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The Einstein – Bohr debate: a philosophical one?

Measure on A can not influence the one on B = LOCALITY
Þ correlations possible only if the two photons share a common 
property which determines their state before the measurement

But… No such property in quantum theory

Photons have no defined polarization state before the measurement
Correlation = intrinsic property of the state

Polarisation state fixed when measuring (Random result)
Quantum physics is complete !

A. Einstein

N. Bohr



John Bell (1964): philosophical debate testable experimentally

John Bell
(1938 - 1990)

Einstein : hidden variable l determines outcome of measurement
A1(l), A2(l), B1(l), B2(l) = ±1 Þ -2 £ S £ 2

Quantum Physics predicts S > 2 for some orientations
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Strong correlations also exist in the classical world…

Entanglement Þ RJ, JR, RJ, RJ, JR… Entanglement Þ PP, FF, FF, PP, PP, FF, …

P P

F F

P P F F

OR

Correlations may be explained by the random 
fluctuations of a hidden « mechanism »



The Nobel Prize in Physics 2022 was awarded jointly to Alain Aspect, 
John F. Clauser and Anton Zeilinger "for experiments with entangled 
photons, establishing the violation of Bell inequalities and pioneering 

quantum information science"

The Nobel Prize in Physics 2022



The first conclusive test: John Clauser

John Clauser

Phys. Rev. Lett. 1972

Single-photon source:
radiative cascade 40Ca

Quant. Phys.

0.3 (Q.) > 0.25 (cl.)
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Dye laser

Laser Kr+

J = 0

J = 0

551 nm
n1

423 nm
n2

t = 5 ns

A new source of 
entangled photons

Radiative 
cascade Ca

Higher flux Þ better statistics

Aspect, Grangier & Roger, Phys. Rev. Lett. 47, 460 (1981)

δ!"# = 0.0572 ± 0.0043

Violation by 10 standard 
deviations

The Aspect’s experiments (Orsay 1974 - 1982): exp. 1



Aspect, Grangier & Roger, Phys. Rev. Lett. 49, 91 (1982)

−2 ≤ 𝑆𝐵𝑒𝑙𝑙 ≤ 2

 𝑆𝑄𝑀(𝜃 = 22.5°) 	≤ 	2.70	 ± 	0.05
	 𝑆𝑒𝑥𝑝(𝜃 = 22.5°) 	≤ 	2.697	 ± 	0.015

Two-channel detectors

The Aspect’s experiments (Orsay 1974 - 1982): exp. 2



−1 ≤ 𝑆’𝐵𝑒𝑙𝑙 ≤ 0	(Shimony-Holt inequality)
 

𝑆’𝑄𝑀(𝜃 = 22.5°) = 0.112
 𝑆’exp(𝜃 = 22.5°) 	= 	0.101 ± 0.020

Test of non-locality

Aspect, Dalibard & Roger, Phys. Rev. Lett. 49, 1804 (1982)

The Aspect’s experiments (Orsay 1974 - 1982): exp. 3



And since then…

2017: sources in satellite
D = 1200 km

J.-W. Pan
Chine

2001: 2 ions

close the locality loophole. So far, no experiment has closed all the
loopholes simultaneously.

A Bell test that closes all experimental loopholes at the same time—
commonly referred to as a loophole-free Bell test15,19—is of founda-
tional importance to the understanding of nature. In addition, a loop-
hole-free Bell test is a critical component for device-independent
quantum security protocols22 and randomness certification23,24. In
such adversarial scenarios, all loopholes are ideally closed because they
allow for security breaches in the system26.

One approach for realizing a loophole-free set-up was proposed by
Bell himself17. The key idea is to record an additional signal (dashed
box in Fig. 1a) to indicate whether the required entangled state was
successfully shared between A and B, that is, whether the boxes
were ready to be used for a trial of the Bell test. By conditioning the
validity of a Bell-test trial on this event-ready signal, failed entangle-
ment distribution events are excluded upfront from being used in the
Bell test.

We implemented an event-ready Bell set-up18,19 with boxes that use
the electronic spin associated with a single nitrogen-vacancy (NV)
defect centre in a diamond chip (Fig. 1b). The diamond chips are
mounted in closed-cycle cryostats (T 5 4 K) located in distant laborat-
ories named A and B (Fig. 1c). We control the electronic spin state of
each NV centre with microwave pulses applied to on-chip striplines
(Fig. 1c, inset). The spins are initialized through optical pumping and
read out along the Z axis via spin-dependent fluorescence27. The read-
out relies on resonant excitation of a spin-selective cycling transition
(12-ns lifetime), which causes the NV centre to emit many photons when
it is in the bright ms 5 0 spin state, while it remains dark when it is in
either of the ms 5 61 states. We assign the value 11 (ms 5 0) to the
output if we record at least one photo-detector count during the read-out
window, and the value 21 (ms 5 61) otherwise. Read-out in a rotated
basis is achieved by first rotating the spin, followed by read-out along Z.

We generate entanglement between the two distant spins by entan-
glement swapping18 in the Barrett–Kok scheme28,29 using a third loca-
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Figure 1 | Bell-test schematic and experimental realization. a, Bell-test set-
up: two boxes, A and B, accept binary inputs (a, b) and produce binary outputs
(x, y). In an event-ready scenario, an additional box C gives a binary output
signalling that A and B were successfully prepared. b, Experimental realization.
The set-up consists of three separate laboratories, A, B and C. The boxes at
locations A and B each contain a single NV centre in diamond. A quantum
random-number generator (RNG) is used to provide the input. The NV
electronic spin is read out in a basis that depends on the input bit, and the
resultant signal provides the output. A box at location C records the arrival
of single photons that were previously emitted by, and entangled with, the spins
at A and B. c, Experimental set-up at A and B. The NV centre is located in a
low-temperature confocal microscope (Obj.). Depending on the output of the
RNG, a fast switch (Sw.) transmits one of two different microwave pulses
(P0 and P1) into a gold line deposited on the diamond surface (inset, scanning

electron microscope image). Pulsed red and yellow lasers are used to
resonantly excite the optical transitions of the NV centre. The emission (dashed
arrows) is spectrally separated into an off-resonant part (phonon side band,
PSB) and a resonant part (zero-phonon line, ZPL), using a dichroic mirror
(DM). The PSB emission is detected with a single-photon counter (APD). The
ZPL emission is transmitted through a beam-sampler (BS, reflection #4%)
and wave plates (l/2 and l/4), and sent to location C through a single-mode
fibre. d, Set-up at location C. The fibres from A and B are connected to a fibre-
based beam splitter (FBS) after passing a fibre-based polarizer (POL). Photons
in the output ports are detected and recorded. e, Aerial photograph of the
campus of Delft University of Technology indicating the distances between
locations A, B and C. The red dotted line marks the path of the fibre connection.
Aerial photograph by Slagboom en Peeters Luchtfotografie BV.
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2015: « loophole-free » tests
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Loophole-free Bell inequality violation using
electron spins separated by 1.3 kilometres
B. Hensen1,2, H. Bernien1,2{, A. E. Dréau1,2, A. Reiserer1,2, N. Kalb1,2, M. S. Blok1,2, J. Ruitenberg1,2, R. F. L. Vermeulen1,2,
R. N. Schouten1,2, C. Abellán3, W. Amaya3, V. Pruneri3,4, M. W. Mitchell3,4, M. Markham5, D. J. Twitchen5, D. Elkouss1,
S. Wehner1, T. H. Taminiau1,2 & R. Hanson1,2

More than 50 years ago1, John Bell proved that no theory of nature
that obeys locality and realism2 can reproduce all the predictions of
quantum theory: in any local-realist theory, the correlations
between outcomes of measurements on distant particles satisfy
an inequality that can be violated if the particles are entangled.
Numerous Bell inequality tests have been reported3–13; however,
all experiments reported so far required additional assump-
tions to obtain a contradiction with local realism, resulting in
‘loopholes’13–16. Here we report a Bell experiment that is free of
any such additional assumption and thus directly tests the principles
underlying Bell’s inequality. We use an event-ready scheme17–19 that
enables the generation of robust entanglement between distant
electron spins (estimated state fidelity of 0.92 6 0.03). Efficient
spin read-out avoids the fair-sampling assumption (detection
loophole14,15), while the use of fast random-basis selection and spin
read-out combined with a spatial separation of 1.3 kilometres
ensure the required locality conditions13. We performed 245 trials
that tested the CHSH–Bell inequality20 S # 2 and found
S 5 2.42 6 0.20 (where S quantifies the correlation between mea-
surement outcomes). A null-hypothesis test yields a probability
of at most P 5 0.039 that a local-realist model for space-like sepa-
rated sites could produce data with a violation at least as large as
we observe, even when allowing for memory16,21 in the devices.
Our data hence imply statistically significant rejection of the
local-realist null hypothesis. This conclusion may be further con-
solidated in future experiments; for instance, reaching a value of
P 5 0.001 would require approximately 700 trials for an observed
S 5 2.4. With improvements, our experiment could be used for
testing less-conventional theories, and for implementing device-
independent quantum-secure communication22 and randomness
certification23,24.

