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P REFACE
The aim of this essay is to describe the teleportation process in such a way that it will be clear what
is done so far, and what is still needed, to develop a teleportation device for humans, which would be
my ultimate goal. However much is done already, there are thresholds that still have to be overcome,
some of which will need real ingenuity, and others brute computing power, far more than we are
now capable of. But I will show why I have confidence that we will reach this goal by describing
the astonishing developments in the field of teleportation and the speed with which computing, or
technology, evolves.
The discovery that teleportation really is possible came about while I was in my thirties, but I was
largely unaware of its further developments until I started the research for this essay. Assuming that I
am not the only one who did not know, I wrote this essay aimed at people from my age, in their fifties,
who, like me, started out without television and computer, I even remember my Mother telling me
how she bought a transistor radio for the first time, placed it in a closet and closed the door, just to be
amazed that it could still receive signals and play.
We saw it all come by, from the first steps on the Moon watched on the television my parents had
only bought a few years earlier, I clearly remember asking my Father who, with much foresight, got us
out of our beds despite my Mother’s protests, “Who filmed that?!”, the first color TV where the colors
ran behind the figures in a soccer game if the television set was not placed in exactly the right position,
to our first video device, “We do not have to be at home when this is broadcasted!”, my first computer,
upon seeing ‘Banner’, I shouted “Eli look, it moves across the screen!”, my first mobile phone, finally
we could find each other at the train station, my iLiad e - reader, “Look, a hundred books” and the
latest, my ‘cute’ Roomba vacuum cleaning robot, indeed, I always wanted a housekeeping robot.
Plotting these occurrences against time, Moore’s law of computing, which makes a statement
about the development of computing power in time, would clearly emerge if translated to a law about
development of technology, such occurrences happening in ever more rapid succession. Therefore, in
the last chapter I calculated the timespan over which teleportation could become a reality for the part
of the computer power needed, assuming that together we will be ingenious enough to overcome the
other thresholds. I found, expectedly but also sadly, that it can surely happen, but not in my lifetime.
Nevertheless, thinking about it is half the fun and therefore, during the writing of this essay, I
thought - out a way to teleport to uninhabited places, planet surfaces of course, since I often dream
about being somewhere in the universe, and I chose the articles I discussed accordingly. I hope you
will enjoy reading this essay as much as I did writing it.
Finally, I want to thank Eli for time and interest, my sister, brother, daughter and nephew for providing computational and biological data, Roy Wang, Vivian Jacobs and Maciej Koch - Janusz for
reviews, and Dr Benoit Dherin for enthusiastically teaching us.
Anne van Weerden
Utrecht, June 
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CHAPTER I

I NTRODUCTION TO TELEPORTATION
Transporters have been used by many civilizations throughout history, but the first
Human - made transporter was invented by Emory Erickson sometime prior to 2121,
with the first operable transporter being developed before 2139. When the transporter was
in its infancy there was much controversy surrounding its safety and reliability
within United Earth. The debates ranged from health issues and even to metaphysical
debates over whether or not the person transported was the same person or instead a
copy of the original.
— Memory Alpha, the Star Trek Wiki
This introductory chapter is meant to show how teleportation is a subject of exceptional appeal to
phantasy since, and even long before, the invention of the word for it.

I. 1

H ISTORY

Since the possibility of teleportation interested me from the time I saw Star Trek’s captain Kirk
and his crew on the transporter platform in  [1] , I was excited when, in , I read that a group
had teleported a photon, or rather its properties. Writing an essay for this course was a very good
excuse to spend a lot of time finding out what exactly they did. And checking if I could convince
myself to believe it will eventually lead to this kind of convenient transportation.

Figure I. 1: A landing party is beamed over from the starship Enterprise to the surface of planet
Talos IV in the 1964 Star Trek pilot episode ‘The Cage’
Without trying to be historically correct, or evolutionary for that matter, I dare to assume that
humanity has thought about comfortable ways to travel since the day we were able to fantasize, whenever that was. Or, perhaps, this occurred after moving out of Africa to inhabit cold and rainy places [2] ,
giving rise to fantasies about traveling without leaving our warmer, drier homes.
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Perhaps the earliest description of teleportation dates back to ‘One Thousand and One Nights’, the
oldest Persian manuscript dating from the th century but the various stories being older. They are
told in parts by Scheherazade in order to save her life. In the adventures of Aladdin, if Aladdin rubs
a lamp, a djinn, or genie, appears. At the end of the story a bad magician lets the djinn bring him,
together with the palace and the princess, to Africa, after which the teleporting nature of the moving
of the palace is described in the homecoming part [3] ,
[Aladdin] then went to the dead magician, took the lamp out of his vest, and bade the
genie carry the palace and all in it back to China. This was done, and the princess in her
chamber only felt two little shocks, and little thought she was at home again.

