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ENTANGLED QUANTUM STATES, QUANTUM 
TELEPORTATION AND QUANTUM INFORMATION 

Constantin P. Cristescu1, Marcel Popescu 2 

Stările cuantice neseparabile (încâlcite) reprezintă elemente de importanţă 
fundamentală în informatica cuantică. Acest articol prezintă esenţa stărilor 
neseparabile, unele experimente care au demonstrat existenţa acestora, în principal 
pe baza dezbaterii de peste 70 de ani provocată de “paradoxul Einstein, Podolsky, 
Rosen (EPR)”, precum şi principalele experimente care au atenuat considerabil 
disputa. Se descriu cele mai importante experimente de teleportare cuantică şi se 
prezintă unele implicaţii ale acesteia în transmiterea informaţiei. 

The paper presents the essentials concerning the quantum entangled states as 
a fundamental resource for quantum informatics. The treatment roughly follows the 
debate of over 70 years generated by the Einstein, Podolsky, Rosen paper 
formulating what was later called “the EPR paradox”, and presents the celebrated 
experiments that settled the debate. Recent experiments on the application of 
entangled states such as quantum teleportation and its relevance for quantum 
communications are discussed.    

Keywords: Entangled states, EPR paradox, Bell inequalities, quantum  
                    teleportation. 

1. Introduction 

Recently, scientists using quantum theory identified remarkable new 
opportunities for informatics and computing. A fundamental resource in these 
applications is quantum entanglement [1], [2]. Schrödinger was the first to 
describe this phenomenon, to point out its non-local consequences and give it the 
name still in use today. In 1935 Einstein together with  Podolsky and Rosen, 
published a paper suggesting that the non-local character implied by the entangled 
quantum states should be a consequence of the fact that quantum physics is not a 
complete science, and it must be completed with some « hidden variables » [3]. 
Some 30 years later, Bell demonstrated that no local theory which includes hidden 
variables can explain the non-local character of entangled quantum states [4]. 
Very sofisticated experiments followed and their results convincingly 
demonstrated the existence of non-locality giving full confirmation to the 
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predictions of quantum physics [5]. Experimental validation was soon followed 
by the presentation of proposals for application of entangled states in 
communications: quantum criptography [6] and quantum teleportation [7]. A 
series of algorithms were proposed and developed which based on the principles 
of quantum physics can solve much quicker and more efficient problems such as 
searching in data bases or factorization of very large  numbers [2].  

The aim of this paper is the description of entangled states, the 
documentation and experimental proof of their existence and the introduction of 
their applications to quantum information processing. The first paragraph explains 
the existence and the meaning of entangled states. The next two present the so 
called EPR paradox and the Bell inequalities. In the fourth paragraph, some of the 
most important experiments demonstrating the correctness of the predictions of 
quantum physics related to entanglement are discussed. Theoretical basis and 
experimental realization of quantum teleportation as well as some aspects of its 
use in quantum communications are presented in the fifth paragraph.  

2. Explaining the existence of entangled states 

Consider a system of two components: the states of one generate a Hilbert 
space HI and the states of the other, a Hilbert space HII. The possible states of the 
whole system exist in a Hilbert space III HHH ⊗= , where ⊗  denotes the tensor 
product of the two spaces. If jeI , j=1,2, ... ,dim(HI) is an orthonormal basis in HI 

and IIke , k=1,2, ... ,dim(HII) is an orthonormal basis in HII, then an arbitrary state 
of the component systems is written  

∑∑ =ψ=ψ
k

kk
j

jj ebea IIIIII    (1) 

respectively, and the states of the complex system are written 

k
kj

jjk eec II
,

I ⊗=ψ ∑ .   (2) 

The coefficients of the expansions are complex numbers (some can be vanishing) 
and they satisfy the normalization condition, which for the jkc  is written 

1
,

2
=∑

kj
jkc .     (3) 

 At first impression, one might think that the states (2) of the whole system 
could be written 