We consider a Bell test in the form proposed by Clauser, Horne,
Shimony and Holt (CHSH)20 (Fig. 1a). The test involves two boxes
labelled A and B. Each box accepts a binary input (0 or 1) and subse-
quently delivers a binary output (11 or 21). In each trial of the Bell
test, a random input bit is generated on each side and input to the
respective box. The random input bit triggers the box to produce an
output value that is recorded. The test concerns correlations between
the output values (labelled x and y for boxes A and B, respectively) and
the input bits (labelled a and b for A and B, respectively) generated
within the same trial.

The discovery made by Bell is that in any theory of physics that is
both local (physical influences do not propagate faster than light) and
realistic (physical properties are defined before, and independent of,
observation) these correlations are bounded more strongly than they
are in quantum theory. In particular, if the input bits can be considered
free random variables (condition of ‘free will’) and the boxes are

sufficiently separated such that locality prevents communication
between the boxes during a trial, then the following inequality holds
under local realism:

S~ x :yh i(0,0)z x :yh i(0,1)z x :yh i(1,0){ x :yh i(1,1)

!!!
!!!ƒ2 ð1Þ

where Æx ? yæ(a,b) denotes the expectation value of the product of x and y
for input bits a and b. (A mathematical formulation of the concepts
underlying Bell’s inequality is found in, for example, ref. 25.)

Quantum theory predicts that the Bell inequality can be significantly
violated in the following setting. We add one particle, for example an
electron, to each box. The spin degree of freedom of the electron forms
a two-level system with eigenstates j"æ and j#æ. For each trial, the two
spins are prepared into the entangled state jy{i~ j:;i{j;:ið Þ

" ffiffiffi
2
p

.
The spin in box A is then measured along direction Z (for input bit
a 5 0) or X (for a 5 1) and the spin in box B is measured along
{ZzXð Þ

" ffiffiffi
2
p

(for b 5 0) or {Z{Xð Þ
" ffiffiffi

2
p

(for b 5 1). If the mea-
surement outcomes are used as outputs of the boxes, then quantum
theory predicts a value of S~2

ffiffiffi
2
p

, which shows that the combination
of locality and realism is fundamentally incompatible with the predic-
tions of quantum mechanics.

Bell’s inequality provides a powerful recipe for probing fundamental
properties of nature: all local-realist theories that specify where and
when the free random input bits and the output values are generated
can be experimentally tested against it.

Violating Bell’s inequality with entangled particles poses two main
challenges: excluding any possible communication between the boxes
(locality loophole13) and guaranteeing efficient measurements (detec-
tion loophole14,15). First, if communication is possible, a box can in
principle respond using knowledge of both input settings, rendering
the Bell inequality invalid. The locality conditions thus require boxes A
and B and their respective free-input-bit generations to be separated in
such a way that signals travelling at the speed of light (the maximum
allowed under special relativity) cannot communicate the local input
setting of box A to box B, before the output value of box B has been
recorded, and vice versa. Second, disregarding trials in which a box
does not produce an output bit (that is, assuming fair sampling) would
allow the boxes to select trials on the basis of the input setting. The fair
sampling assumption thus opens a detection loophole14,15: the selected
subset of trials may show a violation even though the set of all trials
may not.

The locality loophole has been addressed with pairs of photons
separated over a large enough distance, in combination with fast set-
tings changes4 and later with settings determined by fast random
number generators5,9. However, these experiments left open the detec-
tion loophole, owing to imperfect detectors and inevitable photon loss
during the spatial distribution of entanglement. The detection loop-
hole has been closed in different experiments6–8,10–12, but these did not

1QuTech, Delft University of Technology, PO Box 5046, 2600 GA Delft, The Netherlands. 2Kavli Institute of Nanoscience Delft, Delft University of Technology, PO Box 5046, 2600 GA Delft, The Netherlands.
3ICFO-Institut deCiencies Fotoniques, TheBarcelona Institute ofScienceand Technology, 08860Castelldefels (Barcelona), Spain. 4ICREA-Institució Catalanade Recerca i EstudisAvançats, Lluis Companys
23, 08010 Barcelona, Spain. 5Element Six Innovation, Fermi Avenue, Harwell Oxford, Didcot, Oxfordshire OX11 0QR, UK. {Present address: Department of Physics, Harvard University, Cambridge,
Massachusetts 02138, USA.
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setting of box A to box B, before the output value of box B has been
recorded, and vice versa. Second, disregarding trials in which a box
does not produce an output bit (that is, assuming fair sampling) would
allow the boxes to select trials on the basis of the input setting. The fair
sampling assumption thus opens a detection loophole14,15: the selected
subset of trials may show a violation even though the set of all trials
may not.

The locality loophole has been addressed with pairs of photons
separated over a large enough distance, in combination with fast set-
tings changes4 and later with settings determined by fast random
number generators5,9. However, these experiments left open the detec-
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during the spatial distribution of entanglement. The detection loop-
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close the locality loophole. So far, no experiment has closed all the
loopholes simultaneously.

A Bell test that closes all experimental loopholes at the same time—
commonly referred to as a loophole-free Bell test15,19—is of founda-
tional importance to the understanding of nature. In addition, a loop-
hole-free Bell test is a critical component for device-independent
quantum security protocols22 and randomness certification23,24. In
such adversarial scenarios, all loopholes are ideally closed because they
allow for security breaches in the system26.

One approach for realizing a loophole-free set-up was proposed by
Bell himself17. The key idea is to record an additional signal (dashed
box in Fig. 1a) to indicate whether the required entangled state was
successfully shared between A and B, that is, whether the boxes
were ready to be used for a trial of the Bell test. By conditioning the
validity of a Bell-test trial on this event-ready signal, failed entangle-
ment distribution events are excluded upfront from being used in the
Bell test.

We implemented an event-ready Bell set-up18,19 with boxes that use
the electronic spin associated with a single nitrogen-vacancy (NV)
defect centre in a diamond chip (Fig. 1b). The diamond chips are
mounted in closed-cycle cryostats (T 5 4 K) located in distant laborat-
ories named A and B (Fig. 1c). We control the electronic spin state of
each NV centre with microwave pulses applied to on-chip striplines
(Fig. 1c, inset). The spins are initialized through optical pumping and
read out along the Z axis via spin-dependent fluorescence27. The read-
out relies on resonant excitation of a spin-selective cycling transition
(12-ns lifetime), which causes the NV centre to emit many photons when
it is in the bright ms 5 0 spin state, while it remains dark when it is in
either of the ms 5 61 states. We assign the value 11 (ms 5 0) to the
output if we record at least one photo-detector count during the read-out
window, and the value 21 (ms 5 61) otherwise. Read-out in a rotated
basis is achieved by first rotating the spin, followed by read-out along Z.

We generate entanglement between the two distant spins by entan-
glement swapping18 in the Barrett–Kok scheme28,29 using a third loca-
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Figure 1 | Bell-test schematic and experimental realization. a, Bell-test set-
up: two boxes, A and B, accept binary inputs (a, b) and produce binary outputs
(x, y). In an event-ready scenario, an additional box C gives a binary output
signalling that A and B were successfully prepared. b, Experimental realization.
The set-up consists of three separate laboratories, A, B and C. The boxes at
locations A and B each contain a single NV centre in diamond. A quantum
random-number generator (RNG) is used to provide the input. The NV
electronic spin is read out in a basis that depends on the input bit, and the
resultant signal provides the output. A box at location C records the arrival
of single photons that were previously emitted by, and entangled with, the spins
at A and B. c, Experimental set-up at A and B. The NV centre is located in a
low-temperature confocal microscope (Obj.). Depending on the output of the
RNG, a fast switch (Sw.) transmits one of two different microwave pulses
(P0 and P1) into a gold line deposited on the diamond surface (inset, scanning

electron microscope image). Pulsed red and yellow lasers are used to
resonantly excite the optical transitions of the NV centre. The emission (dashed
arrows) is spectrally separated into an off-resonant part (phonon side band,
PSB) and a resonant part (zero-phonon line, ZPL), using a dichroic mirror
(DM). The PSB emission is detected with a single-photon counter (APD). The
ZPL emission is transmitted through a beam-sampler (BS, reflection #4%)
and wave plates (l/2 and l/4), and sent to location C through a single-mode
fibre. d, Set-up at location C. The fibres from A and B are connected to a fibre-
based beam splitter (FBS) after passing a fibre-based polarizer (POL). Photons
in the output ports are detected and recorded. e, Aerial photograph of the
campus of Delft University of Technology indicating the distances between
locations A, B and C. The red dotted line marks the path of the fibre connection.
Aerial photograph by Slagboom en Peeters Luchtfotografie BV.
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close the locality loophole. So far, no experiment has closed all the
loopholes simultaneously.

A Bell test that closes all experimental loopholes at the same time—
commonly referred to as a loophole-free Bell test15,19—is of founda-
tional importance to the understanding of nature. In addition, a loop-
hole-free Bell test is a critical component for device-independent
quantum security protocols22 and randomness certification23,24. In
such adversarial scenarios, all loopholes are ideally closed because they
allow for security breaches in the system26.

