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Entanglement is a fundamental resource for quantum information science. However, bipartite entan-
glement is destroyed when one particle is observed via projective (sharp) measurements, as is typically
the case in most experiments. Here, we show experimentally that, if instead of sharp measurements, one
performs many sequential unsharp measurements on one particle that are suitably chosen depending on
the previous outcomes, then entanglement is preserved and it is possible to reveal quantum correlations
through measurements on the second particle at any step of the sequence. Specifically, we observe that
pairs of photons entangled in polarization maintain their entanglement when one particle undergoes three
sequential measurements and that each of these can be used to violate a Clauser-Horne-Shimony-Holt
inequality. This proof-of-principle experiment demonstrates the possibility of repeatedly harnessing two
crucial resources, entanglement and Bell nonlocality, that, in most quantum protocols, are destroyed after
a single measurement. The protocol we use, which in principle works for an unbounded sequence of
measurements, can be useful for randomness extraction.

DOI: 10.1103/PhysRevApplied.13.044008

I. INTRODUCTION

Entanglement is at the heart of foundational and applied
aspects of quantum theory [1]. Its paradigmatic applica-
tions include cryptography [2], teleportation [3], metrol-
ogy [4], and device-independent quantum information [5].
However, it is also a fragile resource. The prolonged
exposure of an entangled system to spontaneous decoher-
ing influences from the surrounding environment leads to
its decay and eventual disappearance [6,7]. Furthermore,
entanglement can vanish due to local measurements per-
formed on one or several of the entangled systems. In
particular, bipartite entanglement is completely destroyed
as soon as a sharp measurement (i.e., a nondegenerate
projective measurement) is performed on one of the two
entangled systems [8]. For example, a sharp measurement
of the spin along the x direction on one of the two spin
qubits in a maximally entangled state leaves the qubits in
a product state. Nonetheless, such entanglement-breaking
measurements are commonplace in entanglement-based
applications of quantum theory. Moreover, when applied

*vallone@dei.unipd.it

to suitable entangled states, they typically give rise to the
strongest quantum correlations in tests of Bell inequali-
ties [9]. This certifies the presence of entanglement in a
device-independent manner.

Recently, however, a number of works have considered
the generation of entanglement-based quantum correla-
tions in scenarios in which physical systems undergo sev-
eral sequential measurements [10–12]. It has been found
possible to perform local measurements on an entan-
gled state such that the resulting correlations violate a
Bell inequality but the postmeasurement state neverthe-
less remains entangled enough to make yet another Bell-
inequality violation achievable [10]. Naturally, this feat is
impossible with projective measurements. The measure-
ments must be sharp enough to generate correlations that
cannot be classically modeled but, nevertheless, unsharp
enough so that some entanglement is still preserved after
the measurement to make another Bell-inequality violation
possible. These sequential unsharp measurements have
been applied in studies of incompatible observables [13],
state tomography [14], contextuality [15], and self-testing
of quantum instruments [16,17]. Entanglement-based pro-
tocols using them have been proposed for certifying an
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unbounded amount of device-independent [18] and one-
sided device-independent random numbers [19], as well as
for tests of finite-memory classical systems [20].

These advances make it relevant to develop experi-
mental tools for sustaining entanglement over sequential
measurements. While it has already been shown that
appropriately chosen unsharp measurements do not
destroy entanglement [21] and that others are capable
of certifying it [22,23], proving experimentally that it
is possible to do both things in a sequential manner
remains a challenge. Notably, two sequential violations of
the Clauser-Horne-Shimony-Holt (CHSH) Bell inequality
[24] have been demonstrated [25,26]. However, extend-
ing the sequence to three and more measurements is
demanding due to the sensitivity to noise [10]. Here,
we demonstrate the ability to sustain entanglement over
sequential measurements in a scenario in which the mea-
surement choices depend on the history of previously
performed measurements and observed outcomes. Since a
given sequence of measurement choices and observed out-
comes determines the evolution of the original state, one
is faced with the task of demonstrating sustained entangle-
ment along every possible branch of the resulting treelike
structure of possible evolutions. We accomplish this for
three sequential measurements on an entangled state, either
by observing a violation of the CHSH inequality [24]
or with a suitable entanglement witness. In principle, the
protocol we use works for an unbounded sequence of mea-
surements and can be useful for randomness extraction
[18,19,27–31].

II. THEORETICAL MODEL

Consider a scenario in which two separated parties,
Alice and Bob, share a two-qubit maximally entangled
state |ψ1〉 = 1/

√
2 (|00〉 + |11〉). Alice performs sequen-

tial measurements on her part of the state. In the first step,
she randomly selects one of two dichotomic observables
A0 and A1,

Am(μ1) = K†
+1|m(μ1)K+1|m(μ1)− K†

−1|m(μ1)K−1|m(μ1),
(1)

where m ∈ {0, 1} and the Kraus operators K±1|m are defined
by

K+1|m(μ1) = cos(μ1)�
+
m+ sin(μ1)�

−
m ,

K−1|m(μ1) = sin(μ1)�
+
m+ cos(μ1)�

−
m .

(2)

Here, �+
0 and �−

0 (�+
1 and �−

1 ) are the projectors onto
the positive and negative eigenvectors of σZ (σX ), respec-
tively. Moreover, the parameter μ1 ∈ [0,π/4] can be used
to tune the sharpness of her measurement [32]. On the one
end, choosing μ1 = 0 means that the measurement is sharp
(projective) and therefore consumes all the entanglement

of the shared state. On the other end, choosing μ1 = π/4
means that the measurement is noninteractive (K±1|m =
1/

√
2) and therefore produces random outcomes, leav-

ing the shared state unaltered. Choosing μ1 ∈ (0,π/4)
corresponds to an unsharp but nevertheless interactive
measurement. Depending on Alice’s choice of measure-
ment and her observed outcome, the postmeasurement
state ends up in one of four possible configurations. Since
it is necessarily pure, it can be written in the form

|ψ2〉 = K±1|m(μ1)√
〈ψ1| K†

±1|m(μ1)K±1|m(μ1) |ψ1〉
|ψ1〉

= UA,2 ⊗ UB,2[cos(η2) |00〉 + sin(η2) |11〉] (3)

for some angle η2 ∈ (0,π/4] that quantifies the entangle-
ment in the state and some unitary transformations UA,2
and UB,2 that depend on Alice’s choice of measurement
and observed outcome.

