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We report on the design, fabrication and performance of novel flat-optical spin-orbit modal beam
shapers made from silica glass by femtosecond laser nanostructuring technology, choosing the Laguerre-
Gauss basis as a case study. The basic design principle involves endowing a transparent dielectric material,
initially isotropic and homogeneous, with doubly inhomogeneous anisotropic characteristics (optical axis
orientation and birefringence). The quantitative structural characterization of the fabricated devices is
achieved by Stokes polarimetric analysis and the modal beam shaping performance is assessed via modal
decomposition. The modal beam shaping capabilities obtained outperform those of previously produced
spin-orbit beam shapers based on the same fabrication technology. Also, current challenges and per-
spectives associated with high-order and spectrally broadband modal beam shaping are discussed. More
generally, the proposed approach extends the scope of spin-orbit optical elements to any situation where
complex field amplitude shaping is required in a single stage.
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I. INTRODUCTION

The shaping of light, both in time and space, is a fun-
damental requirement of modern photonics technologies,
today referred to as structured light [1]. In the spatial
domain, the primary interest is in control over amplitude,
phase, and polarization, for which a variety of technolog-
ical solutions exist for on-demand control, already imple-
mented in industrial and everyday applications. The con-
trolled production and detection of families of orthogonal
optical modes is of particular interest, for instance in the
context of optical information, whatever the chosen basis
set [2]. Starting with a given field, we need to transform its
amplitude and phase so that they satisfy the condition for
the existence of the desired mode. Considering the usual
fundamental Gaussian beam as the field to be transformed
into a distinct mode, this implies using a device impart-
ing the required mode-specific field changes. Spatial light
modulators enable this objective to be achieved digitally,
based on amplitude-only [3] or phase-only [4] pixel-based
control. Notably, these scalar diffractive approaches rely
on selecting one of the diffraction orders as a drop port
to modulate the amplitude. Still, this operation can also
be performed using single-stage optical elements operating
only in the zeroth-order diffraction channel, exploiting the

*Corresponding author: etienne.brasselet@u-bordeaux.fr

vector nature of light. This involves encoding the ampli-
tude modulation in a given polarization state and filtering
it by polarization projection using standard polarization
optics. Such an approach was introduced theoretically a
few years ago and illustrated in the context of the Laguerre-
Gauss family of optical modes [5], although its generic
nature makes it directly applicable to any other type of
customized beam.

Single-stage complex amplitude (i.e., amplitude and
phase) modulation based on polarization filtering involves
the use of anisotropic and inhomogeneous optical ele-
ments. More precisely, the inhomogeneous character has
both an orientation of the optical axis and a level of
optical anisotropy. Their spatial distribution not only dic-
tates the azimuth and ellipticity of the output polarization
state, and thus the spatial distribution of amplitude mod-
ulation, but also the way in which the phase is spatially
modulated. It should be noted that phase modulation has
two origins, one dynamic, associated with wave prop-
agation in the chosen medium, and the other geomet-
ric, associated with rotation of the optical axis in the
plane of the optical element. Combining all these aspects,
several implementations of the initial proposal [5] have
been proposed and realized since then in the context of
Laguerre-Gaussian beam shaping. They can be divided
into two categories associated with the use of bulk- or
surface-structured substrates. The first refers to attempts
based on nanostructured silica glass [6,7], and the second
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to metallic [8] or dielectric [9–11] metasurfaces. Ultra-
fast laser direct writing techniques have been used to
imprint nanogratings based birefringent modifications in
silica glass for the fabrication of waveplates with spa-
tially varying orientation of the optical axis [12]. More
recently, birefringent modifications based on anisotropic
nanopores in fused silica have been reported to realize
optical elements with the advantage of enabling ultralow
losses and continuous modulation of retardation [13].
Furthermore, these studies show that the nature of the
polarization state of the drop port is more a matter of
design choice than a requirement for achieving the desired
optical transformation. Indeed, the experimental demon-
strations were carried out indifferently in the case of
a circularly [6–8,10] or linearly [9,11] polarized final
state.

