electrons could be employed to probe atoms and molecules
remotely while minimizing the perturbing influences of a nearby
local probe—these unwanted interactions might be chemical in
nature or result from electric or magnetic fields emanating from an
STM tip or other probe device. Our results also suggest altered
geometries such as ellipsoids confining bulk electrons, or specially
shaped electron mirrors (such as parabolic reflectors) electronically
coupling two or more points. One might additionally envision
performing other types of ‘spectroscopy-at-a-distance’ beyond
electronic structure measurements, for example, detecting
vibrational'® or magnetic excitations.

We conclude with some remaining questions. Our calculations
show that ellipses have a class of eigenmodes that possess strongly
peaked probability amplitude near the classical foci (Fig. 3e and fare
good examples). Our experiments reveal that the strongest mirages
occur when one of these eigenmodes is at Er and therefore at the
energy of the Kondo resonance. When perturbed by a focal atom,
this eigenmode still has substantial density surrounding both foci; it
is therefore plausible that this quantum state ‘samples’ the Kondo
resonance on the real atom and transmits that signal to the other
focus. The physics behind this process is not completely under-
stood. Also, given that a Kondo signature is detected at the empty
focus, does this imply that a measurement there is simply providing
us with a remote probe of the Co atom with the intervening two-
dimensional electrons acting essentially like a wire? Or, as the Kondo
effect on the Co atom requires a net spin polarization of the
surrounding electron gas, does the projection of the Kondo reso-
nance imply a modified spin polarization at the empty focus? We
speculate that both interpretations are actually correct. Full answers
to these questions, however, await further experimental and theo-
retical efforts.
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Bell’s theorem’ states that certain statistical correlations predicted
by quantum physics for measurements on two-particle systems
cannot be understood within a realistic picture based on local
properties of each individual particle—even if the two particles
are separated by large distances. Einstein, Podolsky and Rosen
first recognized’ the fundamental significance of these quantum
correlations (termed ‘entanglement’ by Schrodinger’) and the

s 5

Figure 1 Experimental set-up for Greenberger—Horne—Zeilinger (GHZ) tests of quantum
nonlocality. Pairs of polarization-entangled photons® (one photon H polarized and the
other V) are generated by a short pulse of ultraviolet light (~ 200 fs, A = 394 nm).
Observation of the desired GHZ correlations requires fourfold coincidence and therefore
two pairs®®. The photon registered at T is always Hand thus its partner in b must be V. The
photon reflected at the polarizing beam-splitter (PBS) in arm a is always V, being turned
into equal superposition of Vand H by the /2 plate, and its partner in arm b must be H.
Thus if all four detectors register at the same time, the two photons in Dy and D, must
either both have been I/ Vand reflected by the last PBS or HHand transmitted. The photon
at D5 was therefore Hor V, respectively. Both possibilities are made indistinguishable by
having equal path lengths via a and b to D; (D,) and by using narrow bandwidth filters (F
= 4 nm) to stretch the coherence time to about 500 fs, substantially larger than the pulse
length®. This effectively erases the prior correlation information and, owing to indis-
tinguishability, the three photons registered at D4, D» and D5 exhibit the desired GHZ
correlations predicted by the state of equation (1), where for simplicity we assume the
polarizations at D5 to be defined at right angles relative to the others. Polarizers oriented at
45° and N4 plates in front of the detectors allow measurement of linear A/’ (circular
R/L) polarization.
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two-particle quantum predictions have found ever-increasing
experimental support*. A more striking conflict between quantum
mechanical and local realistic predictions (for perfect correla-
tions) has been discovered®’; but experimental verification has
been difficult, as it requires entanglement between at least three
particles. Here we report experimental confirmation of this
conflict, using our recently developed method’ to observe three-
photon entanglement, or ‘Greenberger—Horne—Zeilinger’ (GHZ)
states. The results of three specific experiments, involving
measurements of polarization correlations between three
photons, lead to predictions for a fourth experiment; quantum
physical predictions are mutually contradictory with expectations
based on local realism. We find the results of the fourth experi-
ment to be in agreement with the quantum prediction and in
striking conflict with local realism.

We first analyse certain quantum predictions for the entangled
three-photon GHZ state:

1) = (H) [HLIH), + V) VLIV )

where H and V denote horizontal and vertical linear polarizations
respectively. This state indicates that the three photons are in a
quantum superposition of the state |H) |H),|H), (all three are
horizontally polarized) and the state |V),|V),|V); (all three are
vertically polarized) with none of the photons having a well-defined
state on its own.