III ψ⊗ψ=ψ .    (4) 
States of this kind are called separable states because they can be interpreted as 
telling that the first component is in state Iψ  and the second in state IIψ , i.e. 
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their states are independently identifiable. At a second look, we see that states of 
the type described by eq. (4) can be obtained only for special values of the 
coefficients jkc , that can be written as products of the coefficients in the 
expansions (1). It means that the majority of states of the complex system are non-
separable states also known as entangled states. In such a state, it is impossible to 
associate a subsystem with a certain state, because only the state of the whole 
system is determined. Consequently, only the observables of the whole system 
can have deffinite values.  
 We shall illustrate with the situation of two state systems relevant for the 
context of this paper, particularly electron systems. The projection of the electron 
spin on a direction can have only two values 2± , corresponding to parallel or 
anti-parallel orientation relativ to the respective direction. When the direction is 
the z axis, we call the two possibilities spin up and spin down states and denote 
them ↓↑ and  respectively. Consider two electrons. According to (1), their 
individual states are written: 

↓+↑=ψ↓+↑=ψ dcba 21 ,   (5) 
and, according to (2) a state of the system composed of the two electrons can be 

( )↑↓−↓↑=ψ
2

1    (6) 

where, for brevity reasons, the tensor product is written ↓↑  (⊗  is omitted). It 
is easy to show that no values of the constants a, b, c, d, can be found such that 
the relationship 21 ψ⊗ψ=ψ  holds. Consequently, (6) is an entangled state. It 
contains no information on the individual particles, it only indicates that the two 
particles are in opposite states. The important property of an entangled pair is that 
as soon as the state of one particle is known, by the projection resulting from a 
measurement, the state of the other particle is known instantly, no matter the 
distance between the particles at the moment of the measurement. 

3. The EPR paradox  

In their celebrated paper of 1935 entitled „Can Quantum-Mechanical 
Description of Physical Reality Be Considered Complete” [3],  A. Einstein, B. 
Podolsky and N. Rosen present a thought experiment („Gedankenexperiment”) 
whose conclusions, according to the authors’ point of view, cast serious doubt on 
the uncertainty principle, suggesting that it is only a consequence of the fact that 
the description of reality given by quantum physics is not complete. According to 
Einstein,  any acceptable theory should satisfy the following criteria: 
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1. The quantities involved in a theory should be characterized by physical 
reality in the sense that any attribute of a physical system that can be predicted 
accurately without disturbing the system is an element of physical reality. 
Furthermore, a complete description of the physical system under study must 
embody all the elements of physical reality that are associated with the system. 

2. The theory must be local: in nature there exists no such thing as action 
at a distance (spooky action at a distance as Einstein called it). 

The EPR invented a thought experiment that violates these criteria. It 
considers two systems that interact with each other for a time. The formalism of 
quantum physics can determine the state of the combined system after interaction 
but the states of the two sub-systems cannot be determined separately. However, 
if a measurement of a characteristic quantity (observable) is performed on one of 
the sub-systems then, from the known value of the respective quantity for the 
whole system, the value for the second sub-system is instantaneously obtained. 
The measurement of one observable on the first sub-system, instantaneously  
determines the state of the second one – the two sub-systems being completely 
separated physically. The result of the measurement of an observable can only be 
one of the eigenvalues of the corresponding operator. In the EPR thought 
experiment, two noncommuting observables are considered: the position X and 
the momentum P. As consequence of a measurement of X on the system I the  
system II is left in an eigenstate of the observable X. Alternatively, as 
consequence of a measurement of P on the system I the  system II is left in an 
eigenstate of the observable P. Consequently, the two non-commuting observables 
X and P of system II acquire definite values as result of measurements performed 
on system I, although between the two systems no physical connection exists 
during the measurement or after.  

As two non-commuting observables cannot be determined simultaneously, 
EPR consider that this can only be explained either if the two observables do not 
possess physical reality simultaneously or the quantum physics description of 
reality is incomplete. Moreover, considering that “it is unreasonable to suppose 
that the physical reality in one system depends on a measurement performed on 
another system”, the conclusion of the paper is that some additional “elements of 
physical reality” must exist that should remove the uncertainty of the two  
observables and the possibility of existence of non-locale effects [2]. The 
contradiction between these conclusions and the Einstein criteria is known as the 
EPR paradox. 

A simplified thought experiment of the same type was proposed by Bohm, 
using a system of two spin 1/2 particles (electrons, for understanding 
convenience) in a zero total spin entangled state that can be written as in eq. (6), 
or also as  
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)(
2
1

+−−−+⋅=ψ .                                      (6’) 

Here, +  describes the +ћ/2 spin state and −  describes the -ћ/2 spin state with 
reference to the axis of a Stern-Gerlach apparatus. As discussed in the previous 
paragraph, ψ  is an entangled state which cannot be factored as a (tensor) 
product of separate states associated to individual particles [5].  

