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A similar replacement of the active subset is not
apparent in the dentate gyrus, which suggests
that the change in the CA3 code is triggered by
direct projections from entorhinal grid cells to
the CA3 (32).

Pattern separation in the dentate gyrus is
thus different from separation processes in the
cerebellum (10, 11), where signals from the
brain stem spread out on a layer of granule cells
whose cell numbers exceed those of the input
layer by a factor of several million. The number
of granule cells in the dentate gyrus and pyram-
idal cells in the CA3 only marginally out-
numbers the projection neurons from layer 11
of the entorhinal cortex [in the rat, 1,000,000,
300,000 and 200,000, respectively (15, 35, 36)],
which suggests that the same hippocampal
cells must participate in many representa-
tions even when the population activity is
sparse (13, 14). In such networks, orthogonal-
ization of coincidence patterns may be more
effective.

The decorrelated firing of the dentate cells
contrasts with the invariant discharge structure of
grid cells upstream in the medial entorhinal
cortex (30-32) (Fig. 4). The reduction in spatio-
temporal coincidence could be derived from the
lateral entorhinal cortex, but not by a straight-
forward relay mechanism, because cells in this
area do not exhibit reliable place modulation
(37). It is thus likely that many of the underlying
computations take place within the dentate gyrus
itself. The use of a dedicated neuronal popula-
tion for orthogonalization of small differences
in input to the CA fields enables the hippocam-

pal network to encode the full variety of expe-
rience in a more diversified manner than what
could be accomplished with attractor networks
alone.
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Wave-particle duality is strikingly illustrated by Wheeler's delayed-choice gedanken experiment,
where the configuration of a two-path interferometer is chosen after a single-photon pulse has
entered it: Either the interferometer is closed (that is, the two paths are recombined) and the
interference is observed, or the interferometer remains open and the path followed by the photon
is measured. We report an almost ideal realization of that gedanken experiment with single
photons allowing unambiguous which-way measurements. The choice between open and closed
configurations, made by a quantum random number generator, is relativistically separated from

the entry of the photon into the interferometer.

oung’s double-slit experiment, realized
with particles sent one at a time through
an interferometer, is at the heart of
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that the phenomenon of interference, interpreted
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wave-particle duality of the light field. To un-
derstand their meaning, consider the single-
photon interference experiment sketched in
Fig. 1. In the closed interferometer configuration,
a single-photon pulse is split by a first beam-
splitter BS;;, of a Mach-Zehnder interferometer
and travels through it until a second beamsplitter
BSguput Tecombines the two interfering arms.
When the phase shift @ between the two arms is
varied, interference appears as a modulation of
the detection probabilities at output ports 1 and 2,
respectively, as cos® @ and sin”> &. This result is
the one expected for a wave, and as Wheeler
pointed out, “[this] is evidence ... that each ar-
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riving light quantum has arrived by both routes”
(7). If BSqugpue is removed (the open configu-
ration), each detector D1 or D2 on the output
ports is then associated with a given path of the
interferometer, and, provided one uses true single-
photon light pulses, “[either] one counter goes off,
or the other. Thus the photon has traveled only
one route” (7). Such an experiment supports
Bohr’s statement that the behavior of a quantum
system is determined by the type of measurement
performed on it (8). Moreover, it is clear that for
the two complementary measurements consid-
ered here, the corresponding experimental set-
tings are mutually exclusive; that is, BSqgput
cannot be simultaneously present and absent.

In experiments where the choice between
the two settings is made long in advance, one
could reconcile Bohr’s complementarity with
Einstein’s local conception of the physical
reality. Indeed, when the photon enters the inter-
ferometer, it could have received some “hidden
information” on the chosen experimental con-
figuration and could then adjust its behavior
accordingly (9). To rule out that too-naive
interpretation of quantum mechanical comple-
mentarity, Wheeler proposed the “delayed-
choice” gedanken experiment in which the
choice of which property will be observed is
made after the photon has passed BS;;,¢: “Thus
one decides the photon shall have come by one
route or by both routes after it has already done
its travel” (7).