In the second step in the sequence, Alice uses her knowl-
edge of the measurement choice and the recorded outcome
to apply U†

A,2 to her system. Then, she again randomly
chooses between the measurements in Eq. (2), with the
sharpness parameter denoted by μ2. Again, the global state
|ψ3〉 after Alice’s second measurement can end up in one
of four possible configurations (given knowledge of the
postmeasurement state after the first step of the protocol)
and it can again be written on the form of Eq. (3), with
suitable angles and unitary operations.

Acting in analogy with the second step, Alice can indefi-
nitely continue the protocol and hence perform an arbitrar-
ily long sequence of measurements. At the generic step k,
the state is described by

|ψk〉 = UA,k ⊗ UB,k[cos(ηk) |00〉 + sin(ηk) |11〉]. (4)

In Table III (Appendix A), we give exact expressions
for unitary operations UA,k, UB,k and parameter ηk, which
depend on the history of Alice’s measurements and out-
comes up to step k − 1. Alice applies U†

A,k to her sub-
system; she performs either measurement A0 or A1 with
strength parameter μk and the state takes again the form
of Eq. (4), with k replaced by k + 1 so that step k + 1
can begin. We note that if Alice chooses μj > 0 ∀j ≤ k,
then ηk+1 > 0, meaning that |ψk+1〉 is still entangled. Not
only this: if she uses measurement A0 with strength param-
eter μk > arctan(tan2 ηk) and finds outcome −1, the new
entanglement parameter is ηk+1 = arctan(tanμk/tan ηk) >

ηk and therefore entanglement has been amplified.
At any step k, the protocol can be interrupted for

the purpose of certifying that entanglement is still
present via a violation of the CHSH inequality. Bob
must apply U†

B,k, projectively measure either observable
B0,k = cos(θk)σX + sin(θk)σZ or B1,k = − cos(θk)σX +
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sin(θk)σZ , where θk = arccot[sin(2ηk)], and finally record
outcome ±1. Then, he can correlate his results with those
of Alice at the same step k and calculate the CHSH
quantity

SCHSH ≡ 〈A0B0〉 + 〈A0B1〉 + 〈A1B0〉 − 〈A1B1〉. (5)

A violation of the CHSH inequality (SCHSH ≤ 2) certifies
that the experiment involves inherently quantum effects.
With the choice of parameters that we outline, Bob finds
that

SCHSH,k = 2 cos(2μk)

√
1 + sin2(2ηk), (6)

meaning that this violation (SCHSH,k > 2) happens for any
choice of k if Alice uses μk < μk,max = 1

2 arctan(sin 2ηk).
In order to find θk and UB,k, Bob needs to know Alice’s
history of measurements and outcomes at steps 1 . . . k − 1.
We can imagine that Alice feeds them back to him after
each step or that he selects his operations at random from
all his possibilities and then correlates his results only
with those of Alice for which his choice was right. When
Bob acts, he only certifies the entanglement of the state
after one specific history of Alice’s measurements and out-
comes. However, in sufficiently many runs of the protocol,
he can cover many different histories.

This protocol underlines two points:

(a) If they are weak, Alice’s measurements do not
destroy entanglement (μk > 0 → ηk+1 > 0).

(b) If they are not too weak, the same weak mea-
surements that preserve entanglement are able to extract
enough information to violate a CHSH inequality and thus
certify the presence of entanglement in the premeasure-
ment state (μk < μk,max → SCHSH,k > 2).

This means that Alice can perform an arbitrary number
of measurements on every single entangled system, each
time fulfilling the certification requirement and without
ever destroying entanglement. For random-number gen-
eration, she could extract more than 1 bit of certified
local randomness from the sequences in which she only
measures σX , thus beating the limit imposed by projec-
tive measurements. For instance, with a short sequence of
two measurements, with μ1 = 0.13 and μ2 = 0, she would
certify 1.026 bits.

III. EXPERIMENTAL METHOD

We describe here our proof-of-concept implementation
aimed at verifying the two points above. Alice makes
at most three sequential measurements and the protocol
can be stopped at step 1, 2, or 3. We choose μ1 ≈ 0.34,
μ2 ≈ 0.19 and μ3 = 0. The former two parameters opti-
mize the expected values of SCHSH around 2.2 at steps 1 and

2, enough to grant a significant experimental observation
without sacrificing the value at step 3. We can set μ3 = 0
because we are sure that the protocol will not continue after
step 3 and therefore there is no need to preserve entan-
glement. Just before step 3, the shared system can be in
16 possible states, depending on Alice’s previous choices
and outcomes. Although a CHSH-inequality violation is
possible for all of them, only in four cases is the achiev-
able value of SCHSH sufficiently greater than 2, to admit the
experimental detection. In the remaining 12 cases, we ver-
ify entanglement using a different strategy: Alice and Bob
apply the operation U†

A ⊗ U†
B and then measure the entan-

glement witness W = 1 ⊗ 1 − σZ ⊗ σZ − σX ⊗ σX . It is
easy to prove that the mean value of this witness is neg-
ative on the state of interest, whereas it would be positive
or zero on any separable state [33]. In total, we measure
nine independent values of SCHSH (one when we stop the
protocol at step 1, four at step 2, and four at step 3), plus
12 values of 〈W〉.