Suppose that the system disintegrates in two identical particles 1 and 2. 
After complete separation, one measures the projection of the spin of particle 1 on 
a certain, arbitrary direction taken as z axis. If the result is +ћ/2 then 
instantaneously, the projection of the spin of particle 2 on the same axis is known 
to be equal to -ћ/2,  because the total spin is zero. This should be true, irrespective 
of the distance between the two particles at the moment of measurement. With 
probability 1, a subsequent measurement of the spin projection of particle 2 on the 
z-axis should give the result -ћ/2. This shows that the spin of a particle can be 
determined (known) prior to its measurement, by measuring the spin of another 
particle. However, according to the relativity theory no information or action can 
be transmitted with a speed in excess of the light speed in vacuum. As no 
information on the result of the measurement on the first particle can 
instantaneously reach the second particle, it is inferred that the value of the spin of 
particle 2 should be predetermined by some hidden variables [8]. Apparently 
identical systems must be characterized by different values of the hidden 
variables. This hypothesis is not in contradiction with quantum physics: the 
predictions of quantum theory could be considered as averages over these 
parameters, the uncertainty present in the theory being the result of an incomplete 
knowledge of the intimate structure of the system.  

 
 

4. Bell inequalities 
 
Consider a source  generating two spin 1/2 particles (electrons, for 

understanding convenience, not for experimental reality) in an entangled state ψ  
going in opposite directions. The set-up shown in Fig.1 consists of two Stern-
Gerlach apparatuses that allow the measurement of the spin of the particles along 
two arbitrary directions b,a . 

Mathematically, the “strange” behaviour of the entangled states can be 
described by calculation of the correlation coefficient for measurements 
performed in system I and measurements performed in system II.  
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Fig. 1.Generaliztion of the Bohm experiment (after [31]) 

A measurement on particle 1 with the detector oriented along a , can give 
with equal probability any of the two values 2± : 

2
111 == −+ PP  .                                                     (7) 

Suppose that an effectively performed measurement gives the result 
2+ . The projection of the spin of particle 2 on the direction a  instantaneously 

acquires the value 2/−  that corresponds to the state a− . In order to calculate 
the probabilities of results of measurements performed using the detector oriented 
along b , we consider the direction of motion of the particles as y-axis. Using the 
rotation matrix for spin 1/2 particles [8], we can write: 

bba

bba

−⋅⎟
⎠
⎞

⎜
⎝
⎛ θ++⋅⎟

⎠
⎞

⎜
⎝
⎛ θ=+

−⋅⎟
⎠
⎞

⎜
⎝
⎛ θ++⋅⎟

⎠
⎞

⎜
⎝
⎛ θ−=−

2
sin

2
cos

2
cos

2
sin

 .                           (8) 

Using (8), we compute the following probabilities: 

⎪
⎪
⎩

⎪⎪
⎨

⎧

⎟
⎠
⎞

⎜
⎝
⎛ θ⋅=

⎟
⎠
⎞

⎜
⎝
⎛ θ⋅=

⇒

⎪
⎪
⎩

⎪⎪
⎨

⎧

⎟
⎠
⎞

⎜
⎝
⎛ θ=

⎟
⎠
⎞

⎜
⎝
⎛ θ=

−+

++

−

+

2
cos

2
1

2
sin

2
1

2
cos

2
sin

2

2

22

22

P

P

P

P
  (9) 

⎪
⎪
⎩

⎪⎪
⎨

⎧

⎟
⎠
⎞

⎜
⎝
⎛ θ⋅=

⎟
⎠
⎞

⎜
⎝
⎛ θ⋅=

+−

−−

2
cos

2
1

2
sin

2
1

2

2

P

P
                                          (10) 

In these equations θ is the angle between the two directions banda . 
The correlation coefficient between the results of the two measurements is: 

( ) ( )θ−=−−+= +−−+−−++ cosb,aE PPPPQM .                        (11) 



Entangled quantum states, quantum teleportation and quantum information                  83 

 

If banda  are in the same direction ( ) 1b,aE −=QM , which corresponds to the 
situation where the spins of the two particles are equal in magnitude ( )2  but 
have opposite sign. 

