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Shape change of a fused silica fl at over the period 1998-2004.

Fused silica is a reference material for 
optics applications. Produced to a 

high degree of purity, its physical and 
chemical properties are well known and 
reliably verifi ed in practice. Fused silica 
is also credited with having high me-
chanical stability at room temperature, 
and it is used as a preferred material for 
metrology standards, particularly in the 
form of high quality fl ats.  

As to actual viscosity, values quoted 
in the literature are in the range of 
1040–1041 Pa s, so assimilating the 
material to an eff ective solid.1 How-
ever, such values are not measured but 
extrapolated from data at high tempera-
ture by means of theoretical models. 

Th anks to accurate interferometric 
measurements, it has now been possible 
to observe long-term deformation of 
fused silica fl ats at room temperature, 
and to experimentally determine the 
pertaining viscosity.2 Th e latter is in 
the range 1017–1018 Pa s—i.e., about 23 
orders of magnitude smaller than it was 
believed. Th is has required a substan-
tive revision of the theoretical models. 
In addition, careful provisions are 
called for when fused silica is used for 
critical applications. 

We found this result while monitor-
ing the absolute planarity of fused silica 
fl ats over the years. Th e task is part of 
the commitment of calibration labo-
ratories, where the stability of the pri-
mary standard has to be assured to the 
utmost accuracy. In this case, the stan-
dard is made of three fused silica fl ats, 
interferometrically compared in pairs 
to work out their absolute topography. 
Th e comparison is routinely made 
every year according to fi xed laboratory 
procedures and analysis programs.3 Th e 
fl ats are housed in a clean room under 
controlled environmental conditions 
of 20 ± 1°C temperature and 45 ± 5 

percent relative humidity. When not 
in use, the fl ats are maintained in the 
horizontal position. 

Surface topography data are now 
available relating to a period of ten 
years. While two fl ats are fairly stable, 
the third one exhibits a progressive 
deformation that is clearly ascribed to 
a viscous behavior of fused silica, fl ow-

ing at very slow rate in laminar regime 
under the action of gravity. Evidence 
of such a behavior is presented in the 
fi gure, where the year-after-year shape 
changes are given. Th e basic topogra-
phy of the surface deformation can be 
referred to as a fl at laying on a circular 
support; in addition, prominences at 
the locations of three elastomer pads 
connecting the fl at to its frame can be 
identifi ed. We can therefore compute 
viscosity, also noticing a transient pro-
cess with a relaxation time on the order 
of nine years. Th is work quantitatively 
documents the deformation of fused 
silica at room temperature. t
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(a) Magnitude-squared and phase of the reflection coefficient from a silicon grating. The grat-
ing has a thickness of 470 nm, lies on a SiO2 substrate, and is subject to normal-incidence illu-
mination with a TM-polarized plane wave. The reflection coefficient is plotted as a function of 
spatial period at a wavelength of 1.55 mm and duty cycle of 54 percent. (b) Microphotograph 
of a “spherical” SWG mirror. The groove width in various locations is shown in SEM images in 
the insets. (c) Plot of the measured beam radii (1/e2) as a function of propagation distance, for 
a flat SWG (data, blue diamonds; fit, blue line) and a curved SWG (data, red diamonds; fit, red 
line). The green line shows the radius vs. propagation for a reference flat mirror.
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Subwavelength dielectric grating 
(SWG) mirrors are composed of 

a single dielectric layer with subwave-
length patterning. Because of their high 
reflectivity, they can be used to replace 
complex DBR mirrors while providing 
new functionalities such as polarization 
control. We have theoretically and experi-
mentally demonstrated1 a remarkable new 
property of grating mirrors: the ability to 
fully control the phase front of a reflected 
beam by using a nonperiodic patterning 
of the grating. A theoretical analysis of 
similar devices has been recently reported 
by another group.2 

Resonant effects in dielectric gratings 
were first identified in the early 1990s3 
as having promising applications to free-
space optical filtering and sensing. These 
effects occur in subwavelength gratings, 
where the first-order diffracted mode is a 
guided wave trapped in a dielectric layer. 
The trapped wave is rescattered in the 
0th diffracted order and interferes with 
the incident light to create a pronounced 
modulation of transmission and reflec-
tion. High-index-contrast gratings show 
broad spectral transmission and reflection 
features and have been used to replace 
DBRs as the top mirror in vertical-cavity 
surface-emitting lasers (VCSELs).4 

Periodic SWG mirrors’ complex reflec-
tion coefficient contains two components: 
wavelength-dependent reflectivity and 
phase shift. Typically, we use gratings that 
consist of linear silicon grooves on quartz 
substrates. Because of the high index con-
trast between air and silicon, these gratings 
have a broad spectral region of high 
reflectivity combined with a significant 
phase variation across this region. We have 
shown that, by nonuniformly scaling the 
size of the grating, one can build a high 
reflectivity SWG mirror with local tuning 
of the value of the reflected phase. To sim-
plify the fabrication process, we limited the 
scaling to the transverse dimensions while 

leaving the grating thickness uniform. 
See (a) for a typical reflectivity curve. 

