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S cientists in recent years have start-
ed to control and apply matter and
radiation at two new dimensional

scales: the nanometer and the femtosec-
ond. Applying modern numerical tech-
niques to the associated electromagnetic
problems has also allowed us to develop
completely new approaches to device and
system design. In this context, the control
of light has been recognized as a basic en-
abling process. Until fairly recently, optical
systems have been conceived to transform
one-dimensional (1D) information, as
fiber-optic systems, or two-dimensional
(2D) information, as imaging systems. To-
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day, however, increasing demand for novel
functionalities has made it necessary to
deliver information in multiple dimen-
sions in space and space-time. The ability
to control light in multiple dimensions is
becoming more important as we push the
limits of optical systems. This multidi-
mensionality is manifested, for example,
in multispectral imaging systems, multi-
plexed optical communication channels,
3D optical systems and memories, and
space-time transformers. In this article we
discuss recent developments in the synthe-
sis of optical fields in 3D space and 
space-time.

Micro- and nanostructures
It has recently become apparent that mi-
cro- and nanostructured optical elements
are key to the implementation of multidi-
mensional light fields. It is remarkable that
features with sizes comparable to or small-
er than the optical wavelength enable the
control of the huge number of degrees of
freedom available in the light field.

The ability to manipulate micro- and
nanostructures has played a major role in
the development of new optics applica-
tions in biotechnology, chemistry, and
communications. Multilayer dielectric
stacks, for example, are fabricated with

Figure 1.The most popular computational
method for 3D light field synthesis is to 

divide the finite 3D domain in a set of
properly sampled transverse planes 

and impose there the required 
conditions.The result is the 

design of a diffractive 
optical element.
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• optimization algorithms were intro-
duced to attain maximum performance
(efficiency and accuracy defined math-
ematically by a distance function) for
the given technical limitations;

• the revolution in digital computing
made it possible to design high infor-
mation content DOEs;

• fabrication facilities incorporated semi-
conductor lithographic techniques and
developed the concept of binary optics,
i.e., stepwise approximations of contin-
uous surface relief profiles.4

• techniques that use a laser to directly
write submicrometer patterns have also

been developed and applied to ultra-
high information content DOEs.5

From 2D optics to 3D light fields
While the problem of generating arbitrary
wave fronts on one plane (including those
emulating 3D objects) has been well un-
derstood for some time, the generation of
light distributions within 3D domains was
only recently attempted.6-10 The reason
seems to have been that in the 3D case, as
opposed to the 2D case, there are funda-
mental limitations that hinder the genera-
tion of arbitrary light fields. In effect, an
arbitrarily defined field in a 3D domain
does not necessarily satisfy the wave equa-
tion, and that would make it inconsistent
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nanometric resolution to produce differ-
ent filter functions. Periodic structures are
also fabricated in the form of gratings, or
most recently in the form of 3D photonic
crystals. Diffractive optical elements
(DOEs) can also modulate a light field
through an amplitude pattern or a relief
structure exploiting diffraction and inter-
ference effects. State-of-the-art DOEs can
be fabricated using techniques such as mi-
crolithography or direct laser writing.
DOEs are used in diverse situations to im-
plement spot array generators, antireflec-
tion coatings, multifocal lenses, achromat-
ic corrections, and more. A fundamental
characteristic of DOEs is that they can im-
plement novel functionalities not achiev-
able by means of conventional optics.

The origins: from holography
to synthetic light fields
Our ability to record and reconstruct a
previously existing wave front, including
its phase information, became clear with
the invention of holography by Dennis
Gabor and later developments by Leith
and Upatnieks. In the late 1960s, another
breakthrough occurred: recognition of the
fact that it was possible to create synthetic
wave fronts. Scientists discovered in fact
that wave fronts that previously had exist-
ed only mathematically, as solutions of
electromagnetic wave equations, could be-
come a reality. Lohmann and his cowork-
ers devised a procedure for digitally coding
the information carried by a wave front in
such a way that it could be printed with
the technology of the moment and subse-
quently decoded with a laser beam.1

Although such computer-generated
holograms could in principle generate an
arbitrary pattern in the far field, they suf-
fered from several drawbacks. They could
only generate relatively simple functions
because of the limited resolution and in-
formation content attainable with the
plotters of the time; they also suffered
from low efficiency because they were par-
tially absorptive and the design techniques
used to create them were still suboptimal.
Additional insight into the coding prob-
lem, improved computational tools, and
the development of new fabrication tech-
niques that benefited from the semicon-
ductor revolution, led to great advances in
the field2,3:

• the coding process was extended to in-
corporate phase-only holograms, or
DOEs, that increased the energy effi-
ciency of the whole process;

Figure 2. Solution to the problem of spreading of a Gaussian doughnut mode by the use of a numerical-
ly synthesized 3D beam.The figure shows the intensity cross-section evolution on propagation of (a) the
Gaussian mode and (b) the synthesized dark beam. (c) Evolution of the phase of the diffractive optical el-
ement with the number of iterations (I) when the projection algorithm is used.
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with physical principles.7,11 Moreover,
there are technological limitations that
further restrict the wave front synthesis ca-
pabilities.