Bell computed a correlation coefficient based on a hidden variable 
hypothesis. Suppose there is a hidden variable λ  that completely determine the 
values of a quantum variable obtained in an experiment. The result of a 
measurement may depend on banda  and on the uncontrollable parameters 
denoted collectively as λ. The result of the measurement on the first particle may 
depend on the setting a  of the first instrument and on λ. Therefore we assume that 
there is a function which determines the result of the measurement on the first 
particle and a function which determines the result of the measurement on the 
second particle, respectively: 

( ) ( ) ;1,bB;1,aA ±=±= λλ                                          (12) 
and, due to the fact that the total spin is zero, the relationship  

   ( ) ( )λ,bBλ,aA −=      (13) 
has to be satisfied. 
 However, in accordance with Einstein’s principle of locality (introduced in 
the second paragraph), we assume that the result of a measurement on the first 
particle does not depend on the setting b  of the second instrument, and that the 
result of a measurement on the second particle does not depend on the setting 
a of the first instrument. Thus, we exclude functions of the form A( b,a , λ) and 
B( b,a , λ). Nothing need be assumed about the uncontrollable parameters λ. They 
may be associated with the particles, with the instruments, with the environment, 
or jointly with all of these. It makes no difference to the argument. 

We study the correlation between the results of the measurements on the 
two particles. The uncontrollable parameters λ (hidden variables) are subject to 
some probability distribution ( ) 0≥λρ  satisfying the normalization condition 

( ) 1d =λλρ∫ .     (14) 
For fixed settings of the instruments, the correlation function is 

( ) ( ) ( ) ( ) λλλλρ d,bB,aAb,aE ⋅⋅⋅= ∫ .                        (15) 

If banda  are in the same direction, using (13) and (14) we obtain 
( ) ( ) 1a,aEa,aE −== QM .   (16) 

Suppose now that the spin of the second particle is measured on a 
direction c  different from b . The correlation function for the new situation is 
given by the same eq. (15), and we can write 
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( ) ( ) ( ) ( ) ( ) ( ) ( )[ ]
( ) ( ) ( ) ( ) ( )[ ] λλλ+λλλρ−=

λλλ−λλλρ=−

∫
∫

d,cB,bA1,bA,aA

d,cB,aA,bB,aAc,aEb,aE
  (17) 

where, for the final form we used eq. (14) and the relationship 
( )[ ] ( )[ ] 1λ,bAλ,aA

22 == .   (18) 
Using again eq. (18), equation (17) becomes 

( ) ( ) ( ) ( ) ( )[ ] λλλ+λρ≤− ∫ d,cB,bA1c,aEb,aE ,   (19) 

or, using (14) and (15), 
( ) ( ) ( )c,bE1c,aEb,aE +≤− .    (20) 

This condition is one of Bell’s inequalities that should be satisfied by a local 
hidden variables theory, irrespective of the directions candb,a .  
 It is easy to find directions candb,a  for which the quantum theory 
correlation ( )b,aEQM , violates inequality (20), and on this basis we can conclude 
that quantum  physics is inherently a nonlocal theory. Let us consider that the 
angle between banda is 3π=θ , and the angle between canda  is 322 π=θ , 
and the three directions are coplanar. In this case, the two sides of the inequality 
(20) for ( )b,aEQM  become 

( ) ( ) ( ) ( )
( ) ( ) 2/13cos1c,bE1

132cos3cosc,aEb,aE

=π−=+

=π−π=−

QM

QMQM
  (21) 

and consequently, 
( ) ( ) ( )c,bE1c,aEb,aE QMQMQM +>−    (22) 

in violation of (20). 
 Another Bell inequality is obtained by choosing two settings aanda ′ for 
the first instrument and two settings bandb ′  for the second instrument. Then, 
going through the same steps as before the following condition is obtained: 

 22 ≤≤− S      (23) 
where 

( ) ( ) ( ) ( )b,aEb,aEb,aEb,aE '''' ++−=S .  (24) 
For a hidden variables theory, inequality (23) should be satisfied irrespective of 
the chosen directions. Inequality (24) is usually known as the CHSH inequality 
because, this explicit form was first obtained by Clauser, Horne, Shimony and 
Holt [9]. The derivation of Bell’s inequalities made no use of quantum physics. 
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We shall compute eq. (24) after replacing each E by the corresponding 
QME using (11), and considering the particular directions shown in Fig.2. 

