ray protons hitting CMB photons. From
its earlier statistical analysis of shower
profiles, the team concluded that pro-
tons do indeed predominate over heav-
ier nuclei and gammas as cosmic-ray pri-
maries at these high energies.

Figure 3 shows the steepness of the
GZK cutoff more clearly. There, plotted
against E, is the measured flux inte-
grated over all energies from E to infin-
ity, divided by the same integral calcu-
lated from the power-law fit below the
GZK cutoff and its extrapolation to in-
finity. Thus if there were no cutoff, the
plotted ratio would be consistent with
unity out to the limits of measurement.

Instead, the ratio falls to /2 at
5.4 X 10" eV, in good agreement with
predicted details of the GZK cutoff.*
The steepness of the falloff depends on
the abundance and distribution of
nearby sources capable of accelerating
protons to energies above 10% eV. “The
very steep E>! falloff we're seeing,”
says HiRes co-spokesman Gordon
Thomson of Rutgers University, “indi-
cates that such high-energy sources are
underrepresented in our intergalactic
neighborhood.” Further examination of

the flux beyond the cutoff, he says,
should flesh out that indication.

The conflict resolved?

The HiRes collaboration estimates its
monocular energy resolution to be about
12%. “The normalization of the 2003
AGASA spectrum becomes consistent
with ours,” says Thomson, “if you sim-
ply lower the energy of every AGASA
event by 30%.” Indeed at the Quarks 2006
conference in St. Petersburg, Russia, last
year, AGASA’s Kenji Shinozaki reported
that the collaboration’s ongoing reanaly-
sis of its accumulated data favored a
roughly 15% systematic decrease in the
energy of every shower. That would
pare AGASA’s 2003 claim of 11 events
above 10 eV down to 6, he said, leaving
a sample at the highest energies that is
statistically insufficient to determine the
presence or absence of the GZK cutoff.
AGASA’s final result has not yet been
submitted for publication.

HiRes, whose total exposure from
1997 through 2006 was four or five
times AGASA’s, reported finding only
8 events above 6 X 10" eV. But straight-
forward extrapolation of the HiRes

power-law falloff at lower energy with-
out a GZK break would lead one to ex-
pect 40 events. Calculating the acciden-
tal probability of such a deficit in the
absence of a real physical break, the col-
laboration concludes that it has seen the
GZK cutoff with a statistical signifi-
cance of 4.8 standard deviations.

On 17 March, two weeks after the
HiRes paper announcing the verifica-
tion of his 40-year-old prediction was
posted on the Web, Kenneth Greisen
died at age 89. He was one of the inven-
tors of the air-shower fluorescence tech-
nique in the late 1960s. Greisen tried the
prototype in the hills above Cornell,
only to be defeated by the damp climate.
But the method soon proved itself in the
clear, dry uplands of New Mexico.

Bertram Schwarzschild
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Time-resolved electric-field measurements probe
plasma breakdown

A spectroscopic experiment offers a new look at a plasma in the first few instants of its formation.

If it weren’t for plasma discharges,
you probably wouldn’t be reading this
story. Maybe you're sitting in an office
under fluorescent lights, or you're read-
ing this on a computer whose circuitry
was produced by plasma etching.
Maybe this page is illuminated by an
energy-saving compact fluorescent bulb
in your living room.

Plasma discharges are created when
a gas is subject to a strong electric field.
When the field is strong enough, a few
electrons are torn away from their
atoms. The resulting positive ions are ac-
celerated in one direction and the elec-
trons in another. Energetic electrons col-
lide with and ionize other neutral atoms,
increasing the number of ions and un-
bound electrons in the plasma. Less en-
ergetic electrons collide with atoms and
promote them to excited states. As the
excited atoms revert to their ground
states, they emit visible or UV light.

Our knowledge of what exactly is
happening in a plasma discharge still
contains large gaps. (See the article by
John Waymouth in PHYSICS TODAY, Feb-
ruary 2001, page 38.) Theoretical mod-
els have been somewhat successful, but

www.physicstoday.org

there has been a dearth of direct exper-
imental measurements on plasma
breakdowns—gases in the process of
becoming plasmas—because that
process happens so fast.

Gerrit Kroesen, Erik Wagenaars, and
Mark Bowden, at Eindhoven Univer-
sity of Technology in the Netherlands,
have measured how the electric field
changes with time due to the movement
of ions and electrons in a plasma dur-
ing breakdown.! Such direct probing
promises to add greatly to our under-
standing of plasmas and their applica-
tions in plasma TVs, lighting, and other

Figure 1. Parabolic electrodes
3 mm apart create a plasma
in xenon gas. As Xe cations
cluster around the negatively
charged lower electrode,
atoms near that electrode
emit visible light. The spot at
the tip of the upper electrode
is a reflection.

technologies. “There is virtually no ex-
perimentally obtained information in
these situations because the measure-
ments are so hard. We have shown that
it is possible,” says Bowden, now at the
Open University in Milton Keynes, UK.

