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Projecting high-quality three-dimensional (3D) scenes via

computer-generated holography is a sought-after goal for virtual and
augmented reality, human-computer interaction and interactive learning.

Three-dimensional objects are usually constructed from a single hologram by
cascading a stack of two-dimensional (2D) scenes along the optical path and
perpendicular toit. The spatial separation between those scenes, however,
isfundamentally constrained by the numerical aperture of the hologram,
limiting the axial resolution and depth perception of the generated 3D image.
Here we propose anew class of hologram that instead projects a desired scene
onto 2D sheets oriented perpendicular to the plane of the display screen, thus

enabling continuous reconstruction of the object along the optical path. To
achieve this, we decompose the target scene into threads of light—arrays of
non-diffracting pencil-like beams whose envelopes can be locally structured
along the propagation direction at will. Using a spatial light modulator, we
project 2D scenes onto the plane normal to the hologram and by stacking
multiple 2D sheets in parallel we construct 3D objects with high fidelity and
low crosstalk. Computer-generated holography of this kind opens new routes
torealistic 3D holography and can be deployed in wearable smart glasses,
portable devices and wide-angle volumetric displays.

In contrast to photography, which stores a fixed view of a scene using
alens, a hologram records the entire wavefront scattered from an
object, thus enabling more realistic reconstruction of the scene in
terms of depth perception and parallax’. When suitably illuminated,
holograms provide true-to-life playback of a three-dimensional (3D)
target object that can be observed with the naked eye from differ-
ent viewing angles. Although invented for the purpose of improving
electron microscopy?, holography has rapidly found applicationin
volumetric displays®, optical data storage*’, biological imaging®’, laser
beam shaping®, optical tweezers and micromanipulation® and virtual

and augmented reality'® due to the abundance of coherent sources and
computer-generated holograms (CGHs). The latter are oftenrecorded
(in transmission or reflection) using liquid crystal displays™'?, digital
micromirror devices™", erasable photorefractive polymers®, stretch-
able materials'® and metasurfaces'’®, to name a few.

The quality of a holographic display relies on its ability to exhibit
certainsources of information—often referred to as cues’—that collec-
tively stimulate depth perceptionin the human visual system, allowing
ustoderive and understand the structure and depth of anatural com-
plex scene. This includes relative object sizes, densities, heights and
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Fig.1|Different approaches to holographic projection. a, In Fourier
holography, a 2D image is projected in the far field with limited depth of field. b,
With multi-plane Fresnel holography, 2D images can be projected at different
depths along the optical path, albeit with different sizes due to diffraction. To
avoid crosstalk, images projected at farther distances must maintain larger
separations between them, limiting the axial resolution and depth perception.

z

¢, Holographic light sheets are a new class of hologram that can project multiple
images onto parallel layers oriented perpendicular to the hologram plane while
preserving uniform separation between them.d, A3D scene is decomposed
into a stack of 2D holographic light sheets that can be oriented horizontally (as
shown) or vertically, providing realistic reconstruction of the target object by
projecting it with continuous depth along the axial direction.

aerial perspective, in addition to more subtle cues such as occlusion
(hiding one object behind another), parallax (apparent displacement
of an object depending on the observer’s point of view), binocular
disparity (changing relative position of an object as it is projected on
eachretina, separately) and convergence/accommodation (independ-
ent focusing on close/distant objects). Decades of effort has pushed
the frontiers of holography in an attempt to achieve adequate com-
promises between these cues, ultimately producing photorealistic
3D images, aided by progress in wavefront-shaping tools and CGHs.
Central tothese advancesis the ability to project astack ofimages, with
narrow gaps between them, to constructatrue volumetric scene. Early
pursuits of this goal started by assembling composite holographic ste-
reogramsinwhich asequence of projections of 3D perspectivesis first
calculated with a Fourier-based transform, then groupedinto asingle
CGHthatreconstructsthe targetimage, albeitin 2D, with awide angle
of view??. Iterative approaches using Fresnel holography—commonly
known as the ping-pong algorithm—were later used to generate two
noiseless image intensities at two depth locations from a single CGH
by treating the phases relating the two images as a design degree of
freedom?. Extensions of this method that project speckle-free images
onto three planes have since been demonstrated”. Other approaches
based on integral imaging®* and dense ray sampling® reproduce an
image with full parallax by deploying a two-dimensional (2D) array of
microlenses that captures elementalimages of the object as seen from
theviewpointof thatlens’slocation. Horizontal/vertical parallax have
also been achieved through stereograms® >, whereas true (3D) depth
has been realized with multi-layered holography that now extends
beyond several planes® . In parallel to these efforts, much progress
hasbeen madeindeveloping holographic displays (recording media)
themselves to refresh the projected holographic scene as a function
of time; for example, by using updatable photorefractive polymers>*®
or scannable photophoretic displays®. Other investigations studied

