the cell death seen with the P23H rhodopsin mu-
tation. Similarly, insufficient or imbalanced UPR
output could also trigger cell loss in other diseases
that arise from persistent ER stress.
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The Simplest Double Slit:
Interference and Entanglement in
Double Photoionization of H,

D. Akoury,™? K. Kreidi,* T. Jahnke,* Th. Weber,? A. Staudte,* M. Schoffler,*

N. Neumann,* J. Titze,* L. Ph. H. Schmidt,* A. Czasch,® 0. Jagutzki,* R. A. Costa Fraga,*
R. E. Grisenti,® R. Diez Muifio,> N. A. Cherepkov,® S. K. Semenov,* P. Ranitovic,”

C. L. Cocke,® T. Osipov,? H. Adaniya,? ]. C. Thompson,® M. H. Prior,? A. Belkacem,?

A. L. Landers,® H. Schmidt-Bdcking,* R. Dorner**

The wave nature of particles is rarely observed, in part because of their very short de Broglie
wavelengths in most situations. However, even with wavelengths close to the size of their
surroundings, the particles couple to their environment (for example, by gravity, Coulomb
interaction, or thermal radiation). These couplings shift the wave phases, often in an uncontrolled
way, and the resulting decoherence, or loss of phase integrity, is thought to be a main cause of the
transition from quantum to classical behavior. How much interaction is needed to induce this
transition? Here we show that a photoelectron and two protons form a minimum particle/slit system
and that a single additional electron constitutes a minimum environment. Interference fringes
observed in the angular distribution of a single electron are lost through its Coulomb interaction
with a second electron, though the correlated momenta of the entangled electron pair continue to

exhibit quantum interference.

ne of the most powerful paradigms in

the exploration of quantum mechanics

is the double-slit experiment. Thomas
Young was the first to perform such an exper-
iment, as early as 1801, with light. It took until
the late 1950s (), long after the experimental
proof of the wave nature of particles was re-
vealed, for a similar experiment to be carried out
with electrons. Today, such experiments have
been demonstrated for particles as heavy as Cgo
(2) and for bound electrons inside a highly ex-
cited atom (3). All of these experiments were
aimed at a demonstration of double-slit self inter-

ference for a single particle fully isolated from
the environment. If, however, this ideal labora-
tory situation is relaxed and the quantum par-
ticles are put in contact with the environment in
a controlled manner, the quantum interference
may be diminished so that the particles start be-
having in an increasingly classical way (4-6).
Recently, Hackermiiller et al. (7) have demon-
strated this phenomenon by sending heated Cg
clusters through a double slit. The hot molecules
couple via the emission of thermal photons to
the environment, and a loss of interference as a
function of their temperature is observed. The

DOR

emission of the photons alters the relative phase
between different pathways of the particle toward
the detector, an effect referred to as decoherence.
Such decoherence of a quantum system can be
caused by single or multiple interactions with an
external system (6). Limiting cases are one single
hard interaction causing the decoherence by en-
tanglement with the external system and multi-
ple weak couplings to external perturbers (for
instance, a bath) at the other extreme. A gradual
transition between these two extremes has been
demonstrated for photon scattering (6).

We experimentally demonstrated that a sys-
tem of two electrons is already sufficient to ob-
serve the transition from a quantum interference
pattern to a classical particle-like intensity dis-
tribution for an individual electron. The quan-
tum coherence is not destroyed, however, but
remains in the entangled two-electron system.
By measuring the correlated momenta of both
particles, we illustrate this interference pattern,
which is otherwise concealed in the two-body
wave function.