With the aim at contributing to the development of
robust, durable, and large-aperture single-stage modal
beam shaping optical elements exploiting the spin-orbit
interaction of light, here we present advances of modal
beam shapers made of laser nanostructured silica glass
taking advantage of birefringent modifications based on
anisotropic nanopores, and restricting to the particular
case of Laguerre-Gauss modes. The latest experimental
developments have not resolved the inherent drawback
of the spatially variable birefringent phase delay, which
involves taking into account a subsequent modulation of
the dynamic phase which remains to be corrected [7]. We
solve this issue by modifying previous designs and exper-
imentally assess quantitatively the structural quality and
the modal performances of the fabricated optical elements,
which establishes a standard for the advent of spin-orbit
modal beam shapers. Detailed experimental results are
reported for a few low-order modes and monochromatic
designs. Also, we discuss the extent to which the pro-
posed approach allows us to deal with the generation of
high-order and spectrally broadband Laguerre-Gaussian
modes, which is supported by numerical and experimental
results. This allows us to identify some avenues for future
improvements and application perspectives.

II. DESIGN AND FABRICATION

A. Modal plate design

In this section, we summarize the basic knowledge
relating to the definition of the optical characteristics of
a spin-orbit modal beam shaper operating in the circu-
lar polarization basis and aiming at producing a given
Laguerre-Gaussian beam from a normally incident circu-
larly polarized fundamental Gaussian beam [5].

We start by recalling the expression for the electric field
of Laguerre-Gaussian beams of azimuthal order l ∈ Z and
radial order p ∈ N according to the paraxial expression
for the electric field in the cylindrical coordinate system

(r,φ, z), written as [14]
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for a beam propagating towards z > 0. Here,
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p∑
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(|l| + p)!
(|l| + m)!(p − m)!m!
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where x = 2r2/w(z)2, w(z) = w0
√

1 + (z/z0)2, w0 is the
beam waist radius, z0 = k0w2

0/2 is the Rayleigh distance,
and k0 = 2π/λ is the wavevector in free space with λ being
the wavelength. Note that the free-space propagation factor
exp(−iωt + ik0z) is omitted in Eq. (1).

Then we recall how the electric field of an incident
circularly polarized paraxial beam is transformed by pass-
ing through a slab of inhomogeneous optically uniaxial
medium, which is taken as lying in the (x, y) plane. The
slab is defined as having its slow axis oriented at an angle
ψ counted from the x axis and is associated with phase
delays �slow and �fast for linearly polarized light along
the slow and fast axes, respectively. We describe the inci-
dent field as Ein = Eincσ , where cσ = (x + iσy)/

√
2 refers

to the circular polarization Jones vector in the Cartesian
coordinate system and σ = ±1 refers to the field helic-
ity. Neglecting diffraction through the slab, the optical
transformation is described as a Jones matrix Ĵ,

Eout = ĴEin, (2)

where Ĵ refers to a sequence of spatial rotations around the
z axis and propagation along it,

Ĵ =
(

cosψ − sinψ
sinψ cosψ

)(
ei�slow 0

0 ei�fast

)

×
(

cosψ sinψ
− sinψ cosψ

)
. (3)

Combining Eqs. (1)–(3), one obtains

Eout = Ein ei�dyn
[
cos (	/2) cσ + i sin (	/2) ei�geo c−σ

]
(4)

where

	 = �slow −�fast (5)
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refers to the net birefringent phase delay experienced by
light,

�dyn = (�slow +�fast)/2 (6)

refers to the helicity-independent dynamic phase, and

�geo = 2σψ (7)

refers to the helicity-dependent geometric phase. There-
fore, the contracircularly polarized (c−σ ) output polar-
ization port can be used to impart an arbitrary complex
amplitude modulation to an incident beam provided appro-
priately designed spatial distributions of 	 and ψ .

In the present illustrative framework of Laguerre-Gauss
beam shaping, the task is defined within a typical lab-
oratory situation dealing with the transformation of an
incident fundamental Gaussian beam with waist radius
win, Ein = E0 exp

(−r2/w2
in

)
cσ , into a Laguerre-Gauss

beam of order (l, p). The determination of the opti-
cal characteristics of the inhomogeneous and anisotropic
medium is made according to the requirement Eout ∝
El,p(r,φ, z; wout). Namely,

Ein sin (	/2) ei(�dyn+�geo) ∝ El,p(r,φ, z; wout), (8)

which can be satisfied by choosing

	l,p(r) = 2 arcsin

⎧⎨
⎩

|El,p(r, 0, 0; wout)|er2/w2
in
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]
⎫⎬
⎭

(9)

provided that wout < win, and

ψl,p(r,φ) = qφ ± σ

2
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4
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where q = n/2 with n ∈ Z and the ± sign affects the way
one can obtain a mode with l = 2σq when �dyn is not a
constant, which is the case in this work. Indeed, the laser-
induced modifications of the optical anisotropy are not
achieved at constant mean refractive index.