Figure I. 2: Aladdin and the wonderlamp, one of the stories from 1001 Nights
Also in the Qur’an teleportation seems to be present. Qur’an 27 : 38 reads: ‘Solomon said (to his
own men): “Ye Chiefs! which of you can bring me the throne of the Queen of Sheba before she and
her envoys come to me in submission?”’ [ . . . ] 27 : 40: ‘Said one who had knowledge of the Book:
“I will bring it to thee, before even thy glance returns to thee!” Then when (Solomon) saw it placed
firmly before him, he said: “This is by the grace of my Lord!”’ The Djinn is believed to have used
Tayy al - Ar, meaning ‘folding up of the earth’ or ‘moving by the earth being displaced under one’s
feet’ [4] .
In , Sir Arthur Conan Doyle, who was one of the earliest science fiction writers in its current
appearance, wrote the short story ‘The Disintegration Machine’ [5] , in which a man called Nemor
invents a machine, the ‘Nemor Disintegrator’. He can disintegrate and reassemble a person using an
‘invisible framework’ for the exact configuration. Wanting to use the machine to take over the world,
Nemor is disintegrated himself by the hero of the story who thereby saves the world.
The word ‘teleportation’ was coined in  by American writer Charles Fort to describe strange
disappearances and appearances of anomalies, which he suggested may be connected [6] . He joined
the Greek prefix ‘tele -’, meaning ‘distant’, to the Latin verb ‘portare’ meaning ‘to carry’. Fort’s first
formal use of the word, although not exactly in its present sense, was in the second chapter of his 
book, Lo! “Mostly in this book I shall specialize upon indications that there exists a transportory force
that I shall call Teleportation”.
In  the science - fiction / horror film ‘The Fly’ was made, about a scientist’s ‘teleport’ machine,
which dissolves atoms in one place to recreate them in another. When the scientist unwittingly shares
the machine with a common housefly, he turns into a hideous hybrid of man and insect [7] .
When ‘The Fly’ was brought to the attention of Roddenberry, the creator of the science fiction
series ‘Star Trek’, he introduced this kind of transportation in his draft of the  series pilot ‘The
Cage’. Starting as a means to lower production costs [8] since the landing party’s spaceship does not
have to be shown while arriving at or departing from some planet to be visited, the Star Trek series
highly popularized the idea of teleportation. Soon it was publicly accepted that Star Trek inhabitants
easily teleported, and in the series even ‘transporter psychosis’ was diagnosed in .

I. 2. TELEPORTATION ISSUES
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In computer games today, teleportation is ubiquitous, in World of Warcraft there even is a Rune of
Teleportation, used for mages to teleport to major cities.

Figure I. 3: Four members of Species 10026 are beamed onto a Borg cube in 2375
When the first scientific teleportation article [9] was reviewed in  as a Landmark article in
the Physical Review Focus [10] , the story was told how one of the authors wanted to call the process
‘telepheresis’, a word with purely Greek roots, but he was convinced by his co - writers that the Greek Latin hybrid word ‘teleportation’ had already gained credence thanks to science fiction writers.

I. 2

T ELEPORTATION ISSUES

I. 2. 1

H EISENBERG ’ S UNCERTAINTY PRINCIPLE

In the Trekkies world, a heavily debated problem concerning teleportation is whether the Heisenberg uncertainty principle of quantum mechanics will hamper the exact measurements of the particles
to be teleported. Of course, in Star Trek this problem was quickly dealt with, after the naming of the
problem Heisenberg compensators were readily invented.

Figure I. 4: Barclay and O’Brien checking the Heisenberg compensators of the USS Defiant
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In the following chapters it will become clear that in the teleportation process described in this
essay the uncertainty relations will not cause problems through inaccurate measurements of the initial internal states of the particles involved since during the entire teleportation these states remain
unknown.
Concerning position and momentum of the particles in particular, the question is whether the uncertainties will cause problems in first measuring, and later rebuilding, a person’s configuration after it
is broken down to the particle level, since this procedure seemingly encompasses exact measurements
of both position and momentum. In section V. 1. 2 I will argue why I think this will not be the case.

I. 2. 2

R EASSEMBLY PROBLEM

Another much discussed question concerning the Star Trek kind of transportation, where transporters dematerialize a person or object into an energy pattern, then beam it through subspace to
another location where it is again rematerialized, is whether it is important if particles being of the
same kind as the original particles can be found at the destined location, perhaps a planet surface.
To seek an answer to this question, we have to consider the level of assembly in the teleportation
process, either the molecular, atomic, nucleonic, or elementary level, where it is easy to see that
teleportation at the level of molecules is highly unpractical. It would require very complex logistical
procedures to put all different kinds of molecules a human body consists of ready at hand at the place
of reassembly, apart from the inclination we would undoubtedly have to exclude the teleportation of
viral DNA and other unwanted molecules, leaving this level of teleportation to physicians.
Next, if we take safety as our highest priority in choosing between the other three levels, the level
containing the least number of particles to be teleported, i.e. the atomic level, is preferable since more
simple calculations help to minimize the error level. Unfortunately, the atomic level is also the level
at which the aforementioned problem arises, it is imaginable that some planet lacks abundance of one
or more of the constituent elements at the place of arrival.
Yet solving the problem of the missing atoms may be easier than dealing with the more complicated calculations we face if we choose one of the levels containing more particles, after having read
several research papers on teleportation, I think we can make the supposition that at the time we will
be able to control matter in such a way as required to teleport macro objects, we are also able to assemble any element we want to, whether or not in ionized form, out of electrons and nucleons at hand
at the destined location. This does not threaten the safety of the procedure, the actual teleportation
process only starts after enough of the required ions and atoms have been assembled.
Thus, if we indeed choose the more practical atomic level, using local electrons and nucleons for
the assembly of the elements the object or person to be teleported is made of, much thought has to
be given to the way the particles are collected. Especially in the case that we want to teleport to a
planet which is uninhabited by other users of teleporters, therefore having to make use of some device
being sent ahead, we have to be careful that this device will not, while collecting and assembling local
electrons and nucleons, accidentally disassembles an indigenous life - form!

