Poles apart

The great Antarctic ice streams are
colder, flatter, slower-moving, and
more massive and extensive than any of
Greenland’s glaciers. Still, scientists
suspected that glacial earthquakes
occur there as well, partly based on ge-
odetic measurements of a stretch of the
Whillans Ice Stream. Douglas Wiens
(Washington University in St. Louis),
Sridhar Anandakrishnan (Pennsylvania
State University), and coworkers con-
firmed those suspicions in June: Their
simultaneous monitoring of seismic
and GPS measurements reveal that a
200 km X 100 km X 600 m region of the
stream slips by up to 70 cm for 25 min-
utes twice a day—no calving required.’

Tidal modulation controls each slip,
which registers as a magnitude-7 earth-
quake when integrated over the entire
event; one slip occurs around the time
of high ocean tide, a second occurs 5-12
hours later. The ice stream flows over
what’s presumed to be a weak, nearly

plastic bed of clay, sand, and cobbles, so
that the roughly 1-kPa longitudinal
stresses from the tide can penetrate far
inland. In Greenland, the much higher
basal shear stresses might compensate
for a force imbalance at the front and
inhibit slip.

Ice-penetrating radar indicates the
existence of a dry, sticky spot localized
100 km from the Antarctic coast. The
higher friction at that spot, says Wiens,
holds the ice firmly enough that stress
can accumulate from the gigatons of ice
still creeping from regions higher in-
land. As tidal pressure wanes, the weld
ruptures and the entire sheet slips,
much like a real tectonic fault. Some
20 000 square kilometers of the ice
stream don’t move at all, except in
jagged starts and stops. Indeed, the
movement calls to mind Ekstréom’s 2003
hypothesis.

The explicit connections between
glacial earthquakes at the two poles re-
main murky. Nevertheless, the need to

better understand the dynamics of ice
streams generally is especially strong
during this period of changing climate.
As researchers gain further access to re-
mote regions of Earth and the pool of
remote and portable seismometers
grows ever larger, some rich physics, no
doubt, is bound to emerge.

Mark Wilson
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Shaped light waves can pass through

opaque material

A decades-old theoretical prediction about random scattering has just received its first

experimental confirmation.

Matter can block light, and thus
appear opaque, by absorbing the light
or by scattering it. Opaque materials
with low absorptivity —milk, white
paint, and some living tissue, for exam-
ple—are generally well described as
random arrangements of scattering
particles. When light hits them, much of
it is reflected, but some of it is trans-
mitted as a diffuse blur with random
speckles due to constructive and de-
structive interference. The thicker the
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material, the less light is transmitted.
Since the 1980s, theorists have used
random matrix theory to study the scat-
tering of both photons and electrons.'
They found that for the transmission
matrix of a randomly scattering mate-
rial, each of the eigenvalues is either
nearly zero or nearly one. That is, any
wave entering a scattering material can
be represented as a sum of modes, some
of which are entirely transmitted and
some of which are entirely reflected.
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Figure 1. Focusing light through an opaque material. (a) When a plane light
wave is shone on a strongly scattering sample, such as a layer of white paint, a
diffuse speckle pattern is transmitted, and the rest of the light is reflected. The
thicker the samp|e, the lower the transmitted infensity. (b) When the wavefront is
shaped by adjusting the relative J)hoses of different parts of the beam, the con-

structive interference is optimize
is still present. (Adapted from ref. 3.)
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at a target point. The diffuse speckle pattern

Thicker samples have more reflecting
(or closed) channels and fewer trans-
mitting (or open) ones. In theory, then,
as long as not all of the channels are
closed, it should be possible to create an
incoming wave that couples into only
the open channels, not the closed ones.

Now, Allard Mosk of the University
of Twente in the Netherlands and his re-
cently graduated student Ivo Vellekoop
have demonstrated a method for shap-
ing a light wave that greatly increases
the transmitted intensity.> And their re-
sults are in quantitative agreement with
the predictions of random matrix theory.
Says John Pendry of Imperial College
London, “I find the results very exciting.
The open—closed channel theorem is one
of the most important results on disor-
dered systems. As far as I am aware,
it has not been verified experimentally
before.”

Coming into focus

As Mosk explains, “The project began
in 2005, when we realized that the dif-
fusion of light waves in nontransparent
materials is not a thermodynamically
irreversible process. So there should be
a way to reverse it.” In 2007 he and
Vellekoop successfully focused a por-
tion of the light transmitted through a
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layer of white paint onto a predefined
target point.®> (See PHYSICS TODAY, Oc-
tober 2007, page 26.) Their method in-
volved controlling the relative phases of
spatially separate parts of the beam. A
schematic diagram is shown in figure 1.