In this work, we choose a design with the − sign for
Eq. (10), for which we obtain l = 2q for σ = +1, while
the use of σ = −1 implies flipping the modal plate upside
down with respect to the z axis in order to obtain a mode
associated with l = −2q. Also, we present modal results
by using σ = +1, restricting our experimental investiga-
tions to the fundamental radial order p = 0. This leads to
the following spatial profiles for the anisotropic features of

the modal plates:

	l,0(r) = 2 arcsin
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√

2
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)|l|
exp
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(11)

and

ψl,0(r,φ) = 1
2
[
lφ −�dyn(r)

]
, (12)

where the characteristic length wdesign in Eq. (11) defines
the incident beam waist radius maximizing the modal out-
put power fraction up to the value |l|! e|l|/(1 + |l|)1+|l|. In
addition, choosing win = wdesign leads to an output waist
radius for the modal beam wout = wdesign/

√
1 + |l|. Still, as

previously noted [10], the pure modal nature is not altered
when win �= wdesign, at least for p = 0, but is associated
with another waist value given by

wout = wdesign√|l| + wdesign
2/win

2
. (13)

B. Modal plate fabrication

The space-variant anisotropic optical elements were
fabricated by femtosecond laser processing of synthetic
silica glass substrates. This was carried out with a mode-
locked regeneratively amplified femtosecond laser sys-
tem (PHAROS, Light Conversion Ltd.), which delivered
optical pulses with 600 fs duration at 1030 nm wave-
length, with a repetition rate of 200 kHz. Laser pulses
were focused with a 0.16 numerical aperture aspheric lens
beneath the surface of the substrate that was fixed on
a three-axial air-bearing translation stage. This enabled
the controlled generation of anisotropic nanopore assem-
blies, imparting form birefringence to the initially optically
isotropic medium with low scattering losses [13,15]. All
of the fabricated devices reported in the present work
were manufactured according to this approach, which pro-
vides optical elements having damage threshold of about
1.6 J/cm2 for a 1030-nm, 300-fs incident laser beam,
which is comparable to pristine silica glass, as reported
in [16]. The direction of the laser-induced slow axis is
perpendicular to the polarization direction of the writing
beam, which was controlled by a combination of a polar-
izer, a Pockels cell and a quarter waveplate. Moreover, the
magnitude of the birefringence was controlled by adjust-
ing the pulse energy from 650 nJ to 850 nJ, which allowed
continuous and monotonous control of the optical path dif-
ference (or anisotropic retardance) δ = (�slow −�fast)/k0
from 1 nm to 40 nm for the chosen operating wavelength
λ0 = 532 nm. The maximal retardance of 266 nm expected
from Eq. (11) was achieved by piling up several layers of
laser-induced modifications.
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(a) (b) (c)

1.0 1.00.00.0 2.0 2.0

FIG. 1. (a) Normalized anisotropic retardance of the calibration sample retrieved from Abrio imaging system. (b) Measured fast
phase�fast (red curve), slow phase�slow (blue curve), and the associated dynamic phase�dyn = (�slow +�fast)/2 (black curve) along
the y direction of the sample. (c) Anisotropic retardance δ along the y direction of the sample measured from Abrio imaging system
(brown curve) and from wavefront sensor phase measurements as δ = (�slow −�fast)/k0 (orange curve). For all plots: lines refer to
linear fit, curves refer to mean value evaluated over the 1-mm-wide side of the sample along the x direction and light-color areas refer
to ± standard deviation around the mean value.