One approach for realizing a loophole-free set-up was proposed by
Bell himself17. The key idea is to record an additional signal (dashed
box in Fig. 1a) to indicate whether the required entangled state was
successfully shared between A and B, that is, whether the boxes
were ready to be used for a trial of the Bell test. By conditioning the
validity of a Bell-test trial on this event-ready signal, failed entangle-
ment distribution events are excluded upfront from being used in the
Bell test.

We implemented an event-ready Bell set-up18,19 with boxes that use
the electronic spin associated with a single nitrogen-vacancy (NV)
defect centre in a diamond chip (Fig. 1b). The diamond chips are
mounted in closed-cycle cryostats (T 5 4 K) located in distant laborat-
ories named A and B (Fig. 1c). We control the electronic spin state of
each NV centre with microwave pulses applied to on-chip striplines
(Fig. 1c, inset). The spins are initialized through optical pumping and
read out along the Z axis via spin-dependent fluorescence27. The read-
out relies on resonant excitation of a spin-selective cycling transition
(12-ns lifetime), which causes the NV centre to emit many photons when
it is in the bright ms 5 0 spin state, while it remains dark when it is in
either of the ms 5 61 states. We assign the value 11 (ms 5 0) to the
output if we record at least one photo-detector count during the read-out
window, and the value 21 (ms 5 61) otherwise. Read-out in a rotated
basis is achieved by first rotating the spin, followed by read-out along Z.

We generate entanglement between the two distant spins by entan-
glement swapping18 in the Barrett–Kok scheme28,29 using a third loca-

POL

FBS

From B From A

C

d

APD

no

yes
no
no

c

A and B 
RNG

b / -1

1 / +1
0 / +1
1 / –1

P1

P0

Obj.
DM

APD

to C

Sw.
PSB

ZPL

λ/2
λ/4

BS

e

818 m818 m

1,280 m1,280 m

NN

493 m493 m

A B

C

10 μm

b

RNG
A

C

B
RNG

a
Yes/no

b = 0 or 1a = 0 or 1

Ready?A B

x = −1 or +1 y = −1 or +1

Recording

Recording

Figure 1 | Bell-test schematic and experimental realization. a, Bell-test set-
up: two boxes, A and B, accept binary inputs (a, b) and produce binary outputs
(x, y). In an event-ready scenario, an additional box C gives a binary output
signalling that A and B were successfully prepared. b, Experimental realization.
The set-up consists of three separate laboratories, A, B and C. The boxes at
locations A and B each contain a single NV centre in diamond. A quantum
random-number generator (RNG) is used to provide the input. The NV
electronic spin is read out in a basis that depends on the input bit, and the
resultant signal provides the output. A box at location C records the arrival
of single photons that were previously emitted by, and entangled with, the spins
at A and B. c, Experimental set-up at A and B. The NV centre is located in a
low-temperature confocal microscope (Obj.). Depending on the output of the
RNG, a fast switch (Sw.) transmits one of two different microwave pulses
(P0 and P1) into a gold line deposited on the diamond surface (inset, scanning

electron microscope image). Pulsed red and yellow lasers are used to
resonantly excite the optical transitions of the NV centre. The emission (dashed
arrows) is spectrally separated into an off-resonant part (phonon side band,
PSB) and a resonant part (zero-phonon line, ZPL), using a dichroic mirror
(DM). The PSB emission is detected with a single-photon counter (APD). The
ZPL emission is transmitted through a beam-sampler (BS, reflection #4%)
and wave plates (l/2 and l/4), and sent to location C through a single-mode
fibre. d, Set-up at location C. The fibres from A and B are connected to a fibre-
based beam splitter (FBS) after passing a fibre-based polarizer (POL). Photons
in the output ports are detected and recorded. e, Aerial photograph of the
campus of Delft University of Technology indicating the distances between
locations A, B and C. The red dotted line marks the path of the fibre connection.
Aerial photograph by Slagboom en Peeters Luchtfotografie BV.
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We ran 245 trials of the Bell test during a total measurement time of
220 h over a period of 18 days. Figure 4a summarizes the observed data,
from which we find S 5 2.42, in violation of the CHSH–Bell inequality
S # 2. We quantify the significance of this violation for two different
scenarios (see Fig. 4b). First, similar to previous work4–9, we analyse the
data under the assumptions that the Bell trials are independent of each
other, that the recorded random input bits have zero predictability and
that the outcomes follow a Gaussian distribution. This analysis (which
we term ‘conventional’) yields a standard deviation of 0.20 on S. In this
case, the null hypothesis that a local-realist model for space-like sepa-
rated sites describes our experiment is rejected with a P value of 0.019
(see Supplementary Information).

The assumptions made in the conventional analysis are not justified
in a typical Bell experiment. For instance, although the locality condi-
tions outlined earlier are designed to ensure independent operation
during a single trial, the boxes can in principle have access to the entire
history including results from all previous trials and adjust their output
to it16,21. Our second analysis (which we term ‘complete’) allows for
arbitrary memory, takes the partial predictability of the random input
bits into account and also makes no assumption about the probability
distributions underlying the data (see Supplementary Information). In
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Figure 3 | Characterization of the set-up and the entangled state. a, The
probability to obtain spin state |"æ at location A (left panel) or B (right panel)
when a single photon is detected in the early or late time bin at location C. In the
left (right) panel, only emission from A (B) was recorded. Dotted bars are
corrected for finite spin read-out fidelity and yield remaining errors of
1.4% 6 0.2% (1.6% 6 0.2%) and 0.8% 6 0.4% (0.7% 6 0.4%) for early and late
detection events, respectively, from set-up A (B). These errors include imperfect
rejection of the excitation laser pulses, detector dark counts, microwave-pulse
errors and off-resonant excitation of the NV. b, Two-photon quantum
interference signal, with dt the time between the two photo-detection events.
When the NV centres at A and B emit indistinguishable photons, coincident
detections of two photons, one in each output arm of the beam-splitter at C, are
expected to vanish. The observed contrast between the cases of indistinguishable
(orange) and distinguishable (grey) photons (3 versus 28 events in the central
peak) yields a visibility of (90 6 6)% (Supplementary Information).
c, Characterization of the Bell set-up using (anti-)parallel read-out angles. The
spins at A (left arrows on the x axis) and B (right arrows on the x axis) are read
out along the 6Z axis (left panels) or the 6X axis (right panels). The numbers in
brackets are the raw number of events. The dotted lines represent the expected
correlations on the basis of the characterization measurements presented in
a and b (Supplementary Information). The data yield a strict lower bound29 on
the state fidelity to | y2æ of 0.83 6 0.05. Error bars are 1 s.d.
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(Supplementary Information), the dependence of the P value on the I value is
shown (complete analysis, red). Here I~8 k

n { 1
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, with k the number of times

(21)(a ? b)x ? y 5 1. (For equal n(a,b), I 5 S with S defined in equation (1).) A
small P value indicates strong evidence against the null hypothesis. We find
k 5 196, which results in a rejection of the null hypothesis with a P # 0.039. For
comparison, we also plot the P value for an analysis (conventional analysis,
orange) assuming independent and identically distributed (i.i.d.) trials,
Gaussian statistics, no memory and perfect random-number generators.
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Quantum teleportation—the transmission and reconstruction over arbitrary distances of the state of a quantum
system—isdemonstratedexperimentally.During teleportation,an initial photonwhichcarriesthepolarization that is to
be transferred and one of a pair of entangled photons are subjected to a measurement such that the second photon of
the entangled pair acquires the polarization of the initial photon. This latter photon can be arbitrarily far away from the
initial one. Quantum teleportation will be a critical ingredient for quantum computation networks.

The dream of teleportation is to be able to travel by simply
reappearing at some distant location. An object to be teleported
can be fully characterized by its properties, which in classical physics
can be determined by measurement. To make a copy of that object at
a distant location one does not need the original parts and pieces—
all that is needed is to send the scanned information so that it can be
used for reconstructing the object. But how precisely can this be a
true copy of the original? What if these parts and pieces are
electrons, atoms and molecules? What happens to their individual
quantum properties, which according to the Heisenberg’s uncer-
tainty principle cannot be measured with arbitrary precision?

Bennett et al.
1 have suggested that it is possible to transfer the

quantum state of a particle onto another particle—the process of
quantum teleportation—provided one does not get any informa-
tion about the state in the course of this transformation. This
requirement can be fulfilled by using entanglement, the essential
feature of quantum mechanics2. It describes correlations between
quantum systems much stronger than any classical correlation
could be.

The possibility of transferring quantum information is one of the
cornerstones of the emerging field of quantum communication and
quantum computation3. Although there is fast progress in the
theoretical description of quantum information processing, the
difficulties in handling quantum systems have not allowed an
equal advance in the experimental realization of the new proposals.
Besides the promising developments of quantum cryptography4

(the first provably secure way to send secret messages), we have
only recently succeeded in demonstrating the possibility of quan-
tum dense coding5, a way to quantum mechanically enhance data
compression. The main reason for this slow experimental progress
is that, although there exist methods to produce pairs of entangled
photons6, entanglement has been demonstrated for atoms only very
recently7 and it has not been possible thus far to produce entangled
states of more than two quanta.