The researchers reflected a coherent
laser beam off a spatial light modulator,
an array of liquid-crystal pixels. With
an applied electric field, they could
tune the refractive index of each pixel,
which in turn adjusted the phase of that
part of the beam. They then passed the
beam through a microscope objective so
that the light reflected off each pixel
was reduced to a diffraction-limited
spot, a few hundred nanometers
square. Their unshaped wave gave the
expected random speckle pattern.

To shape the wave, they scanned the
pixel phases one at a time and tracked
the effect on the transmitted intensity
at the target point. For each pixel, the
phase that gave the maximum target
intensity was the one for which the
contribution of that segment of the
beam was in phase with the diffuse
background. In principle, when all the
pixels are set to their optimum phases,
the contributions at the target point
from all the segments of the beam
should be in phase with each other, so
the intensity at the target point would
be maximized.

But in the 2007 experiments, the
waves weren't controlled nearly as well
as they might have been, for two rea-
sons. First, slight temperature changes
in the laboratory caused parts of the ap-
paratus to drift over the course of the
few minutes it took to create a shaped
wave—a shift of the scattering sample
by half a wavelength with respect to the
laser beam would destroy the entire op-
timization. Second, spatial light modu-
lators exhibit a phenomenon called
cross modulation, whereby tuning the
phase of a segment of a beam also
changes its amplitude. So although the
intensity at the target spot increased by
a factor of 1000 for some of the samples,
that increase was less than 10% of what
might have been achieved with a per-
fect optimization.

Shedding more light

Since last year, Vellekoop, Mosk, and
their colleague Elbert van Putten have
developed a way to correct for cross
modulation.* By working with the pix-
els of the spatial light modulator in
groups of four rather than individually,
they can tune a segment’s amplitude
and phase independently. As a result,
they can adjust its phase while keeping
its amplitude constant. That improve-
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Figure 2. Transmitted intensity distributions for (a) an unshaped wave and (b)
a shaped wave. (c) The same distributions summed in the vertical direction.
The shaped wave (solid blue curve) produces not only a high-intensity focus
but also a brighter speckle pattern than the unshaped wave (dashed brown

curve). (Adapted from ref. 2.)

ment, along with upgrades to other
parts of the apparatus, allows for much
more control over the shaped wave.

The new experiments offer an an-
swer to an important question about the
behavior of random scatterers: When
light is focused onto the target point,
does it diminish the intensity of the re-
flected light rather than the diffuse
transmitted light? In other words, is the
focusing algorithm also a method for
increasing the total transmission—for
coupling more light into the open chan-
nels that are predicted by theory?

As figure 2 shows, it is. Compared
with the unshaped wave, the shaped
wave transmits more light not only to
the target point, as expected, but also to
the rest of the speckle area. For the
shaped wave shown, the target inten-
sity increased by a factor of about 750,
and the total transmission increased
from 0.23 to 0.31.

To make a quantitative comparison
between their results and the theory,
Vellekoop and Mosk represented their
shaped wave as the sum of a perfectly
shaped part and a random part. Their
so-called degree of control is the inten-
sity of the perfectly shaped part divided
by the total intensity of the incident
beam. By definition, the intensity at the
target point is proportional to the de-
gree of control. Theory predicts that the
total transmitted intensity is a linear
function of the degree of control, so the
target intensity and the total transmit-
ted intensity should be linearly related
to each other.

The total transmission of the un-
shaped wave depends on many prop-
erties of the sample, including its thick-
ness. But according to random matrix
theory, the transmitted fraction of the
perfectly shaped wave is always /3, in-
dependent of the sample’s properties.
And since “perfectly shaped” means
shaped to optimize transmission to the
target point, not the total transmission,
there may be some other method for
shaping a wave that transmits even
more of the light.

Vellekoop and Mosk’s experimental
limitations prevent them from creating
a perfectly shaped wave—the highest
degree of control they’ve been able to
achieve is about 0.33. But they do see an
excellent linear fit between the total
transmission and the degree of control,
and extrapolating from their data to a
perfectly controlled wave gives a trans-
mitted fraction of 0.68 = 0.07, in agree-
ment with the theoretical value. Says
Carlo Beenakker of Leiden University,
“The experiment is really a striking
demonstration of the existence of open
channels.”

Johanna Miller
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