I. 2. 3

P HILOSOPHICAL PROBLEMS

A third problem which already gained much attention, and perhaps, although it now merely seems
to be a philosophical problem, even needs to be legislated before we really invent teleporters, is the

I. 3. OTHER KINDS OF TELETRANSPORTATION
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problem whether we are still ourselves after the reassembling process.
It has already been put forward that it is, judicially, murder to disassemble a human being. But it
can also be argued that, if after teleportation we still look the same, which is inevitable if the transporter
duly functions, and we have the same memories, together forming a testable status quo, maybe a copy
of ourselves equals us.
To proceed safely in the development of teleportation we can, after we have succeeded to teleport
many different kinds of objects successfully, use rats to test this status quo by examining if they
recognize each other after teleportation, and remember a learned path in a maze. If this also succeeds,
we may assume this equally applies to us. Eventual further unexpected side effects will undoubtedly
be aptly regulated.

Figure I. 5: Teleported . . .

I. 3

OTHER KINDS OF TELETRANSPORTATION

Next to the Star Trek kind of teleportation, other means of comfortable and swift traveling in science fiction are for instance the use of folded - space transporters, with which instantaneous transport
is possible, and the uncertainty problems are evaded. In his  story ‘It’s Such a Beautiful Day’ [11] ,
Isaac Asimov imagined a Door in each building on Earth through which one could enter another building by just dialing that buildings’ Door co - ordinates. The story takes place in , thereby agreeing
with the timeline of the Star Trek series, or rather vice versa. In the various Star Trek spin - offs the
transporter evolved through the years, and a variety of other non - beam transporters were invented by
humans and non - humans alike of which some are mentioned here.
The ‘spatial trajector’ is a type of folded - space transporter used by the Sikarians. Another one
is the ‘multidimensional transporter device’, which is a device from a mirror universe capable of
transporting a person from one universe into another. In this kind of transporter the conception of the
multiverse is used, the ‘many - worlds’ interpretation of quantum mechanics [12] .

8
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‘Temporal transporters’ allow the user to transport to a desired space and time, they give off a
ptcl
chroniton flux of 0.003 m
2 s , a chroniton being a type of particle which is an expression of time. And
last but not least, the ultimate gadget is undoubtedly the teleport bracelet from the sf series Blake’s 7,
which being portable, makes traveling ultimately comfortable. As was our goal all along.

Figure I. 6: Blake’s 7 Liberator teleport bracelet and the WoW rune of teleportation

I. 4

E XPECTATIONS

In this essay I will try to show that the concept of teleportation is not so unthinkable after all.
Considering the recent developments in technology, I remember my parents buying our first black and - white television set in . Who would then have thought that we, in the so near future, would
be able to watch from our phone or laptop 3 - d movies projected to a virtual 2 m diameter view solely
wearing glasses, like a precursor to Geordi’s visor which will in turn, on condition that it proves to
be convenient, evolve to an ocular implant, although it will almost certainly not look like the one of
Seven of Nine, despite its technical superiority.
And even this ‘ocular implant’ is in principle no longer only futuristic, in  scientists reported
how “electrical stimulation serve as the foundation for a prosthetic device for the blind. [ . . . ] Microstimulation produced predictable visual percepts, showing that this technique may be useful for a
visual prosthesis” [13] .

Figure I. 7: Existing 3 - d Vuzix Video Glasses, Geordi La Forge wearing his not - yet - existing visor
and Borg drone Seven of Nine with her presumably never - going - to - exist cybernetic eyepiece

I. 4. EXPECTATIONS
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Today, we are completely accustomed to the then unimaginable concepts like ‘massively multiplayer online role - playing games’, ebook readers, another science fiction concept, GPS navigation
for PDA smart phones, or an add like this: “Phone Headset. Hands - free calling from your PDA is
possible with the aid of Bluetooth. OK, so you may end up looking like a Borg, but [ . . . ]”, to name a
few. Science fiction, especially Star Trek, is all over the place.
In , physicist Michio Kaku predicted in Discovery Channel Magazine [14] that a teleportation
device similar to those in Star Trek would be invented within a 100 years. After having done the
research for this essay, I happily join him in this expectation.

Figure I. 8: Part of the front cover of Michio Kaku’s 2008 book ‘Physics of the impossible’

CHAPTER II

T ELEPORTATION AND QUANTUM MECHANICS
When two systems, of which we know the states by their respective representatives, enter
into temporary physical interaction due to known forces between them, and when after a
time of mutual influence the systems separate again, then they can no longer be described
in the same way as before, viz. by endowing each of them with a representative of its own.
I would not call that one but rather the characteristic trait of quantum mechanics, the one
that enforces its entire departure from classical lines of thought. By the interaction the two
representatives (or ψ - functions) have become entangled. To disentangle them we must
gather further information by experiment, although we knew as much as anybody could
possibly know about all that happened. Of either system, taken separately, all previous
knowledge may be entirely lost, leaving us but one privilege: to restrict the experiments
to one only of the two systems. After re - establishing one representative by observation,
the other one can be inferred simultaneously.
— Erwin Schrödinger
In this chapter the conceptions of the quantum mechanical formalism needed for the description
of the teleportation process will be introduced. Readers being familiar with the formalism can
skip this chapter without consequences for understanding the essence of this essay.

