mm) and the output of the lens was then
conjugated with the input facet of the MCF using a G;, =1 : 6 magni-
fication afocal telescope. The output speckle measured at a distance d
on the camera were then digitally cross-correlated to measure the
angular memory effect. The results shown in Fig. 1c exhibit a ~ 30%
drop in correlation after a 20 mrad tilt, over the full spectrum of
interest. This limited angular memory effect reduces our ability to
recognize speckles and reconstruct wavefronts, thereby restricting the
number of accessible spectro-spatial modes.

The described system also allowed an accurate measurement of
the distance d between the output facet image and the camera,
accounting for potential chromatic defocus in the relay imaging sys-
tem. The distance d was measured using Eq. (2), relying on tilt-angle
conservation between the input and the output facets of the MCF, and
within the range of the angular memory effect. Considering the mag-
nification G;, and G, of the relay imaging system before and after the
MCEF, respectively, the distance d is measured according to:

Gin <6ucam >

su (6)

d=f

out source

where (8u,,) is the mean displacement measured over the camera
and 6usoy.ce the known displacement amount of the monomode fiber
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used as a point source. For the hyperspectral experiments, an average
distance d across the field of view was measured. In the multispectral
experiments, to achieve metrology-grade phase imaging, the distance
d was estimated individually for each camera pixel. The resulting d-
maps obtained for each wavelength were fitted using low-order (N =3)
2D polynomials, as shown in Supplementary Fig. S7.

Description of the hyperspectral wavefront sensing
experiments

The metrological measurements on the prisms and afocal systems
where carried out by imaging the test optics with afocal imaging
telescope with de-magpnification 1 : 3, onto the MCF. Special care was
taken to align the test beams with the calibrating beams at the entrance
of the MCF. The imaged field of view corresponded to an area of
2.4 x 2.4 mm?’ of the test optics. The distance d between the output
facet image plane and the camera was accurately measured, and was
observed to vary from 88 mm to 97 mm over the spectrum of interest
(550-650 nm). This relatively large mean distance was intentionally
chosen to enhance sensitivity to small wavefront distortions, such as
those produced by chromatic optical elements that simulate spatio-
temporal coupling in typical ultrashort laser facility systems.

Description of the Apollon laser beam metrology

For hyperspectral WFS acquisitions, the 140 mm diameter Apollon
laser beam was sampled after the focal plane of the end-chain focusing
optic (F = 6m) and collimated to 7 mm diameter beam using afocal
telescopes within the interaction chamber of the LFA. Relay imaging
systems, composed of achromatic lenses both in vacuum and in air,
were employed to transfer the image plane (defined at the entrance of
the experimental chamber) to the input of the hyperspectral WFS. The
overall demagpnification factor of the imaging system was 1: 200,
reducing the beam diameter to 0.7 mm at the input facet of the MCF.
The corresponding field of view at the MCF facet is 0.8 x 0.8 mm’.

Description of the multispectral wavefront microscope
Poly(methyl methacrylate) beads of 5.2pum (PMMA-R-5.2, micro-
particles GmbH) were deposited on glass microscope slides. The dry
beads were then covered with a solution consisting in blue brilliant
absorber FCF in water (E133 in water, Vahine, Avignon, France) mixed
with sucrose (2 g/ml) and then sealed with a cover glass. A description
of the model used to describe our sample refractive index can be
found in Supplementary Materials. The beads sample was imaged onto
the input plane of the wavefront sensor by a microscope imaging
system, consisting of a x20, 0.4NA microscope objective and a
180 mm tube lens. The resulting field of view was 120 x 120 pm?. The
distances d between the output facet image and the camera were
accurately measured over the full field of view and varied in the range
between 4 mm and 8 mm (see Supplementary Fig. S7) after taking into
account the magpnification after the MCF.