The idea of using a homonuclear molecule
as the slit-scattering center of a photoelectron
goes back to a paper published in 1966 by Cohen
and Fano (8). Because of the coherence in the
initial molecular state, the absorption of one
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photon by the homonuclear molecule launches
two coherent electron waves at each of the pro-
tons of the molecule (Fig. 1, A and B). The in-
terference pattern of these waves should be visible
in the angular distribution of the electron, with
respect to the molecular axis. In K shell ioniza-
tion of heavy diatomics (e.g., Ny and O,, as
discussed by Cohen and Fano), interference is
visible only if the symmetry (gerade or ungerade)
of the molecule with a single 1s hole is resolved
(9, 10). For ground-state H," and H, molecules,
only gerade orbitals are populated, and thus these
systems constitute clean cases where slitlike be-
havior is expected (/7). Still, the originally pro-
posed experiment on H, (/7) has not been carried
out, because it requires knowledge of the direction
of the molecular axis (12, /3). A signature of the
interference effect has nonetheless been observed
in the wavelength dependence of electrons emitted
from a randomly oriented sample of H, molecules
by ion impact ionization (/4, 15).

We extended the idea of Cohen and Fano
from single photoionization to double photo-

slow electron

ionization to study the two-body interference of
an electron pair. This electron pair is emitted by
absorption of a single circularly polarized pho-
ton from the H, molecule (Eq. 1)

hv+H; — 2pT +2e” (1)

hv symbolizes a photon of frequency v. The
two electrons are distinguishable by their
energy, which allows us to study the interference
pattern as a function of the interaction strength
or momentum exchanged between the two
particles.

Single photons from beamlines 4.0 or 11.0 at
the Advanced Light Source at Lawrence Berke-
ley National Laboratory were used to photoeject
both electrons of each H, molecule. A super-
sonic H, gas jet was crossed with the photon
beam. For each ionized molecule, the vector
momenta of all fragment particles—both ions
and both electrons—were determined in coinci-
dence. The orientation of the H, molecule, or

Fig. 1. (A) Schematic view of a double-slit arrangement. A plane wave approaches the slit from the
front. The slit separation is 1.4 au (the internuclear distance in H,), and the wavelength is 3.75 au,
which corresponds to an electron energy of 190 eV. (B) Photoionization by circularly polarized light
launches a coherent spherical photoelectron wave at each nucleus of the molecule; the light propagates
into the plane. (C) Geometry of the present experiment; circularly polarized light comes from the top.
All angular distributions shown in this paper are in the plane perpendicular to the photon propagation
vector, @._,01 is the angle of the fast electron’s trajectory to the molecular axis, and ®,_, is the angle
between both electron trajectories. (D) Measured electron angular distribution (®e_p,,) of the faster
electron from double photoionization of H, by circularly polarized light. The orientation of the
molecule is horizontal. Light propagates into the plane of the figure, the molecule is fixed +10°
within the plane shown, E, = 240 eV, and the energy of the slow electron £; = 0 to 5 eV, resulting in
E, = 185 to 190 eV. (E) Angular probability distributions derived from Eq. 2 (blue line), RPA
calculation (red), and multiple scattering calculation (black).

9 NOVEMBER 2007

molecular double slit, was measured for each
fragmentation by detecting the emission direc-
tion of the two protons. Once the two electrons
are ejected, the protons rapidly fly apart along
the molecular axis, driven by their mutual Cou-
lomb repulsion. A multiparticle imaging technique
(cold target recoil ion momentum spectrosco-
py) (16, 17) was used to detect all particles. The
ions and electrons created in the intersection
volume of the photon and gas beams were guided
by weak electric (50 V/cm) and magnetic fields
(8 G) toward two separate multichannel plate
detectors with delayline readouts (/8). From the
position of impact and the time of flight, the
initial vector momentum of each particle can be
determined. Only three particles (two protons
and one electron) need to be detected. The mo-
mentum of the second electron (in the present
case the more energetic of the two) is deduced
through momentum conservation of the total
system. The Coulomb explosion of the two pro-
tons at the equilibrium distance of H, of 1.4
atomic units (au) yields a kinetic energy of about
10 eV per proton (/9), and the total electronic
binding energy of H, is about 30 eV. The
experiment has been performed at two different
photon energies of £, = 240 and 160 eV, leaving
about 190 and 110 eV of energy to be shared
among the two electrons, respectively. At the
high photon energies under consideration here,
double photoionization of H, leads in most cases
to one fast electron and one slow electron (20).