Since Wheeler’s proposal, several delayed-
choice experiments have been reported (/0—15).
However, none of them fully followed the

Fig. 1. Wheeler's delayed-choice gedanken
experiment proposal. The choice to intro-

original scheme, which required the use of the
single-particle quantum state as well as rel-
ativistic space-like separation between the choice
of interferometer configuration and the entry of
the particle into the interferometer. We report the
realization of such a delayed-choice experiment
in a scheme close to the ideal original proposal
(Fig. 1). The choice to insert or remove BSypue
is randomly decided through the use of a quan-
tum random number generator (QRNG). The
QRNG is located close to BSypu and is far
enough from the input so that no information
about the choice can reach the photon before it
passes through BS;; .

Our single-photon source, previously devel-
oped for quantum key distribution (16, 17), is
based on the pulsed, optically excited photo-
luminescence of a single nitrogen-vacancy (N-V)
color center in a diamond nanocrystal (/8). At the
single-emitter level, these photoluminescent cen-
ters, which can be individually addressed with
the use of confocal microscopy (/9), have shown
unsurpassed efficiency and photostability at room
temperature (20, 21). In addition, it is possible to
obtain single photons with a well-defined polar-
ization (16, 22).

The delayed-choice scheme is implemented
as follows. Linearly polarized single photons are
sent by a polarization beamsplitter BS;,py¢
through an interferometer (length 48 m) with
two spatially separated paths associated with
orthogonal S and P polarizations (Fig. 2). The
movable output beamsplitter BS g consists of
the combination of a half-wave plate, a polariza-
tion beamsplitter BS', an electro-optical modula-

Path 2
A ‘ detectors

REPORTS

tor (EOM) with its optical axis oriented at 22.5°
from input polarizations, and a Wollaston prism.
The two beams of the interferometer, which are
spatially separated and orthogonally polarized,
are first overlapped by BS' but can still be
unambiguously identified by their polarization.
Then, the choice between the two interferometer
configurations, closed or open, is realized with
the EOM, which can be switched between two
different configurations within 40 ns by means of
a homebuilt fast driver (/6): Either no voltage is
applied to the EOM, or its half-wave voltage V. is
applied to it. In the first case, the situation
corresponds to the removal of BS;q, and the
two paths remain uncombined (open configu-
ration). Because the original S and P polar-
izations of the two paths are oriented along prism
polarization eigenstates, each “click” of one
detector D1 or D2 placed on the output ports is
associated with a specific path (path 1 or path 2,
respectively). When the V. voltage is applied, the
EOM is equivalent to a half-wave plate that
rotates the input polarizations by an angle of 45°.
The prism then recombines the two rotated
polarizations that have traveled along different
optical paths, and interference appears on the two
output ports. We then have the closed interfer-
ometer configuration (22).

To ensure the relativistic space-like separation
between the choice of the interferometer config-
uration and the passage of the photon at BS; .,
we configured the EOM switching process to be
randomly decided in real time by the QRNG
located close to the output of the interferometer
(48 m from BS;;,y). The random number is gen-
erated by sampling the amplified shot noise of a
white-light beam. Shot noise is an intrinsic
quantum random process, and its value at a

duce or remove beamsplitter BSqpu (closed . mirror given time cal?not be predicted (23). The timing
or open configuration) is made only after ~S9/e-Photon 5s 7~ . of the experiment ensures the required rel-
the passage of the photon at BS;pu, SO pulse o output ativistic space-like separation (22). Then, no
that the photon entering the interfer- A information about the interferometer configu-
ometer “cannot know” which of the two A . ration choice can reach the photon before it
complementary experiments (path differ- BSinput Path 1 mirror enters the interferometer.

ence versus which-way) will be performed The single-photon behavior was first tested
at the output. using the two output detectors feeding single and
Fig. 2. Experimental realization of =