spatiotemporal focusing using pulsed laser sources*® or by enhancing
the hologram resolution using nonlinear* and plasmonic metasur-
faces®*, inaddition to mitigating the trade-offbetween image size and
viewing angle using speckle holography* and the synthetic aperture
technique*’. As this field matured, the search for fast hologram com-
putation also began—a requirement that has been met by deploying
look-up tables**¢, accelerated GPUs*” and, more recently, machine
learning and deep neural networks*>*°.,

Despite the advancesin holography and its applications over the
pastfew decades, there are still several limitations that prevent the pro-
jectionofrealistic 3D scenes like those depicted in science fiction mov-
ies. Forexample, Fourier holograms based on the well-known kinoform
technique and its extensions®**' can primarily project objects withina
shortdepthoffocusatafar-field region (Fig.1a), orin the vicinity of the
focal plane of alens, making them better suited for microscopy**>*—a
limitation that has been addressed by Fresnel holography, which can
project arbitrarily large images with 3D depth®. Fresnel holography,
however, cannot maintain a uniform separation betweenthe projected
images without introducing crosstalk (Supplementary Note 1). This
has been mitigated by preconditioning the wavefront such that it
reduces to a Fourier hologram, locally, at the plane of interest while
addingrandom phase values torender a quasi-orthogonal set of images
with minimum interference®. The finite aperture size means that this
approach (and Fresnel holography ingeneral) still mandates progres-
sively larger separations between the images projected at longer dis-
tance, as depicted in Fig. 1b, leading to non-uniform sampling of the
3Dsceneinthe axial direction thatin turn hinders many applications.
The projection quality can be improved with cascaded diffractive
elements®® or cylindrical holograms®, which often add complexity
and cost. Inshort,acompact holographic mechanism that canenable
accurate reconstruction of a3D object using a single hologram, while
achieving continuous depth with high axial resolution, remains elusive.
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Fig.2| Concept of holographiclight sheets. a, A targetimage is discretized,
row by row, into a stack of parallel lines. These lines are then holographically
reconstructed via threads of light in the x-z plane. b, Each forward-propagating
light thread is created from a superposition of non-diffracting beams (Bessel
modes), which can be generated by axicons with slightly different cone angles.
Here, k,and k, denote the transverse and longitudinal wavenumbers of each
Besselbeam, k,=21/A. ¢, Top: a superposition of co-propagating Bessel beams
with different cone angles (wavevectors) can be designed to spatially modulate
its intensity profile along the zdirection, following the target profile specified
by F(z). Bottom: transverse cross-sections of the beam at two different z planes
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exhibiting the intensity modulationin the beam’s centre. d, Holographic light
sheets are generated by encoding a phase-only CGH onto an SLM. A horizontally
polarized light beam (532 nm) is expanded and collimated, approximating quasi-
plane-wave illumination onto the SLM. The output beam from the SLM isimaged
and filtered using a standard 4flens system to get rid of higher diffraction orders
and project the desired image onto a CCD. The CCD is mounted on a translational
stage to record the generated pattern at each zplane. By stacking 1D slices (at the
planey = 0) from these images in the axial direction, the longitudinal profile of the
hologram can be reconstructed in the x-z plane. a.u., arbitrary units.