Part (b) shows pictures of a spherical 
mirror consisting of a 450-nm amorphous 
silicon layer on a quartz substrate with a 
grating period of 670 nm. Part (c) shows 
measurement results showing the mirror 
focussing power. 

Arbitrary phase control allows the 
design of a range of optical components 
such as high numerical aperture mir-
rors. In addition, SWG mirrors can be 
polarization-independent, and SWG 
transmissive devices can be designed as 
well. Nonperiodic SWG devices could 

provide new optical functionalities for a 
host of devices. For example, they can pro-
vide tight lateral confinement of light in a 
VCSEL cavity, thus enabling high-speed, 
high-power single-mode operation. They 
can also be used to shape optical beams 
in applications such as DVD players or 
digital cameras. t
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Intensity distributions in quasi-nondiffracting beams constructed via angular spectrum 
engineering. Top row shows bent (a), curved (b), and stripe-like (c) beams. Middle row shows 
truncated Mathieu (d), parabolic-cosine (e), and parabolic-Bessel (f) beams. Bottom row (g)-(i) 
shows specifi c spiraling patterns.

Nondiffracting 
Light On-Demand
S. López-Aguayo, Y. V. Kartashov, V.A. Vysloukh and L. Torner

part of the space (a), deformed patterns 
featuring stripes that may periodically 
curve in the transverse plane (b), or spe-
cifi c beams featuring several pronounced 
stripes (c). Th e angular spectrum engi-
neering also allows us to obtain patterns 
featuring practically any combinations 
of known harmonic, Bessel, Mathieu 
or parabolic beams occupying diff erent 
arbitrary domains in the transverse plane 
that propagate undistorted over consider-
able distances. 

Th e fi gure above shows examples of 
truncated Mathieu beams (d), combina-
tions of parabolic and cosine beams (e), and 
parabolic and Bessel beams (f ). Impor-
tantly, the engineering of the angular 
spectrum is a powerful tool that can be 
used to generate beams that in principle 
have no analogs among known non-
diff racting beams. Th e illuminating 
examples in the form of quasi-nondif-
fracting spiraling patterns are shown in 
panels (g)-(i).

Suppressing the diff raction of light 
beams is a holy grail in optics. Non-

diff racting light patterns are widely used 
in many applications where invariance of 
the beam is desired, including trapping 
of micro-objects and optical tweezing,1 
as well as in quantum2 and nonlinear 
optics.3 Th e patterns used to date cor-
respond only to the known sets of simple 
nondiff racting beams that are exact 
solutions of Helmholtz equation govern-
ing propagation of light in uniform linear 
media. Th ey include periodic, Bessel, 
Mathieu and parabolic beams.4 

However, each of these beams has 
a particular topology, thereby aff ord-
ing specifi c applications. Th us, a task of 
paramount importance is the formation 
of quasi-nondiff racting beams with arbi-
trarily complex shapes and topologies, so 
that they meet with the requirements of 
each particular application. 

Th is year we put forward a new strategy 
that allows the formation of complex 
light patterns that diff ract extremely 
slowly—thus, they may be considered non-
diff racting over huge distances which are 
dictated by the width of the beam angular 
spectrum.5  Th e amplitude of any truly 
nondiff racting beam propagating along a 
straight trajectory can be expressed in terms 
of convolution of its angular spectrum 
defi ned on an infi nitely narrow ring in 
the frequency space with an exponential 
kernel function.5 A broadening of the 
angular spectrum allows for the genera-
tion of beams with arbitrarily complex 
transverse shapes that remain quasi-non-
diff racting as long as the width of their an-
gular spectrum remains suffi  ciently small. 
Th is technique aff ords the possibility to 
distort otherwise rigorous nondiff racting 
beams in a controllable manner, render-
ing them quasi-nondiff racting. 

In particular, one can generate quasi-
one-dimensional beams with stripes expe-
riencing an abrupt bending in a desired 

In summary, the concept allows 
generating “on-demand” beams that are 
nondiff racting for all practical purposes. 
Such beam0s are expected to fi nd im-
portant applications in several branches 
of science that currently use nondiff ract-
ing light beams for the manipulation of 
matter or light itself. t
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