Wheeler's gedanken experiment. Single E 40 QRNG

photons emitted by a single N-V color § _48

_cen'ger are sent through a A}S-m polar- 4.2 MHz _ z e Veoy = Vs
ization interferometer, equivalent to a = £

time of flight of about 160 ns. A binary CLOCK g V. 3

random number 0 or 1, generated by C 5 % 4 & & 10 ° FoM~7 0

the QRNG, drives the EOM voltage Time (us)

between V = 0 and V = V, within N-V color

40 ns, after an electronic delay of center BSinput

80 ns. Two synchronized signals from [ Path 2

the clock are used to trigger the single- ” cccccccas

photon emission and the QNRG. In the L

laboratory frame of reference, the _’ - S “e .F’th.h.1- “e

random choice between the open and N, trigger -1 single ;

the closed configuration is made simul- ~ Pulses photon & 48 m

taneously with the entry of the photon

into the interferometer. Taking advantage of the fact that the QNRG is located at the output of the interferometer, such timing ensures that the photon enters the
future light cone of the random choice when it is at about the middle of the interferometer, long after passing BSi,put-
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coincidence counters with BS,ug, removed
(open configuration). We used an approach
similar to the one described in (2) and (6).
Consider a run corresponding to Nt trigger pulses
applied to the emitter, with N, counts detected in
path 1 of the interferometer by D1, N, counts
detected in path 2 by D2, and N detected co-
incidences corresponding to joint photodetec-
tions on D1 and D2 (Fig. 2). Any description in
which light is treated as a classical wave, such as
the semiclassical theory with quantized photo-
detectors (24), predicts that these numbers of
counts should obey the inequality

Nc X Nt

= Ye X ATy 1
CTNXN, M

Violation of this inequality thus gives a quanti-
tative criterion that characterizes nonclassical
behavior. For a single-photon wavepacket, quan-
tum optics predicts perfect anticorrelation (i.e.,
o = 0) in agreement with the intuitive image that
a single particle cannot be detected simulta-
neously in the two paths of the interferometer
(2). We measured o = 0.12 £ 0.01, hence we are
indeed close to the pure single-photon regime.
The nonideal value of the o parameter is due to
residual background photoluminescence of the
diamond sample and to the two-phonon Raman
scattering line, which both produce uncorrelated
photons with Poissonian statistics (6).

With single-photon pulses in the open
configuration, we expected each detector DI
and D2 to be unambiguously associated with a
given path of the interferometer. To test this
point, we evaluated the “which-way” information
parameter / = (N} — Np)/(N; + N>) (25-28) by
blocking one path (e.g., path 2) and measur-
ing the counting rates at D1 and D2. A value of
I higher than 0.99 was measured, limited by
detector dark counts and residual imperfections

Fig. 3. Results of the delayed-choice 5 1600

experiment. The phase shift @ (indicated o
with arbitrary origin) is varied by tilting 1200

BS'. Each point, recorded with acquisition o

time of 1.9 s, corresponds to the de- S 800

tection of about 2600 photons. The 8

detector dark counts, 59 s~ for D1 (blue 400

points) and 70 s™* for D2 (red points),

have been subtracted from the data. (A) 0

Cases when V. is applied on the EOM
(closed configuration); interference with
94% visibility is obtained. (B) Cases B
when no voltage is applied on the EOM

(open configuration); no interference is
observed and equal detection probabil-
ities (0.50 + 0.01) on the two output 2
ports are measured, corresponding to é

full knowledge of the complementary
which-way information (/ parameter
greater than 99%).

1200

800

400

of the optical components. The same value was
obtained when the other path was blocked (e.g.,
path 1). In the open configuration, we thus have
an almost ideal which-way measurement.

The delayed-choice experiment itself is
performed with the EOM randomly switched
for each photon sent into the interferometer,
corresponding to a random choice between the
open and closed configurations. The phase shift
@ between the two interferometer arms is varied
by tilting the second polarization beamsplitter
BS' with a piezoelectric actuator (PZT). For each
photon, we recorded the chosen configuration,
the detection events, and the PZT position. All
raw data were saved in real time and were pro-
cessed only after a run was completed. For each
PZT position, detection events on D1 and D2
corresponding to each configuration were sorted
(Fig. 3). In the closed configuration, we observed
interference with 0.94 visibility. We attribute
the departure from unity to an imperfect overlap
of the two interfering beams. In the open con-
figuration, interference totally disappears, as
evidenced by the absence of modulation in
the two output ports when the phase shift ®
was varied. We checked that in the delayed-
choice configuration, parameters a and / kept
the same values as measured in the prelimi-
nary tests presented above.