Here we report the first experimental verification of quantum
teleportation. By producing pairs of entangled photons by the
process of parametric down-conversion and using two-photon
interferometry for analysing entanglement, we could transfer a
quantum property (in our case the polarization state) from one
photon to another. The methods developed for this experiment will
be of great importance both for exploring the field of quantum
communication and for future experiments on the foundations of
quantum mechanics.

The problem
To make the problem of transferring quantum information clearer,
suppose that Alice has some particle in a certain quantum state |wi

and she wants Bob, at a distant location, to have a particle in that
state. There is certainly the possibility of sending Bob the particle
directly. But suppose that the communication channel between
Alice and Bob is not good enough to preserve the necessary
quantum coherence or suppose that this would take too much
time, which could easily be the case if | wi is the state of a more
complicated or massive object. Then, what strategy can Alice and
Bob pursue?

As mentioned above, no measurement that Alice can perform
on |wi will be sufficient for Bob to reconstruct the state because the
state of a quantum system cannot be fully determined by measure-
ments. Quantum systems are so evasive because they can be in a
superposition of several states at the same time. A measurement on
the quantum system will force it into only one of these states—this
is often referred to as the projection postulate. We can illustrate this
important quantum feature by taking a single photon, which can be
horizontally or vertically polarized, indicated by the states |$i and |l i.
It can even be polarized in the general superposition of these two
states

jwi ¼ aj$i þ bj l i ð1Þ

where a and b are two complex numbers satisfying jaj2 þ jbj2 ¼ 1.
To place this example in a more general setting we can replace the
states |$i and |l i in equation (1) by |0i and |1i, which refer to the
states of any two-state quantum system. Superpositions of | 0i and
| 1i are called qubits to signify the new possibilities introduced by
quantum physics into information science8.

If a photon in state | wi passes through a polarizing beamsplit-
ter—a device that reflects (transmits) horizontally (vertically)
polarized photons—it will be found in the reflected (transmitted)
beam with probability | a | 2 (| b | 2). Then the general state | wi has
been projected either onto | $i or onto | l i by the action of the
measurement. We conclude that the rules of quantum mechanics, in
particular the projection postulate, make it impossible for Alice to
perform a measurement on | wi by which she would obtain all the
information necessary to reconstruct the state.

The concept of quantum teleportation
Although the projection postulate in quantum mechanics seems to
bring Alice’s attempts to provide Bob with the state |wi to a halt, it
was realised by Bennett et al.

1 that precisely this projection postulate
enables teleportation of |wi from Alice to Bob. During teleportation
Alice will destroy the quantum state at hand while Bob receives the
quantum state, with neither Alice nor Bob obtaining information
about the state |wi. A key role in the teleportation scheme is played
by an entangled ancillary pair of particles which will be initially
shared by Alice and Bob.
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Suppose particle 1 which Alice wants to teleport is in the initial
state jwi1 ¼ aj $ i1 þ bj l i1 (Fig. 1a), and the entangled pair of
particles 2 and 3 shared by Alice and Bob is in the state:

jw2 i23 ¼
1

2
j$i2j l i3 2 j l i2j$i3 ð2Þ

That entangled pair is a single quantum system in an equal
superposition of the states | $i2 | l i3 and | l i2 | $i3. The entangled
state contains no information on the individual particles; it only
indicates that the two particles will be in opposite states. The
important property of an entangled pair is that as soon as a
measurement on one of the particles projects it, say, onto |$i the
state of the other one is determined to be | l i, and vice versa. How
could a measurement on one of the particles instantaneously
influence the state of the other particle, which can be arbitrarily

far away? Einstein, among many other distinguished physicists,
could simply not accept this ‘‘spooky action at a distance’’. But this
property of entangled states has now been demonstrated by numer-
ous experiments (for reviews, see refs 9, 10).

The teleportation scheme works as follows. Alice has the particle 1
in the initial state | wi1 and particle 2. Particle 2 is entangled with
particle 3 in the hands of Bob. The essential point is to perform a
specific measurement on particles 1 and 2 which projects them onto
the entangled state:

jw2 i12 ¼
1

2
j$i1j l i2 2 j l i1j$i2 ð3Þ

This is only one of four possible maximally entangled states into
which any state of two particles can be decomposed. The projection
of an arbitrary state of two particles onto the basis of the four states
is called a Bell-state measurement. The state given in equation (3)
distinguishes itself from the three other maximally entangled states
by the fact that it changes sign upon interchanging particle 1 and
particle 2. This unique antisymmetric feature of |w−i12 will play an
important role in the experimental identification, that is, in mea-
surements of this state.

Quantum physics predicts1 that once particles 1 and 2 are
projected into | w−i12, particle 3 is instantaneously projected into
the initial state of particle 1. The reason for this is as follows. Because
we observe particles 1 and 2 in the state |w−i12 we know that whatever
the state of particle 1 is, particle 2 must be in the opposite state, that
is, in the state orthogonal to the state of particle 1. But we had
initially prepared particle 2 and 3 in the state |w−i23, which means
that particle 2 is also orthogonal to particle 3. This is only possible if
particle 3 is in the same state as particle 1 was initially. The final state
of particle 3 is therefore:

jwi3 ¼ aj$i3 þ bj l i3 ð4Þ

We note that during the Bell-state measurement particle 1 loses its
identity because it becomes entangled with particle 2. Therefore the
state |wi1 is destroyed on Alice’s side during teleportation.

This result (equation (4)) deserves some further comments. The
transfer of quantum information from particle 1 to particle 3 can
happen over arbitrary distances, hence the name teleportation.
Experimentally, quantum entanglement has been shown11 to survive
over distances of the order of 10 km. We note that in the teleporta-
tion scheme it is not necessary for Alice to know where Bob is.
Furthermore, the initial state of particle 1 can be completely
unknown not only to Alice but to anyone. It could even be quantum
mechanically completely undefined at the time the Bell-state mea-
surement takes place. This is the case when, as already remarked by
Bennett et al.

1, particle 1 itself is a member of an entangled pair and
therefore has no well-defined properties on its own. This ultimately
leads to entanglement swapping12,13.

It is also important to notice that the Bell-state measurement does
not reveal any information on the properties of any of the particles.
This is the very reason why quantum teleportation using coherent
two-particle superpositions works, while any measurement on one-
particle superpositions would fail. The fact that no information
whatsoever is gained on either particle is also the reason why
quantum teleportation escapes the verdict of the no-cloning
theorem14. After successful teleportation particle 1 is not available
in its original state any more, and therefore particle 3 is not a clone
but is really the result of teleportation.

A complete Bell-state measurement can not only give the result
that the two particles 1 and 2 are in the antisymmetric state, but with
equal probabilities of 25% we could find them in any one of the
three other entangled states. When this happens, particle 3 is left in
one of three different states. It can then be brought by Bob into the
original state of particle 1 by an accordingly chosen transformation,
independent of the state of particle 1, after receiving via a classical
communication channel the information on which of the Bell-state

Figure 1 Scheme showing principles involved in quantum teleportation (a) and

the experimental set-up (b). a, Alice has a quantum system, particle 1, in an initial

state which she wants to teleport to Bob. Alice and Bob also share an ancillary

entangled pair of particles 2 and 3 emitted by an Einstein–Podolsky–Rosen (EPR)

source. Alice then performs a joint Bell-state measurement (BSM) on the initial

particle and one of the ancillaries, projecting them also onto an entangled state.

After she has sent the result of her measurement as classical information to Bob,

he canperform aunitary transformation (U) on the otherancillaryparticle resulting

in it being in the state of the original particle. b, A pulse of ultraviolet radiation

passing through a nonlinear crystal creates the ancillary pair of photons 2 and 3.

After retroflection during its second passage through the crystal the ultraviolet

pulse creates another pair of photons, one of which will be prepared in the initial

state of photon 1 to be teleported, the otherone servingas a trigger indicating that

a photon to be teleported is under way. Alice then looks for coincidences after a

beam splitter BS where the initial photon and one of the ancillaries are

superposed. Bob, after receiving the classical information that Alice obtained a

coincidence count in detectors f1 and f2 identifying the |w−i12 Bell state, knows that

his photon 3 is in the initial state of photon 1 which he then can check using

polarization analysis with the polarizing beam splitter PBS and the detectors d1

and d2. The detector p provides the information that photon 1 is under way.
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results was obtained by Alice. Yet we note, with emphasis, that even
if we chose to identify only one of the four Bell states as discussed
above, teleportation is successfully achieved, albeit only in a quarter
of the cases.

Experimental realization
Teleportation necessitates both production and measurement of
entangled states; these are the two most challenging tasks for any
experimental realization. Thus far there are only a few experimental
techniques by which one can prepare entangled states, and there
exist no experimentally realized procedures to identify all four Bell
states for any kind of quantum system. However, entangled pairs of
photons can readily be generated and they can be projected onto at
least two of the four Bell states.