Figure 1D shows, for ionization by 240-¢V
photons, the measured angular distribution for a
highly energetic electron (called “1” here) of
energy E,: 185 eV < E} < 190 eV. The second
electron, unobserved here, acquires an energy of
only E; <5 eV. The angular distribution is in
the plane perpendicular to the photon propaga-
tion vector, and the molecular axis is oriented
horizontally in that plane. (The data plotted in-
clude events where electron 1 and the molecular
axis lie within 10 degrees of the ideal plane per-
pendicular to the photon propagation direction)

The experimental data show a strong inter-
ference pattern that qualitatively resembles the
pattern induced by a double slit. For the optical
double-slit experiment in which the interference
results from a superposition of two coherent
spherical waves, the intensity distribution I is
given by Eq. 2

](q)e—mol)

— Ceos? ke X R X c08(Pe - mol )

: @)

In our case, R is the internuclear distance
(1.4 au for H,), @1 is the angle of electron
emission with respect to the internuclear axis
(12), k is the momentum of the electron, and C
is a proportionality constant. An electron energy
of 190 eV (as in Fig. 1) corresponds to k. = 3.75
au. The double-slit prediction of Eq. 2 is shown
by the blue line in Fig. 1E.

VOL 318 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on November 9, 2007


http://www.sciencemag.org

The deviations from the double-slit predic-
tion can be understood from the somewhat
more elaborate theoretical treatment shown in
Fig. 1E. By treating the electrons as spherical
waves, the simple approximation in Eq. 2 ne-
glects the fact that the electrons are ejected by
circularly polarized light and further that they
must escape from the two-center Coulomb po-
tential of the two nuclei. The helicity of the light
leads to a slight clockwise rotation of the an-
gular distribution, as seen in the experiment and
the more elaborate calculations. The Coulomb
interaction with the nuclei has two major effects.
First, the wavelength of the electron in the vi-
cinity of the protons is shorter than the asymp-
totic value. This property modifies, in particular,
the emission probability along the molecular
axis due to a phase shift in the nearfield (27).
Second, the original partial wave emerging from
one of the nuclei is scattered at the neighboring
nucleus, thereby launching another partial wave.
Thus, the final diffraction pattern is the super-
position of four (or more) coherent contribu-
tions: the primary waves from the left and right
nuclei and the singly or multiply scattered
waves created subsequently in the molecular
potential. We performed two calculations to take
the helicity of the photon, as well as multiple
scattering effects, into account. The first calcu-
lation (red line in Fig. 1E) was based on the
random phase approximation (RPA) (22), and
the second (black line in Fig. 1E) entailed a
multiple scattering calculation, wherein a spheri-
cal wave is launched at one proton (23). This
wave is then multiply scattered in the two-center
potential of two protons, which is terminated at
a boundary. The direct and multiple scattered
waves are then coherently added and symme-
trized. Although conceptually very different,
both calculations account for all of the relevant

T
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Fig. 2. (A) Electron angular distribution as in
Fig. 1D but for £, = 160 eV, E; < 1 eV, and £, =
110 eV. (B) E, = 160 eV and 5 eV < E; < 25 eV,
resulting in E; = 85 to 105 eV. (C and D) Angular
distribution of a single electron of energy E. for
the energy distributions in (A) and (B), respec-
tively. Red, Eq. 2; blue, RPA calculation; black,
multiple scattering calculation.

physical features: the two-center interference de-
termining the position of minima and maxima,
the molecular potential altering the relative height
of the peaks, and the helicity of the ionizing
photon inducing a rotation. The details of the
molecular potential differ in the calculations.
The RPA uses a Hartree-Fock potential, whereas
the multiple scattering calculation assumes two
bare protons.

The full calculations treat the emission of a
single electron. Therefore, their good agreement
with the experimental data (Fig. 1D) obtained
from double ionization might be surprising. This
suggests that the additional emission of a slow
electron does not substantially alter the wave of
the fast particle. For the particular case in which
the electron pair consists of a fast and a very
slow electron, the diffraction of a coherent elec-
tron pair can be treated by simply neglecting the
slow electron.