II. 1

C ONCEPTIONS CONCERNING THE TELEPORTATION PROCESS

Before describing, in the next chapters, the details of the teleportation process, I will discuss the
aspects of quantum mechanics which play a role in it. At the basis of the process is what Schrödinger
describes in the last sentence of the introductory quote [15] , the fact that observation of one of the
particles of an entangled pair simultaneously makes it possible to infer the other. Teleportation cannot
take place without the use of entangled particles.
The teleportation process described here is actually the transportation of the unknown state |ψi of
a spin 1/2 particle onto another one, which is called teleportation since during the actual carrying over
the particles do not have to be at the same location, and the state |ψi remains to be unknown during
the whole process. Furthermore, in case of indistinguishable particles it cannot be said that the new
particle with the teleported original state is not the original particle.
Two entangled particles, called ancillas, forming a composite system, the teleportation process
starts when one of the ancillary particles is changed over to form a pair, i.e. another entangled system,
with the particle of which the unknown state |ψi is to be teleported. This changing over is the result
of a combined measurement on the new pair, and after knowing the outcome of this measurement
the state of the abandoned ancilla can, through rotations of its spin direction, be transformed into
the still unknown state |ψi, which completes the teleportation. To know which transformation has to
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be performed on the ancilla, classical information has to be transferred separately. This will all be
described explicitly in the next chapter.
Summarizing, what is needed for teleportation are the notions of composite systems, entanglement, spin and information. For this chapter I made extensive use of the books, lecture notes and
website mentioned in the ‘works consulted’, which I will therefore not cite specifically each time,
only in special cases.

II. 2

Q UANTUM

MECHANICS

In , Erwin Schrödinger constructed his famous equation [16] , a second order linear differential
equation of which the solutions describe the time evolution of the wave function Ψ(q, t) representing
the quantum state of a physical system under analysis, for instance, a subatomic particle. Solutions
to Schrödinger’s equation do not only describe atomic and subatomic systems, but also molecular and
even macroscopic systems.
The time - dependent Schrödinger equation for the wave function Ψ(q, t) describing non - relativistic particles is given by
i~

∂Ψ(q, t)
~2 2
= −
∇ Ψ(q, t) + V (q, t) Ψ(q, t),
∂t
2m

(II. 1)

with ∇2 the Laplacian operator, V the potential influencing the system under consideration, and
p = −i~∇

(II. 2)

the canonical momentum operator, where canonical means generally satisfying the relations [17]
[qr , qs ] = 0,

[pr , ps ] = 0,

[qr , ps ] = δrs .

(II. 3)

Using separation of variables the time - independent wave equation can easily be derived,
−

~2 d2 ψ
+ V ψ = E ψ,
2m dq 2

(II. 4)

a first order linear equation in which V is now a time - independent potential, and E is the system’s
energy level.
In Schrödinger’s wave mechanics, the possible states of a physical system are represented by wave
functions changing in time while the physical quantities are constant, where in Heisenberg’s matrix
mechanics the state vectors are constant, and the physical quantities are interpreted as matrices evolving in time. In  Schrödinger showed that both versions of quantum mechanics are mathematically
equivalent [18] , the two pictures only differing by a time - dependent basis change.
In  the commutation relation between position and momentum
[p, q] = p q − q p = − i ~

(II. 5)

was discovered by Born and Jordan [19] , and Dirac [20] , as a direct consequence of the non - commutativity of Heisenberg’s matrix mechanics.
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In , Heisenberg published an article [21] in which he argued that any attempt to localize an
atomic particle with ever sharper precision will produce ever larger disturbance on the microscopic
system. In his article, he used the approximate inequalities for position q and momentum p
δq δp ∼ h,

(II. 6)

which he derived using (II. 5).
Still in the same year Kennard derived [22] the general inequality
∆ψ q ∆ψ p >

~
2

(II. 7)

for any pair of canonical variables. According to Heisenberg, in this equation ∆ is an expression of
error, while according to others ∆ψ q and ∆ψ p represent standard deviations of q and p in ψ. But the
interpretations do not affect the notion that the uncertainties are intrinsical, which led to the realization
that from these limitations the foundations of quantum mechanics can essentially be deduced [23] as a
non - abelian algebra on finite - or infinite - dimensional Hilbert spaces H, complex vector spaces with
an inner product which is related to the norm by
p
kφk = hφ | φi,
(II. 8)
with the requirement that the spaces H have to be complete with respect to the norm. In this description
of the quantum mechanical formalism use is made of the conceptions of Hilbert spaces and of Dirac’s
bracket notation, which will be briefly introduced hereafter.