Data processing
For multispectral reconstruction involving a limited number of wave-
lengths with spectral shifts exceeding several 6Aedium, EQ. (4) can be

o ~T~ L
addressed using the Moore-Penrose pseudoinverse: X =(R R) RM
applied over a neighborhood defined by a Gaussian sliding windows.
The full width at half maximum of the gaussian sliding window is
selected to ensure that the condition number of the matrix R remains
below 10. Typically, for reconstruction using three discrete wave-
lengths, this size corresponds to the average distance between two
speckle grains observed at the camera plane.

For hyperspectral wavefront reconstruction over a continuous
(and contiguous) spectrum, the references are captured for a discrete
set of wavelengths having a step smaller than the spectral correlation

width of the MCF. We found that good performances were obtained
for a spectral step equals to dAmeqium/3. We solved Eq. (4) for a dense
set of square patches covering the full camera surface. To solve Eq. (4)
for a given patch, the corresponding matrix R is inverted through a
truncated singular value decomposition (SVD)*. The truncation aims
at canceling the contribution of low singular values that dominates
after inversion. They are thus filtered out by multiplying inverted sin-
gular values by a (half-)Gaussian function of width gsy p*®. In practice,
the value of osy p is set empirically in order to reduce the oscillation-
like artefacts appearing during the matrix inversion®. Furthermore, to
speed up the processing time, a sparse SVD routine is used. The
number of singular values conserved after SVD filtering (the osy p
value) will, in fine, drive the maximum spectral resolution of the sys-
tem. Three singular values are needed per wavelength-band A; + 61,/2
to reconstruct all the information: one singular value for the amplitude
a; and two for the displacements (u;, v;). With our optical instrument,
we used osy p = 30 nm for a full spectral range spanning over 100 nm.

Both for multispectral and hyperspectral phase imaging, the first
order Taylor expansion performed to linearize Eq. (3) is only valid over
displacements of the order of one speckle grain size. For larger dis-
placements, we implemented an iterative multi-scale version*. The
principle of the multi-scale approach consists in adjusting the speckle
grain size at each iteration by Gaussian-filtering all images (M and R). At
each iteration, the reference images are distorted according to the
estimated large-scaled displacement maps. The filter width sy is
then progressively decreased to measure finer displacement
structures.

For the images acquired with the Apollon laser facility, an initial
registration step was achieved by patches by digital image cross-
correlation between the acquired multiplexed speckle and a synthetic
broadbrand reference (i.e. the sum of the measured reference inten-
sities) to compensate a displacement offset between the reference
speckles and the multiplexed ones. This offset was due to a residual
non co-linearity error between the Apollon laser beam and the
calibrating beam.

A summary of the parameters used for the reconstructions, along
with the resulting imaging characteristics, is provided in Supplemen-
tary Table S1.

Image processing for multispectral microscopy

Additional post-processing was necessary to evaluate the dispersion of
the PMMA bead sample in a BlueBrillant solution. Due to chromatic
aberrations in the microscope imaging system, all three channels
could not be simultaneously focused. Furthermore, air flow fluctua-
tions in the experimental room introduced low-frequency background
variations in the reconstructed optical path delays, with amplitudes
comparable to the spectral dispersion. Defocus was corrected using
the angular spectrum method within the Fresnel approximation.
Assuming that the objects are transparent, the optimal numerical
propagation distance was determined by minimizing the standard
deviation of intensity images. The slowly-varying wavefront back-
ground was estimated by segmenting the image. At the bead positions,
an interpolation was performed. This measured background was then
filtered using a Gaussian low-pass filter with a full-width half-maximum
of 5 pixels, and then subtracted from the optical path delay images.
The complete reconstruction workflow is illustrated in Supplementary
Fig. S8. Finally the peak values of OPDs were measured at the center of
each bead by averaging over a disk with a radius of 10 pixels (=0.6 pm).

Data availability

The data generated in the quantitative dispersion microscopy experi-
ments and their related post-processing algorithms have been
deposited in the Zenodo repository under accession code: https://doi.
org/10.5281/zenodo.17523847.
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Code availability

The post-processing algorithms used in the quantitative dispersion
microscopy experiments have been deposited in the Zenodo reposi-
tory under accession code: https://doi.org/10.5281/zenodo.17523847.
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