To date, previous works dealing with silica-based modal
shapers have all overlooked the dynamic phase issue,
which prevents pure Laguerre-Gauss modes from being
obtained [6,7]. Here we lifted this limitation by deter-
mining the relationship between�slow −�fast and�slow +
�fast. This was ascertained from the characterization of a
1 mm × 2 mm rectangular calibration sample exhibiting
a linearly varying anisotropic retardance along one direc-
tion [see Fig. 1(a)]. Using a wavefront sensor operating
at 550 nm wavelength (SID4-HR, Phasics) we measured
the slow and fast phase changes with respect to untreated
silica, �slow,fast(y)−�slow,fast(0), in the direction of the y
axis along which δ varies, [see Fig. 1(b)]. This allowed
evaluation of the dynamic phase �dyn [Fig. 1(b)] and
the anisotropic retardance δ [Fig. 1(c)]. A complementary
measurement made using an Abrio imaging system (CRi,
Inc.) operating at 546 nm wavelength quantitatively agrees
with the phase measurements [see Fig. 1(c)]. From the lin-
ear fit of �dyn versus y and that of both datasets for δ, we
experimentally establish the linear relationship

�dyn � −0.46k0δ = −0.46	. (14)

Laguerre-Gaussian modal plates with l = (1, 2, 3), 1 mm
diameter and 127 DPI resolution were manufactured
according to Eqs. (11) and (12), using wdesign = 250 µm
and disk-shaped structured area with diameter 2R = 1 mm.
A second set of optical elements, not taking into account
the dynamic phase correction in Eq. (12), were also pro-
duced in order to quantitatively assess the need to take the
dynamic phase issue into account.

III. MODAL PLATE CHARACTERIZATION

The fidelity of the fabricated optical elements with
respect to the design was assessed by polarimetric imag-
ing using the setup sketched in Fig. 2(a). Measurement of

Stokes parameters at the output of the sample was done
by reimaging the sample on a camera and performing pro-
jective measurements using a polarization controller. We
chose λprobe = 633 nm as the wavelength of the circularly
polarized probe light having helicity σprobe. This prevented
a phase wrapping ambiguity since the maximal birefrin-
gent phase delay is π at 532 nm, hence less at 633 nm.
Specifically, the retardance δ and the orientation angle ψ
were obtained from the measured reduced Stokes vector
s = (s1, s2, s3) [17] according to

δ = λprobe

2π
arccos(σprobes3), (15)

which implies assuming negligible dispersion of the opti-
cal anisotropy, and

ψ = 1
2

arctan
(

s2

s1

)
− σprobe

π

4
. (16)

The results are shown in Fig. 2(b) where the displayed
raw data show the pixelated nature of the optical ele-
ments, here a modal plate with l = 1. This figure also
shows a smoothed version of the experimental maps that
will further facilitate the visual comparison between exper-
imental and simulated data, the latter being made using a
continuous design.

A summary of the polarimetric analysis for the two sets
of three plates is shown in Fig. 3, where the optical ele-
ments that take dynamic phase correction into account are
designated as “corrected,” while those that do not are des-
ignated as “uncorrected.” This leads to the conclusion that,
overall, the manufacturing protocol is satisfactory, at least
in terms at a qualitative level. Still, Stokes polarimetric
analysis also allows us to go beyond a qualitative assess-
ment, which we report in Fig. 4. There, the experimental
azimuthal profile of the slow axis orientation angle (left
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(a)

(b)

FIG. 2. (a) Experimental setup for full Stokes polarimetric
analysis of the modal plates at 633 nm wavelength. F, spectral
filter for 633 nm wavelength; CP, circular polarizer; L, imag-
ing lens (4× microscope objective with numerical aperture
NA = 0.1); PC, polarization controller allowing charged cou-
pled device (CCD) camera recording of the intensity distribution
of the output field projected on an arbitrary polarization state.
(b) Maps of the anisotropic optical features in the (x, y) plane for
the corrected modal plate with l = 1. Left column: retardance (δ).
Middle column: slow axis orientation angle (ψ). Right column:
combination of retardance and orientation (δ ⊕ ψ) for which the
brightness refers to δ/δmax and the hue colormap refers to ψ .
Top row: raw data of the pixelated plate where the inset refers
to the bright field image of a 5 × 5 pixel area, each pixel hav-
ing 20 µm × 20 µm area. Bottom row: convolution smoothing
of raw data over one pixel.

column) and the radial profile of the retardance (middle
column) extracted from the reconstructed maps presented
in Fig. 3 are shown and compared to the expected behav-
ior (red curves) for both uncorrected and corrected modal
plates. The radial profile of the slow axis orientation angle
correction dψ = ψ − lφ/2 for the corrected modal plates
is also shown (right column).