In this work, we propose and experimentally demonstrate a new
approachto holography that addresses the above constraints. In con-
trast to the wide body of literature that seeks to project one or more
scenes onto the plane(s) parallel to the display, here we project each
scene onto a flat light sheet, oriented perpendicular to the display
asillustrated in Fig. 1c. This enables us to sample the target image
continuously along the propagation direction with high axial resolu-
tion. We achieve this by decomposing any desired target image into
threads of light whose intensities can be structured at will along the
optical path. By assembling an array of those light threads, we syn-
thesize 2D sheets that can then be closely stacked in parallel and with
equal separation to construct the desired 3D scene with high fidelity,
low crosstalk and long depth of field (Fig. 1d). Our approach provides
means to achieve realistic 3D holography. It can also be integrated in
volumetric displays by projecting the light sheetsin lightly scattering
media®® or onto a stack of LCD panels®, thus visualizing a volumetric
object fromyvirtually any angle. Furthermore, our formulation is based
on a non-iterative closed-form analytic solution, providing calcula-
ble computation costs. We thus expect this technique to open new
routes toreal-time 3D holography, augmented and virtual reality and
wide-angle volumetric displays.

Holographiclight sheets

Concept

Our goalistofirst createathread of light that can be structured along
the optical path, and then assemble several threads into 2D sheets
that can be stacked to form the desired volumetric scene. Our light
threads take the form of a superposition of non-diffracting beams

with different tilt angles that constructively (destructively) interfere
at precise locations along the axial direction to sculpt any predeter-
mined intensity profile. By combining multiple threads in parallel,
the target scene can be rastered, row by row, asis done in 3D printing.
More specifically, each thread is composed of a discrete superposi-
tion of forward-propagating Bessel modes with different cone angles
(propagation constants), weighted by carefully chosen complex coef-
ficients (which vary in amplitude and phase), enabling full control
over the intensity of the resulting envelope at each propagation dis-
tance. Thisapproach, commonly referred tointhe literature as frozen
waves, is detailed more fully in ref. 60 and in the Methods. We choose
Bessel beams because of their quasi diffractionless and self-healing
properties, which allow the beam to reconstruct its central spot even
if obstructed by an obstacle®. This serves our purpose for generating
robust 3D holograms with long depth of field. By assembling many
frozenwavesintoa 2D sheet, one can construct asurface with anarbi-
trary intensity profile oriented along the propagation direction with
full control over the intensity at each point®.

Toillustrate this concept, first assume that we wish to project the
targetimage shownin Fig. 2a onto the horizontal (x-z) plane. We start
by discretizing this 2D image into parallel threads of light that travel
alongthe zdirection; the envelope of each light thread is designed to
follow the intensity profile of the target image, row by row. Each light
thread is composed of asuperposition of Bessel beams with equal sepa-
rationin their longitudinal wavenumber, k,—asuperposition that canbe
physically realized using axicons with slightly different cone angles, as
illustrated in Fig. 2b. Weighted by different complex coefficients, these
co-propagating modes interfere along the optical path to construct any

Nature Photonics


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-023-01188-y

arbitrary longitudinal intensity profile given by the function F(z), as
depictedinFig.2c. Thisapproachis not limited to free-space propaga-
tionbutcanalsobe extended to cases in whichthe propagation medium
ischaracterized by acomplexrefractiveindex (Supplementary Note 3).
Theunderlying mechanism of this axial intensity modulation relies on
theinterplay between the energyinthe centre spot of the beamandits
outer rings. For example, when the central spot ‘switches off’, its energy
is dispersed to the outer rings of the beam, albeit with less intensity,
thus conserving the global energy at each cross-section (asshowninthe
bottominsets of Fig. 2c). The mathematical formulation of the surface
frozen wave theory and the calculation of the complex weights of each
Bessel mode in the superposition can be found in Methods. Note that
previous work on surface frozen waves was only theoretical, studying
simple patterns such as curved lines without considering the specifi-
cations of the display (for example, its resolution and pixel pitch). In
the following, we provide an experimental demonstration of 2D and
3D holographic light sheets and examine their feasibility using com-
mercially available LCD panels, as well as their advantages compared
with multi-plane Fresnel holography.