We encode two qubits in the polarization degree of free-
dom of two separated photons. Polarization-entangled pho-
ton pairs are generated by a custom-built source [14,25]
based on a Sagnac interferometer. It prepares the entan-
gled state |ψ1〉, where |0〉 and |1〉 refer to the horizon-
tal and vertical polarizations. The pairs are sent to the
two arms of our experimental setup, which correspond
to Alice and Bob in the theoretical protocol. Figure 1
schematizes the optical implementation for each of Alice’s
measurement steps: two half-wave plates (HWPs) apply
U†

A, which is always a rotation in the space of linear
polarizations; then, another HWP represents the choice
between the measurements A0 and A1; and, finally, a

FIG. 1. A conceptual optical scheme for each of Alice’s steps.
Angle μ corresponds to the sharpness parameter in Alice’s mea-
surements. The two states obtained at the two outputs correspond
to the Kraus operators K+1|m and K−1|m applied to the input state,
meaning that each measurement outcome is mapped to an out-
put. In this model, mirrors apply the σZ operation to incident
polarization, whereas polarizing beam splitters simply separate
two orthogonal polarizations without introducing any relative
phase. In our implementation, one of the exits is blocked and we
change the outcome corresponding to the active one by rotating
the external wave plates. For a key to the optical elements, see
Fig. 2.
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polarization-based Mach-Zehnder interferometer (MZI)
implements the unsharp measurement. It entangles the
polarization with the path degree of freedom, while the
sharpness parameter is set by the angles−μ/2 and π/4 −
μ/2 of the internal HWPs. The two exit paths correspond
to the two outcomes of the polarization measurement: the
probability of a photon taking each of them is equal to the
probability of each outcome, while the polarization state
of the photon (if observed in each path) is the expected
postmeasurement state. One can imagine putting many of
these devices in a treelike structure that, in principle, can
grow unlimited, but in our experiment we stop after three
of them. Every branch of the tree corresponds to a partic-
ular history of outcomes: detecting a photon at the end of
a branch allows us to retrieve this history, attesting that
the photon has taken the corresponding sequence of exits.
Alice does not need to retrieve the outcome after each mea-
surement, because the wave plates are set to execute the
correct unitary operation U†

A, depending on which branch
they are in. This encoding of measurement outcomes in the
path degree of freedom is common in experiments involv-
ing sequential measurements on single photons [34–39].
Figure 2 depicts this idea.

Bob makes only projective measurements in the space of
linear polarization; hence his scheme can be simplified to
a HWP that selects the observable and a polarization beam
splitter (PBS) that separates the two outcomes.

In practice, our implementation is simplified with
respect to Fig. 2 and only uses one detector (a single-
photon avalanche diode, SPAD) for Alice and one for Bob.
Since we set Alice’s third measurement to be projective,
we need only two MZIs in a sequence on her side. One
exit of each is blocked, so that there is only one path
from the source to Alice’s detector. Each interferometer
is set to change the input polarization according to the
Kraus operator K+1|0(μ) = cos(μ)�+

0 + sin(μ)�−
0 , while

two HWPs, one before and one after it, can change any
of {�+

0 ,�−
0 ,�+

1 ,�−
1 } into another, thus selecting the basis

and outcome of the measurement. This means that depend-
ing on the orientation of these plates, the interferometer
can carry out each of the four Kraus operators required by
the protocol. We mechanically rotate the HWPs in different
configurations, each corresponding to one measurement-
outcome combination. By orientating all of Alice’s HWPs
properly, we select which branch of the tree is implemented
by the one path of our setup, thus setting her complete
history of measurements and outcomes. The choice of
measurement bases is not made in real time, photon by
photon, as a faithful realization of the protocol would
require, but, rather, at fixed temporal intervals, the length
of which is limited by the speed of rotation of the plates
and the integration time needed to keep the statistical error
small enough. Moreover, the setup cannot evaluate differ-
ent measurement outcomes simultaneously but we have
to check their relative frequencies one by one. We evalu-
ate sequentially all the combinations of plate orientations,
thus reconstructing the entire tree one branch at a time. For
each combination, we count coincident detections between
Alice and Bob for a fixed exposure time. These counts
are proportional to the joint probability of obtaining the
combination of outcomes under test and hence allow us to
find SCHSH and 〈W〉. We note that Alice never communi-
cates her previous history of measurements and outcomes
to Bob: we externally choose it and then select the same
plate orientations that Bob would use if he received such a
message.

We operate under the fair-sampling assumption that
coincident detection events faithfully represent the pho-
ton pairs produced by the crystal. Moreover, our setup
is affected by the “locality loophole,” i.e., classical
communication between Alice and Bob during the
measurement of SCHSH cannot be physically excluded.

FIG. 2. A conceptual treelike structure of the protocol. The two positions of Bob’s HWP if he stops the protocol at the kth step
depend on Alice’s choices and outcomes of all the previous k − 1 steps. Also, those of the HWPs that implement U†

A inside each of
Alice’s blocks depend on her previous history. In our implementation, Alice stops at most at the third measurement. Moreover, we do
not build the entire tree but only one branch and we change the combination of outcomes to which it corresponds by rotating wave
plates.
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Finally, avoiding the tree structure increases the experi-
ment duration, because the probabilities of outcome are
not all recorded at once. Furthermore, it prevents our setup
from being straightforwardly adapted for applications such
as randomness extraction. However, it greatly simplifies
the implementation for the goal of certifying entanglement.

IV. RESULTS

We use a coincidence window of ±1 ns and an exposure
time of 20 s for all measurements. Given the production
rate of our source and the losses in the setup, the total
number of photon pairs that contribute to our measure-
ments is approximately 3 × 104. The detection efficiency
of Alice’s channel is approximately 1%, while Bob’s is
approximately 8%, with the difference being due to the
multimode fiber on Bob’s side (details in Appendix C).
Before the experiment, we verify the quality of the ini-
tial entangled state using the visibility figure of merit and
we obtain 99% and 98% when measuring the σZ ⊗ σZ
and σX ⊗ σX correlations, respectively. The visibility in
the former basis depends on the extinction ratio of the
polarizing elements in the measurement setup, whereas in
the latter basis it is limited by the quality of the Sagnac
interferometer.