II. 3

H ILBERT SPACES

Both versions of quantum mechanics, Schrödinger’s wave mechanics and Heisenberg’s matrix
mechanics, are formulated mathematically using the concept of complex Hilbert spaces, inner product
spaces which are complete with respect to the norm (II. 8).
Finite - dimensional vector spaces being trivially complete, for infinite - dimensional vector
spaces V completeness means that every Cauchy sequence of vectors strongly converges to an element ~v ∈ V . A Cauchy sequence is, in case of vector spaces, a sequence of vectors ~v 1 , ~v 2 , . . . , ~vm
for which for any ² > 0 there exists an integer n0 such that m, n > n0 implies k~vn − ~vm k < ²,
the differences between vectors getting arbitrarily small. A sequence of vectors ~vm ∈ V is said to
converge strongly to ~v ∈ V if it holds that limm→∞ k~v − ~vm k = 0.
A complex vector space is a vector space whose field of scalars is the complex numbers, and a
linear transformation between complex vector spaces is given by a complex matrix. For the inner
product on a complex vector space it holds that
< ~v , w
~ > = < w,
~ ~v >,

(II. 9)

where < , > is the complex conjugate of < , >, which, for a complex number z = a + ib, is defined
to be z = a − ib, for a matrix A = aij it is the matrix obtained by replacing each element aij with
its complex conjugate, A = aij . With A∗ the transpose conjugate, or adjoint, of A, if
A = A∗ ,
then A is called self - adjoint.

(II. 10)

II. 4. DIRAC’S BRACKET NOTATION
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According to Von Neumann [24] , physical quantities are represented by self - adjoint operators
on H, which have orthonormal sets of eigenvectors spanning finite - dimensional spaces H or closed
subspaces of infinite - dimensional spaces H. Physical states being represented by vectors on H, thus
as linear combinations of the set of basis vectors, this set has to be countable, whether finite or infinite.
Therefore, Hilbert spaces of quantum mechanics have to be separable, defining a separable space as
having a countable subset with which all its elements can be approached in the sense of a mathematical
limit.
Taking Hilbert space to mean a complex Hilbert space of infinite dimension and separable, there
is one such space up to isomorphism.

II. 4

D IRAC ’ S BRACKET NOTATION

A physical state, such as an atom with certain spin orientation, is represented by a state vector |ψi
on a Hilbert space H. Dirac introduced this notation in  [25] , and called such a vector a ‘ket’,
where |φi and c |φi represent the same state for c ∈ C, c 6= 0. This means that not the ‘length’,
but only the the ‘direction’ in the vector space has significance. Alternatively, normalized vectors are
considered to correspond to quantum states, where two normalized vectors correspond to the same
state if they only differ by a phase factor, a complex scalar of absolute value 1. For a treatment
on dynamical phase factors and, in case of evolution of the system in an adiabatic approximation,
geometric phase factors, see [26] .
The dual space to a vector space V is the vector space V ∗ for which it holds that if V has a set of
basis vectors ~v 1 , . . . , ~vn , then for the dual space V ∗ the basis ~v 1∗ , . . . , ~vn∗ is given by ~vi∗ ~vj = δij .
The vector space now being called a ‘ket space’, its dual space is called a ‘bra space’, of which
the vectors, called ‘bras’, are written hψ|, with c hφ| the dual to c |φi. In this way, the inner product is
written
h , i : V ∗ × V → C,

(hψ|) · (|φi) = hψ | φi,

(II. 11)

hence the name ‘bra’c‘ket’. Furthermore, it holds that its dual is the transpose conjugate,
hψ | φi = hφ | ψi∗ .

(II. 12)

If the norm of a vector |ψi satisfies
p
kψk = hψ | ψi = 1,

(II. 13)

this vector is called a unit vector.
In this notation, operators act on these vectors from the left,
A · (|ψi) = A |ψi,
which is another ket, and the dual to A |ψi is A∗ hψ|.

(II. 14)
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The outer product is a linear operator on H, written as
(|ψi) (hφ|) = |ψi hφ|,

(II. 15)

so that with
 
c1
 c2 
 
|ψi =  . 
 .. 

and hφ| = (d1 , d2 , , . . . , dn )

(II. 16)

cn
the outer product is


c1 d1
 ..
|ψi hφ| =  .
cn d1


. . . c1 dn

..
.
.
cn dn

(II. 17)

. Remark
To be able to use this bracket notation in the formalism of quantum mechanics, Dirac introduced the
so - called Dirac δ - function, of which the theory was combined with Von Neumann’s Hilbert spaces
by Gelfand [27] , thereby forming extended Hilbert spaces for which he used the term ‘rigged Hilbert
spaces’. /

II. 4. 1

P URE AND MIXED STATES

From (II. 17) it is evident that with the vectors of the orthonormal basis {|αi i} a complete set of
one - dimensional projectors can be formed,
N
X

Pαi =

i=1

N
X

|αi i hαi | = 11,

(II. 18)

i=1

with which every vector can be expressed as
|ψi =

N
X

|αi i hαi | ψi =

i=1

N
X

hαi | ψi |αi i,

(II. 19)

i=1

projecting |ψi onto the basis vectors of H, or onto a closed subspace of H, with dimension N . Writing
the coefficients in (II. 19) as complex numbers, hαi | ψi = ci , the description of a state as a superposition of the basis vectors is
|ψi =

N
X

ci |αi i.