We produced the entangled photons 2 and 3 by parametric down-
conversion. In this technique, inside a nonlinear crystal, an incom-
ing pump photon can decay spontaneously into two photons which,
in the case of type II parametric down-conversion, are in the state
given by equation (2) (Fig. 2)6.

To achieve projection of photons 1 and 2 into a Bell state we have
to make them indistinguishable. To achieve this indistinguishability
we superpose the two photons at a beam splitter (Fig. 1b). Then if
they are incident one from each side, how can it happen that they
emerge still one on each side? Clearly this can happen if they are
either both reflected or both transmitted. In quantum physics we
have to superimpose the amplitudes for these two possibilities.
Unitarity implies that the amplitude for both photons being
reflected obtains an additional minus sign. Therefore, it seems
that the two processes cancel each other. This is, however, only
true for a symmetric input state. For an antisymmetric state, the two
possibilities obtain another relative minus sign, and therefore they
constructively interfere15,16. It is thus sufficient for projecting
photons 1 and 2 onto the antisymmetric state | w−i12 to place
detectors in each of the outputs of the beam splitter and to register
simultaneous detections (coincidence)17–19.

To make sure that photons 1 and 2 cannot be distinguished by
their arrival times, they were generated using a pulsed pump beam
and sent through narrow-bandwidth filters producing a coherence
time much longer than the pump pulse length20. In the experiment,

the pump pulses had a duration of 200 fs at a repetition rate of
76 MHz. Observing the down-converted photons at a wavelength of
788 nm and a bandwidth of 4 nm results in a coherence time of
520 fs. It should be mentioned that, because photon 1 is also
produced as part of an entangled pair, its partner can serve to
indicate that it was emitted.

How can one experimentally prove that an unknown quantum
state can be teleported? First, one has to show that teleportation
works for a (complete) basis, a set of known states into which any
other state can be decomposed. A basis for polarization states has
just two components, and in principle we could choose as the basis
horizontal and vertical polarization as emitted by the source. Yet this
would not demonstrate that teleportation works for any general
superposition, because these two directions are preferred directions
in our experiment. Therefore, in the first demonstration we choose
as the basis for teleportation the two states linearly polarized at −458
and +458 which are already superpositions of the horizontal and
vertical polarizations. Second, one has to show that teleportation
works for superpositions of these base states. Therefore we also
demonstrate teleportation for circular polarization.

Results
In the first experiment photon 1 is polarized at 458. Teleportation
should work as soon as photon 1 and 2 are detected in the | w−i12

state, which occurs in 25% of all possible cases. The | w−i12 state is
identified by recording a coincidence between two detectors, f1 and
f2, placed behind the beam splitter (Fig. 1b).

If we detect a f1f2 coincidence (between detectors f1 and f2), then
photon 3 should also be polarized at 458. The polarization of photon
3 is analysed by passing it through a polarizing beam splitter
selecting +458 and −458 polarization. To demonstrate teleportation,
only detector d2 at the +458 output of the polarizing beam splitter
should click (that is, register a detection) once detectors f1 and f2
click. Detector d1 at the −458 output of the polarizing beam splitter
should not detect a photon. Therefore, recording a three-fold
coincidence d2f1f2 (+458 analysis) together with the absence of a
three-fold coincidence d1f1f2 (−458 analysis) is a proof that the
polarization of photon 1 has been teleported to photon 3.

To meet the condition of temporal overlap, we change in small

Figure 2 Photons emerging from type II down-conversion (see text). Photograph

taken perpendicular to the propagation direction. Photons are produced in pairs.

A photon on the top circle is horizontally polarized while its exactly opposite

partner in the bottom circle is vertically polarized. At the intersection points their

polarizations are undefined; all that is known is that they have to be different,

which results in entanglement.

Figure 3Theoretical prediction for the three-fold coincidence probability between

the two Bell-state detectors (f1, f2) and one of the detectors analysing the

teleported state. The signature of teleportation of a photon polarization state at

+458 is a dip to zero at zero delay in the three-fold coincidence rate with the

detector analysing −458 (d1f1f2) (a) and a constant value for the detector analysis

+458 (d2f1f2) (b). The shaded area indicates the region of teleportation.
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Quantum teleportation—the transmission and reconstruction over arbitrary distances of the state of a quantum
system—isdemonstratedexperimentally.During teleportation,an initial photonwhichcarriesthepolarization that is to
be transferred and one of a pair of entangled photons are subjected to a measurement such that the second photon of
the entangled pair acquires the polarization of the initial photon. This latter photon can be arbitrarily far away from the
initial one. Quantum teleportation will be a critical ingredient for quantum computation networks.

The dream of teleportation is to be able to travel by simply
reappearing at some distant location. An object to be teleported
can be fully characterized by its properties, which in classical physics
can be determined by measurement. To make a copy of that object at
a distant location one does not need the original parts and pieces—
all that is needed is to send the scanned information so that it can be
used for reconstructing the object. But how precisely can this be a
true copy of the original? What if these parts and pieces are
electrons, atoms and molecules? What happens to their individual
quantum properties, which according to the Heisenberg’s uncer-
tainty principle cannot be measured with arbitrary precision?

Bennett et al.
1 have suggested that it is possible to transfer the

quantum state of a particle onto another particle—the process of
quantum teleportation—provided one does not get any informa-
tion about the state in the course of this transformation. This
requirement can be fulfilled by using entanglement, the essential
feature of quantum mechanics2. It describes correlations between
quantum systems much stronger than any classical correlation
could be.

The possibility of transferring quantum information is one of the
cornerstones of the emerging field of quantum communication and
quantum computation3. Although there is fast progress in the
theoretical description of quantum information processing, the
difficulties in handling quantum systems have not allowed an
equal advance in the experimental realization of the new proposals.
Besides the promising developments of quantum cryptography4

(the first provably secure way to send secret messages), we have
only recently succeeded in demonstrating the possibility of quan-
tum dense coding5, a way to quantum mechanically enhance data
compression. The main reason for this slow experimental progress
is that, although there exist methods to produce pairs of entangled
photons6, entanglement has been demonstrated for atoms only very
recently7 and it has not been possible thus far to produce entangled
states of more than two quanta.

Here we report the first experimental verification of quantum
teleportation. By producing pairs of entangled photons by the
process of parametric down-conversion and using two-photon
interferometry for analysing entanglement, we could transfer a
quantum property (in our case the polarization state) from one
photon to another. The methods developed for this experiment will
be of great importance both for exploring the field of quantum
communication and for future experiments on the foundations of
quantum mechanics.

The problem
To make the problem of transferring quantum information clearer,
suppose that Alice has some particle in a certain quantum state |wi

and she wants Bob, at a distant location, to have a particle in that
state. There is certainly the possibility of sending Bob the particle
directly. But suppose that the communication channel between
Alice and Bob is not good enough to preserve the necessary
quantum coherence or suppose that this would take too much
time, which could easily be the case if | wi is the state of a more
complicated or massive object. Then, what strategy can Alice and
Bob pursue?

As mentioned above, no measurement that Alice can perform
on |wi will be sufficient for Bob to reconstruct the state because the
state of a quantum system cannot be fully determined by measure-
ments. Quantum systems are so evasive because they can be in a
superposition of several states at the same time. A measurement on
the quantum system will force it into only one of these states—this
is often referred to as the projection postulate. We can illustrate this
important quantum feature by taking a single photon, which can be
horizontally or vertically polarized, indicated by the states |$i and |l i.
It can even be polarized in the general superposition of these two
states

jwi ¼ aj$i þ bj l i ð1Þ

where a and b are two complex numbers satisfying jaj2 þ jbj2 ¼ 1.
To place this example in a more general setting we can replace the
states |$i and |l i in equation (1) by |0i and |1i, which refer to the
states of any two-state quantum system. Superpositions of | 0i and
| 1i are called qubits to signify the new possibilities introduced by
quantum physics into information science8.

If a photon in state | wi passes through a polarizing beamsplit-
ter—a device that reflects (transmits) horizontally (vertically)
polarized photons—it will be found in the reflected (transmitted)
beam with probability | a | 2 (| b | 2). Then the general state | wi has
been projected either onto | $i or onto | l i by the action of the
measurement. We conclude that the rules of quantum mechanics, in
particular the projection postulate, make it impossible for Alice to
perform a measurement on | wi by which she would obtain all the
information necessary to reconstruct the state.

The concept of quantum teleportation
Although the projection postulate in quantum mechanics seems to
bring Alice’s attempts to provide Bob with the state |wi to a halt, it
was realised by Bennett et al.