We consider now measurements of linear polarization along
directions H'/V’ rotated by 45° with respect to the original H/V
directions, or of circular polarization L/R (left-handed, right-
handed). These new polarizations can be expressed in terms of
the original ones as:

Y = () + V)

V2

1 @
V)= ) =1V
IR) = %(|H>+ )
3)

D= qm—ivy

V2

For convenience we will refer to a measurement of H'/V’ linear
polarization as an x measurement and one of R/L circular polariza-
tion as a y measurement.

Representing the GHZ state (equation (1)) in the new states by
using equations (2) and (3), one obtains the quantum predictions
for measurements of these new polarizations. For example, for the
case of measurement of circular polarization on, say, both photon 1
and 2, and linear polarization H'/V’ on photon 3, denoted as a yyx
experiment, the state may be expressed as:

() =3 (RNILLIE), + 1L |R) )
)

+ |R>1|R>2|V’)3 + |L>1|L>2|V,)3

This expression implies, first, that any specific result obtained in any
individual or in any two-photon joint measurement is maximally
random. For example, photon 1 will exhibit polarization R or L with
the same probability of 50%, or photons 1 and 2 will exhibit
polarizations RL, LR, RR or LL with the same probability of 25%.
Second, given any two results of measurements on any two photons,
we can predict with certainty the result of the corresponding
measurement performed on the third photon. For example, sup-
pose photons 1 and 2 both exhibit right-handed R circular polar-
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ization. Then by the third term in equation (4), photon 3 will
definitely be V' polarized.

By cyclic permutation, we can obtain analogous expressions for
any experiment measuring circular polarization on two photons
and H'/V' linear polarization on the remaining one. Thus, in every
one of the three yyx, yxy, and xyy experiments, any individual
measurement result—both for circular polarization and for linear
H'/V' polarization—can be predicted with certainty for every
photon given the corresponding measurement results of the other
two.

Now we will analyse the implications for local realism. As these
predictions are independent both of the spatial separation and of
the relative time order of the three measurements, we consider them
performed simultaneously in a given reference frame—say, for
conceptual simplicity, in the reference frame of the source. Then,
as Einstein locality implies that no information can travel faster
than the speed of light, this requires any specific measurement result
obtained for any photon never to depend on which specific
measurements are performed simultaneously on the other two
nor on their outcome. The only way then for local realism to
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Figure 2 A typical experimental result used in the GHZ argument. This is the yyx
experiment measuring circular polarization on photons 1 and 2 and linear polarization on
the third. a, Fourfold coincidences between the trigger detector T, detectors D1 and Dy
(both set to measure a right-handed polarized photon), and detector D5 (set to measure a
linearly polarized H" (lower curve) and V" (upper curve) photon as a function of the delay
between photon 1 and 2 at the final polarizing beam-splitter). We could adjust the time
delay between paths a and b in Fig. 1 by translating the final polarizing beam-splitter
(PBS) and using additional mirrors (not shown in Fig. 1) to ensure overlap of both beams,
independent of mirror displacement. At large delay, that is, outside the region of coherent
superposition, the two possibilities HHHand VI/Vare distinguishable and no entanglement
results. In agreement with this explanation, it was observed within the experimental
accuracy that for large delay the eight possible outcomes in the yyx experiment (and also
the other experiments) have the same coincidence rate, whose mean value was chosen as
a normalization standard. b, At zero delay maximum GHZ entanglement results; the
experimentally determined fractions of RV and RRH' triples (out of the eight possible
outcomes in the yyx experiment) are deduced from the measurements at zero delay. The
fractions were obtained by dividing the normalized fourfold coincidences of a specific
outcome by the sum of all possible outcomes in each experiment—here, the yyx
experiment.
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explain the perfect correlations predicted by equation (4) is to
assume that each photon carries elements of reality for both x and y
measurements that determine the specific individual measurement
result™®®.

For photon i we call these elements of reality X; with values +1(—1)
for H'(V') polarizations and Y; with values +1(—1) for R(L); we
thus obtain the relations® Y,Y, X, = —1, Y, X,Y, = —1 and
X,Y,Y, = — 1, in order to be able to reproduce the quantum
predictions of equation (4) and its permutations.