Table I shows the experimental results for the nine val-
ues of SCHSH, whereas Table II shows the 12 mean values
for the entanglement witnesses. For completeness, we also
report in Table IV (Appendix B) the witnesses in the other
four cases at step 3, for which the CHSH violation is a
stronger certification of entanglement because it requires
fewer assumptions [40]. We observe the violation of all the
nine CHSH inequalities with several standard deviations
of statistical significance, proving that Alice’s sequential

TABLE I. The experimental values of SCHSH. The second col-
umn reports the history of measurements and outcomes that
precede the one that yields SCHSH on Alice’s side. The notation
is as follows: outcome at step 1 | measurement choice at step 1;
outcome at step 2 | measurement choice at step 2. The violation
(i.e., SCHSH − 2) is expressed in units of the standard deviation
on SCHSH, derived from Poissonian error on the counts and error
propagation.

Final
step Alice’s history SCHSH SD

Violation
(units of SD)

1 not applicable 2.15 0.01 20
2 +1|0 2.13 0.01 12
2 −1|0 2.07 0.01 6
2 +1|1 2.12 0.01 10
2 −1|1 2.09 0.01 7
3 +1|0; −1|0 2.48 0.03 16
3 −1|0; −1|0 2.53 0.03 17
3 +1|1; −1|0 2.47 0.03 15
3 −1|1; −1|0 2.46 0.03 15

TABLE II. The experimental mean values of the entanglement
witness. The final step is the third for all results. The first column
reports the history of measurements and outcomes that precede
the one that yields 〈W〉 on Alice’s side. The notation is as follows:
outcome at step 1 | measurement choice at step 1; outcome at
step 2 | measurement choice at step 2. The last column reports
−〈W〉, expressed in units of its standard deviation, derived from
Poissonian error on the counts and error propagation.

Alice’s history 〈W〉 SD
Confirmation
(units of SD)

+1|0; +1|0 −0.12 0.01 13
+1|0; +1|1 −0.17 0.01 14
+1|0; −1|1 −0.20 0.01 17
−1|0; +1|0 −0.07 0.01 8
−1|0; +1|1 −0.12 0.01 11
−1|0; −1|1 −0.14 0.01 13
+1|1; +1|0 −0.06 0.01 7
+1|1; +1|1 −0.13 0.01 10
+1|1; −1|1 −0.18 0.01 14
−1|1; +1|0 −0.07 0.01 8
−1|1; +1|1 −0.17 0.01 13
−1|1; −1|1 −0.16 0.01 13

measurements do not destroy entanglement and at the same
time can certify its presence. The former point is also
corroborated by the results of 〈W〉, which are always sig-
nificantly negative. We also note that the value of SCHSH at
step 3 is greater than those at steps 1 and 2. This is expected
given the particular sharpness parameters that we use in
the experiment and proves that the protocol can be used
for entanglement amplification, although only for a subset
of measurement choices and outcomes.

We still observe small deviations from the expected val-
ues and we attribute them to systematic alignment errors in
our setup. Imperfections in one of Alice’s interferometers
might make the measurement that we perform suboptimal,
thus reducing SCHSH at the corresponding step. Moreover,
they might degrade the entanglement in the output state,
thus also decreasing SCHSH at the steps that follow. Finally,
the results at the first two steps can be influenced by defects
in parts of the setup that ensue the corresponding interfer-
ometers, because photons must still go through these parts
before they reach the detectors. The main sources of error
are the phase between the arms of the MZIs, which has
to be carefully regulated by tilting the PBDs, and rotation
of the wave plates, which must be accurate. These rota-
tions can also deviate the photons out of the detectors’
entrance, thus invalidating the polarization measurements.
Alignment difficulties such as these are the reason why
simplification of the experimental setup is of paramount
importance. Regarding statistical errors, we verify that the
repeatability of the motorized rotators used to set the orien-
tation of the wave plates is good enough that its contribu-
tion is negligible; hence the standard deviations reported in
Tables I and II are derived only from the Poissonian error
on the photon counts.
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V. CONCLUSIONS

In this work, we show that it is experimentally feasi-
ble to sustain entanglement over a sequence of unsharp
measurements while being able to generate correlations
that are strong enough to violate a Bell inequality through
the same measurements. We report strong violations of the
CHSH inequality, backed by more than 10 standard devi-
ations of statistical significance, even at the third step of
the sequence (albeit only for some of the possible his-
tories of previous measurements and outcomes). This is
important for protocols that require certified entanglement
for quantum information tasks, such as the extraction of
random bits from measurement outcomes. Our proof-of-
principle experiment is based on entangled photon pairs
and exploits only three well-controlled sequential mea-
surements. It would be of evident interest to extend these
ideas to other relevant physical systems that make substan-
tially longer sequences of unsharp measurements possible,
allowing one to harness entanglement many times for
quantum information applications.
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APPENDIX A: DETAILED DESCRIPTION OF THE
PROTOCOL

At the beginning of step k, Alice and Bob share the pure
and entangled state

|ψk〉 = UA,k ⊗ UB,k[cos(ηk) |00〉 + sin(ηk) |11〉], (A1)

where UA,k and UB,k are local unitary operations and ηk ∈
(0,π/4]. Alice has perfect knowledge of the state; hence
she can apply U†

A,k to her subsystem. The shared state
becomes

|ψ ′
k〉 = 1A ⊗ UB,k[cos(ηk) |00〉 + sin(ηk) |11〉]. (A2)

She chooses the strength of her measurement, in the form
of parameter μk ∈ (0,μk,max), where

μk,max = 1
2

arctan(sin 2ηk). (A3)

We require μk > 0 to preserve entanglement at step k + 1
(indeed, Alice is allowed to choose μk = 0 if she agrees
with Bob to stop the protocol at step k). The upper bound

is required to make the violation of the CHSH inequality
at step k possible. Note that this implies that tan(2μk) ≤
sin(2ηk) ≤ tan(2ηk) and hence μk ≤ ηk.