Experimental generation

We generated our holographic sheets using programmable phase-only
spatial light modulators (SLMs). We started by specifying the target
image, the number of light threads (that is, frozen waves) over which
the image would be discretized, the diameter of the light threads
and the separation between them. In most of our examples, we dis-
cretized our target images into roughly 80 frozen waves, each with
a centre spot radius of 30 pm separated by a 45 pum gap. Different
combinations of these values will ultimately define the resolution of
the projected image and are practically limited by the implementa-
tion medium, as detailed more fully in Supplementary Note 2. We
calculated the superposition of Bessel beams comprising each frozen
wave, thenadded all of the frozen waves spatially offset with respect
to eachother by adisplacement of 45 pm, centre to centre. By solving
for this superposition at the z= 0 plane, we obtained the complex
transverse profile of the hologram in the x-y plane; this is the initial
field distribution that would propagate in space to eventually con-
struct the targetimage in the x-z plane. As our SLM can modulate the
phase of an incident wavefront without altering its amplitude (as is
the case for most holographic media), we deployed a phase retrieval
algorithm to convert our complex (amplitude and phase) field dis-
tribution into a phase-only mask, following the method outlined in
ref. 63 and Supplementary Note 5. This phase mask was then displayed
on the SLM. In our experiment, we used a phase-only reflective SLM
(Santec SLM-200) with a resolution 0f 1,920 x 1,200 pixels and 8 pum
pixel pitch. The former parameter defines the aperture size of our
hologram, which dictates the longitudinal extent of the projected
image, and the latter sets an upper limit on the highest spatial fre-
quency of theinitial field distribution, which determines the largest
cone angle for the Bessel modes in the superposition. The choice of
these parameters and the implications are discussed more fully in
Supplementary Note 2. As is standard in digital holography®, the
desired complex profile was generated at the output focal plane of a
4fimaging system located after the SLM (fbeing the focal length of
the imaging lenses). The role of the 4f system is twofold: (1) to filter
the desired patternfromthe zeroth-order beamand (2) toimage the
filtered pattern onto the charge-coupled device (CCD). Note that
we encoded our desired hologram off-axis by adding a blazed grat-
ing profile to the CGH to spatially separate it from the unmodulated
zeroth-order beam (which arises due to the finite filling factor of the
SLM). Figure 2d depicts the experimental set-up described above,
where the z=0 plane lies at the output focal plane of the 4f system.
To construct the longitudinal profile of our light sheets, we recorded
thetransverse profile of the output pattern ateach zplane witha CCD
then stitched one-dimensional (1D) slices from those images together

Simulated Measured
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Fig. 3| Generation of 2D holographic light sheets. a-e, The target image (left),
simulated profile (middle) and reconstructed hologram (right) for three letters
with dark and bright backgrounds (a), an alphanumerical pattern that mimics a
digital alarm clock (b), a traffic sign (c), the Harvard University logo (d) and the
University of Sao Paulo logo in multi-level greyscale (e). Allimages are projected
inthe horizontal (x-z) plane perpendicular to the SLM. The horizontal and
vertical scale bars represent 10 mm and 0.5 mm (for simulations) and 2.5 mmand
0.125 mm (for measurements), respectively.

(viapost processing) to reconstruct theimage inthe x-zplane. Inthe
following, we demonstrate different examples of light sheets created
by thisapproach and then show how the method could be extended to
reconstruct 3D objects.