θ
θ
θ

a

b

'a

'b
 

Fig.2. Detector settings for which quantum physics violates Bell inequality [5] 
 
The result is 

( ) ( ) ( ) ( ) ( ) ( )θ⋅+θ⋅−=θ−θ−θ⋅+θ−= 3coscos3coscos3coscosS .      (25) 
The graph of S shown in Fig.3, determines the angular ranges where 

quantum physics violates the Bell inequality (23). These correspond to the 
segments of the curve that span the shaded zones. As we see, for a pure singlet 
(zero total spin) state the quantum theory predicts a maximal violation of this 
inequality i.e. Smin= 22−  (for 4/π=θ ) and Smax= 22  (for 4/3π=θ ). 

5. Experimental proofs 

The most serious limitation of the experiments designed to test Bell’s 
inequalities is the inefficiency of the detectors; many particles generated by the 
source go undetected. If the number of the undetected particles is very large, the 
magnitude of the experimental correlation function will be so small that it will 
automatically satisfy the Bell inequality. However, if the assumption that the 
detected particles are a statistically representative sample of the whole is justified, 

 
Fig.3. Graph of S(θ) for the detector settings shown in Fig.2 
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then we may compare the theoretical correlation coefficient (11) with 
experimental correlation given by 

( ) ( ) ( ) ( ) ( )
N

NNNN b,ab,ab,ab,ab,aEexp
+−−+−−++ −−+

= ,  (26) 

where ( ) ( ) ( ) ( )b,ab,ab,ab,a +−−+−−++ +++= NNNNN  is the total number of 
detected particles during the experiment. Here, ++N  is the number of events for 
which both instruments recorded +1, −+N  is the number of events for which the 
first instrument recorded + 1 and the second instrument recorded − 1, etc. 
 The most available sources of pairs of entangled particles are photon 
sources. The photons are also two state systems. They have either right or left 
circular polarization, that can also be described by two linear polarizations with 
reciprocally rectangular directions.  

In the first experiments the entangled photons are generated in a cascade 
deexcitation of certain ions. In the experiment of Freedman and Clauser [10] the 
source of entangled photons was a beam of calcium atoms emanating from a hot 
oven. The atoms were excited by strong UV light. In the deexcitation from the 4p2 
1S0 level to the level 4s2 1S0 via level 4s4p 1P1, the atoms emit two correlated 
photons of visible light with wavelengths 551.3nm and 422.7nm. Because the 
initial and the final levels are both states of zero total angular momentum, and 
angular momentum is a conserved quantity, the emitted photon pair has zero 
angular momentum. This state is characterized by high symmetry and strong 
polarization correlation between the photons; the photons are polarization 
entangled. The emitted photons can have any available polarization state and, 
prior to a measurement no information exists on this state. However, when a 
polarization measurement is performed on one of the photons, the polarization of 
the other one is known with 100% precision. Because of the reduced probability 
of this cascade transition, the source has very reduced brightness and the 
measurements took a very long time. However, the results presented in the paper 
of Freedman and Clauser are highly statistically significant. The measured value 
of S agreed with the prediction of quantum physics exceeding the limit of 2 by 
more than 5 times the standard deviation of the experimental data. 

The same type of source was used in the celebrated experiments 
performed by Aspect and his group [5, 11, 12]. He considerably improved on the 
brightness of the source by exciting the calcium atoms in a two-photon process 
using two lasers: a krypton laser at nm406=λ  and a tunable dye laser at 

nm581=λ . Unlike the previous experiments that used single channels, i.e. one 
polarizer in each leg, Aspect’s set-up included a double channel arrangement. In 
order to understand the system we shall first write the ket of the entangled state 
when the photons are propagating along z-axis and the directions of polarization 
are two rectangular directions normal to z denoted x and y (the base states): 
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)(
2
1 yyxx ⊗−⊗⋅=ψ .   (27) 

The kets x  and y   represent linearly polarized states. 
A polarizing beam splitter selectively reflects the photons with a certain 

polarization (say x) in one direction and transmits the photons with the other 
polarization (y) in a different direction. It represents the optical equivalent of a 
Stern-Gerlach device. The two photon beams are collected by different detectors. 
One arrangement of this type is placed on each leg of the measuring system. 

The set-up is outlined in Fig.4. The entangled photons generated at S, 
travel in opposite directions towards the polarizing beam-splitters (PBM) A and B 
and reach the four detectors by D+ and D- Emerging signals from each channel are 
detected and simultaneous detections counted by the coincidence monitor CM. 
Simultaneous detections are cassified as +−−+−−++ or,, , and the 
corresponding counts accumulated. The experimental estimate for ( )b,aE  is then 
calculated according to (26) for each combination of the four directions b,b,a,a ′′ , 
and finally S is computed according to (24). The directions b,b,a,a ′′  are chosen to 
correspond to maximal violation (see Fig.4). Their results violated Bell’s 
inequality by more than 40 standard deviations.  