Then, she chooses between the two observables
A0(μk) = E+1|0(μk)− E−1|0(μk) and A1(μk) = E+1|1(μk)

− E−1|1(μk), where

E+1|0(μk) = 1
2

[1 + cos(2μk)σZ] ,

E−1|0(μk) = 1
2

[1 − cos(2μk)σZ] ,

E+1|1(μk) = 1
2

[1 + cos(2μk)σX ] ,

E−1|1(μk) = 1
2

[1 − cos(2μk)σX ] .

(A4)

A0(μk) and A1(μk) are noisy measurements of σZ and σX ,
respectively. Moreover, E±1|m(μk) = K±1|m(μk)

†K±1|m(μk)

where K±1|m(μk) are the Kraus operators mentioned in the
main text:

K+1|0(μk) = cos(μ1) |0〉 〈0| + sin(μk) |1〉 〈1| ,

K−1|0(μk) = sin(μ1) |0〉 〈0| + cos(μk) |1〉 〈1| ,

K+1|1(μk) = cos(μ1) |+〉 〈+| + sin(μk) |−〉 〈−| ,

K−1|1(μk) = sin(μ1) |+〉 〈+| + cos(μk) |−〉 〈−| ,

(A5)

where |+〉 and |−〉 are the two eigenstates of σX .
After performing the measurement and recording the

outcome, the shared state becomes

|ψk+1〉 = UA,k+1 ⊗ UB,k+1[cos(ηk+1)|00〉 + sin(ηk+1)|11〉]
(A6)

and step k + 1 can begin.
The unitary operations UA,k+1 and UB,k+1 and the new

parameter ηk+1 can be found from their corresponding
values at step k. In particular,

UA,k+1 = e−iαk+1σY ,

UB,k+1 = e−iβk+1σY UB,k,
(A7)

where angles αk+1 and βk+1 depend on the choice of
measurement and outcome at step k, as summarized in
Table III.

We emphasize that if the measurement choice is A0,
the outcome is −1 and tan(μk) > tan2(ηk), then ηk+1 >

ηk, which means that entanglement has been ampli-
fied; this cannot happen in the other cases. To find
the expressions of Table III, one should write |ψk+1〉 =
K±1|m(μk)/

√〈ψ ′
k| E±1|m(μk) |ψ ′

k〉 |ψ ′
k〉 and then perform

the Schmidt decomposition on this state. The singular
vectors (which form the columns of UA,k+1 and UB,k+1)
should be ordered according to decreasing singular values.
Then, tan(ηk+1) is simply the ratio between the smaller and
larger singular values. This sequence begins at step 1 with
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TABLE III. The properties of step k + 1 given those of step k.

Kraus αk+1 βk+1 ηk+1
at step k

K+1|0 0 0 arctan[tan(μk) tan(ηk)]
K−1|0 π/2 π/2 arctan[tan(μk)/ tan(ηk)]
K+1|1 1

2 arccot[tan(2μk) cos(2ηk)] 1
2 arctan[tan(2ηk) cos(2μk)] 1

2 arcsin[sin(2μk) sin(2ηk)]

K−1|1 − 1
2 arccot[tan(2μk) cos(2ηk)] − 1

2 arctan[tan(2ηk) cos(2μk)] 1
2 arcsin[sin(2μk) sin(2ηk)]

UA,1 = UB,1 = 1 and η1 = π/4. With this information and
the above updating rules, it is possible to find all parame-
ters at all steps.

If Alice and Bob decide to interrupt the proto-
col at step k, Bob must apply U†

B,k and measure
projectively the two observables B0,k = cos(θk)σX +
sin(θk)σZ and B1,k = − cos(θk)σX + sin(θk)σZ , where
θk = arccot[sin(2ηk)]. Inserting these expressions in the
definition of SCHSH yields Eq. (6). From this, one can prove
that in order to violate the CHSH inequality, μk must be
chosen such that tan(2μk) < sin(2ηk), as stated in the main
text.

APPENDIX B: VALUES FOR THE THREE-STEPS
IMPLEMENTATION

Table IV contains the numerical values for all the
parameters of the protocol, restricted to our three-steps
implementation.

APPENDIX C: DETAILED DESCRIPTION OF THE
EXPERIMENTAL SETUP

The heart of our entangled-photons source is a
30-mm-long periodically poled potassium titanyl phos-
phate (PPKTP) crystal, which lies inside a Sagnac
interferometer. A continuous-wave laser at 404 nm sends
diagonally polarized light to the PBS of the interferome-
ter so that the crystal is illuminated from both directions.
By a spontaneous parametric down-conversion process in
a quasiphase-matching configuration, pairs of orthogonally
polarized photons at 808 nm are generated. Due to a dual
wavelength half-wave plate (that works both at 404 nm
and 808 nm) inside the Sagnac interferometer, the quantum
state just after it is 1/

√
2(|01〉 + |10〉), where the hori-

zontal (|0〉) and vertical (|1〉) polarizations are defined by
the aforementioned PBS. Two single-mode fibers collect
the photons and bring them to the two arms of the mea-
surement setup, Alice and Bob. In each of them, a HWP

TABLE IV. The values of the parameters for our three-steps implementation and comparison with the observed values for SCHSH
and 〈W〉. The notation for the second column is as follows: outcome at step 1 | measurement choice at step 1; outcome at step 2 |
measurement choice at step 2. The standard deviations in the last two columns are derived from Poissonian error on the counts and
error propagation.