These results demonstrate a good level of fidelity in
the laser writing of orientation features. Still, we note an
apparent difficulty in reproducing the cusp profile asso-
ciated with both the retardance and the dynamic phase
correction via geometric phase management. In fact this
is due more to the pixelation chosen for fabrication and
the azimuth average assessment than to any inherent lim-
itation of the laser nanostructuring process. Now that the
structure of the modal plates is validated, we address their
modal characteristics in the next section.

(a)

(b)

FIG. 3. Structural maps in the (x, y) plane combining retar-
dance (brightness) and orientation (color) for (a) uncorrected
and (b) corrected modal plates with l = (1, 2, 3). Top row:
experimental convoluted data. Bottom row: simulations.

IV. MODAL PROPERTIES

A. Beam propagation

A salient but nonexclusive characteristic pertaining to
Laguerre-Gaussian modes is that their shape is unaltered,
up to a spatial stretching factor, as they propagate through
a linear and homogeneous medium. Experimentally, this
can be grasped by recording the transverse intensity distri-
bution as the beam propagates. The experiment is done by
preparing an incident circularly polarized Gaussian laser
beam with win = wdesign and imaging the contracircularly
polarized spatial intensity distribution of the beam at a dis-
tance z from the sample in 5-mm steps and choosing a
1 : 1 imaging condition. This was realized by translating
an objective lens together with a camera, in front of which
is placed a circular polarizer, while keeping the distance
between them fixed. Azimuth-averaged radial intensity
profiles were then calculated from the recorded images,
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1.00.0

0.0

0.0 0.0 1.01.0

0.0 0.0 1.0

0.0 1.0

1.0 1.0

1.0

FIG. 4. Theoretical and experimental profiles of the azimuthal dependence of the slow axis orientation angle evaluated at rmax
defined as δ(rmax) = maxr[δ(r)] (left column), the azimuth-averaged radial profile of the retardance 〈δ〉φ (middle column) and the
azimuth-averaged radial profile of the slow axis orientation angle correction 〈dψ〉φ for the corrected modal plates (right column) for
l = (1, 2, 3). The retardance and slow axis orientation angle correction profiles are normalized to their maximal theoretical value λ/2
and πα/2, respectively, where α � 0.46 is the proportionality factor between �dyn and 	 [see Eq. (14)]. Thin red curves: analytics.
Thick gray/black curves: experimental data from uncorrected/corrected modal plates.

which allowed a meridional intensity cross-section to be
reconstructed.

The results are shown in Fig. 5 for l = 1 and three types
of optical elements. In this case, the standard vortex plate
refers to a q-plate design [18], which here corresponds to
	 = π and ψ = φ/2 and has been fabricated using the
same laser nanostructuring technique as the other plates.
For the latter plate we obtain the well-known ringing inten-
sity profile [19], which is associated with the presence of a
distribution of radial modes with p �= 0 [20]. As expected,
the invariance of the beam shape upon propagation is visu-
ally optimized for the corrected modal plate, whereas the
results for uncorrected modal plates highlight the aspheric
focusing associated with the spatial modulation of the
dynamic phase. Quantitatively we make use of the L2-
norm to define a mean-square distance d between two real
functions f (x) and g(x) in the range x ∈ [a, b] as d(f , g) =∫ b

a

[
f (x)2 − g(x)2

]
dx. We thus define the dimensionless

quantity

εl,p(z) =
∫ Rmax

0

[
Iplate(r, z)− ILGl,p (r, z)

]2
dr∫ Rmax

0 ILGl,p (r, z)2dr
(17)

as an estimate of the relative overall deviation with respect
to a pure Laguerre-Gauss mode with orders (l, p), where
Rmax = 500 µm is the maximal distance from the z axis
from which the intensity profile is measured. The results
are shown in Fig. 6 for (l, p) = (1, 0), which ascertains that
the corrected plates outperforms with respect to previous
experimental realizations [6,7].