In the last experiment of the series they addresed specifically the problem 
of locality. They tried to eliminate the possibility that the polarising devices in the 
two legs could send information to each other on the chosen setting (by some 
strange unknown mechanism!). This could be achieved if the measurement could 
be carried out in a time smaller than L/c, where L is the distance between the 
detectors in the two legs and c the speed of light [5]. In this experiment L=13m 
and L/c=43nsec. The polarizing beam splitters are replaced by acusto-optical 
deflectors that can rapidly change the direction of the light beam, and in front of 
each detector a polarizor with appropriate orientation is placed. The acusto-optical 
device could switch the direction of the beam towards one polarizer or the other in 

 
Fig.4. Sketch of the set-up for two channel detection 
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only 13 nanoseconds, much less than the 43nsec required by a luminal 
communication between the settings in the two legs. The results were again in 
good agreement with the predictions of quantum physics. 

More recent experiments benefitted considerable improvements in the 
detector precision but perhaps the most important advance was in source of 
entangled fotons (usually called an “EPR source”). We shall only present the 
source based on the phenomenon of spontaneous parametric down-conversion in 
a nonlinear crystal [13, 14].  

In optical spontaneous parametric down-conversion (SPDC) a pump laser 
beam is incident on a birefringent crystal, usually beta barium borate (BBO). The 
pump beam is intense enough so that nonlinear effects lead to spontaneous 
emission of a pair of highly correlated photons. The phase space characteristics of 
the photons in the two beams known as signal (1) and idler (2) are determined by 
conservation of energy and momentum: 

p21p21 , kkk =+ω=ω+ω     (28) 

where iω  is the frequency and ik  the corresponding wave-number vector. The 
emerging photons may propagate in different directions or collinearly. The down 
conversion is called type I or type II depending on whether the photons in the pair 
have parallel or orthogonal polarization. The frequency and propagation directions 
are determined by the orientation of the nonlinear crystal. In contrast to type I 
SPDC, the spin entanglement in type II SPDC depends on the lengths of the 
nonlinear crystal and the direction of detection. The first demonstration of Bell’s 
inequality violation using type II SPDC in a simple experiment was achieved in 
1994 [15]. In more recent experiments [16] the beam used to pump the BBO 
crystal is the violet (405nm) light emitted by a continuous wave (CW) GaN laser 
diode with 18.6 mW optical power.  
 An important progress was recorded when it was demonstrated that 
entangled photons can be transmitted through regular optical fibers used in 
present day communication systems. In Europe the initial experiments were 
carried out in Vienna, first, with a connection across the Danube river, 600m long 
[17], and later with an 8km long connection across the city [18]. Recently, 
transmission of entangled states by optical fibers on 100km distance was reported 
[19]. This success opens wide possibilities for entangled state communications. 

6. Quantum teleportation 

By teleportation an object is supposed to disappear at one place and 
immediately reappear at some distant location. An object to be teleported must be 
fully characterized. To make a copy of that object at a distant place all that is 
needed is to send the complete information so that it can be used for 
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reconstructing the object. In classical physics the required information can be 
obtained in principle by arbitrarily accurate measurements. However, even the 
simplest objects consist of particles such as electrons, atoms and molecules. Their 
individual properties are characterized by quantum states and, according to 
Heisenberg’s uncertainty principle these cannot be measured with arbitrary 
precision. Moreover, when a measurement is performed, the state vector 
“collapses” to the eigenvector that corresponds to the eigenvalue observed. 
Accordingly, it looks like the laws of quantum physics prohibits teleportation.  

It seems very surprising that in 1993, Bennett et al. [7] have suggested that 
it is possible to transfer the quantum state of a particle onto another particle, a 
process known as quantum teleportation. The central idea of Bennett’s proposal is 
using entangled quantum states. Four years later, Zeilinger et al. [20] performed 
the first experimental demonstration of quantum teleportation. Using a pair of 
entangled photons, they were able to transfer a quantum property (the polarization 
state) from one photon to another. Recent experiments have demonstrated the 
possibility of transfer of a quantum property from an atom or ion to another. In 
letters published in the same issue of Nature of 2004, two groups of scientists, one 
from Austria [21] and the other from United States [22] reported teleportation of 
calcium ions and beryllium ions, respectively using entangled pairs of ions.  

