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Abstract. This paper aims to present the effects of quantum delay choice experiments
on entangled photon pairs, showing that quantum key distribution can be achieved not
only by choosing observable values on the employed pairs, but also by choosing the
type of measurement that each participant wishes to conduct. Measurement choice is
done randomly, qubit values being assigned a posteriori according to a classic
convention, as depicted in previous algorithms.
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1. INTRODUCTION
Following interpretations of famous experiments carried out throughout
history, quantum mechanics has proven to be the best choice of exploiting the
unknown [1, 8–9]. The principles governing it establish a safe ground for
information to be successfully hidden, combining universal and relative aspects of
measuring and interpreting quantum phenomena. Quantum entanglement [2, 10] is
the greatest form of unknown behaviour, offering full information about an
ensemble state but, ideally, no information about any composing states. Originally,
entanglement has been studied on observables associated with the quantum
subjects (i.e. photons) like polarisation or energy, with information units known as
qubits being associated beforehand [3]. It has been shown that quantum mechanics
offers another level of security for the qubits, exploitable by designing the
measurement apparatus to randomly switch between a particle observable
measurement and an interference measurement. All previous measurements were
conducted, to the author's knowledge, on single photons. This paper studies the
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effects that measurement type switching, be it classical or quantum has on a
transmitted entangled pair, and will be divided into three sections: the first section
will describe previous experiments conducted, the second one will focus on the
behaviour of one half of a pair of entangled photons if the other half is subjected to
a delay-choice measurement, and conclusions and interpretations based on these
results will be drawn in the third section.
2. ON THE DUALITY OF QUANTA
The famous Gedanken experiment establishes unequivocually that from a
classical point of view, the information obtained about the form of existence of
quantum elements depends on the measurement established in advance. This is also
the key aspect of the complementarity principle, formulated by Bohr after the
famous discussions with Einstein [4]. Quantum mechanics, however, played a very
surprising card on what was considered to be natural behaviour at that time. The
key point of the two-slit experiment was that unless it is observed, a photon is both
particle and wave, and any observation of the photon will project that existence
state into the basis on which the observation is performed [5]. Having witnessed
the appearance of interference patterns on the screen – a fundamental wave-like
behaviour, but at the same time obtaining clicks at a detector – key particle-like
behaviour reinforces this hypothesis and concludes that observing a certain form of
existence is subjective to every measurement set-up. But this conclusion merely
gave birth to another question: What if we do not have any control on the
measurement, and the set-up switches randomly between particle- and waveobserving ones? What can we say about the photon's behaviour? To begin with, it
is safe to assume the photon resides in a state of the
1
form ψ =
( particle + wave ) . The simplest measurement was designed by
2
Wheeler [1] as a randomly triggered Michelson interferometer, made of two
classical 50/50 beam splitters. The first divides the possible photon paths, while the
second mixes them in front of two detectors. The second beam splitter is inserted
and extracted randomly from the two paths, offering the two measurement
arrangements. For the set-up shown in Fig. 1, in which the second beam splitter is
not inserted, each time a detector clicks, one can predict with full probability what
path the photon took. On the other hand, with the second beam splitter in the setup, each time a detector clicks, the path of the photon is completely unknown, and
an interference pattern is observed. In other words, the second beam splitter acts as
a discriminator between the particle- and wave-state experiments.

3
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Fig. 1 – Initial delay choice experiment on single photons. The first beam splitter splits
the possible paths of the photon into the two labelled 1 and 2. The second beam splitter
is randomly inserted and extracted from the set-up, changing the type of measurement:
For the second beam-splitter not in the set-up, the path taken is fully known based on
the detector that clicks. When the second beam-splitter is inserted, the path taken is
completely unknown, and we consider that the photon has taken both paths.

The conclusion of Wheeler's experiment [1] is that we can predict the
outcome of the photon if we change the interferometer by removing the second
beam-splitter while the photon is travelling in the interferometer. From a practical
point of view, this demands a precise knowledge of the time the photon spends in
the interferometer and achievement of ultra-fast switching of the system.
Recently [6] it has been shown that by changing the set-up to having a
quantum-based control, thus enabling the apparatus to enter, as well as the photon,
in a superposition of set-ups, quantum delay choice experiments can be carried out
using only one system, and choice between particle and wave can be made after the
photon has been detected [7], shaking the foundations of the complementary
principle.
3. ENTANGLED STATE DELAY CHOICE EXPERIMENT

Up until now, all quantum delay choice experiments have been conducted on
single photons [1]. But what if the same experiment were to be carried out on a pair
of entangled photons? We start our considerations by extrapolating the quantum
interferometer to study an entangled photon pair. The new set-up consists of
substituting the first beam splitter with a polarised beam splitter, while the second
one undergoes the same random switching procedure. One half of the photon pair
is sent through the quantum interferometer to Bob's side, establishing a quantum
version of Wheeler's experiment. The other half, on Alice's side is sent through a
polarised beam splitter, as seen in Fig. 2. Both sides are equipped with path
detectors that record the path the photon took. Let us assume that Alice records a
horizontal photon on one of her detectors. The other half of the photon pair is
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automatically in the vertical state. The photon pairs are created in a type II
spontaneous parametric down conversion, a non-linear process in which a pump
photon converts into two photons that obey energy and momentum conservation
rules. Obviously, Alice can discern the path Bob's half of the photon pair took
before detection at the detectors. Bob still cannot tell which path the photon took
when the second beam splitter is inserted into the interferometer scheme.
1
Accordingly, Bob sees the photon in the compound state
( particle + wave )
2
because of the interference patterns superposed with the clicks on the detectors,
whereas Alice already has full information on the position of the photon.