B. Modal purity

The detailed determination of the modal performance of
the fabricated silica optical elements is done by assessing
the modal content of the generated field at the output of the
modal plates,

Ẽout(r,φ, 0) =
∑
l,p

cl,p Ẽl,p(r,φ, 0; wout), (18)

where the tilde symbol refers to normalized fields that
satisfy

∫∫ |̃E|2rdrdφ = 1, wout is the targeted Laguerre-
Gauss waist radius given by Eq. (13), and the complex
coefficients cl,p tell us about the modal content of the
field. In particular, noting that

∑
l,p |cl,p |2 = 1, |cl,p |2 repre-

sents the power fraction carried by the basis element with
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FIG. 5. Experimental (top row) and simulated (bottom row) normalized azimuth-average intensity distribution in the (z, r) plane for
standard vortex plate (left column), uncorrected (middle column), and corrected (right column) modal plates for l = 1. The experi-
mental data are recorded by moving a fixed system made of a lens, a circular polarizer and a camera, along the z (dashed line) axis in
steps of 5 mm over a distance of 30 cm. Insets: transverse intensity distribution recorded at z = 30 cm. The simulation is made using
the Fourier beam propagation method.

indices (l, p). Experimentally, we determine the modal
content using a well-established modal decomposition
approach based on the use of a spatial light modulator
[21]. Accordingly, we used the setup depicted in Fig. 7(a),
preparing an incident circularly polarized Gaussian laser
beam with win = wdesign. The output field Ẽout was then
imaged on a digital micromirror device (DMD) using a
4 f imaging system. Following [22], the DMD encoded an
amplitude hologram that makes the field of the first diffrac-
tion order proportional to ẼoutẼ∗

l,p . Then we operated an
optical Fourier transform of the first diffraction order by
using a lens and placing the camera at the Fourier plane,
where the intensity distribution is given by

IFourier plane(κ) ∝
∣∣∣∣
∫∫

ẼoutẼ∗
l,p exp(i κ · r)rdrdφ

∣∣∣∣
2

, (19)

FIG. 6. Experimental L2-norm relative mean square distance
between the measured radial intensity profiles for standard,
uncorrected, and corrected vortex plates with l = 1 and that of
a Laguerre-Gauss mode LG1,0 versus the propagation distance z,
where z = 0 refers to the plane of the plate.

in which κ refers to the spatial frequencies wavevec-
tor in the Fourier plane. Therefore, accounting for the
orthonormal nature of the Laguerre-Gauss basis {Ẽl,p}, we
get

IFourier plane(0) ∝ |cl,p |2 (20)

for the on-axis intensity in the Fourier plane. We choose a
square region of 3 × 3 pixels centered on-axis to evaluate
IFourier plane(0), and record the outcome via a power mea-
surement, taking care to select the optimal output beam
waist for the modal decomposition [23], that is, wout =
wdesign/

√
1 + |l| [24], and whose expression is experimen-

tally validated by determining the output beam waist value
that maximizes |cl,0|2. The hologram encoded on the DMD
is then iteratively refreshed to achieve all-optical projec-
tion of the output field over a range of Laguerre-Gaussian
modes given {l, p} = {−5 ≤ l ≤ 5, 0 ≤ p ≤ 5} and the
measured powers are eventually normalized to satisfy the
completeness condition

∑
{l,p} |cl,p |2 = 1.

The results are summarized in Fig. 7(b), where the
mean values and standard deviations shown refer to six
(12) independent measurements [three (six) for each value
of σ = ±1] for standard (uncorrected) plates. Indeed, we
recall that these designs are equally functional whatever
the incident spin state provided that the contracircular
polarization state is selected for the uncorrected plates. In
addition, the data refer to six independent measurements
for σ = 1 for the corrected plates. This quantitatively
ascertains the enhanced modal performance of the cor-
rected modal plates compared to the other designs. Still,
since both amplitude and phase are controlled in the cor-
rected case one would expect 100% purity whatever l,
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1.0

(a)

(b)

FIG. 7. (a) Experimental arrangement used to perform modal
decomposition. BR, beam reducer made of a pair of lenses with
focal lenses 275 mm and 100 mm; CP, circular polarizer; L,
pair of lenses with focal length 150 mm used in 4 f configu-
ration; DMD, digital micromirror device (1080 × 1920 pixels,
each 7.6 µm × 7.6 µm in size); FL, Fourier lens with focal length
500 mm; CCD, intensity recording device (1288 × 924 pixels,
each 3.75 µm × 3.75 µm in size). (b) Experimentally measured
modal power fractions |cl,0|2 of the three kinds of beam shapers
studied in this work for l = (1, 2, 3), using the appropriate input
spin state for the corrected modal plates.

up to a decrease in efficiency with increasing |l|. How-
ever, we recall that the modal purity is ideally 100% for
continuous devices only. Dealing with experiments and
pixelated devices, it is not surprising that the performance
does not reach that of ideal continuous patterned devices.
As for the observed decrease with the order of the plate,
we note that we chose a fixed pixelation regardless of l,
in practice, and that the radial profiles for 	 and ψ , are
steeper as |l| increases. Therefore, the effect of pixela-
tion becomes more significant for larger |l|, which gives
a credible understanding of the observed trend.