Apart from details on the specific generation and detection processes, the 
main idea is the same and is based on the quantum treatment of two state systems. 
So far we used various notations that were considered more illustrative for the 
specific situation discussed. Now we shall introduce the qubit notation, widely 
used in quantum informatics. Irrespective of the particular two level system 
involved, the two base states will be denoted  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

1
0

1and
0
1

0    (29) 

such that a general state of the system will be written 
10 ba +=ψ      (30) 

where the amplitudes a and b are complex numbers satisfying 122 =+ ba .  

 For a two qubits system, the basis states form the set { }11,10,01,00  

where the simplified notation ijjiji ==⊗  is used. The vectors 

[ ] [ ]

[ ] [ ],1001
2

1,1001
2

1

,1100
2

1,1100
2

1

−⋅=Ψ+⋅=Ψ

−⋅=Φ+⋅=Φ

−+

−+

     (31) 

form an orthonormal basis of a two-qubit system and is known as the “Bell basis”. 
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Each member of this set is called a “Bell vector” or a “Bell state”. We observe 
that all Bell states are entangled.  

 
The essentials of quantum teleportation will be explained using [20] and 

[23, 24]. As usual, we consider two corresponding partners Alice and Bob. Alice 
has some particle in a quantum state ψ  and she wants Bob, at a distant location 
to have a particle in that state. As discussed, the projection postulate prevents her 
from getting complete information on that state. The strategy to be adopted was 
formulated by Bennett et al. [7]. They suggested that two communication 
channels, a classical one and a quantum mechanical one (also known as EPR 
channel) should be involved. An essential role in their teleportation scheme is 
played by an ancillary pair of entangled particles which will be initially shared by 
Alice and Bob (via the nonclassical EPR channel). This pair is generated by a type 
II SPDC EPR source. As shown in Fig.5, one of the two particles (say 2) goes to 
Alice and the other one (3) to Bob. Now, besides her particle in state 

10
1

ba +=ψ , Alice has particle 2 entangled with Bob’s particle. Alice 
performs a specific measurement on her two particles which projects them into 
one of the four Bell states (31) (known as a Bell-state measurement), particularly 
the −Ψ  state, further denoted 

12

−Ψ .  

Indeed, before Alice’s measurement, the complete state of the three 
particles is 

( ) ( )
321321321321123

011101
2

010100
2

−+−=Ψ
ba  (32) 

Expressing each product of two kets with indices 1 or 2 in terms of the Bell bases, 
(32) can be rewritten 

 
Fig.5. Sketch of the teleportation arrangement (after [20]) 
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From this equation we conclude that, regardless of the unknown state 
1

ψ , 
Alice’s Bell state measurement can produce any of the four Bell states with equal 
probability. Quantum physics predicts that once the particles 1 and 2 are projected 
onto one of the Bell states, particle 3 is instantaneously projected into one of the 
pure states in eq. (33). Particularly, if the obtained Bell state is 

12

−Ψ , particle 3 

is instantaneously projected into the initial state of particle 1. This is explained as 
follows. Because we observe particles 1 and 2 in the state 

12

−Ψ , we know that 

regardless what the state of particle 1 is, particle 2 must be in the opposite state, 
i.e., in the state orthogonal to the state of particle 1. Suppose we initially prepared 
the particles 2 and 3 in the entangled state 

23

−Ψ  which means that particle 2 is 

also orthogonal to particle 3. This is only possible if particle 3 is in the same state 
as the initial state of particle 1. Therefore, the final state of particle 3 is 

10
3

ba +=ψ . If one of the other three Bell states is obtained in Alice’s Bell-
state measurement, Bob has to perform a unitary operation on his particle to 
obtain the original state 10

3
ba +=ψ . Bob can perform this operation only 

after the result of the Bell measurement performed by Alice reaches him. This 
information is transmitted by Alice to Bob via a classical communication channel. 