(II. 20)

i=1

If a physical state is represented by a vector which cannot be expanded as a summation of basis
vectors with corresponding coefficients ci , i.e. N = 1, it is called a pure state, if it can be expanded it
is called a mixed state.
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A pure state can be regarded as having some fixed observable, so that every measurement of this
observable will yield the same number. But if the state has a random value for an initial observable,
of which the outcome of measurement has to be described by a probability distribution, its value in a
single measurement cannot be predicted, and these ‘statistical’ states are mixed states.
What can be predicted is the statistical average of the outcomes of measurement if the experiment
is repeated many times, every time preparing a similar system in the same state |ψi, or repeating the
experiment on the same system in the same way, while giving the system time to evolve between
measurements. In quantum mechanics this statistical average is usually called the expectation value.
If an observable A is represented by the operator A, the expectation value for A in the state |ψi is
hAiψ = hψ |A | ψi.

(II. 21)

This result is due to Born [28] , who interpreted | hα | ψi |2 , with |ψi normalized, as the probability
for the system to ‘jump’ into the eigenstate |αi of the eigenvalue α of A being the result of the
measurement. In an ideal measurement, where the measuring apparatus minimally disturbs the system,
the only possible measurement outcomes are the eigenvalues of the observable A, and the system thus
is, after the measurement of A, projected onto, or jumps into, the eigenstate |αi corresponding to
the measured eigenvalue, with probability | hα | ψi |2 . Such a measurement is called a Von Neumann
measurement, and these measurements are at the heart of the teleportation process.
Interpreting the inner product in this way, it is also clear that unit vectors whose only difference is
their phase factor describe the same physical state, because they predict the same probability distributions for outcomes of measurements. According to Sakurai [29] , this probabilistic interpretation for the
squared inner product cannot be proven. Born thus introduced a kind of indeterminacy into quantum
mechanics.

II. 4. 2

C OMPOSITE SYSTEMS AND ENTANGLEMENT

Composite systems are essential to the teleportation process, since the particles involved form
composite systems while entangling. In the process particles are only entangled in pairs, as described
at the beginning of this chapter, therefore it will suffice to discuss entangled systems consisting of only
two particles, while for the teleportation process to succeed, neither particle has to be identical to any
of the others, although they can be.
Every physical system has a corresponding Hilbert space. The state space of a composite physical
system is the tensor product of the state spaces of the component physical systems. If there are n
systems, and system number i is prepared in the state |ψii , the state |ψi ∈ H of the composite system
is |ψi1 ⊗ |ψi2 ⊗ · · · ⊗ |ψin ∈ H1 ⊗ H2 ⊗ · · · ⊗ Hn with dimension dim H1 · dim H2 · · · dim Hn .
Usually, this product is abbreviated to |ψi1 |ψi2 · · · |ψin , its meaning being obvious.
If, for a two - system state, {|αi i} and {|βj i} are bases of the subspaces H1 and H2 , {|αi i|βj i}
forms a basis in H = H1 ⊗ H2 . An arbitrary vector in H is a superposition of such direct products
of basis vectors. If this vector cannot be factorized, i.e., it holds that
|ψi 6= |αi |βi for |αi ∈ H1 , |βi ∈ H2

(II. 22)

the states of the composite system are entangled, in which case the state of the composite system
cannot be derived from measurements on the separate subsystems, something which can only be done
if the state vector of a composite system is factorizable.
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An example of an entangled state in H = H1 ⊗ H2 can be
√ ¡
¢
|Φi = 12 2 |α1 i |β 1 i + |α2 i |β 2 i ,

(II. 23)

where the non - factorizability is clear from the non - existence of mixed terms.

II. 4. 3

S PIN

~ = ~q × p~
The commutation relations (II. 5) yield for the components of the angular momentum L
of a system in 3 - dimensional space
Li = − i ~ ²ijk qj ∂k .

(II. 24)

These components do not commute,
[Li , Lj ] = i ~ ²ijk Lk ,

(II. 25)

~ 2 = Lx2 + Ly2 + Lz2 does commute with L,
~ or with any one of its components, where usually Lz
but L
is taken.
~ and Lz be represented by the operators L and Lz , the simultaneous
Letting the observables L
eigenstates of L2 and Lz are written as |l, mi, and their eigenvalues are discrete,
L2 |l, mi = ~2 l (l + 1) |l, mi,

with l = 0, 21 , 1, 32 , . . . ,

Lz |l, mi = ~ m |l, mi with m = − l, − l + 1, . . . , l − 1, l.

(II. 26)
(II. 27)

~ the values of l can only be integers to make sense physFor L to represent angular momentum L,
~
ically, but the half integer values are included in the description of the intrinsic angular momentum S,
called spin.
Spin is not a rotation in real space, as can be seen from the fact that spin 1/2 particles have to
be rotated over an angle 4 π before coming back to the initial state, which will be shown in the next
~ spin does have a direction ~n in 3 - dimensional space and satisfies the
section. But, analogously to L,
commutation relations of (II. 25). One of the main differences between angular momentum and spin
is that where the value of the angular momentum of a particle can vary, the value s of spin of a particle
is constant.
Writing the simultaneous eigenstates of the spin operators S 2 and Sz as |s, mi, (II. 26) and (II. 27)
can be used again, where L2 and Lz are replaced by S 2 and Sz , respectively, and l by s. The eigenvalues of S 2 and Sz are
s = 0:
s =

1
2

:

S 2 |0, 0i = 0,
S 2 | 12 , ± 21 i =

and so on for s = 0, 12 , 1, 32 , . . . .