For this reason, to solve a 3D-synthesis
problem the first question that needs to be
answered is whether or not there is a satis-
factory solution of the wave equation that
fulfills the given requirements. Only sub-
sequently should we inquire about the
most appropriate optical system to  physi-
cally generate the solution. In most cases,
even when a solution does exist, it cannot
be represented in an analytic expression.
Thus, in general one is forced to search un-
der the given requirements for a numerical
solution to an optimization problem.

The first proposed and most popular
method for the synthesis of a light field
within a 3D domain divides the region of
interest into a set of planar subdomains
that properly sample the space. This
method takes advantage of the nonuni-
form sampling theorem along the axial di-
rection, which leads to a reduced number
of planes and thus to lower complexity6,7

(see Fig. 1). The desired field is specified
on these planes, and the coding is carried
out iteratively using an optimization algo-
rithm. The method of projections onto
constraint sets6,7,12,13 has proven extremely
efficient in handling nonlinear, noncon-
vex, or inconsistent constraints. A specific
implementation of this method for two
domains is known as the Gerschberg-

Saxton or Iterative Fourier Transform 
algorithm.3

As an example of the potential of these
techniques, Fig. 2 shows the synthesis of a
so-called dark beam,14 i.e., a beam with a
well-defined dark spot in its center. While
the familiar Gaussian “doughnut” mode
presents a dark region that smears because
of diffraction [Fig. 2 (a)], the synthesized
beam keeps a constant notch while propa-
gating a pre-established distance of 15 cm
[Fig. 2 (b)]. The energy is concentrated
around the dark region, with negligible
side lobes. This beam was generated with a
He-Ne laser and a phase mask containing
only 1282 pixels that modulate the phase
of the incoming beam. The convergence
properties of the block-projection algo-
rithm that was used for the design are re-
markable [Fig. 2 (c)]. The algorithm start-

ed from a random guess but rapidly ap-
proximated the imposed 3D constraints,
including the phase-only requirement for
the diffractive element. At the 50th itera-
tion the element already possessed a sin-
gle, centered phase dislocation, which is
responsible for the absolute zero intensity
at the beam center.

Synthesis of 
propagation-invariant beams
Propagation-invariant beams are inher-
ently fascinating 3D fields that can be dealt
with using analytical and hybrid meth-
ods.15-20 As is well known, upon propaga-
tion light beams experience diffraction ef-
fects that give way to variations in their
transverse profile. But light fields possess-
ing invariant properties can be produced,
and they have generated wide research in-
terest. More specifically, we say a field is
propagation-invariant if its transverse
structure or intensity distribution at a giv-
en location is repeated at another location
without the help of any imaging system.
The images may appear scaled or rotated
relative to each other, and the specific loca-
tions may be discrete as well as continu-
ous. Typical examples of such fields are
Bessel beams15 and rotating beams.18-20

The phenomena associated with propaga-
tion-invariant fields contribute to a deeper
understanding of how to control diffrac-
tion, and promise to lead to multiple ap-
plications.

Over the years, we have discovered in-
teresting properties and new classes of
propagation-invariant beams.18-20 We have
also fabricated DOEs for the generation
and evaluation of the effects predicted the-
oretically. The existence of wave fields 
with transverse distributions that are peri-
odically reproduced with different az-
imuthal orientations is remarkable.19,20

These fields turned out to have a simple
analytical form as a superposition of
Bessel beams:

where �,�, z are cylindrical coordinates,
Cm,n are constants, Jm are the Bessel func-
tions of the first kind and order m,

,
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Figure 3. Examples of propagation-invariant
beam. (a) Rotating beam presenting a constant
cross section that rotates about the propagation
axis z. This beam was generated by a computer-
generated diffractive element. (b) A discretely self-
reproduced beam presenting a cross-like pattern
that is reproduced at different locations with dif-
ferent azimuthal orientations (Ref. 18).
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k is the wave number, and the propagation
constants satisfy the condition  

.

In this last equation � is the angle of rota-
tion of the transverse field that appears ro-
tated at distance  �z; m,n are integers, and
�0 is a constant.