Fig. 2 – Experimental set-up of the quantum delay choice interferometer. An entangled
photon pair is sent to Alice and Bob. Alice measures the polarisations of the incoming
half using a polarised beam splitter, while Bob keeps a modified version of Wheeler's
delay choice interferometer, in which the first 50/50 beam splitter has been replaced
with a polarised beam splitter.

Formally, the system dynamics is represented by operators P̂ and Ŵ ,
written as
Pˆ = particle particle ,

(1)

Wˆ = wave wave ,

(2)

projecting the compound state onto either particle or wave state respectively. The
overall state that passes through the system becomes
cos ϕ particle particle + sin ϕ particle wave ,

(3)

with the two probability amplitudes being
cos 2 ϕ =
sin 2 ϕ =

1
T
1
T

∞

∫ dt

off

,

(4)

on

,

(5)

−∞
∞

∫ dt

−∞
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with t on and t off the periods of time Bob’s output beam splitter is held in and out
of the set-up and ϕ an argument of the probability amplitudes given by the two
time periods per measurement period T .
At this point, Bob has no idea of the state the incoming photons reside in.
The classical version of the delay choice experiment compelled the second beam
splitter to be taken out in the exact time interval the photon is in the interferometer.
This requires ultra fast switching times. As an alternative, we propose that two
delay lines be inserted in the two arms of the interferometer, while the second
beam splitter remains in the interferometer the whole time, and a classical
communication line is established in parallel with the experiment [11–14]. Bob
can, thus, receive the information given by Alice's measurement in the time interval
the photon is in the arms of the interferometer. Accordingly, Bob can know what
path the photon took in the interferometer even if he records an interference pattern
on his detectors.
Up to this point we considered the states as not affected by any de-phasing
between the two contributions. Thus, the entangled state created by the EPR source
will take the form

ψ =

1
2

( HV

+ e iφ VH

)

(6)

where H and V are the orthogonal horizontal and vertical bases, and φ an
arbitrary phase factor. Conversed into the particle-wave framework, while Alice
records a particle experiment on her detector, Bob will have a composed state of
the form (3). The particle and wave states can be written as
particle = H + e iφ V

(7)

and
wave = cos

φ
φ
H − i sin V .
2
2

(8)

Rewriting Eq. (3) in the new approach, and keeping in mind that Bob is focusing
on performing a particle-based observation in order to know what path his photon
took, the intensity of Bob's detector is given by
I D = Tr{ ψ

Bob

ψ

Bob

particle particle } .

Here, partial tracing of the composite state ψ

Bob

ψ

Bob

(9)

has been executed in

order to eliminate Alice's subsystem. Assuming arbitrary de-phasing between the
two contributions in writing the particle and wave states, we obtained the morphing
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behaviour i.e. the dependency of the potential information that Bob can acquire – P
– as a function of the on – off temporal argument of the second beam splitter ϕ
and of the dephasing factor between the horizontal and vertical contributions ϕ at
Bob's detector as shown in Fig. 3.

Fig. 3 – Normalised potential information P as a function of de-phasing between the
entangled state contributions and on-off angular temporal argument of the second beam
splitter. For appropriate temporal arguments the medium value can be set to 1, confirming
that Bob can have the full information thanks to the entangled state.

As mentioned above, the morphing behaviour of the photon on Bob's detector
can be bypassed if Alice has a way of communicating the polarisation of the first
photon before the second one reaches the detector, invariant of any de-phasing
effects that may occur during generation and propagation stages. Communication is
done classically, thus even though an interceptor is on the line, a means of
communicating the values from Alice to Bob exists, at the expense of data
transmission velocity.
If now we leave the second beam splitter inside the interferometer throughout the
whole experiment, the state seen by Bob will change from Eq. (3)
ψ

ON

= particle wave .

(10)

This means a projection onto a product state has been performed. Morphing
behaviour of the state seen by Bob is given by

I D = Tr{ ψ

ON

ψ

ON

particle particle particle particle } .

(11)

Solving this equation yields the result 1. This time, Bob performs the measurement
on both states i.e. information from Alice regarding the states has been transmitted
to Bob. This is fully consistent with our prior considerations according to which
any information sent from Alice to Bob will nullify uncertainties regarding the path
selected by the photon.
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4. CONCLUSION

As a result of all of the above considerations, we can successfully report a
new type of measurement that can determine, in the context of a quantum delay
choice experiment, the exact path a photon takes in a commutable interferometer.
To do so, we employ an entangled photon pair configuration, in which the missing
information regarding the photon path is contained in its counterpart. We analysed
the interference pattern on Bob's detector when no information of the entangled
state is obtained taking in consideration the two amplitude probabilities given by
state creation and temporal angular arguments given by inserting and removing the
second beam splitter, in order to achieve the so called quantum delay choice
experiment. This type of measurement set up allows information to be sent from
Alice to Bob without interrupting the interferometer, although measurements
consider the full set up.
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