Our realization of Wheeler’s delayed-choice
gedanken experiment demonstrates that the
behavior of the photon in the interferometer
depends on the choice of the observable that is
measured, even when that choice is made at a
position and a time such that it is separated from
the entrance of the photon into the interferometer
by a space-like interval. In Wheeler’s words, as
no signal traveling at a velocity less than that of
light can connect these two events, “we have a
strange inversion of the normal order of time.
We, now, by moving the mirror in or out have an
unavoidable effect on what we have a right to say

0 2n 47 67 8n
Phase shift ® (rad)

10n

eI et

0 21 4 6 8n
Phase shift ® (rad)

10n

about the already past history of that photon” (7).
Once more, we find that nature behaves in
agreement with the predictions of quantum
mechanics even in surprising situations where a
tension with relativity seems to appear (29).
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Methods
Triggered single-photon source

We use a single nitrogen-vacancy (N-V) color center in a diagmnanocrystal. The N-V centers are created by irradiation
type Ib diamond sample with high-energy electrons followgdinnealing aB00°C*. Under a well controlled irradiation dose,
the N-V center density is small enough to allow independddtessing of a single center using standard confocal ndoma.
The experimental setup used to excite and spectrally cteaize single color center photoluminescence is depictefig. 4.
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Figure 4: (a)-N-V color center consisting in a substitutional Nitrogermmt (N), associated to a Vacancy (V) in an adjacent
lattice site of the diamond crystalline matri¢b)- Confocal microscopy setup. Tha2 nm pulsed excitation laser beam is tightly
focused on a diamond nanocrystals with a high numerical tperNA=0.95) microscope objective. The photoluminescence
of the N-V color center is collected by the same objectivethed spectrally filtered from residual pumping light. Feliog
standard confocal detection scheme, the collected ligfddased onto 400 um diameter pinhole. To identify a well isolated
photoluminescent emitter, the sample is first raster scdner the center used in the experiment, a signal over backgpt
ratio of about 10 is achievedc)-The unicity of the emitter is then ensured by observatiomtibanching in the second order
correlation functiony(? (7) of the N-V center photoluminescence, recorded by a startdanbury Brown and Twiss setup. The
very small remaining value at zero delay?) (0) = 0.12 is due to background emission from the substrate and frorditraond
sample in which the color center is embedded. Exponential §it* (1) (blue line) gives the excited level lifetime of the defect
Top = 44.5 £ 0.5 ns. (d)-Part of the photoluminescence can be also taken to recoreihission spectrum of the N-V color
center. The two sharp lines (1) and (2) are respectivelywtephonon Raman scattering line of the diamond matrix sased

to the excitation wavelength and the zero phonon line at G8%vhich characterizes photoluminescence of negativelygela
N-V color centers.

Excitation is done with a home-built pulsed laser at a wawgtle of 532 nn?. The laser system delivers 800 ps pulses with
energy 50 pJ, high enough to ensure efficient pumping of tha center in its excited level. The repetition rate, symctized
on a stable external clock, is set&a2 MHz so that successive fluorescent decays are well sepanatide from each other.
Single photons are thus emitted by the N-V color center algtegmined times within the accuracy of its excited stdiifne,
which is about 45 ns for the center used in the experimentXigpé-(c)).
1C. Kurtsiefer, S. Mayer, P. Zarda, and H. Weinfurfehys. Rev. Let85, 290 (2000).

2A. Gruber, A. Drabenstedt, C. Tietz, L. Fleury, J. Wrachtrand C. von Borczyskowsk§cience276, 2012 (1997)
3A. Beveratos, S. Kuhn, R. Brouri, T. Gacoin, J.-P. Poizat, BnGrangierEur. Phys. J. D18, 191 (2002).