This simple one-particle picture completely
fails in scenarios where lower primary and higher
scattered electron energies result in stronger cou-
pling between the electrons. Figure 2, A and B,
shows the results for different energy partitions
of the first and second electron after ionization
by 160-eV photons. Whereas for £ ~ 110 eV
and £, < 1 eV the interference is still visible
(Fig. 2A), it completely disappears when E| =
95 eVand 5 eV < E, <25 eV (Fig. 2B). In the
latter case, the distribution approaches the iso-
tropic result without two-center interference. By
comparing these data to the corresponding the-
oretical estimates (Fig. 2, C and D), we can now
show that the observed loss of interference con-
trast is a result of decoherence and not of the
changing electron wavelength.

Coulomb interaction between two quantum
mechanical systems (electrons 1 and 2 in our
case) does not destroy phases. Rather, it en-
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tangles the wave functions of the two subsys-
tems (24, 5). In our experiment, we observed
both electrons in coincidence. Therefore we can
investigate this entangled two-particle system to
search for the origin of the apparent loss of co-
herence in a single-particle subsystem. Figure 3
shows the correlation in this two-body system.
The horizontal axis is the angle of the fast-
electron momentum, with respect to the molec-
ular axis (i.e., the angle that is plotted in all
other figures). The vertical axis is the angle
between the two electron’s momenta. It may
be helpful to think of the horizontal axis as the
scattering of electron 1 by the double slit and
the vertical axis as the scattering angle be-
tween the electrons. Marked interference pat-
terns emerge in this display of the two-particle
wave function. No vestige of these patterns re-
mains, however, if the distribution is integrated
over the vertical axis.

When subsets of the data with restricted an-
gular ranges of @, = +70 + 20° (Fig. 3, B and
C) and @, = —70 £ 20° (Fig. 3, D and E) are
examined, then the interference pattern is resur-
rected (here, O, is the angle between both elec-
tron trajectories). However, depending on the
angle between the electrons in the selected subset
of the data, the interference pattern is tilted to the
right (Fig. 3C) or left (Fig. 3E). Without the re-
striction of this relative angle, the shifted minima
and maxima cancel each other out, leading to the
almost isotropic distribution of Fig. 2B.

The interference maxima are concentrated
along two horizontal lines. These lines of highest
intensity lie at a relative angle of about 100°
between the two electrons. This distribution is a
well-known indication of the mechanism where-
by the absorption of a single photon by one
electron can induce its ejection, as well as that
of the other electron, after their binary collision

of
.
.
.

-180 -90 0 90 180
(I)e-mol [deg]

Fig. 3. Correlation between both electrons for double photoionization of H, at £, = 160 eV and 5 eV <
E, < 25 €V, corresponding to £, =~ 85 to 105 eV. (A) x axis: angle of fast electron to the molecular axis
(®e_mo) (see Fig. 10), and y axis: angle ®._. between the two electrons. Both electrons and the
molecule are selected to lie within +30° of the polarization plane. Thus, Fig. 2B is a projection of this
figure onto the horizontal axis. (B) Projection of (A) onto the horizontal axis for 50° < ®._. < 80°. (C)
Polar presentation of the data shown in (B). (D) Projection analogous to (B) for —80° < ®,_, < —50°.

(E) Polar presentation of data shown in (D).
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(20, 25). The angles @, = 90° and ®,_, =—90°
correspond to a kick of the second electron,
either to the left or the right. This strong electron-
electron Coulomb interaction mediates the double
ionization and creates an entanglement between
the two electrons. Electron collisions of this sort
in bound systems have been demonstrated di-
rectly in pump-probe experiments (26).