1 that precisely this projection postulate
enables teleportation of |wi from Alice to Bob. During teleportation
Alice will destroy the quantum state at hand while Bob receives the
quantum state, with neither Alice nor Bob obtaining information
about the state |wi. A key role in the teleportation scheme is played
by an entangled ancillary pair of particles which will be initially
shared by Alice and Bob.
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Suppose particle 1 which Alice wants to teleport is in the initial
state jwi1 ¼ aj $ i1 þ bj l i1 (Fig. 1a), and the entangled pair of
particles 2 and 3 shared by Alice and Bob is in the state:

jw2 i23 ¼
1

2
j$i2j l i3 2 j l i2j$i3 ð2Þ

That entangled pair is a single quantum system in an equal
superposition of the states | $i2 | l i3 and | l i2 | $i3. The entangled
state contains no information on the individual particles; it only
indicates that the two particles will be in opposite states. The
important property of an entangled pair is that as soon as a
measurement on one of the particles projects it, say, onto |$i the
state of the other one is determined to be | l i, and vice versa. How
could a measurement on one of the particles instantaneously
influence the state of the other particle, which can be arbitrarily

far away? Einstein, among many other distinguished physicists,
could simply not accept this ‘‘spooky action at a distance’’. But this
property of entangled states has now been demonstrated by numer-
ous experiments (for reviews, see refs 9, 10).

The teleportation scheme works as follows. Alice has the particle 1
in the initial state | wi1 and particle 2. Particle 2 is entangled with
particle 3 in the hands of Bob. The essential point is to perform a
specific measurement on particles 1 and 2 which projects them onto
the entangled state:

jw2 i12 ¼
1

2
j$i1j l i2 2 j l i1j$i2 ð3Þ

This is only one of four possible maximally entangled states into
which any state of two particles can be decomposed. The projection
of an arbitrary state of two particles onto the basis of the four states
is called a Bell-state measurement. The state given in equation (3)
distinguishes itself from the three other maximally entangled states
by the fact that it changes sign upon interchanging particle 1 and
particle 2. This unique antisymmetric feature of |w−i12 will play an
important role in the experimental identification, that is, in mea-
surements of this state.

Quantum physics predicts1 that once particles 1 and 2 are
projected into | w−i12, particle 3 is instantaneously projected into
the initial state of particle 1. The reason for this is as follows. Because
we observe particles 1 and 2 in the state |w−i12 we know that whatever
the state of particle 1 is, particle 2 must be in the opposite state, that
is, in the state orthogonal to the state of particle 1. But we had
initially prepared particle 2 and 3 in the state |w−i23, which means
that particle 2 is also orthogonal to particle 3. This is only possible if
particle 3 is in the same state as particle 1 was initially. The final state
of particle 3 is therefore:

jwi3 ¼ aj$i3 þ bj l i3 ð4Þ

We note that during the Bell-state measurement particle 1 loses its
identity because it becomes entangled with particle 2. Therefore the
state |wi1 is destroyed on Alice’s side during teleportation.

This result (equation (4)) deserves some further comments. The
transfer of quantum information from particle 1 to particle 3 can
happen over arbitrary distances, hence the name teleportation.
Experimentally, quantum entanglement has been shown11 to survive
over distances of the order of 10 km. We note that in the teleporta-
tion scheme it is not necessary for Alice to know where Bob is.
Furthermore, the initial state of particle 1 can be completely
unknown not only to Alice but to anyone. It could even be quantum
mechanically completely undefined at the time the Bell-state mea-
surement takes place. This is the case when, as already remarked by
Bennett et al.

1, particle 1 itself is a member of an entangled pair and
therefore has no well-defined properties on its own. This ultimately
leads to entanglement swapping12,13.

It is also important to notice that the Bell-state measurement does
not reveal any information on the properties of any of the particles.
This is the very reason why quantum teleportation using coherent
two-particle superpositions works, while any measurement on one-
particle superpositions would fail. The fact that no information
whatsoever is gained on either particle is also the reason why
quantum teleportation escapes the verdict of the no-cloning
theorem14. After successful teleportation particle 1 is not available
in its original state any more, and therefore particle 3 is not a clone
but is really the result of teleportation.

A complete Bell-state measurement can not only give the result
that the two particles 1 and 2 are in the antisymmetric state, but with
equal probabilities of 25% we could find them in any one of the
three other entangled states. When this happens, particle 3 is left in
one of three different states. It can then be brought by Bob into the
original state of particle 1 by an accordingly chosen transformation,
independent of the state of particle 1, after receiving via a classical
communication channel the information on which of the Bell-state

Figure 1 Scheme showing principles involved in quantum teleportation (a) and

the experimental set-up (b). a, Alice has a quantum system, particle 1, in an initial

state which she wants to teleport to Bob. Alice and Bob also share an ancillary

entangled pair of particles 2 and 3 emitted by an Einstein–Podolsky–Rosen (EPR)

source. Alice then performs a joint Bell-state measurement (BSM) on the initial

particle and one of the ancillaries, projecting them also onto an entangled state.

After she has sent the result of her measurement as classical information to Bob,

he canperform aunitary transformation (U) on the otherancillaryparticle resulting

in it being in the state of the original particle. b, A pulse of ultraviolet radiation

passing through a nonlinear crystal creates the ancillary pair of photons 2 and 3.

After retroflection during its second passage through the crystal the ultraviolet

pulse creates another pair of photons, one of which will be prepared in the initial

state of photon 1 to be teleported, the otherone servingas a trigger indicating that

a photon to be teleported is under way. Alice then looks for coincidences after a

beam splitter BS where the initial photon and one of the ancillaries are

superposed. Bob, after receiving the classical information that Alice obtained a

coincidence count in detectors f1 and f2 identifying the |w−i12 Bell state, knows that

his photon 3 is in the initial state of photon 1 which he then can check using

polarization analysis with the polarizing beam splitter PBS and the detectors d1

and d2. The detector p provides the information that photon 1 is under way.

Quantum teleportation with photons
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steps the arrival time of photon 2 by changing the delay between the
first and second down-conversion by translating the retroflection
mirror (Fig. 1b). In this way we scan into the region of temporal
overlap at the beam splitter so that teleportation should occur.

Outside the region of teleportation, photon 1 and 2 each will go
either to f1 or to f2 independent of one another. The probability of
having a coincidence between f1 and f2 is therefore 50%, which is
twice as high as inside the region of teleportation. Photon 3 should
not have a well-defined polarization because it is part of an
entangled pair. Therefore, d1 and d2 have both a 50% chance of
receiving photon 3. This simple argument yields a 25% probability
both for the −458 analysis (d1f1f2 coincidences) and for the +458
analysis (d2f1f2 coincidences) outside the region of teleportation.
Figure 3 summarizes the predictions as a function of the delay.
Successful teleportation of the +458 polarization state is then
characterized by a decrease to zero in the −458 analysis (Fig. 3a),
and by a constant value for the +458 analysis (Fig. 3b).

The theoretical prediction of Fig. 3 may easily be understood by
realizing that at zero delay there is a decrease to half in the
coincidence rate for the two detectors of the Bell-state analyser, f1
and f2, compared with outside the region of teleportation. There-
fore, if the polarization of photon 3 were completely uncorrelated to
the others the three-fold coincidence should also show this dip to
half. That the right state is teleported is indicated by the fact that the
dip goes to zero in Fig. 3a and that it is filled to a flat curve in Fig. 3b.

We note that equally as likely as the production of photons 1, 2
and 3 is the emission of two pairs of down-converted photons by a
single source. Although there is no photon coming from the first
source (photon 1 is absent), there will still be a significant con-
tribution to the three-fold coincidence rates. These coincidences
have nothing to do with teleportation and can be identified by
blocking the path of photon 1.

The probability for this process to yield spurious two- and three-
fold coincidences can be estimated by taking into account the
experimental parameters. The experimentally determined value

for the percentage of spurious three-fold coincidences is
68% 6 1%. In the experimental graphs of Fig. 4 we have subtracted
the experimentally determined spurious coincidences.

The experimental results for teleportation of photons polarized
under +458 are shown in the left-hand column of Fig. 4; Fig. 4a and
b should be compared with the theoretical predictions shown in
Fig. 3. The strong decrease in the −458 analysis, and the constant
signal for the +458 analysis, indicate that photon 3 is polarized along
the direction of photon 1, confirming teleportation.

The results for photon 1 polarized at −458 demonstrate that
teleportation works for a complete basis for polarization states
(right-hand column of Fig. 4). To rule out any classical explanation
for the experimental results, we have produced further confirmation
that our procedure works by additional experiments. In these
experiments we teleported photons linearly polarized at 08 and at
908, and also teleported circularly polarized photons. The experi-
mental results are summarized in Table 1, where we list the visibility
of the dip in three-fold coincidences, which occurs for analysis
orthogonal to the input polarization.

As mentioned above, the values for the visibilities are obtained after
subtracting the offset caused by spurious three-fold coincidences.
These can experimentally be excluded by conditioning the three-fold
coincidences on the detection of photon 4, which effectively projects
photon 1 into a single-particle state. We have performed this four-
fold coincidence measurement for the case of teleportation of the
+458 and +908 polarization states, that is, for two non-orthogonal

Figure 4 Experimental results. Measured three-fold coincidence rates d1f1f2

(−458) and d2f1f2 (+458) in the case that the photon state to be teleported is

polarized at +458 (a andb) or at −458 (candd). The coincidence rates areplotted as

function of the delay between the arrival of photon 1 and 2 at Alice’s beam splitter

(see Fig. 1b). The three-fold coincidence rates are plotted after subtracting the

spurious three-fold contribution (see text). These data, compared with Fig. 3,

together with similar ones for other polarizations (Table 1) confirm teleportation

for an arbitrary state.