The Eindhoven group measured the
electric field by looking for the Stark ef-
fect, the slight shifting of the energy lev-
els of an atom (xenon in their experi-
ments) in response to an electric field.
The effect is most pronounced for
atoms in highly excited states, called
Rydberg states, in which one electron is
in a large, loosely bound orbital. The
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rescence-dip Stark spectroscopy on xenon. The
energy of the highly excited Rydberg state changes 04—
measurably with the electric field. When laser 2 is 0 5
tuned to just the right transition energy, it removes
atoms from the 6p[1/2], state, decreasing the
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enough to measure with a precisely
tuned laser. The stronger the electric
field, the larger the shift of the Rydberg
state’s energy.

Observing the Stark shift is compli-
cated. In principle, one could find the en-
ergy difference between the ground
state and the Rydberg state by shining a
laser at a gas and measuring the wave-
length at which light is most strongly ab-
sorbed by the atoms of the gas. But such
a straightforward technique would be
impossible for the Eindhoven group’s
experiment. Tunable lasers that can pro-
duce light of a sufficiently short wave-
length are not readily available, but even
if they were, other practical difficulties
would stand in the way. Because the gas
used in the experiment was diffuse, only
a tiny fraction of the light would be ab-
sorbed, and it is difficult to measure so
slight an attenuation. Also, in the exper-
imental setup (shown in figure 1 and on
the cover), the electric field of interest is
confined to a small spatial region be-
tween the electrode tips, so a light beam
would encounter many more Xe atoms
outside the electric field than in it, which
would obscure the desired signal.

Instead, the group uses a two-laser
technique called laser-induced fluores-
cence-dip Stark spectroscopy, based on
the scheme sketched in figure 2. The
first laser excites Xe atoms from the
ground state to an excited state known
to spectroscopists as 6p['/2],. The natu-
ral decay of that state into another state,
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fluorescence is a 23 24
measure of the
population of the
6p[1/2], state. The
second laser is
tuned within the
range of possible P
excitation energies
from the 6p['/2],
state to a particular
Stark-shifted Ryd-
berg state. When
the experimenters
hit on the right excitation energy, atoms
are removed from the 6p[!/2], state, and
the fluorescence intensity dips. Com-
paring the measured Rydberg-state
energy with the group’s earlier theoret-
ical and experimental values? of the
Stark shift in Xe yields the electric-field
strength.

Laser-induced fluorescence over-
comes the difficulties of absorption
spectroscopy. A low fluorescence inten-
sity is easier to measure precisely than
a small attenuation of a high-intensity
beam. And a system of lenses permits
the detection of only the fluorescence
light that originates from the region of
interest between the electrodes.

Measuring Stark shifts in that way is
nothing new; the technique was intro-
duced by Uwe Czarnetzki and col-
leagues in the late 1990s.* The Eind-
hoven group’s innovation was in
applying the technique to the first few
microseconds of the plasma formation.

T T T T T T
25 26 27 28 29 30
TIME (us)

Figure 3. Electric-field measurements (blue) and visible
li SL? emitted (red) from a measurement volume 0.5 mm
aﬂove the cathode. During the period 0-25 us, the volt-
age between the electrodes is increased without inducing
E:smc breakdown. The sharp peak and subsequent
drop in the electric field orouncr
of positively charged xenon ions crossing the measure-
ment volume. (Adapted from ref. 1.)

27 s are due fo a front

In the rapidly changing plasma in its
breakdown phase, there isn't enough
time to scan the second laser over the
full range of possible energies for the
Rydberg state. Finding the electric field
for just one value of time, measured
from the onset of the applied voltage,
requires 13 minutes and 8000 repeti-
tions of the discharge.

Clearly, Kroesen and colleagues
needed an electrode configuration that
they could count on to produce identical
discharges time after time. Lightning is
proverbially reluctant to strike the same
place twice, but a well-placed lightning
rod can coax it into doing so. The Eind-
hoven group used a pair of parabolic
electrodes, shown in figure 1, separated
by a gap of 3 mm. “Breakdown was al-
ways studied in parallel-plate elec-
trodes, where you never know where the
fault is starting. In parabolic electrodes,
there is one point where the two elec-
trodes are closest, and that is where you
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get first breakdown,” says Kroesen.

The researchers focused the lasers
on a narrow measurement volume half
a millimeter above the cathode. Al-
though they didn’t attempt to spatially
map the electric field, they could infer,
from what they observed as a function
of time, what was happening at differ-
ent points in space. Their results are
shown in figure 3. For the first 25 us,
they increased the voltage between the
electrodes, but it wasn’t yet enough to
ionize a significant number of Xe
atoms. The electric field observed dur-
ing that period corresponds to a spa-
tially uniform drop in potential from
anode to cathode. Then, near the 27-us
mark, they saw a sharp increase in the
electric field, followed by an equally
rapid decrease to a level below what
they’d seen at 25 us.

The peak and the subsequent drop in
the electric field were caused by a so-
called ionization front of positively
charged Xe ions crossing the measure-
ment volume. Just before the ions
crossed, they were on the same side of
the measurement volume as the posi-
tively charged anode, so the field from
the ions enhanced the field from the
electrodes. After they crossed, the field
from the ions opposed the field from
the electrodes. As more and more ions
clustered around the cathode, the elec-
tric field in the measurement volume
decreased even further while the elec-
tric field in the vicinity of the cathode
increased.