Step k Alice’s history ηk αk βk θk μk SCHSH 〈W〉 SCHSH (observed) 〈W〉 (observed)

1 not applicable π/4 0 0 π/4 0.34 2.20 −1 2.15 ± 0.01 no data
2 +1|0 0.34 0 0 1.01 0.19 2.19 −0.63 2.13 ± 0.01 no data
2 −1|0 0.34 π/2 π/2 1.01 0.19 2.19 −0.63 2.07 ± 0.01 no data
2 +1|1 0.34 π/4 π/4 1.01 0.19 2.19 −0.63 2.12 ± 0.01 no data
2 −1|1 0.34 −π/4 −π/4 1.01 0.19 2.19 −0.63 2.09 ± 0.01 no data
3 +1|0; +1|0 0.07 0 0 1.44 0 2.02 −0.14 no data −0.12 ± 0.01
3 +1|0; −1|0 0.50 π/2 π/2 0.87 0 2.61 −0.84 2.48 ± 0.03 −0.75 ± 0.01
3 +1|0; +1|1 0.12 0.63 0.32 1.34 0 2.05 −0.23 no data −0.17 ± 0.01
3 +1|0; −1|1 0.12 −0.63 −0.32 1.34 0 2.05 −0.23 no data −0.20 ± 0.01
3 −1|0; +1|0 0.07 0 0 1.44 0 2.02 −0.14 no data −0.07 ± 0.01
3 −1|0; −1|0 0.50 π/2 π/2 0.87 0 2.61 −0.84 2.53 ± 0.03 −0.79 ± 0.01
3 −1|0; +1|1 0.12 0.63 0.32 1.34 0 2.05 −0.23 no data −0.12 ± 0.01
3 −1|0; −1|1 0.12 −0.63 −0.32 1.34 0 2.05 −0.23 no data −0.14 ± 0.01
3 +1|1; +1|0 0.07 0 0 1.44 0 2.02 −0.14 no data −0.06 ± 0.01
3 +1|1; −1|0 0.50 π/2 π/2 0.87 0 2.61 −0.84 2.47 ± 0.03 −0.78 ± 0.01
3 +1|1; +1|1 0.12 0.63 0.32 1.34 0 2.05 −0.23 no data −0.13 ± 0.01
3 +1|1; −1|1 0.12 −0.63 −0.32 1.34 0 2.05 −0.23 no data −0.18 ± 0.01
3 −1|1; +1|0 0.07 0 0 1.44 0 2.02 −0.14 no data −0.07 ± 0.01
3 −1|1; −1|0 0.50 π/2 π/2 0.87 0 2.61 −0.84 2.46 ± 0.03 −0.68 ± 0.02
3 −1|1; +1|1 0.12 0.63 0.32 1.34 0 2.05 −0.23 no data −0.17 ± 0.01
3 −1|1; −1|1 0.12 −0.63 −0.32 1.34 0 2.05 −0.23 no data −0.16 ± 0.01
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and a QWP correct the unitary operations applied by the
fibers. Bob also uses a liquid-crystal retarder (LCR) to fine
tune the phase between different polarization components.
These optical elements change the state to

|ψ1〉 = 1√
2
(|00〉 + |11〉), (C1)

where |0〉 and |1〉 are now defined by Alice’s and Bob’s
polarizers.

The principle of the two measurement setups is that
polarizing and birefringent optical elements select one
measurement effect and then their axes are rotated to eval-
uate sequentially all the effects of interest. The number
of coincident detections in each configuration is counted
and associated with the corresponding effect. Bob has to
measure only linear polarizations; therefore his measure-
ment setup consists of a rotating HWP and a fixed linear
polarizer (LP). A multimode fiber then collects the pho-
tons and brings them to a SPAD. On Alice’s side, two
Mach-Zehnder interferometers in a series implement the
two weak measurements. They separate the horizontal- and
vertical-polarization components using PBDs. For conve-
nience, we use three HWPs instead of two in our MZIs:
in this way, we can regulate the sharpness parameter μ by
rotating a single plate, while the others are fixed. Indeed,
the arm carrying the |0〉 polarization encounters a HWP
with an axis at −π/8, while the other encounters a HWP at
π/8. Then, a HWP at angle π/8 − μ/2 spans across both.
The interferometer, followed by a HWP at angle π/4 that
swaps |0〉 and |1〉 implements the Kraus operator:

K+1|0(μ) = cos(μ)�+
0 + sin(μ)�−

0 . (C2)

Two HWPs, one before and one after the MZI, can change
any of {�+

0 ,�−
0 ,�+

1 ,�−
1 } into another, thus selecting the

basis and outcome of the measurement. This means that
depending on the orientation of these plates, the interfer-
ometer can carry out each of the four Kraus operators
required by the protocol, shown in Eq. (A5).

The unitary operations needed before each weak mea-
surement are realized by the HWP at the beginning of
the next step. The total number of HWPs needed between
the measurement steps would be five (one to select the
measurement-outcome combination of the previous mea-
surement, one to do the same for the next one, one to
swap |0〉 and |1〉, and two for the unitary operation), but
this can be reduced to one, as is true for any odd num-
ber of HWPs. Since the third measurement is strong, it is
achieved by a HWP and a LP. A single-mode fiber finally
collects Alice’s photons and brings them to a SPAD, the
signal of which is correlated with Bob’s signal by a time
tagger with 80-ps resolution, that then returns coincidence
counts within a ±1-ns window. A faithful representation
of our implementation is shown in Fig. 3.

-

FIG. 3. The actual optical implementation.

The total rate of coincidences summed over the out-
comes of a polarization measurement is about 1500 Hz.
We measure the efficiency of Alice’s detection system
as the ratio between the rate of coincidences and that of
single counts in Bob’s channel and we obtain approxi-
mately 1%. This value includes the quantum efficiency
of Alice’s SPAD and losses in the optical system, but is
mostly limited by the two couplings into single-mode fiber
that photons must endure in their path from the crystal to
the detector. Bob’s efficiency is comparatively much better
(approximately 8%) because of the multimode fiber (with
a higher collection probability) that we use at the detection
stage.