Figure 5 Four-fold coincidence rates (without background subtraction). Con-

ditioning the three-fold coincidences as shown in Fig. 4 on the registration of

photon 4 (see Fig. 1b) eliminates the spurious three-fold background. a and b

show the four-fold coincidence measurements for the case of teleportation of the

+458 polarizationstate; c andd show the results for the +908 polarization state. The

visibilities, and thus the polarizations of the teleported photons, obtained without

any background subtraction are 70% 6 3%. These results for teleportation of two

non-orthogonal states prove that we have demonstrated teleportation of the

quantum state of a single photon.

Table 1 Visibility of teleportation in three fold coincidences

Polarization Visibility
.............................................................................................................................................................................
+458 0:63 6 0:02
−458 0:64 6 0:02
08 0:66 6 0:02
908 0:61 6 0:02
Circular 0:57 6 0:02
.............................................................................................................................................................................
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Quantum teleportation1 provides a means to transport quantum
information efficiently from one location to another, without the
physical transfer of the associated quantum-information carrier.
This is achieved by using the non-local correlations of previously
distributed, entangled quantum bits (qubits). Teleportation is
expected to play an integral role in quantum communication2

and quantum computation3. Previous experimental demon-
strations have been implemented with optical systems that
used both discrete and continuous variables4–9, and with liquid-
state nuclear magnetic resonance10. Here we report uncondi-
tional teleportation5 of massive particle qubits using atomic
(9Be1) ions confined in a segmented ion trap, which aids
individual qubit addressing. We achieve an average fidelity of
78 per cent, which exceeds the fidelity of any protocol that
does not use entanglement11. This demonstration is also import-
ant because it incorporates most of the techniques necessary
for scalable quantum information processing in an ion-trap
system12,13.

Quantum teleportation1 provides a means for transporting a
quantum state between two separated parties, Alice and Bob,
through the transmission of a relatively small amount of classical
information. For the case of a two-state quantum system or ‘qubit’,
only two bits of classical information are needed, which seems

surprising as precise specification of a general qubit state requires an
infinite amount of classical information. Aside from the obvious
differences in the various experimental demonstrations, the basic
teleportation protocol is the same1. Alice is in possession of a qubit
(here labelled 2) that is in an unknown state jwl2 ; aj " l2 þbj # l2;
where j # l and j " l denote eigenstates of the qubit in the measure-
ment basis. In addition, Alice and Bob each possess one qubit of a
two-qubit entangled pair thatwe take to be a singlet jSl1;3 ; j " l1j # l3
2j # l1j " l3 (where, for simplicity, we omit normalization factors).
Therefore, Alice possesses qubits 1 and 2, while Bob holds qubit 3.
Alice wishes to transmit the state of qubit 2 to Bob’s qubit using only
classical communication. The initial joint state of all three qubits is

jFl¼ jSl1;3^jwl2: ð1Þ

This state can be rewritten using an orthonormal basis of Bell states14

jWkl1;2ðk¼ 1–4Þ for the first two qubits and unitary transformations
Uk acting on jwl3ð¼ aj " l3 þ bj # l3Þ so that jFl¼
S4
k¼1jWkl1;2ðUkjwl3Þ: A measurement in the Bell-state basis {jWkl}

by Alice then leaves Bob with one of the four possibilities Ukjwl3:
Once Bob learns of Alice’s measurement outcome (through classical
communication), he can recover the original unknown state by
applying the appropriate unitary operator, U21

k ; to his state
Ukjwl3: We note that Alice’s Bell-state measurement can be accom-
plished by transforming from the basis {jWkl1;2} into the measure-
ment basis {j "" l1;2; j "# l1;2; j #" l1;2; j ## l1;2} before the measurement.
Our implementation uses atomic qubits (9Beþ ions) that are

confined in a linear radiofrequency Paul trap similar to that used in
ref. 15. The control electrodes are segmented into eight sections as
shown schematically in Fig. 1, providing a total of six trapping zones
(centred on electrode segments 2 to 7). Potentials applied to these
electrodes can be varied in time to separate ions and move them to
different locations. The qubits are composed of the ground-state
hyperfine levels j " l ; jF ¼ 1;m¼21l and j # l ; jF ¼ 2;m¼22l;
which are separated by q0 ø 2p£ 1:25GHz: These states are
coupled through stimulated Raman transitions16–18 from two laser

Figure 1 Schematic representation of the teleportation protocol. The ions are numbered
left to right, as indicated at the top, and retain their order throughout. Positions, relative

to the electrodes, are shown at each step in the protocol. The widths of the electrodes

vary, with the width of the separation electrode (6) being the smallest at 100mm. The

spacing between ions in the same trap is about 3 mm, and laser-beam spot sizes (in

traps 5 and 6) at the position of the ions are approximately 30 mm. In step 1 we prepare

the outer ions in an entangled (singlet) state and the middle ion in an arbitrary state

(equation (1)). Steps 2–4 constitute a measurement in a Bell-basis for ions 1 and 2 (Alice’s

qubits), teleporting the state of ion 2 onto ion 3 (Bob’s qubit), up to unitary operations

that depend on the measurement outcomes. In step 5 we invoke these conditional

operations, recovering the initial state. Interspersed are spin-echo pulses applied in trap 6

that protect the state from de-phasing due to fluctuating magnetic fields but do not affect

the teleportation protocol.
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Quantum teleportation1 provides a means to transport quantum
information efficiently from one location to another, without the
physical transfer of the associated quantum-information carrier.
This is achieved by using the non-local correlations of previously
distributed, entangled quantum bits (qubits). Teleportation is
expected to play an integral role in quantum communication2

and quantum computation3. Previous experimental demon-
strations have been implemented with optical systems that
used both discrete and continuous variables4–9, and with liquid-
state nuclear magnetic resonance10. Here we report uncondi-
tional teleportation5 of massive particle qubits using atomic
(9Be1) ions confined in a segmented ion trap, which aids
individual qubit addressing. We achieve an average fidelity of
78 per cent, which exceeds the fidelity of any protocol that
does not use entanglement11. This demonstration is also import-
ant because it incorporates most of the techniques necessary
for scalable quantum information processing in an ion-trap
system12,13.

Quantum teleportation1 provides a means for transporting a
quantum state between two separated parties, Alice and Bob,
through the transmission of a relatively small amount of classical
information. For the case of a two-state quantum system or ‘qubit’,
only two bits of classical information are needed, which seems

surprising as precise specification of a general qubit state requires an
infinite amount of classical information. Aside from the obvious
differences in the various experimental demonstrations, the basic
teleportation protocol is the same1. Alice is in possession of a qubit
(here labelled 2) that is in an unknown state jwl2 ; aj " l2 þbj # l2;
where j # l and j " l denote eigenstates of the qubit in the measure-
ment basis. In addition, Alice and Bob each possess one qubit of a
two-qubit entangled pair thatwe take to be a singlet jSl1;3 ; j " l1j # l3
2j # l1j " l3 (where, for simplicity, we omit normalization factors).
Therefore, Alice possesses qubits 1 and 2, while Bob holds qubit 3.
Alice wishes to transmit the state of qubit 2 to Bob’s qubit using only
classical communication. The initial joint state of all three qubits is

jFl¼ jSl1;3^jwl2: ð1Þ

This state can be rewritten using an orthonormal basis of Bell states14

jWkl1;2ðk¼ 1–4Þ for the first two qubits and unitary transformations
Uk acting on jwl3ð¼ aj " l3 þ bj # l3Þ so that jFl¼
S4
k¼1jWkl1;2ðUkjwl3Þ: A measurement in the Bell-state basis {jWkl}

by Alice then leaves Bob with one of the four possibilities Ukjwl3:
Once Bob learns of Alice’s measurement outcome (through classical
communication), he can recover the original unknown state by
applying the appropriate unitary operator, U21

k ; to his state
Ukjwl3: We note that Alice’s Bell-state measurement can be accom-
plished by transforming from the basis {jWkl1;2} into the measure-
ment basis {j "" l1;2; j "# l1;2; j #" l1;2; j ## l1;2} before the measurement.
Our implementation uses atomic qubits (9Beþ ions) that are

confined in a linear radiofrequency Paul trap similar to that used in
ref. 15. The control electrodes are segmented into eight sections as
shown schematically in Fig. 1, providing a total of six trapping zones
(centred on electrode segments 2 to 7). Potentials applied to these
electrodes can be varied in time to separate ions and move them to
different locations. The qubits are composed of the ground-state
hyperfine levels j " l ; jF ¼ 1;m¼21l and j # l ; jF ¼ 2;m¼22l;
which are separated by q0 ø 2p£ 1:25GHz: These states are
coupled through stimulated Raman transitions16–18 from two laser