Results

We designed and generated several light sheet patterns projected along
the direction of propagation. We start by demonstrating 2D patterns,
and then generalize our method to create volumetric objects. All of
our holograms were designed at the visible wavelength (532 nm) and
were projected over a longitudinal range of 55 cm, but could easily
be realized at other wavelengths and dimensions. Figure 3 exhibits
five different profiles that have been holographically projected in the
x-zplane, propagating from left to right in the plane normal to the
SLM. In the first example (Fig. 3a), we projected three letters on dark
and bright backgrounds to test the contrast of the outputimage. Both
the dark background (top) and foreground (bottom), and the sharp
boundaryinbetween, were successfully reconstructed with high fidel-
ity and contrast and without considerable interference between the
forward-propagating light threads. Likewise, the round curvature and
steep corners of the letters are all well defined. Similarly, in Fig. 3b, the
darkbackgroundregion of the digital clock was effectively realized with
almost no residual contributions from the bright components of the
image. Note how the smaller features of the image, namely the two dots
ofthe colon, areintactand arein very good agreement with the target
and simulated patterns. InFig. 3c we show an example of a‘STOP’ sign
inwhich the sharp edges and narrow dark lines were all reconstructed
with high resolution across the entire extent of theimage. Holograms
of this kind can potentially be deployed as dynamic traffic signs in
public streets or garages.
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Fig. 4| Assembling 2D holographiclight sheets to construct volumetric
(3D) scenes. a, The strategy relies on discretizing the target scene into 2D slices
with small gaps between them. Each slice is decomposed into a number of
co-propagating parallel light threads, for which the initial field distribution is
calculated. The z = O field distributions for all 2D light sheets are all added then
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transformed into asingle CGH, displayed onto an SLM. The SLM then projects
the 2D stacks to create the desired 3D scene. b, The target (left) and simulated
(middle) and experimental (right) reconstructions of a 3D sphere made of hollow
rings (b), a3D solid sphere (c) and a volumetric digit (d).

We also considered more complicated patterns, such as the logo
of Harvard John A Paulson School of Engineering depicted in Fig. 3d.
Although larger features such as the dark cross and overall print of
the logo have been nicely constructed, resolving finer features (such
as the ‘'VERITAS’ motto) remains challenging. A quick comparison
between the measured and simulated images reveals that it is not
possible to fully resolve these letters even in theory with the current
design parameters. However, this limitation is not fundamental, but
stems from our choice of a parameter space that can be practically
implemented using acommercial SLM (with pixel pitch §x =8 um). In
practice, the pixel pitch limits the highest spatial frequency of the Bes-
selmodesthat canforward propagate such that max (k,) <1/6x (where
k, is the transverse component of the wavevector). Akin to a Fourier
series in which a periodic function can be reconstructed by including
higher-order sinusoidal terms in the superposition, the quality of each
light thread—thatis, each row of the projected image—depends onthe
total number of co-propagating Bessel beams and their spatial frequen-
cies. In essence, an implementation medium that can offer smaller
pixel pitch would allow Bessel modes with larger spatial frequencies
to beincluded in the Bessel superposition, thus resolving all of these
finefeatures. Metasurfaces”'*** are perhaps among the most common
platforms that can address this limitation given their subwavelength
pixel pitch, which can easily enable the reconstruction of these holo-
grams with atleast10x the currentresolution. Alternatively, one could
keep the spatial frequencies the same but use alarger display to project
thelogo over larger area where those tiny features can be resolved. In
Supplementary Note 3 we relax some of these technical constraints
and show simulation results of holograms with enhanced quality. The
reconstructed images also exhibit weak intensity modulation (ripples)
inregions where the intensity is supposed to be uniform. This stems

from the underlying superposition of co-propagating Bessel beams
in a manner that resembles a (truncated) Fourier series. Smoother
intensity profiles are readily obtained by including more Bessel terms
with higher spatial frequencies—acapability that can again be afforded
with metasurfaces.

Importantly, while all four examples discussed so far have consid-
ered two-level (binary) intensity images, our approach canbe applied
torealize targetimages with multi-levelintensity. This is demonstrated
in Fig. 3e, in which we generate the logo of University of Sdo Paulo’s
School of Electrical Engineering. In this case, some features (such as
the helmet) have darker/brighter intensity levels than other regions
of the image, yet are still constructed with high accuracy. Intensity
gradients of this kind are often considered as critical cues for accurate
depth perception.

These are only afew of the possibilities that could be realized with
our holographic light sheets. It isimportant to note that we were able
to fully controlthe projected image at the y = 0 plane and its vicinity (a
sheet thickness of 60 um), but had limited control over the intensity
profile outside that region. This suggests that accurate construction
of our holograms might (in some cases) be realized at the expense
of undesired residual energy outside the plane of interest. In Sup-
plementary Fig. 11 we examine these effects further by presenting
additional 2D cuts of the constructed pattern outside the x-z plane.
Unlike multi-plane Fresnel holography, however, this residue does not
require non-uniformstacking of the 2D sheets when constructinga3D
volume (Supplementary Note 4).