V. DISCUSSION

A. Toward high-order modes

The full exploitation of high-dimensional bases for
light in optical information and communication relies on
the technological ability to design devices capable of
generating high-order modes. Notably, the generation of
Laguerre-Gaussian modes with high indices comes with a
fabrication challenge due to the increase in spatial frequen-
cies as l and p increase. Still, advances in nanofabrication
make it possible to achieve it from cascaded [24,25] or

(a)

(b)

FIG. 8. Structural maps in the (x, y) plane combining retar-
dance (brightness) and orientation (color) and far-field inten-
sity distribution for (a) uncorrected and (b) corrected modal
plates with l = 10. Left column: experimental data. Right row:
simulation from ideal design.

single-stage [11] metasurfaces. Regarding laser nanostruc-
tured silica optics, although the generation of light beams
with high orbital angular momentum states (l ∼ 100) has
been reported, it remains limited to nonmodal standard
plates. Here we explore the possible extension of the
modal approach to high-order Laguerre-Gaussian modes,
by choosing the case study (l, p) = (10, 0). Our results
are shown in Fig. 8 both for uncorrected and corrected
designs, keeping the same parameters as for the demonstra-
tion for l = (1, 2, 3), namely win = 250 µm, 2R = 1 mm,
and a structured pixel size of 20 µm × 20 µm as done
for low-order modes. Although the intensity distribution
is qualitatively satisfactory, the present pixelated design
of the modal plates and their limited size does not allow
high values to be attained for the measured modal power
fractions with our optical system. In addition, while the
uniform design exhibits less than 1% according to previ-
ous work [13], the pixelated devices have typical scattering
losses of the order of 5%. This makes design improvements
desirable when dealing with high-order modal plates.
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(a) (b)

FIG. 9. Influence of the azimuthal and radial indices on the
modal beam shaping characteristics for corrected modal plates
with the use of the appropriate input spin state. (a) Calcu-
lated modal conversion efficiency, ηl,p and (b) the corresponding
normalized beam waist for the Laguerre-Gauss modal decom-
position, ζl,p = wout/wdesign. Black color: 0 ≤ l ≤ 50 at p = 0.
Blue color: 0 ≤ p ≤ 50 at l = 0. All data are evaluated at the
nominal wavelength and using win = wdesign. An analytical solu-
tion exists for p = 0, which gives ηl,0 = |l|! e|l|/(1 + |l|)1+|l| and
ζl,0 = (1 + |l|)−1/2 [5].

It is noteworthy that in the single-stage strategy frame-
work, the generation of high-order modes faces an issue
which remains unsolved even in the limit of ideal spatial
resolution. The expected output optical power fraction that
corresponds to the (l, p) mode,

ηl,p = 4
win

2

∫ ∞

0
sin2 [	l,p(r)/2

]
exp(−2r2/win

2) rdr,

(21)

indeed drastically decreases with the mode order, as shown
in Fig. 9 for (l, p) = (n, 0) or (0, n), up to n = 50. In this

(a) (b)1.00

FIG. 10. Influence of a detuned incident wavelength on the
modal performance for corrected modal plates with l = (1, 2, 3)
using the appropriate input spin state. (a) Calculated modal
power fractions |cl,0|2 and (b) the corresponding modal power
conversion efficiencies ηl,p . All data are evaluated using win =
wdesign and wout = wdesign/

√
1 + |l| for the Laguerre-Gauss modal

decomposition at the nominal wavelength λ0 = 532 nm, for
which the plate is monomode.

(a)

(b)

(c)

FIG. 11. Influence of a detuned incident beam waist on the
modal performance across the visible domain (color curves) for
corrected modal plates using the appropriate input spin state. (a)
Calculated modal power fractions |cl,0|2 and (b) the correspond-
ing modal conversion efficiencies ηl,0 for l = 1. (c) Calculated
normalized output beam waist wout/wdesign that corresponds to (a)
and (b) extended to l = (1, 2, 3), where the dotted black curves
refer to analytical results [Eq. (13)] at the nominal wavelength
λ0 = 532 nm.

figure we also report on the corresponding output beam
waist, which recalls the importance of selecting the proper
“ruler” when performing modal decomposition analysis,
not only for minimizing the number of modes that describe
a given light beam. To date, there is no way to remedy this
limitation.