We now consider a fourth experiment measuring linear H'/V’
polarization on all three photons, that is, an xxx experiment. We
investigate the possible outcomes that will be predicted by local
realism based on the elements of reality introduced to explain the
earlier yyx, yxy and xyy experiments.

Because of Einstein locality any specific measurement for x
must be independent of whether an x or y measurement is
performed on the other photon. As Y;Y; =41, we can write
X, XX, = (X,Y,Y,)(Y,X,Y;)(Y,Y,X,) and obtain X,X,X, = — 1.
Thus from a local realist point of view the only possible results for an
xxx experiment are V'V'V, H'H'V', H'V'H',and V'H'H'.

How do these predictions of local realism for an xxx experiment
compare with those of quantum mechanics? If we express the state
given in equation (1) in terms of H'/V" polarization using equation
(2) we obtain:

®) = LEN I, + [H VLV,
2 (5)
+ [V LIHNLIV )+ VLIV LIH,
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Figure 3 All outcomes observed in the yyx, yxyand xyy experiments, obtained as in Fig. 2.
a, yyx b, yxy, ¢, xyy. The experimental data show that we observe the GHZ terms
predicted by quantum physics (tall bars) in a fraction of 0.85 * 0.04 of all cases and
0.15 = 0.02 of the spurious events (short bars) in a fraction of all cases. Within our
experimental error we thus confirm the GHZ predictions for the experiments.
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Thus we conclude that the local realistic model predicts none of the
terms occurring in the quantum prediction and vice versa. This
means that whenever local realism predicts that a specific result will
definitely occur for a measurement on one of the photons based on
the results for the other two, quantum physics definitely predicts the
opposite result. For example, if two photons are both found to be H'
polarized, local realism predicts the third photon to carry polariza-
tion V' while quantum physics predicts H'. This is the GHZ
contradiction between local realism and quantum physics.

In the case of Bell’s inequalities for two photons, the conflict
between local realism and quantum physics arises for statistical
predictions of the theory; but for three entangled particles the
conflict arises even for the definite predictions. Statistics now only
results from the inevitable experimental limitations occurring in
any and every experiment, even in classical physics.

A diagram of our experimental set-up is given in Fig. 1. The
method to produce GHZ entanglement for three spatially separated
photons is a further development of the techniques that have been
used in our previous experiments on quantum teleportation’ and
entanglement swapping'®. GHZ entanglement has also been
inferred for nuclear spins within single molecules from NMR
measurements'!, though there a test of nonlocality is impossible.

In the experiment GHZ entanglement is observed under the
condition that the trigger detector T and the three GHZ detectors
D, D, and Dj all actually register a photon. As there are other
detection events where fewer detectors fire, this condition might
raise doubts about whether such a source can be used to test local
realism. The same question arose earlier for certain experiments
involving photon pairs'*'’ where a violation of Bell’s inequality was
only achieved under the condition that both detectors used register
a photon. It was often believed'*" that such experiments could
never, not even in their idealized versions, be genuine tests of local
realism. However, this has been disproved'’. Following the same line
of reasoning, it has recently been shown' that our procedure
permits a valid GHZ test of local realism. In essence, both the Bell
and the GHZ arguments exhibit a conflict between detection events
and the ideas of local realism.

As explained above, demonstration of the conflict between local
realism and quantum mechanics for GHZ entanglement consists of
four experiments, each with three spatially separated polarization
measurements. First, we perform yyx, yxy and xyy experiments. If
the results obtained are in agreement with the predictions fora GHZ
state, then for an xxx experiment, our consequent expectations
using a local-realist theory are exactly the opposite of our expecta-
tions using quantum physics.

For each experiment we have eight possible outcomes of which
ideally four should never occur. Obviously, no experiment either in
classical physics or in quantum mechanics can ever be perfect;
therefore, even the outcomes which should not occur will occur
with some small probability in any real experiment. The question is
how to deal with such spurious events in view of the fact that the
original GHZ argument is based on perfect correlations.

We follow two independent possible strategies. In the first
strategy we simply compare our experimental results with the
predictions both of quantum mechanics and of a local realist
theory for GHZ correlations, and assume that the spurious events
are attributable to experimental imperfection that is not correlated
to the elements of reality a photon carries. A local realist might
argue against that approach and suggest that the non-perfect
detection events indicate that the GHZ argument is inapplicable.
In our second strategy we therefore accommodate local-realist
theories, by assuming that the non-perfect events in the first three
experiments indicate a set of elements of reality which are in conflict
with quantum mechanics. We then compare the local realist pre-
diction for the xxx experiment obtained under that assumption
with the experimental results.