Along with their electric-field meas-
urements, Kroesen and colleagues
recorded the visible light emanating
from the measurement volume. That
light was produced when Xe atoms, ex-
cited by collisions with electrons, re-
laxed back to the ground state. The ex-
perimenters found a peak in the
intensity of visible light, but it occurred
a few hundred nanoseconds later than
the peak in the electric field. The delay
arose because it takes time for the elec-
trons to collide with Xe atoms, and it
takes time for an excited-state Xe atom
to decay to a less energetic state. Since
the time those processes take can vary,
the visible-light peak is broader than
the electric-field peak.

Future work for the group includes
refining their measurements of the
electric-field peak. “It was sharper than
expected. Normally, the faster things
propel, the smoother they become,”
says Kroesen. Better time resolution in
the measurements of the peak will re-
quire shorter laser pulses—a challeng-
ing feat if the necessary wavelength res-
olution is to be retained.
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The excitation scheme in figure 2
only works with Xe. A similar scheme
can be implemented for krypton, but
for other atoms it would be too difficult
to produce the appropriate laser wave-
lengths or to model the Stark shift of the
Rydberg states. The inclusion of a small

amount of Xe as a tracer can allow Kroe-
sen and colleagues to use their method
to investigate other types of plasma,
such as sodium vapor in a streetlight or
mercury vapor and argon in a fluores-
cent lamp.

Johanna Miller
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A photonic crystal localizes light in two dimensions

An all-optical system offers a flexible experimental approach to observing a new class of

localization effect.

In 1958 Philip Anderson predicted
that when a crystal is disordered
enough—filled with a high concentra-
tion of defects, say —electron diffusion
will cease.! The phenomenon, called
Anderson localization, explains the
phase transition in a material that
changes from a conductor to an insula-
tor as disorder is increased and its elec-
trons transform from diffusive, delocal-
ized waves into localized, or trapped,
wavepackets.

Researchers have been using Ander-
son’s model for decades to account for
materials” electronic properties, but
they still struggle to calculate details of
the phase transition; the strong interac-
tions among electrons and between
electrons and phonons complicate the
problem because they can alter the local
potential and the phase coherence of
electrons. To estimate the critical expo-
nents in equations that describe the
transition, theorists must resort to a
scaling theory based on postulates
about the nature of a solution.
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At the time, Anderson thought of
electron localization in the context of
quantum tunneling between lattice
sites. In 1984 Sajeev John realized that it
could be reinterpreted purely as an in-
terference effect from multiple scatter-
ing.? Accordingly, electromagnetic,
acoustic, seismic, or any other classical
wave could, in principle, be trapped
within a medium that scatters strongly
enough. John has since pioneered the
field of light localization.

Unlike electrons, photons do not in-
teract with each other, a simplification
that makes optical experiments an ideal
platform for studying Anderson local-
ization. Photons do, however, interact
with matter, and the challenge in opti-
cal experiments is to distinguish local-
ization effects from absorption.

In a nearly perfect, or homogeneous,
dielectric, light travels ballistically, scat-
tering only occasionally from defects.
An increase in disorder produces a con-
comitant increase in the scattering
probability as light diffuses through the
medium. In this diffusive regime, the

and reproduces the

contrast (bottom), th

disorder (middle ri?
profile (white curve)

teristic of Anderson

same Ohm’s law holds for light as for
electrons: The transmission intensity
decreases linearly as sample thickness
increases. In three-dimensional materi-
als, once the disorder is high enough
that the mean free path becomes com-
parable to light’s wavelength, the light
becomes spatially trapped —effectively
a standing wave held within countless
random cavities—and its intensity de-
cays exponentially with thickness. Over
the past decade, a few groups have ob-
served localization by monitoring devi-
ations from classical diffusive behavior,
typically using dielectric powders that
strongly scatter the light.

Tal Schwartz, Guy Bartal, Shmuel
Fishman, and Mordechai Segev—all re-
searchers from the Technion-Israel In-
stitute of Technology in Haifa—have
now performed a different kind of lo-
calization experiment, one designed
not to bring light to a standstill but to
confine it in two dimensions.? Segev, the
team leader, reasoned that if a system
could be prepared in which the refrac-
tive index was disordered in two di-

Transverse light localization. A two-dimensional pho-
tonic lattice in the x-y plane of a nonlinear crystal can
be optically induced: A periodic variation in tK

tive index is produced by the inferference pattern of
three intersecting plane waves. In the ordered lattice
(top), a weak probe beam (red) undergoes baillistic
transport along z. The beam width broadens linearly

e refrac-

hexagona| symmetry of the lattice,

as imaged by a CCD camera in the crystal’s output
Flone (top right). As disorder in the form of random
luctuations is added to the periodic refractive-index

e output profile narrows. At 15%
ht), light scatters diffusively, as evi-

dent in the parabolic shape of the logarithmic intensity

. At 45% disorder (bottom right), the

intensity profile decays exponentially, which is charac-

localization. (Image adapted from

ref. 3; courtesy of Guy Bartal.)
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