Significant limitation of defect photoluminescence in damd arises from the high index of refraction of the bulk miater
(n = 2.4), which makes an efficient extraction of the emitted photdifficult. Refraction at the sample interface leads to a
small collection efficiency, limited by total internal refteon and strong optical aberrations. An efficient way t@emvent
these problems is to consider the emission of defects inali@hmanocrystals, with size much smaller than the waveteofjt
the radiated light. The sub-wavelength size of the nanocrystals rendersctefreirrelevant and one can then simply treat the
color center as a point source radiating in air. Furthermitre small volume of diamond excited by the pumping laseldgie
very low background light. Such property is of crucial imgaorce for single-photon emission, since residual backutdight
will contribute to a non-vanishing probability of having ned¢han one photon within the emitted light pulse.

Nanostructured samples are prepared by starting with tyggrthetic diamond powder (ElementSix, The Netherlafds)
After irradiation, diamond nanocrystals are dispersed mpolymer solution and then size-selected by centrifogatvith a
mean diameter of about 90 nm. The resulting polymer solw@mniaining selected diamond nanocrystals is spin-coattuthe
surface of a dielectric mirror, yielding a 30-nm-thick palgr layer which subsequently holds the diamond nanocsysiidie
ultra-low fluorescing dielectric structure of the mirrorafertec, Germany) is optimized to efficiently reflect the tohomines-
cence of the N-V color center towards the collection optive. note that the background fluorescence from the mirroedigt
layers is strongly reduced due to photobleaching after ahi@urs of sample illumination, while the N-V color center egsion
properties remain unaffected.

Single-photon interferometer with two spatially separated paths

The experiment is based on a 48-meter-long interferometgicted in the article, very close to the Mach-Zehnder fater
ometer configuration. A linearly polarized single-photanse is sent through a first YV(olarization beamsplitter (BS,us)
with 45° oriented polarization eigenstates. The two S and P linelarigations at the output of BS,, are then spatially sepa-
rated by 4 mm, sufficient to avoid any overlap between the teamis, since each beam size is about 1 mm. To limit diffraction
effects due to open-air propagation along the interferemawo afocal systems witlh5 magnification are used. Aftel8 m
propagation, equivalent to a time of flightgf;..r ~ 160 ns, a second polarization beamsplitter (B&verlaps the two spatially
separated polarizations without recombining the two aytmally polarized paths of the interferometer. At the otipiBS),
the two overlapping polarized channels are sent through & &lectro-optical modulator (EOM, Linos LM0202, Germangjia
a Wollaston prism which separates S and P polarizationsalliziriwo silicon avalanche photodiodes (APD) operatinghia
photon counting regime (Perkin EImer AQE are positioned at the output ports. Depending on the velagpplied to the
EOM (V = 0orV = V;), the interferometer is eithefosedor openas depicted in Fig.5.
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Figure 5:Polarization states after the second polarization bearnitspBS depending on the voltage applied to the EOM. When
no voltage is applied, the two polarizations stay unrecarabliand the interferometer is open. Detectors D1 and D2, each
associated to a given route of the photon along the intenfietier, provide a “which-path” information. When thé voltage is
applied to the EOM, with optical eigenstates orienteda6° from the input polarizations, the EOM is equivalent to a hatfve
plate which rotates the polarization state £%°. The Wollaston prism then mixes the two polarizations atetfierence appears

in the two complementary output ports when the optical péflrénce between the interfering channels is varied bingIBS.

4A. Beveratos, R. Brouri, T. Gacoin, J.-P. Poizat, and P. GisrPhys. Rev. A4, 061802R (2001).



At last, the N-V center photoluminescence is spectrallgi@t with a 10 nm FWHM bandwidth centered at 670 nm to avoid
any problem of chromatism of the afocal systems and any tedtucf interference visibility due to the broadband enogsof
the N-V color center (see Fig.4-(d)). Finally counting satd about700 count.s~! are measured on each detector in tpen
configuration. The corresponding signal to noise ratio @l is essentially limited by darkcounts of the two APDs tloe
order of60 count.s~! for each.