The observed results for two possible outcomes in a yyx experiment
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Figure 4 Predictions of quantum mechanics and of local realism, and observed results for
the xxx experiment. a, b,The maximum possible conflict arises between the predictions
for quantum mechanics (a) and local realism (b) because the predicted correlations are
exactly opposite. ¢, The experimental results clearly confirm the quantum predictions
within experimental error and are in conflict with local realism.

are shown in Fig. 2. The six remaining possible outcomes of a yyx
experiment have also been measured in the same way and likewise in
the yxy and xyy experiments. For all three experiments this results in
24 possible outcomes whose individual fractions thus obtained are
shown in Fig. 3.

Adopting our first strategy, we assume that the spurious events
are attributable to unavoidable experimental errors; within the
experimental accuracy, we conclude that the desired correlations
in these experiments confirm the quantum predictions for GHZ
entanglement. Thus we compare the predictions of quantum
mechanics and local realism with the results of an xxx experiment
(Fig. 4) and we observe that, again within experimental error, the
triple coincidences predicted by quantum mechanics occur and not
those predicted by local realism. In this sense, we believe that we
have experimentally realized the first three-particle test of local
realism following the GHZ argument.

We then investigated whether local realism could reproduce the
xxx experimental results shown in Fig. 4c, if we assume that the
spurious non-GHZ events in the other three experiments (Fig. 3)
actually indicate a deviation from quantum physics. To answer this
we adopt our second strategy and consider the best prediction a
local realistic theory could obtain using these spurious terms. How,
for example, could a local realist obtain the quantum prediction
H'H'H'? One possibility is to assume that triple events producing
H'H'H' would be described by a specific set of local hidden
variables such that they would give events that are in agreement
with quantum theory in both an xyy and a yxy experiment (for
example, the results H'LR and LH'R), but give a spurious event for a
yyx experiment (in this case, LLH’). In this way any local realistic
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prediction for an event predicted by quantum theory in our xxx
experiment will use at least one spurious event in the earlier
measurements together with two correct ones. Therefore, the
fraction of correct events in the xxx experiment can at most be
equal to the sum of the fractions of all spurious events in the yyx,
yxy, and xyy experiments, that is, 0.45 = 0.03. However, we experi-
mentally observed such terms with a fraction of 0.87 % 0.04
(Fig. 4c), which violates the local realistic expectation by more
than eight standard deviations.

Our latter argument is equivalent to adopting an inequality of the
kind first proposed by Mermin'. This second analysis succeeds
because our average visibility of 71% * 4% clearly surpasses the
minimum of 50% necessary for a violation of local realism' ™.
However, we realise that, as for all existing two-particle tests of local
realism, our experiment has rather low detection efficiencies.
Therefore we had to invoke the fair sampling hypothesis*"?,
where it is assumed that the registered events are a faithful
representative of the whole.

Possible future experiments could include: further study GHZ
correlations over large distances with space-like separated randomly
switched measurements™; extending the techniques used here to the
observation of multi-photon entanglement*; observation of GHZ-
correlations in massive objects like atoms™; and investigation of
possible applications in quantum computation and quantum com-
munication protocols®”. O
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Ball lightning caused by oxidation of
nanoparticle networks from normal
lightning strikes on soil
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Observations of ball lightning have been reported for centuries,
but the origin of this phenomenon remains an enigma. The
‘average’ ball lightning appears as a sphere with a diameter of
300 mm, a lifetime of about 10s, and a luminosity similar to a
100-W lamp'. It floats freely in the air, and ends either in an
explosion, or by simply fading from view. It almost invariably
occurs during stormy weather™’. Several energy sources have been
proposed®™ to explain the light, but none of these models has
succeeded in explaining all of the observed characteristics. Here
we report a model that potentially accounts for all of those
properties, and which has some experimental support. When
normal lightning strikes soil, chemical energy is stored in nano-
particles of Si, SiO or SiC, which are ejected into the air as a
filamentary network. As the particles are slowly oxidized in air,
the stored energy is released as heat and light. We investigated this
basic process by exposing soil samples to a lightning-like dis-
charge, which produced chain aggregates of nanoparticles: these
particles oxidize at a rate appropriate for explaining the lifetime
of ball lightning.