This situation is an intramolecular version of
a scattering event downstream of a double slit
(27, 6). When either photons (6) or particles
(27) are scattered from a beam after passage
through a double slit, the scattering induces a
phase shift, which then leads to a shift of the
interference pattern. If the momentum transfer is
not measured in coincidence (6), the fringe vis-
ibility is lost. In this experiment, both electrons
are initially delocalized inside the molecule in a
completely coherent single quantum state. Be-
fore photoabsorption, both electrons are confined
in the hydrogen ground state, which is symmetric
with respect to its two atomic centers. Thus, we
observed not a scattering between classical lo-
calized particles but a coherent entanglement of
the wave function of the two electrons.

It is instructive to think of the electronic two-
body system as split into its subsystems and
to consider one subsystem as the environment
of the other. The strong Coulomb interaction
entangles the two subsystems and leads to a
position-dependent modification of phase of
the single-particle wave function inside each
of the two subsystems. The entanglement of the
electrons in the pair is directly visible in their
mutual angular distribution and is further
evidenced by the observation that selecting the
momentum of one electron makes the interfer-
ence pattern of its partner reappear. In the spirit

of discussions dating from the early history of
quantum mechanics, one particle can be con-
sidered an observer that carries partial informa-
tion about the other particle and its path through
the double slit. The amount of which-way in-
formation exchanged between the particles is
limited by the observer particle's de Broglie
wavelength (28). The key difference between
the situation depicted in Fig. 2A (which shows
interference) and Fig. 2B (which shows no in-
terference) is that the wavelength of the second,
unobserved electron is much shorter in the latter
case.

Our experiment thus reveals that a very
small number of particles suffices to induce the
emergence of classical properties, such as the
loss of coherence. A four-body system, such as
fragmented molecular hydrogen, acts as a double
slit in the sense that coherence is lost in a sub-
system of entangled electrons. Such a fundamen-
tal system facilitates the study of the influence
of interelectronic Coulomb interactions on the
coherence properties of a single electron. In solid-
state—based quantum computing devices, such
electron-electron interaction represents a key
challenge. One advantageous aspect of the finite
system investigated here is that, theoretically, it
is fully tractable at present (29-32).

References and Notes

. C. Jénnson, Z. Phys. A 161, 454 (1961).

. M. Arndt et al., Nature 401, 680 (1999).

. M. Noel, C. Stroud, Phys. Rev. Lett. 75, 1252 (1995).

. E. Joos, H. Zeh, Z. Phys. B 59, 223 (1985).

. W. Zurek, Rev. Mod. Phys. 75, 715 (2003).

. D. A. Kokorowski, A. D. Cronin, T. D. Roberts,
D. E. Pritchard, Phys. Rev. Lett. 86, 2191 (2001).

7. L. Hackermiiller, K. Hornberger, B. Brezger, A. Zeilinger,
M. Arndt, Nature 427, 711 (2004).

oA WN

8. H. Cohen, U. Fano, Phys. Rev. 150, 30 (1966).
9. D. Rolles et al., Nature 7059, 711 (2005).

10. X. Liu et al., J. Phys. B 39, 4801 (2006).

11. 1. Kaplan, A. Markin, Sov. Phys. Dokl. 14, 36 (1969).

12. M. Walter, ]. Briggs, J. Phys. B 32, 2487 (1999).

13. ]. Fernandez, O. Fojon, A. Palacios, F. Martin,

Phys. Rev. Lett. 98, 043005 (2007).

14. N. Stolterfoht et al., Phys. Rev. Lett. 87, 023201 (2001).

15. D. Misra et al., Phys. Rev. Lett. 92, 153201 (2004).

16. ]. Ullrich et al., Rep. Prog. Phys. 66, 1463 (2003).

17. R. Dérner et al., Phys. Rep. 330, 95 (2000).

18. 0. Jagutzki et al., Nucl. Instrum. Methods A 4717, 244
(2002).