Sz |0, 0i = 0,
3
4

~2 | 12 , ± 12 i,

(II. 28)
Sz | 12 , ± 12 i = ± 12 ~ | 12 , ± 21 i,

(II. 29)
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II. 4. 3. 1

S PIN 1/2 PARTICLES

In the description of the teleportation process in chapter III spin 1/2 particles are used, although
also N - state particles, having N > 2 orthogonal states, are briefly discussed. Here only spin 1/2
particles are discussed, assuming that the reader can extend this using the foregoing, and following,
descriptions of the theory.
For spin 1/2 particles there are, as can be seen from (II. 27), only two orthonormal eigenstates, | 12 , 12 i and | 12 , − 12 i, called ‘spin up’ and ‘spin down’, which are usually written as |↑i and |↓i,
respectively. Together, these eigenstates form a basis for a spin space, the 2 - dimensional Hilbert
space H = C2 .
As was mentioned earlier, physical quantities are represented by self - adjoint operators on H.
In turn, every self - adjoint operator in C2 can be represented in the aforementioned basis as
a 2 × 2 - matrix A,
¶
µ
a0 + az ax − iay
= a0 11 + ax σx + ay σy + az σz = a0 11 + ~a · ~σ , (II. 30)
A =
ax + iay a0 − az
with real coefficients a0 and ~a, and ~σ defined by the Pauli matrices,
µ
¶
µ
¶
µ
¶
0 1
0 −i
1 0
σx =
, σy =
, σz =
.
1 0
i 0
0 −1

(II. 31)

The anticommutation relations for the Pauli matrices, [σi , σj ]+ = 0, which follow directly
from σi σj = i ²ijk σk , yield the relation
(~a · ~σ ) (~b · ~σ ) = (~a · ~b) 11 + i ~σ · (~a × ~b)

(II. 32)

from which it follows that
(~a · ~σ ) 2 = 11 if k~ak = 1.

(II. 33)

A 2 × 2 - matrix A has eigenvalues ± 1 iff A2 = 11, and therefore, with ~n a unit vector, the only
self - adjoint operators of the form (II. 30) having eigenvalues ± 1 are of the form ~n · ~σ , with a0 = 0.
~ as A times a constant which
This can be used to write the operator S, representing the observable S,
2
has to yield the correct eigenvalues of S and Sz in (II. 29).
Writing the spin operator S in the direction ~n as
S =

1
2

~ ~n · ~σ ,

(II. 34)

with {~ei } the usual unit vectors spanning R3 , the i th component is
Si =

1
2

~ ~ei · ~σ =

1
2

~ σi ,

so that, using the eigenstates of σz , |z ↑i =

(II. 35)
„ «
1
0

„ «
0
,
1
2
Sy +

and |z ↓i =

which are thus also simulta-

Sz2 and Sz are indeed seen to
+
neous eigenstates for Sz and
the eigenvalues of
=
be 43 ~2 and ± 12 ~ , respectively.
The spin component Si will be used in the next section describing rotations of the spin direction
of spin 1/2 particles.
S2,

S2

Sx2
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II. 4. 3. 2

ROTATIONS OF SPIN 1/2 SYSTEMS

In the teleportation procedure, to acquire again the unknown initial state thereby completing the
teleportation, unitary transformations, rotations of the spin direction, have to be performed, where for
unitary operators it holds that
U ∗ U = U U ∗ = 11.

(II. 36)

A rotation over an angle α ∈ [0, π) around an axis in the direction of the unit vector m,
~
with m
~ ∈ R3 , can be written as a unitary operator
~

i

~ ·J)
U (m,
~ α) = e − ~ α (m
,

(II. 37)

~ + S~ is the infinitesimal generator of rotations.
where the total angular momentum J~ = L
~
With L = 0 and (II. 35), the Pauli matrices are the generators of rotations in C2 , leading to the
operator
i

~ ·~
σ)
U (m,
~ α) = e − 2 α (m
= cos 12 α 11 − i (m
~ · ~σ ) sin 12 α.

(II. 38)

Under a rotation of a unit vector ~n around an axis m
~ over an angle α, with ~nR the unit vector in
the rotated direction, the eigenstates of ~n · ~σ transform into the eigenstates of ~nR · ~σ , obeying the
rotational transformation rules
U (m,
~ α) |~n, ±i = |~nR , ±i.

(II. 39)

where the ± denotes the eigenvector with eigenvalue ±1.
With (II. 38) it can also be calculated that if U operates on, for instance, |z ↑i, with m
~ = ~ey , it
will take a rotation over 4 π before the state is in |z ↑i again, as was mentioned earlier.

II. 4. 3. 3

T HE B ELL OPERATOR BASIS

Following the notation in II. 4. 3. 1, for a composite system of two spin 1/2 particles a basis in the
product space C2 ⊗ C2 = C4 is
|↑i |↑i,

|↑i |↓i,

|↓i |↑i,

|↓i |↓i.