B. Robustness to spectral and waist detuning

So far, we have explored modal performance by select-
ing nominal values for the wavelength and the input beam
waist in relation to the chosen design. Here we numeri-
cally address the question of the extent to which detuning
is detrimental to the modal performance of the fabricated
optical element. On the one hand, the consequences of a
spectral detuning at the nominal input beam waist in terms
of modal purity and modal power conversion efficiency are
shown in Fig. 10 for l = (1, 2, 3) and p = 0. It appears
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(a) (b)

(c)

FIG. 12. Experimental supercontinuum modal beam shaping.
(a) Intensity profile of the incident beam. Markers: experimen-
tal data. Solid curve: guide for the eye. (b) Dependence of the
normalized incident beam waist on the wavelength in the visi-
ble domain. The intensity profile of the shaped beam after 20 cm
propagation are shown in (c) for uncorrected and corrected modal
plates, for l = (1, 2, 3, 10) and p = 0. Scale bars: 1 mm for
l = 10, otherwise 400 µm.

that a modal plate designed for a wavelength of 532 nm
exhibits only a slight decrease in performance regarding its
purity, which is a typical feature of geometric phase optical
elements, with |cl,0|2 > 0.98 over the whole visible range
up to the near infrared. In contrast, the amount of processed
light typically decreases by a factor of 2 over the visi-
ble domain, which suggests practical limitations whenever
photon flux is an issue. On the other hand, the resilience
of modal plate performance with respect to detuning of the
incident beam waist is very good whatever the wavelength
detuning, as shown in Figs. 11(a) and 11(b). In addition,
our numerical investigations show that Eq. (13), which
describes the optimal choice for the output beam waist ver-
sus the incident one as far as the modal decomposition is
concerned, can be used as a rule of thumb over a broad
range of wavelengths around the nominal [see the dotted
analytical curve in Fig. 11(c)].

These results therefore suggest that broadband spin-orbit
modal beam shaping can be achieved, at least at a good
approximation. This is qualitatively explored experimen-
tally by using an incident circularly polarized supercon-
tinuum laser beam whose waist variation over the visible
domain is no larger than a few percent [see Figs. 12(a)

and 12(b)]. The experiments are done for both the uncor-
rected and the corrected modal plates [see Fig. 12(c)],
for which we used achromatic quarter-wave plates and a
polarizer for achieving circular polarization projections at
the input and output of the optical element. The observed
color dispersion along the radial coordinate, which is all
the more pronounced as the order of the mode increases,
is due to the conjunction of at least two factors: first, the
wavelength typically varies by a factor of 2 in the visible
domain, thus leading to substantially larger beam diver-
gence in the red than in the blue parts of the spectrum,
recalling that the incident beam waist is almost indepen-
dent of wavelength; and second, the relative “thickness”
of a doughnut-shaped intensity profile of a vortex beam
decreases with its topological charge l, thus enhancing any
radial dispersion effects.

VI. CONCLUSION

Present advances in the design and fabrication of spin-
orbit modal plates made of laser nanostructured silica
glass contribute to recent efforts devoted to single-stage
modal beam shaping strategies [5–11], which might even-
tually seed the emergence of applications where compact
solutions for complex amplitude shaping are needed. In
particular, the use of silica optics with macroscopic clear
aperture can lend a valuable robustness to the photon
flux that can process a high-power laser beam that does
not require power amplification, the latter remaining a
nontrivial task to date [26]. The relative insensitivity of
the modal performance to the input beam characteristics
(wavelength, waist radius) is another remarkable asset of
the optical elements developed. Importantly, the inher-
ent issue related to the spatial modulation of the dynamic
phase prevents fully taking advantage of the key spin-orbit
interaction feature that involves spin-controlled wavefront
reversal. The right/left symmetry is indeed broken by
design as discussed in Sec. II A. Although spatially mod-
ulated form birefringence comes with spatial modulation
of the dynamic phase, a compensation approach based on
bilayer structuring has been suggested [27], though not yet
investigated experimentally. Another limitation requiring
further work is associated with the substantial decrease
in modal power conversion efficiencies as the mode order
increases.
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