Figure 3 presents two examples of
propagation-invariant beams. Fig. 3 (a)
shows experimental evidence of the exis-
tence of general rotating beams. The beam
rotates about the axis while keeping the
same cross-section except from a change
in scale.18 Fig. 3 (b) presents a 3D contour
plot of the intensity of a propagation-in-
variant field. This beam is obtained by the
superposition of three beams, two of them
presenting fourth-order wave front dislo-
cations of opposite sign. The intensity dis-
tribution at the center is self-reproduced
at distances z=0.41z 0, z 0, 2.41z 0 and �
with relative rotations of �/4 rad, where z0

is the Rayleigh range of the fundamental
Gaussian beam. Note that the intermedi-
ate intensity distributions, which are dif-
ferent, are also self-reproduced.

Toward spatio-temporal
shaping of ultrashort pulses
The notion of 3D synthesis, which can be
extended to spatio-temporal shaping, has
been proposed for shaping ultrashort
pulses. The new generalized task is defined
as follows: Given a (pulsed) source, design
an optical system that transforms the in-
coming field and generates the desired
multidimensional field in free space (see
Fig. 4). Different realizations of this para-
digm include multidimensional fields that
can be shaped within a 3D domain, in
space-time, or in space-frequency.

As opposed to the situation found in
classical incoherent optics, distinct effects
occur when an ultrashort light pulse is in-
cident upon an optical element because of
the broadband and coherent character of
the illumination:

• the group velocity dispersion (GVD)
induces pulse stretching;

• the difference between phase and group
velocity within the material produces
time delays among different portions of
the wave propagating along different
paths;

• different delays also appear along dif-
ferent paths in free-space propagation
because of the spatial extension of the
wave; and 

• diffraction and refraction at the bound-
aries modulate the wave fronts in a
wavelength-dependent way.

Accordingly, the spatial intensity distri-
bution differs dramatically for different
frequency bands, and the temporal char-
acteristics at various locations may be
completely different from those of the in-
coming pulse. Thus, it is not surprising
that a simple lens that would produce a
diffraction-limited spot with incoherent
broadband light may well substantially de-
form a coherent pulse at the focus because
of higher order dispersion.21

Focusing an ultrashort pulse is a fun-
damental task in which one seeks to attain
a diffraction-limited spot in space and a
bandwidth-limited pulse in time in the fo-
cal region. Singly achromatic lenses are
thick and thus introduce large higher-or-
der dispersion. Alternatively, we examined
the possibility of combining phase-dif-
fractive effects with refractive and disper-
sive effects to properly focus a femtosec-
ond pulse.22 We designed structured opti-
cal elements consisting of refractive-dif-
fractive pairs that improve the focusing
function by compensating for the chro-
matic first-order dispersion and reducing
the material thickness (and thus the
GVD). The diffractive and the refractive
structures were optimized to maximize
the spatio-temporal focusing. Such struc-
tured lenses outperform singlets and

MULTIDIMENSIONAL SYNTHESIS OF LIGHT FIELDS

November 2001 ■ Optics & Photonics News 31

Figure 4. Representation of the multidimensional (MD) synthesis problem.

Figure 5. Simulation of the normalized intensity distribution in the focal region produced by a 15-fs pulse
focused by a specially tailored structured optical element.This cylindrical element was designed to attain
a diffraction-limited pulse in space while keeping the pulse duration as short as possible. z is the direction
of propagation, x is the transverse coordinate, and t  is the time elapsed from an arbitrary time origin.
Note the high spatial and temporal confinement of the pulse.
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achromats, producing diffraction- limited
spots and almost bandwidth-limited 
pulses (Fig. 5).

Our experience suggests that different
types of structured optical elements can be
considered and optimized to compensate
and use diffraction, refraction, and disper-
sive effects. Although the design of optical
elements for ultrashort pulse illumination
is more intricate than for broadband inco-
herent illumination, it provides exciting
possibilities to explore new fundamental
physical phenomena as well as new appli-
cations. Spatio-temporally shaped fem-
tosecond pulses should be useful, for ex-
ample, in quantum dynamical control,
microscopy, and materials processing.

Conclusions
Although there are still many questions to
be investigated, the control of light fields
in multiple dimensions is a relatively ma-
ture area of research. Every light field is in-
herently multidimensional, but the prob-
lem of whether and how we can control

these dimensions remains. Our experience
demonstrates that multidimensional light
fields can be synthesized, opening exciting
opportunities.
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Congratulations OSA Members 
Eric Cornell, Wolfgang Ketterle 

and Carl Wieman, recipients of the 
2001 Nobel Prize in physics.

This is an exciting time to be a member of the Optical Society of America. Ad-

vances in optics and photonics have improved our daily lives in countless

ways. Many of these innovations are directly attributable to the collaborative

excellence of OSA members. In fact, 23 members have received Nobel Prizes

since the Society’s founding in 1916.

collaborative
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