The coincidence rate, integrated over an exposure time
of 20 s, makes the total number of coincident events
contributing to a complete measurement about 3 × 104,
sufficient to make statistical errors small. Systematic mis-
alignments of the setup are the main source of error.
In particular, imperfections in the wave plates can cause
imbalances in the photon counts, which are critical for the
final results. Rotating plates can slightly deviate the beam
out of the fiber entrance, hindering the accuracy of the
polarization measurements. Preparation of the entangled
state is also important and needs precise alignment of the
source. Finally, the Mach-Zehnder interferometers need to
be perfectly balanced to achieve sufficient visibility.

[1] R. Horodecki, P. Horodecki, M. Horodecki, and K.
Horodecki, Quantum entanglement, Rev. Mod. Phys. 81,
865 (2009).

[2] A. K. Ekert, Quantum Cryptography Based on Bell’s
Theorem, Phys. Rev. Lett. 67, 661 (1991).

[3] C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A.
Peres, and W. K. Wootters, Teleporting an Unknown Quan-
tum State via Dual Classical and Einstein-Podolsky-Rosen
Channels, Phys. Rev. Lett. 70, 1895 (1993).

[4] V. Giovannetti, S. Lloyd, and L. Maccone, Quantum-
enhanced measurements: Beating the standard quantum
limit, Science 306, 1330 (2004).

044008-8

https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/PhysRevLett.67.661
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1126/science.1104149


EXPERIMENTAL CERTIFICATION OF SUSTAINED... PHYS. REV. APPLIED 13, 044008 (2020)

[5] S. Pironio, V. Scarani, and T. Vidick, Focus on device inde-
pendent quantum information, New J. Phys. 18, 100202
(2016).

[6] T. Yu and J. H. Eberly, Finite-Time Disentanglement via
Spontaneous Emission, Phys. Rev. Lett. 93, 140404 (2004).

[7] M. P. Almeida, F. de Melo, M. Hor-Meyll, A. Salles,
S. P. Walborn, P. H. Souto Ribeiro, and L. Davi-
dovich, Environment-induced sudden death of entangle-
ment, Science 316, 579 (2007).

[8] C. A. Fuchs and A. Peres, Quantum-state disturbance ver-
sus information gain: Uncertainty relations for quantum
information, Phys. Rev. A 53, 2038 (1996).

[9] N. Brunner, D. Cavalcanti, S. Pironio, V. Scarani, and S.
Wehner, Bell nonlocality, Rev. Mod. Phys. 86, 419 (2014).

[10] R. Silva, N. Gisin, Y. Guryanova, and S. Popescu, Multiple
Observers Can Share the Nonlocality of Half of an Entan-
gled Pair by Using Optimal Weak Measurements, Phys.
Rev. Lett. 114, 250401 (2015).

[11] S. Sasmal, D. Das, S. Mal, and A. S. Majumdar, Steering
a single system sequentially by multiple observers, Phys.
Rev. A 98, 012305 (2018).

[12] A. Shenoy H, S. Designolle, F. Hirsch, R. Silva, N. Gisin,
and N. Brunner, Unbounded sequence of observers exhibit-
ing Einstein-Podolsky-Rosen steering, Phys. Rev. A 99,
022317 (2019).

[13] F. Piacentini, A. Avella, M. P. Levi, M. Gramegna,
G. Brida, I. P. Degiovanni, E. Cohen, R. Lussana, F. Villa,
A. Tosi, F. Zappa, and M. Genovese, Measuring Incom-
patible Observables by Exploiting Sequential Weak Values,
Phys. Rev. Lett. 117, 170402 (2016).

[14] L. Calderaro, G. Foletto, D. Dequal, P. Villoresi, and
G. Vallone, Direct Reconstruction of the Quantum Den-
sity Matrix by Strong Measurements, Phys. Rev. Lett. 23,
230501 (2018).

[15] H. Anwer, N. Wilson, R. Silva, S. Muhammad, A. Tavakoli,
and M. Bourennane, arXiv:1904.09766.

[16] K. Mohan, A. Tavakoli, and N. Brunner, Sequential ran-
dom access codes and self-testing of quantum measurement
instruments, New J. Phys. 21, 083034 (2019).

[17] N. Miklin, J. J. Borkała, and M. Pawłowski, arXiv:1903.
12533.

[18] F. J. Curchod, M. Johansson, R. Augusiak, M. J. Hoban,
P. Wittek, and A. Acín, Unbounded randomness certifica-
tion using sequences of measurements, Phys. Rev. A 95,
020102(R) (2017).

[19] B. Coyle, M. J. Hoban, and E. Kashefi, One-sided device-
independent certification of unbounded random numbers,
EPTCS 273, 14 (2018).

[20] A. Tavakoli and A. Cabello, Quantum predictions for an
unmeasured system cannot be simulated with a finite-
memory classical system, Phys. Rev. A 97, 032131 (2018).

[21] Y. S. Kim, J. C. Lee, O. Kwon, and Y. H. Kim, Protecting
entanglement from decoherence using weak measurement
and quantum measurement reversal, Nat. Phys. 8, 117
(2012).

[22] B. L. Higgins, M. S. Palsson, G. Y. Xiang, H. M. Wiseman,
and G. J. Pryde, Using weak values to experimentally deter-
mine “negative probabilities” in a two-photon state with
Bell correlations, Phys. Rev. A 91, 012113 (2015).

[23] T. C. White et al., Preserving entanglement during weak
measurement demonstrated with a violation of the Bell-
Leggett-Garg inequality, npj Quantum Inf. 2, 15022
(2016).