Figure 1 Schematic representation of the teleportation protocol. The ions are numbered
left to right, as indicated at the top, and retain their order throughout. Positions, relative

to the electrodes, are shown at each step in the protocol. The widths of the electrodes

vary, with the width of the separation electrode (6) being the smallest at 100mm. The

spacing between ions in the same trap is about 3 mm, and laser-beam spot sizes (in

traps 5 and 6) at the position of the ions are approximately 30 mm. In step 1 we prepare

the outer ions in an entangled (singlet) state and the middle ion in an arbitrary state

(equation (1)). Steps 2–4 constitute a measurement in a Bell-basis for ions 1 and 2 (Alice’s

qubits), teleporting the state of ion 2 onto ion 3 (Bob’s qubit), up to unitary operations

that depend on the measurement outcomes. In step 5 we invoke these conditional

operations, recovering the initial state. Interspersed are spin-echo pulses applied in trap 6

that protect the state from de-phasing due to fluctuating magnetic fields but do not affect

the teleportation protocol.
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Mars concretion systems. Although the analogue is not a perfect
match in every geologic parameter, the mere presence of these
spherical haematite concretions implies significant pore volumes of
moving subsurface fluids through porous rock.
Haematite is one of the few minerals found on Mars that can be

linked directly to water-related processes. Utah haematite concre-
tions are similar to the Mars concretions with spherical mor-
phology, haematite composition, and loose, weathered
accumulations. The abundance of quartz in the Utah example
could pose challenges for finding spectral matches to the concre-
tions. However, the similarities and differences of the Utah and
Mars haematite concretions should stimulate further investigations.
The potential role of biomediation in the precipitation of some
terrestrial haematite concretions could also hold important clues in
the search for life onMars. Intriguing factors in theMars systemyet to
be explored include: spectral comparisons, the source of the iron, the
driving mechanism for fluid flow, and other chemical and physical
parameters. This Utah analogue presents a model for a fascinating
history of fluid flow in the haematite region of Mars. A
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Teleportation of a quantum state encompasses the complete
transfer of information from one particle to another. The com-
plete specification of the quantum state of a system generally
requires an infinite amount of information, even for simple two-
level systems (qubits). Moreover, the principles of quantum
mechanics dictate that any measurement on a system immedi-
ately alters its state, while yielding atmost one bit of information.
The transfer of a state from one system to another (by performing
measurements on the first and operations on the second) might
therefore appear impossible. However, it has been shown1 that
the entangling properties of quantum mechanics, in combi-
nation with classical communication, allow quantum-state tele-
portation to be performed. Teleportation using pairs of
entangled photons has been demonstrated2–6, but such tech-
niques are probabilistic, requiring post-selection of measured
photons. Here, we report deterministic quantum-state teleporta-
tion between a pair of trapped calcium ions. Following closely the
original proposal1, we create a highly entangled pair of ions and
perform a complete Bell-state measurement involving one ion
from this pair and a third source ion. State reconstruction
conditioned on this measurement is then performed on the
other half of the entangled pair. The measured fidelity is 75%,
demonstrating unequivocally the quantum nature of the process.

Teleportation of a state from a source qubit to a target qubit
requires three qubits: the sender’s source qubit and an ancillary
qubit that is maximally entangled with the receiver’s target qubit,
providing the strong quantum correlation. Once these states have
been prepared, a quantum mechanical measurement is performed
jointly on the source qubit and the ancilla qubit (specifically, a Bell-
state measurement, which projects the two qubits onto a basis of
maximally entangled states). In this process, the two qubits are
projected onto one of four equally likely outcomes. At the same
time, the non-local properties of quantum mechanics cause the
target qubit to be projected onto one of four corresponding states,
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CNOT gate, followed by a discussion of its current limitations
and possible future improvements.

2 Experimental setup

2.1 Levels and transitions in the 40Ca+ ion

The Calcium ion (40Ca+) has a single valence elec-
tron and no hyperfine structure, see Fig. 1a for the relevant
levels and transitions. We have chosen 40Ca+ for several rea-
sons: (a) The transition wavelengths for Doppler-cooling and
optical pumping are well suited for solid-state and diode laser
sources. (b) Long-lived metastable states (τ ∼ 1s) allow for
the implementation of qubits. (c) The narrow-line quadrupole
transition can also be used to implement sideband cooling to
the vibrational ground state.

We cool the ion on the S1/2 to P1/2 transition near 397 nm
close to the Doppler limit. The UV-radiation is produced
as the second harmonic of a Ti : Sapphire laser at 794 nm1.
Grating stabilized diode lasers at 866 nm and 854 nm prevent
pumping into the D3/2 and D5/2 states. Each of the above
lasers is frequency-locked to its individual optical reference
cavity using the Pound–Drever–Hall method [14]. With cavity
line-widths of 2–5 MHz, we reach a laser frequency stabil-
ity of better than 300 kHz. Frequency tuning of the lasers is
achieved by scanning the length of the corresponding refer-
ence cavities using piezoelectric actuators.

The electronic level S1/2 (m = −1/2) ≡ |S⟩ is identified
with logic |0⟩ and D5/2 (m = −1/2) ≡ |D⟩ with logic |1⟩, re-
spectively. To perform quantum logic operations, we excite
the corresponding transition with a Ti : Sapphire laser near
729 nm. The complete laser system for the qubit manipulation
is described in Sect. 2.4 and Sect. 2.5.

We detect the quantum state of the qubit by applying the
laser beams at 397 nm and 866 nm and monitoring the fluores-
cence of the ion at 397 nm on a photomultiplier and on a CCD
camera (electron shelving technique [15]). The internal state
of the ion is discriminated with an efficiency close to 100%,
details of the detection are found in Sect. 3.5.

It is of advantage that pure 40Ca+ ion crystals can
be loaded into the trap using a relatively simple photo-
ionization scheme [16] that relies on a two-step laser ex-
citation: A weak beam of neutral Ca is emitted by a resis-
tantly heated oven [17]. Calcium atoms are excited on the
4s1S0 → 4p1 P1 transition near 423 nm by a grating stabilized
diode laser [17, 18]. Ionization is reached with radiation at
λ ≤ 390 nm using a UV-diode laser or even a simple UV-light
emitting diode.

2.2 Linear Paul trap

For the experiments, 40Ca+ ions are stored in
the harmonic potential of a linear Paul trap. The trap is
made of four blades for radial confinement and two tips
for axial confinement, see Fig. 2. Under typical operating
conditions we observe axial and radial motional frequen-
cies (ωax,ωrad)/2π = (1.2, 5.0) MHz, respectively. The trap
combines good optical access with relatively high trapping

1 The practicability of a grating stabilized UV-diode [12, 13] for single
ion cooling and detection has been proven.

FIGURE 1 a 40Ca+ level scheme. A qubit is encoded in the S1/2, (m =
−1/2) ground and D5/2, (m = −1/2) metastable state of a single trapped ion.
b The lowest two number states n of an axial vibrational motion in the trap
are used as quantum bus

FIGURE 2 Construction of the linear trap [?] out of four blades (a) and two
tips (b). The 3D-view c shows the arrangement of the rf-blades which gener-
ate the radial trapping potential. The closest distance between the blades is
1.6 mm. The tips are separated by 5.0 mm. All electrodes are mounted onto
a Macor ceramics spacer. The typical machining precision of all parts is 5 to
10 µm. The rf-blades are fabricated by electro-erosion from stainless steel,
the tips are made of molybdenum

frequencies, even though the trap dimensions are compar-
atively large. Electrically insulating parts have no direct
line of sight to the ions. We attribute the low heating rate
(< 1 phonon/50 ms) [20] to the combination of a large dis-
tance between ions and trap electrodes (r0 ≈ 0.8 mm) and
the clean loading scheme by photo-ionization. Both tips, typ-
ically at +1 kV, are positioned in the symmetry axis with
high precision. Small asymmetries are compensated by apply-
ing voltages of below 200 V to electrodes which are placed
at a radial distance of 30 mm from the trap symmetry axis
(Fig. 2c). The radio frequency (rf) Ω/(2π) ≃ 23.5 MHz is
applied to two diagonally opposing blades (the other two be-
ing at 0 V). This creates an oscillating electrical quadrupole
field which results in a radial trapping potential. The rf is
generated by a synthesizer2 and amplified3 to 15 W. A he-
lical λ/4-resonator (loaded Q-value ∼ 200) serves to match
the capacitive load of the trap structure with the 50 Ω out-
put of the amplifier and to enhance the drive voltage to a few
kVpp. We typically operate the trap close to the stability pa-
rameter q ≤ 0.6 [21]. In order to avoid rf pick-up on the
dc-voltage leads we use separate feed-throughs and filter the
dc voltages.

The trap is mounted in a UHV housing, pumped by a Ti-
tanium sublimation and an ion-getter pump4. The residual gas
pressure is below 2 ×10−11 mbar.

2 Marconi Inc., Signal gen. 2019A
3 Minicircuits Inc., LZY-1
4 Varian Inc., Starcell 20
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