Multi-chromatic light sheets
Thus far we have projected monochromatic 2D images along the optical
path. Nevertheless, by superimposing three light sheets, representing
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the RGB channels, it is possible to generate a full colour image. This
can potentially be implemented with a holographic medium that can
impart three independent phase profiles on the blue, green and red
wavelengths, simultaneously—a capability that has been realized effi-
ciently with dispersion-engineered metasurfaces®“. We provide a
proof-of-concept demonstration for multi-chromatic sheets in Sup-
plementary Fig. 13.

Projecting 3D objects

Astack of 2D holographiclight sheets, oriented along the optical path,
can be adequately cascaded to form a volumetric object. Figure 4a
illustrates this concept: a target scene is decomposed into parallel
planar slices with equal separation between them. Each 2D slice is
composed of forward-propagating light threads for which the initial
field distribution (at the z = 0 plane) could be analytically obtained, as
discussed before. The initial field distributions associated witheach 2D
slice are then superimposed and transformed into a single CGH that
canbedisplayed onan SLM following the procedure usedinref. 63 and
detailed in Supplementary Note 5. When illuminated by a quasi-plane
wave, the SLM will project all 2D slices, in parallel, thus constructing
the target volume.

Toillustrate our strategy, we designed and measured anumber of
3D holograms. For example, in Fig. 4b we show a sphere composed of
eight hollowrings, each separated by agap of 0.477 mm. The designed
pattern extends for 50 cm in the z direction and occupies roughly
0.5 cminthetransverse direction. Itis worth noting that the sphere is
relatively stretched along the longitudinal direction. This stems from
our choice to operate in the paraxial regime (setting the longitudinal
length of the targetimage L to 55 cm), which mandates the use of Bes-
sel beams with small cone angles. Nevertheless, the aspect ratio can
be adjusted by tuning the parameters of the hologram or by chang-
ing the magnification ratio of the 4flens system after the SLM. In our
experiments we used a demagnification ratio of 4:1. This scales down
the projected hologram by 1/4x and 1/16x in the transverse and longi-
tudinal directions, respectively, as explained in Supplementary Note 2.
The measured pattern thus exhibited amorerealistic aspect ratio and
its spatial profile was in good agreement with simulation, demonstrat-
ing the ability of our approach to resolve each ring despite the close
interspacing. Similarly, in Fig. 4c, we show a projected solid sphere
composed of eight bright circles, separated by 0.468 mm, realizing
atrue 3D volume with continuous depth sampling (reconstruction)
along the z direction, uniform sampling in the transverse direction
and with very high contrast of approximately -20 dB.

Our method canalsobe applied to create volumetric dark regions,
which often arise due to phase singularities in the optical field®. Owing
totheir steep phase gradients, singular light fields can exhibit interest-
ing super-oscillatory behaviour and have thus been utilized in metrol-
ogy.InSupplementary Fig.14 we show an example where we created a
dark hollow sphereinabackground of brightness—alight structure that
can be exploited in 3D sensing or cloaking applications. In Fig. 4d we
alsoreduced the spacing between the slices to about 100 umto project
a volumetric digit ‘1, which is displayed with minimum background
noise. Crosstalk between different layers can bereduced by increasing
the separation between theimage planes (albeit at the expense of larger
display) or by deploying tricks from signal processing (for example,
adding random phase noise as demonstratedinref. 35 or using machine
learning-based optimization). These potentialimprovements and oth-
ers will be the subject of future work.

Discussion

Inthiswork weintroduced light sheet holography, anew class of holo-
gram that can project the target image along the direction of light
propagation. Unlike Fourier and Fresnel-based holography, which dis-
cretize a3D scene along the optical path, inevitably affecting the axial
resolutionand depth perception, ourapproach allows the desired scene

tobereconstructed continuously inthe axial direction with uniform dis-
cretizationinthelateral direction. The axial resolution of our proposed
scheme s ultimately limited by the pixel pitch of the implementation
medium and could achieve tenfold the reported values by deploying
metasurfaces for wavefront control at the subwavelength scale.