19. T. Weber et al., Nature 431, 437 (2004).

20. A. Knapp et al., Phys. Rev. Lett. 89, 033004 (2002).

21. G. L. Yudin, S. Chelkowski, A. D. Bandrauk, J. Phys. B 39,
L17 (2006).

22. S. K. Semenov, N. A. Cherepkov, J. Phys. B 36, 1409
(2003).

23. R. Diez Muifio, D. Rolles, F. ]. Garcia de Abajo,

C. S. Fadley, M. A. Van Hove, J. Phys. B 35, L359 (2002).

24. T. Opatrny, G. Kurizki, Phys. Rev. Lett. 86, 3180 (2001).

25. M. Pont, R. Shakeshaft, Phys. Rev. A 51, R2676 (1995).

26. S. N. Pisharody, R. R. Jones, Science 303, 813 (2004).

27. K. Hornberger et al., Phys. Rev. Lett. 90, 160401
(2003).

28. W. Wootters, W. Zurek, Phys. Rev. D 19, 473 (1979).

29. W. Vanroose, F. Martin, T. Rescigno, C. W. McCurdy,
Science 310, 1787 (2005).

30. F. Martin et al., Science 315, 629 (2007).

31. ]. Colgan, M. S. Pindzola, F. Robicheaux, J. Phys. B 37,
L1377 (2004).

32. D. Dundas, J. Phys. B 37, 2883 (2004).

33. We thank M. Walter, ]. Briggs, A. Kheifets, U. Becker,
D. Rolles, E. Joos, K. Ueda, M. Arndt, and M. Aspelmeyer
for enlightening discussions. We acknowledge
outstanding support by the staff of the Advanced
Light Source, in particular by E. Arenholz, T. Young,

H. Bluhm, and T. Tyliszczak. This work was supported
by the Deutsche Forschungsgemeinschaft and by the
Office of Basic Energy Sciences, Division of Chemical
Sciences of the U. S. Department of Energy under
contract DE-AC03-76SF00098.

10 May 2007; accepted 18 September 2007
10.1126/science.1144959

Accelerated Uplift and Magmatic
Intrusion of the Yellowstone
Caldera, 2004 to 2006

Wu-Lung Chang,** Robert B. Smith,™* Charles Wicks,? Jamie M. Farrell,* Christine M. Puskas®

The Yellowstone caldera began a rapid episode of ground uplift in mid-2004, revealed by Global
Positioning System and interferometric synthetic aperture radar measurements, at rates up to 7
centimeters per year, which is over three times faster than previously observed inflation rates. Source
modeling of the deformation data suggests an expanding volcanic sill of ~1200 square kilometers at
a 10-kilometer depth beneath the caldera, coincident with the top of a seismically imaged crustal
magma chamber. The modeled rate of source volume increase is 0.1 cubic kilometer per year, similar to
the amount of magma intrusion required to supply the observed high heat flow of the caldera.

This evidence suggests magma recharge as the main mechanism for the accelerated uplift, although
pressurization of magmatic fluids cannot be ruled out.

in North America (Fig. 1A). The youngest
of three giant eruptions that formed the
field occurred 640,000 years ago, creating the
40-km-wide by 60-km-long Yellowstone cal-

The Yellowstone volcanic field is the largest
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dera. This eruption was followed by 30 smaller
eruptions of dominantly rhyolite flows, the
youngest 70,000 years ago (/). Earthquakes,
ground deformation, very high heat flow, and
the world’s largest distribution of hydrothermal

features characterize Yellowstone (2, 3), sim-
ilar to those of other silicic volcanic fields such
as Long Valley, California, and Phlegrean Fields,
Italy (4, ).

Geodetic measurements of Yellowstone from
1923 to 2004 using precise leveling, GPS (Global
Positioning System), and InSAR (interfero-
metric synthetic aperture radar) have revealed
multiple episodes of caldera uplift and sub-
sidence, with maximum average rates of ~1 to
2 cm/year generally centered at its two re-
surgent domes, Sour Creek and Mallard Lake
(6-8). In addition, an area northwest of the
caldera near Norris Geyser Basin experienced
periods of substantial ground deformation (8, 9).
These spatial and temporal variations of the Yel-
lowstone unrest also correlated with pronounced
changes in seismic and hydrothermal activity
(9, 10) (Fig. 1B).
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