Away from buildings, the material most commonly in the path of
a lightning strike is a tree, and then soil. Lightning leaves solid
tubular or lumpy residues (fulgurites) after interacting with sand or
soil, which indicate that the discharge has penetrated beneath the
ground surface, and that the material has been molten. If soils or
tree roots are regarded as a fine mixture of silica and carbon, then
under such high-temperature treatment, one expects chemical
reduction to silicon metal, silicon monoxide, or silicon carbide,
followed by oxidation by oxygen from the air.

Such reduction of a C/SiO, mix using an electric arc is commonly
used in industry. Liquid silicon is the dominant equilibrium
condensed phase around 3,000 K (ref. 5) for C/SiO, mole ratios of
1-2, with solid SiC expected for ratios >2. This ratio can range from
0.1 to about 2 for mineral soils, and is much higher for wood. Silicon
metal has been observed® in the silicate glass deposit adjacent to a
charred tree root after a large lightning strike.

Such fast-cooling processes often yield nanometre-sized
particles”®. For lightning action on a soil, or a soil/wood mix with
a C/SiO, ratio of 1-2, we expect the particles to be Si and SiO
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(formed by condensation of the dominant vapour species®), with
SiC and soot dominating for C/SiO, > 2. Most nanoparticle sus-
pensions are found in the form of chain aggregates’, which extend
where charged particles influence their neighbours' (in conditions
of higher particle charge and numbers, and fewer gaseous ions, as at
cooler flame temperatures). Charge on the growing chain may
induce a dendrimer-like structure, growing from the centre. The
possible size is suggested by the following observations in quiescent
air. Filamentary particle structures spanning 50 mm have been
found"' after vaporizing metal in air in the presence of electric
fields. Early work with charged aerosols'” showed the formation of a
spherical networked aerosol suspension of diameter 200 mm.

Particle networks have been proposed more recently' as a general
basis for ball lightning, with the aggregation influenced by the field
of the growing ball', but without a clear proposal for the chemical
reaction occurring. Oxidation of copper particles has also been
suggested', but with this process occurring at the perimeter of the
sphere of air carrying the particles: a network structure or rate
limitation at the particle surface was not mentioned.

A Si/SiO/SiC nanoparticle network would have a large surface,
and could be expected to oxidize rapidly, even explosively. However,
we emphasize that the rate of oxidation would be limited by the
need for oxygen to diffuse through the developing SiO, layer to the
metal (or carbide) beneath. Laboratory oxidation studies on silicon
surfaces'>'® show that both oxygen and water are reactants. Whether
oxygen or water dominate the reaction with silicon depends on their
partial pressures. SiC oxidizes at a similar rate to Si (ref. 17).

We checked for the existence of nanosphere chains after exposing
soil to a lightning-like discharge. A 10-20kV d.c. discharge pene-
trated a 3-mm layer of soil, transferring up to 3.4 C of charge.
Sampling of the air space close to the discharge caused deposits to
form on a glass-fibre filter and a filter-mounted transmission
electron microscope (TEM) grid. Examination of these deposits
using scanning electron microscopy (SEM) showed ‘lumpy’ fila-
ment links (width 100 nm, length 10 pm) between the glass fibres.
TEM at high resolution (Fig. 1) showed chain aggregates of nano-
spheres, 5-70 nm in diameter. Larger spheres, several micrometres
in diameter, were collected on all the filters, and were collectively of
similar mass to the nanoparticles.

Despite using charge transfer within the range observed for
lightning strikes', we did not observe any luminous ball. At the
higher power levels, the soil sample was always completely blown
away in the radial direction. It appeared unlikely that a network of
delicate long filaments could survive the discharge shockwave. If the

Figure 1 Transmission electron micrograph of nanoparticle chains sampled from the
discharge environment. These particles were deposited on a nickel grid, after sampling
the gas space above a 14.9-kV discharge on a silt loam soil containing 12.5% carbon. The
soil was placed in a layer on a flat conducting (graphite) base below a vertical graphite
electrode, with a gap of 22 mm to the soil, and 3.0 C charge transferred from a 204 pF
capacitor. The extended chains are made up of spheres 5—70 nm in diameter; the chain
width is 25—125 nm. Six of the highest-power runs were examined in this way, with three
soils. All showed similar results, except one showing only larger particles.
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