[24] J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt,
Proposed Experiment to Test Local Hidden-Variable Theo-
ries, Phys. Rev. Lett. 23, 880 (1969).

[25] M. Schiavon, L. Calderaro, M. Pittaluga, G. Vallone, and
P. Villoresi, Three-observer Bell inequality violation on
a two-qubit entangled state, Quantum Sci. Technol. 2,
015010 (2017).

[26] M.-J. Hu, Z.-Y. Zhou, X.-M. Hu, C.-F. Li, G.-C. Guo, and
Y.-S. Zhang, Observation of non-locality sharing among
three observers with one entangled pair via optimal weak
measurement, npj Quantum Inf. 4, 63 (2018).

[27] S. Pironio et al., Random numbers certified by Bell’s
theorem, Nature 464, 1021 (2010).

[28] A. Acín, S. Massar, and S. Pironio, Randomness ver-
sus Nonlocality and Entanglement, Phys. Rev. Lett. 108,
100402 (2012).

[29] U. Vazirani and T. Vidick, Certifiable Quantum Dice,
Philos. Trans. R. Soc. A 370, 3432 (2012).

[30] J.-D. Bancal, L. Sheridan, and V. Scarani, More ran-
domness from the same data, New J. Phys. 16, 033011
(2014).

[31] A. Acín, S. Pironio, T. Vértesi, and P. Wittek, Optimal ran-
domness certification from one entangled bit, Phys. Rev. A
93, 040102(R) (2016).

[32] M. A. Nielsen and I. Chuang, Quantum Computation and
Quantum Information (Cambridge University Press, Cam-
bridge, UK, 2000).

[33] G. Tóth and O. Gühne, Detecting Genuine Multipartite
Entanglement with Two Local Measurements, Phys. Rev.
Lett. 94, 060501 (2005).

[34] E. Amselem, M. Rådmark, M. Bourennane, and A. Cabello,
State-Independent Quantum Contextuality with Single Pho-
tons, Phys. Rev. Lett. 103, 160405 (2009).

[35] E. Amselem, L. E. Danielsen, A. J. López-Tarrida, J.
R. Portillo, M. Bourennane, and A. Cabello, Experimen-
tal Fully Contextual Correlations, Phys. Rev. Lett. 108,
200405 (2012).

[36] V. D’Ambrosio, I. Herbauts, E. Amselem, E. Nagali, M.
Bourennane, F. Sciarrino, and A. Cabello, Experimen-
tal Implementation of a Kochen-Specker Set of Quantum
Tests, Phys. Rev. X 3, 011012 (2013).

[37] B. H. Liu, X. M. Hu, J. S. Chen, Y. F. Huang, Y. J.
Han, C. F. Li, G. C. Guo, and A. Cabello, Nonlocality
from Local Contextuality, Phys. Rev. Lett. 117, 220402
(2016).

[38] X. Zhan, E. G. Cavalcanti, J. Li, Z. Bian, Y. Zhang,
H. M. Wiseman, and P. Xue, Experimental generalized
contextuality with single-photon qubits, Optica 4, 966
(2017).

[39] A. Crespi, M. Bentivegna, I. Pitsios, D. Rusca, D. Poderini,
G. Carvacho, V. D’Ambrosio, A. Cabello, F. Sciarrino, and
R. Osellame, Single-photon quantum contextuality on a
chip, ACS Photonics 4, 2807 (2017).

[40] O. Gühne and G. Tóth, Entanglement detection, Phys. Rep.
474, 1 (2009).

044008-9

https://doi.org/10.1088/1367-2630/18/10/100202
https://doi.org/10.1103/PhysRevLett.93.140404
https://doi.org/10.1126/science.1139892
https://doi.org/10.1103/PhysRevA.53.2038
https://doi.org/10.1103/RevModPhys.86.419
https://doi.org/10.1103/PhysRevLett.114.250401
https://doi.org/10.1103/PhysRevA.98.012305
https://doi.org/10.1103/PhysRevA.99.022317
https://doi.org/10.1103/PhysRevLett.117.170402
https://doi.org/10.1103/PhysRevLett.121.230501
https://doi.org/10.1088/1367-2630/ab3773
https://doi.org/10.1103/PhysRevA.95.020102
https://doi.org/10.4204/EPTCS.273.2
https://doi.org/10.1103/PhysRevA.97.032131
https://doi.org/10.1038/nphys2178
https://doi.org/10.1103/PhysRevA.91.012113
https://doi.org/10.1038/npjqi.2015.22
https://doi.org/10.1103/PhysRevLett.23.880
https://doi.org/10.1088/2058-9565/aa62be
https://doi.org/10.1038/s41534-018-0115-x
https://doi.org/10.1038/nature09008
https://doi.org/10.1103/PhysRevLett.108.100402
https://doi.org/10.1098/rsta.2011.0336
https://doi.org/10.1088/1367-2630/16/3/033011
https://doi.org/10.1103/PhysRevA.93.040102
https://doi.org/10.1103/PhysRevLett.94.060501
https://doi.org/10.1103/PhysRevLett.103.160405
https://doi.org/10.1103/PhysRevLett.108.200405
https://doi.org/10.1103/PhysRevX.3.011012
https://doi.org/10.1103/PhysRevLett.117.220402
https://doi.org/10.1364/OPTICA.4.000966
https://doi.org/10.1021/acsphotonics.7b00793
https://doi.org/10.1016/j.physrep.2009.02.004

	I. INTRODUCTION
	II. THEORETICAL MODEL
	III. EXPERIMENTAL METHOD
	IV. RESULTS
	V. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX A: DETAILED DESCRIPTION OF THE PROTOCOL
	B. APPENDIX B: VALUES FOR THE THREE-STEPS IMPLEMENTATION
	C. APPENDIX C: DETAILED DESCRIPTION OF THE EXPERIMENTAL SETUP
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