Our longitudinally oriented holographic light sheets could be
favourable in applications that mandate high axial resolution and
continuous depth for true-to-life depth perception, and in config-
urations where the hologram is preferably viewed from the side to
avoid direct transmission towards the viewer, reducing eye fatigue.
Note that the finite resolution of SLMs, our platform of choice, inev-
itably sets a constraint on the viewing angle. However, this limita-
tion (commonly referred to as the space-bandpath product) can be
mitigated using clever arrangements of optics around the display
to provide the necessary momentum kick®**’. Importantly, due to
their resistance to attenuation and self-healing characteristics (Sup-
plementary Note 3), our light sheets could be utilized as part of a
volumetric display by projecting multi-layered light sheets onto a
stack of diffusive or frosted glass plates or through a suspension of
micro-scatterers to directly view the whole real 3D images simultane-
ously*®*’. In Supplementary Videos 1-3 we illustrate how our holo-
grams can, in principle, be viewed over the full 4w solid angle if used in
volumetric displays.

In summary, we provide a systematic approach that enables the
projection of any 2D image or 3D scene onto light sheets with high
fidelity and contrast. A quantitative analysis of the reconstruction
quality compared with traditional Fresnel holography can be found
in Extended Data Figs.1and 2 and in Supplementary Note 4, suggest-
ing reduced inter-plane crosstalk using our approach. Our design
strategy is based on non-iterative analytic closed-form expressions
with calculable computation time. As our holograms are composed of
forward-propagating Bessel modes, they can be scaled to any dimen-
sions and wavelengths by following the same design considerations
as axicons®. In Supplementary Note 2 we show how the dimensions
of our holographic light sheets can be scaled in size, both digitally
(by tuning the parameters of the CGH) and optically (by changing
the 4flens configuration after the SLM). While this work was focused
on scalar light sheets with the same polarization state, it is possible
to incorporate Bessel modes of different polarizations to create 3D
scenes with spatially varying polarization®, In this regard, one could
also weave the 2D sheet from light threads of alternating orthogonal
polarizations to minimize the interference between adjacent light
threads, asillustrated in Supplementary Note 3. Finally, besides using
programmable SLMs, dynamic control of our holographic sheets can
readily be achieved using active metasurfaces®, or using OAM metasur-
face holography in which real-time switching between the holographic
scenes is enabled by changing the spatial structure of the incident
beam’. We thus expect this new class of hologram to inspire new uses
in wearable devices, volumetric displays, light sheet microscopy and
other emerging applications.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-023-01188-y.
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Methods

Formulation of holographic light sheets

The fabric of our hologramsisa 2D light sheet composed of an array of
light threads. A pictorial visualization of a 2D light sheet (or a surface
frozenwave) and its decompositioninto light threads is shownin Sup-
plementary Fig. 3. Each thread, formally known as a frozen wave®, is
composed of adiscrete superposition of co-propagating zeroth-order
Bessel beams with different wavevectors. Owing to the constructive
and destructive interference among these co-propagating modes, the
intensity of the resulting waveform would be modulated with propaga-
tioninspace. The choice of Bessel beams as the co-propagating modes
isnot fundamental, but advantageous: first, they possess self-healing
and non-diffracting properties that keep the central spot of the beam
intact over a long distance even in the presence of obstruction®; and
second, being an exact solution to the wave equation, they allow a
complete analytical description of the field. An array of Pfrozen waves
(where Pisthe number of frozen waves) can construct a surface frozen
wave®’ thatin cylindrical coordinates can be represented as the Fourier
series:

Y. §.2,0)

—iwt S (mg) (mg) 2 "z
=e 21 z NA “Jo (kp \/P + Pog — 2ppog cos(P — ¢0q))e e
q=1mg=—
()

The/,term denotes azeroth-order Bessel mode propagating along the
zdirection, whereas kf,'"") and ki'"") are the transverse and longitudinal
wavevectors, respectively, (kf,'"“))Z + (kﬁm"))2 = (w/0)%. In addition, m,is
the index of each Bessel beam in the superposition, w is the angular
frequency and tis time. Each individual frozen wave is positioned at
(Dog Do), andits Besselmode components are each weighted by a dif-
ferent complex coefficient A, The longitudinal wavevectors are
chosen according to their corresponding Bessel mode:

2nm,

K" =Q+ A

2

where Qis the central longitudinal wavevector chosen on the basis of
experimental parameters and L is the desired longitudinal length of
the targetimage; thatis,z<L.