Quantum Random Number Generator

To ensure space-like separation between the entrance phtiten into the interferometer and the choice of the peréatrm
measurement, the applied voltage on the EOM is randomlyechimsreal time, using a Quantum Random Number Generator
(QRNG) located at the output of the interferometer. The camdumbers are generated from the amplified shotnoise of & whi
lightbeam. For each clock pulse, i.e. ev@Bg ns, fast comparison of the amplified shotnoise to the zerd tnerates a binary
random numbe® or 1. As shown on Fig. 6, the autocorrelation function of a randwmber sequence reveals no significant
correlations between different drafts over the time soallevant for the experiment. We also checked by direct sanglf the
amplified shotnoise every 10 ns that its correlation timgjsraximatively 60 ns. This measurement confirms that clsaicade
at the4.2 MHz clock rate are uncorrelated.
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Figure 6:Normalized autocorrelation function of420 000 random numbers sequence generated atittdHz clock frequency.
Insert displays a zoom of the function close to zero delajorfg time scale no correlation is observed. A small antietation
effect of aboutt% appears at very short time scale (beldys) presumably due to small oscillations in the amplified otitgfu
the shotnoise limited photodetector.

Timing of the experiment

A small fraction of the pump pulsed laser at 532 nm is useddoketrigger the experiment with 4.2 MHz repetition rater-co
responding to an excitation of the color center every = 238 ns °. As depicted on Fig.7, an FPGA programmable circuit
generates for each clock pulse the following sequencet, Fast comparison of the amplified shotnoise to the zerd lgep-
erates a binary random number 0 or 1 which drives the voltapiesl to the EOM, switching between tlopenand closed
configurations. Then a detection gate of duratign= 40 ns is adjusted with appropriate time delays to coincide withghoton
arrival on detectors D1 and D2 The FPGA electronics is programmed in order that the rand@mber generation is realized
160 ns before the detection gate, which corresponds to e aif flight 7;,,¢,¢ Of the photon inside the interferometer. The
QRNG is then drawn simultaneously with the photon emissigthin the accuracy of the excited level lifetimsg, of the N-V
centerry, = 44.5 &+ 0.5ns (see Fig.4-(b)).

5Since the time of flight of the photon in the interferometgy., is smaller than the excitation periage;, only one single-photon pulse is inside the
interferometer at a time.
6This gated detection leads to a significant decrease of teetige number of dark counts of D1 and D2.



As shown in the space-time diagram of Fig.7, if the singletph appears at the very beginning (resp. at the very end of i
time-emission window, it has been inside the interferomi&te85 ns (resp. 40 ns), meaning 25 m (resp.12 m) away from the
input beamsplitter, when the EOM voltage starts to comnietiethermore, such timing ensures that the two events “iewgtef
the photon into the interferometer at B85+ ” and “choice of the experimental configuration atBS.:” are space-like separated
in a special relativistic sense, as required in Wheeledpgpsal. Indeed, the photon enters the future light-conbefandom
choice when it is about at the middle of the interferometerglafter passing Bg,u:.
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Figure 7:Timing of the “delayed-choice” experiment, representechapace-time diagram. Clock pulses of 5 ns duration are
generated by detecting part of the pump laser beafBainm. Due to the N-V color center radiative lifetime, the s@aghoton
light pulses are emitted during a gate of duratiay = 44.5 & 0.5ns. All the electronics is based on a FPGA programmable
circuit which has a few nanoseconds jitter. To account fapagation delays and response time, the measurement djplie
photon “n” is synchronised on clock pulse “n-1" which triggethe emission of photon “n-1" (see green bented line cqroesl-

ing to speed-of-light propagation). The sequence for thasueement applied to photon “n” is done in three steps. Fitbe
binary random number (in blue) which determines the interfeeter configuration is generated by the QRNG simultanigous
with the trigger of single-photon “n” emission. Then, thimary random number (equal to O for photon “n”) drives the EOM
voltage betweely = 0 andV = V. within 40 ns, as shown in the figure in red. Finally the single-photols@is detected at
the outputs ports by D1 or D2, after its time of flight;..¢ in the interferometer. This detection is done during a gditduvation

7a = 40 ns, generated with three electronic D-latches separated(ys (green line). The blue zone represents the space-like
domain associated to the event “entering of photon ‘n’ irfite interferometer”. The choice of the open or closed conétion

for photon “n” is clearly within that region.