Accordingly, we can conclude that information transmitted by quantum 
teleportation cannot exceed the speed of light. However, the debate on the 
possibility of superluminal communications is still going on. At present, it 
remains at the thoretical level and very bold suggestions that allegedly could settle 
the problem have been put forward [25, 26]. A very recent experiment performed 
by the Geneva group was intended to add strong evidence in support of the non-
local character of entanglement [27]. They tried to measure the speed of spooky 
action at a distance using the Earth motion in a way reminiscent of Michelson-
Morley experiment. Using a space basis across the Geneva lake 18km long, they 
demonstrated that, in order to maintain an explanation based on spooky action at a 
distance one would have to assume that the spooky action is transmitted at speeds 
that cannot be below 10,000 times the speed of light. 
 It should be noted that during the Bell state measurement, particle 1 loses 
its  identity because it becomes entangled with particle 2. Consequently, the state 

1
ψ  is destroyed on Alice’s side during teleportation. This is consistent with the 

so called no cloning theorem [28], because particle 3 is not a clone of particle1 but 
is really the result of teleportation. 
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 The distance between the locations of Alice and Bob is of no consequence 
because, as discussed, it was experimentally demonstrated that quantum 
entanglement survives over very long distance. 
 The unknown initial state of particle 1 can be even quantum mechanically 
undefined before the moment of the Bell-state measurement. This is the case 
when particle 1 itself is one of the members of an entangled pair and therefore has 
no well-defined properties of its own. This ultimately leads to the phenomenon of 
entanglement swapping [29, 30]. Consider two pairs of entangled photons that are 
generated by two independent EPR sources. A Bell-state measurement on two of 
the photons - one from each of the two pairs - results in the remaining two 
photons becoming entangled, even though they have never interacted with each 
other in the past. One can indeed interpret this entanglement swapping as the 
teleportation of a completely undefined quantum state. A sketch of entanglement 
swapping is shown in Fig.6. 

 Performing a Bell-state analysis on two photons is a very difficult 
experimental problem. The usual procedure is based on two photon interference at 
a standard beam splitter. We remember that the essential feature of quantum 
interference is that an interference pattern can be formed when there is only one 
particle in the apparatus at any one time. In the case of a Young type experiment, 
a necessary condition for quantum interference is that the experiment must be 
performed such that there is no way of knowing, not even in principle, which of 
the two slits the particle passed through on its way to the screen. The same 
condition has to be fulfilled to obtain one particle interference with a beamsplitter. 
There should be no possibility to decide on whether the particle was reflected or 
transmitted. Suppose that two photons, the Alice’s particle and one of the 
entangled ancillaries are simultaneously incident on the beam splitter. There are 
four different possibilities: both photons are reflected, both photons are 
transmitted, the upper photon is reflected, the lower one transmitted, and the 
upper one is transmitted and the lower one is reflected. A detailed analysis of the 
interference results can serve to identify the Bell state [31, 32]. 

 
Fig.6. Entanglement swapping 
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The previous discussion was concentrated on polarization entangled states. 
The energy-time or time bin entanglement plays a very important role in 
information transmission. Two particles exhibit energy-time entanglement when 
they are emitted at the same time in an energy conserving process. The energy and 
the time of creation of each particle are uncertain, but the sum of their energies 
and the difference between their emission times, which is nearly zero, are well-
determined [33]. The SPDC process can be used for generation of energy-time 
entangled photons. 

To observe energy-time entanglement a non-local interference setup is 
used. Each photon is transmitted to an unbalanced Mach-Zehnder interferometer, 
both with the same length difference between the long and the short arm, LΔ  
(Franson type arrangement [34]). There will be no single photon interference 
when LΔ  is longer than the coherence length of each single photon. Alternatively, 
when both photons pass through the long arm or the short arm, they are 
indistinguishable and exhibit interference fringes. When one photon passes 
through the long arm and the other through the short arm they can be 
distinguished because one photon clearly arrives before the other at the detector. 
Thus, when both photons are detected simultaneously, an interference pattern is 
observed [35, 36]. 

Entangled photon pairs in the 1.5μm telecom band, where silica fiber has 
its minimum loss, are clearly advantageous for quantum communications  
operating over existing optical fiber networks. Polarization entanglement is 
unsuitable for transmission use due to the polarization mode dispersion that 
occurs in optical fibers, which limits the transmission distance [37, 38].  
 
 7. Conclusion 
 
 The paper presents an up to date review on some of the most difficult 
aspects of quantum physics, particularly the evolution of knowledge from a pure 
philosophical discussion on the characteristics of a reasonable scientific theory to 
experimental results with tremendous impact on established  technologies such as 
computing, safe communications, and information processing.  
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