Thelongitudinal intensity pattern of each and every light thread
can be designed to follow any arbitrary profile—denoted as F (z) —by
properly selecting the complex coefficient through a Fourier integral:

L .21
Amg) — % / F e '™ dz, @)
0

Therefore, the intensity profile of the light sheet can be designed to
representany arbitrary 2D profile along the direction of propagation.
The complex coefficients A are substituted in equation (1) to evalu-
ate ¢, which locally approximates the desired response, F,(2). In
essence, a wavefront-shaping medium that takes the form
Y(p, 9, z=0, t) ataninitial zplane, transverse to the longitudinal direc-
tion, will be able torecreate the desired field distribution at each con-
secutive z plane thereafter to display the 2D field in the x-z plane. Note
that because Bessel beamsideally contain aninfinite number of outer
rings (with infinite energy), we instead used Bessel-Gauss beams in
equation (1) to generate our CGHs over a finite aperture. We discuss
thisin more detail in Supplementary Note 2.

Experimental set-up
Our measurements were obtained using a 532 nm laser source (Novanta
Photonics, Ventus Solid State CW laser). The beam was expanded and

collimated by focusing it with an objective lens (40x) througha 50 pm
pinhole followed by a 50 cm lens. The collimated beam was directed
onto areflective SLM (Santec SLM-200, 1,920 x 1,200 pixel resolution
and 8 um pixel pitch), encoding the desired phase-only hologram onto
the beam. A 4flens system was placed after the SLM tofilter the desired
patternin the k space from on-axis (zeroth-order) noise and to image
the beam onto a CCD camera after demagnifying it by a factor of x1/4.
The CCD camera (Thorlabs DCU224C, 1,280 x 1,024 resolution) was
mounted on an automated translational z stage (Thorlabs LTS150) to
record the2D and 3D holographicimages along the propagation direc-
tion. The transverse profiles were recorded at each z plane withincre-
ments of 0.25 mmalong the propagation direction. From eachrecorded
image, a1Dslice (at the location of the light sheet) was extracted; these
1D slices were in turn concatenated in the longitudinal direction to
reconstruct the final 2D and 3D holographic scenes. The contrast in
our holograms was obtaipgd from the CCD intensity measurements/,
andis defined as 10 log,, - ™M™

max
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Fresnel Holography
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Projecting 2D images with Fresnel holography. apart (a), the size of the displayed images vary significantly (becoming larger)
Four digits ‘1234’ are axially projected along the propagation direction. The atlonger propagation distances. This magnification can be mitigated by
longitudinal separation between the image planesis (a) 5cm, (b) 2.5cm, (c)1 reducing the separation between theimages, however, at the expense of more
cm, and (d) 0.5cm. The scale barsin (a-d) are2mm, 1.5mm, 1mm and 0.8 mm, significant cross-talk (d). Here, e depicts the reconstruction error as detailed in
respectively. While cross-talk can be reduced by placing the images further Supplementary Note 4.
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Holographic Light Sheets
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Extended Data Fig. 2| Projecting 2D images with holographiclight sheets. by placing the images further apartin the lateral direction without affecting the
Four digits ‘1234’ are projected in the lateral direction perpendicular to the size of the projected images. Furthermore, given their non-diffracting behavior,
display. The lateral separation between the images is (a) 3.042 mm, (b) 1.872 mm, our holographiclight sheets exhibit a relatively smooth profile (with less grainy

(c) 0.936 mm, and (d) 0.468 mm. The horizontal and vertical scale bars are 10 features) compared to Fresnel-based multi-plane techniques.
mmand 0.5 mm, respectively. Here, cross-talk (signified by €) can be reduced
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