(II. 40)

~ 2 = (S
~1 + S
~ 2 )2
From these basis states the simultaneous eigenstates |s, mi of the operators S
and Sz = S1z + S2z can be formed, where s can be 0 or 1. As in the single particle case, the
~ 2 are ~2 s (s + 1), the eigenvalues of Sz are ~ m.
eigenvalues of S
The state for which s = 0 and therefore m = 0 is called the singlet state,
√ ¡
¢
|0, 0i = 12 2 |↑i |↓i − |↓i |↑i ,
(II. 41)
the triplet states are the states for which s = 1 and m = 1, 0, − 1,
|1, 1i
|1, 0i

= |↑i |↑i
√ ¡
¢
= 21 2 |↑i |↓i + |↓i |↑i

|1, − 1i = |↓i |↓i.

(II. 42)

II. 5. INFORMATION
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The entangled states which are used in the teleportation articles discussed hereafter are called the
Bell - states, together forming the Bell operator basis. With |Ψij i and |Φij i the states of a composite
system of two spin 1/2 particles i and j, this Bell operator basis, a complete orthonormal basis for
the two particles, consists of the singlet state and the state for which s = 1 and m = 0, together
forming |Ψij± i, but varies from the other two triplet states. The Bell operator basis consists of
√ ¡
¢
|Ψij± i = 12 2 |↑ i i |↓ j i ± |↓ i i |↑ j i ,
√ ¡
¢
(II. 43)
|Φij± i = 21 2 |↑ i i |↑ j i ± |↓ i i |↓ j i ,
being the four possible maximally entangled states into which any state of two particles can be decomposed.
This basis is developed by Braunstein, Mann and Revzen [30] , to maximally violate one of the
Bell - inequalities. These inequalities express the main difference between classical and quantum mechanics, since the statement can be made that violation of these inequalities equals entanglement [31] .
A description of Bell’s theorem, and of the famous Bell - inequalities, can be found in [32] .

II. 5

I NFORMATION

In the following chapter it will be described how, in the first article which was the onset to teleportation, the information gain from single particle measurements was compared to that of combined
measurements, measuring both particles at the same time. It was shown that more information can be
gained from combined measurements than from any single particle one. The method used is due to
Shannon [33] which is, in turn, directly based upon work by Nyquist [34] and Hartley [35] .
Nyquist’s  article contains a theoretical section quantifying ‘intelligence’ and the ‘line speed’
at which it can be transmitted by a system, giving the relation W ∼ 10 log m, with W the transmission
speed and m the number of different voltage levels to choose from at each time step [36] .
Hartley uses, in his  article, the word ‘information’ as a measurable quantity, quantizing it
as H = n10 log S, where S is the number of possible symbols, and n the number of symbols in a
transmission.
In  Shannon published an article in which he developed information theory, using probability
theory and statistics, to find fundamental limits on signal processing operations such as compressing
data and on reliably storing and communicating data. A key step in his work was the realization
that communication signals must be treated in isolation from the meaning of the messages that they
transmit [37] . This view is in sharp contrast with the intuitive conception of information, in which
meaning plays an essential role.
Shannon was able to find a quantity that provides a theoretical limit for the efficiency of any
possible encoding. This is the quantity that he called entropy, represented by H, which is a key
measure of information in the theory. He writes
Can we define a quantity which will measure, in some sense, how much information
is ‘produced’ by such a process, or better, at what rate information is produced? [ . . . ]
Quantities of the form H = log p [ . . . ] play a central role in information theory as
measures of information, choice and uncertainty. The form of H will be recognized as
that of entropy as defined in certain formulations of statistical mechanics where Pi is the
probability of a system being in cell i of its phase space. H is then, for example, the H
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in Boltzmann’s famous H theorem. We shall call H = log P the entropy of the set of
probabilities P 1 , . . . , Pn .
In the teleportation process described in the second article of the next chapter, the theoretical
teleportation, only discrete information occurs, classical information containing the outcome of measurement on the original particle together with one of the ancillas. Having four possible outcomes of
measurement, there is an exchange of only two bits of classical information, the quantum information
is wrapped up in the entanglements. In the first article the information gain of single - particle measurements is compared to that of combined ones, and in the description of that process the notion of
entropy is used, also measured in bits, which leads to the binary logarithm.
The entropy H of a discrete random variable X being a measure of the amount of uncertainty
associated with the value of X, if X is the set of all possible messages x1 , . . . , xn , and P (x) is the
probability of X given some x ∈ X , the entropy H of X, measured in bits, is defined as [38]
H(X) = −

n
X

P (x) log P (x).

(II. 44)

x=1

This formula will be the starting point in the discussion of the article which gave rise to the discovery
of teleportation.

CHAPTER III

T HEORY OF TELEPORTATION
Teleportation is the name given by science fiction writers to the feat of making an object or
person disintegrate in one place while a perfect replica appears somewhere else. How this
is accomplished is usually not explained in detail, but the general idea seems to be that the
original object is scanned in such a way as to extract all the information from it, then this
information is transmitted to the receiving location and used to construct the replica, not
necessarily from the actual material of the original, but perhaps from atoms of the same
kinds, arranged in exactly the same pattern as the original. A teleportation machine
would be like a fax machine, except that it would work on 3-dimensional objects as well
as documents, it would produce an exact copy rather than an approximate facsimile, and
it would destroy the original in the process of scanning it. A few science fiction writers
consider teleporters that preserve the original, and the plot gets complicated when the
original and teleported versions of the same person meet; but the more common kind of
teleporter destroys the original, functioning as a super transportation device, not as a
perfect replicator of souls and bodies.
— C.H. Bennett, G. Brassard, C. Crepeau, R. Jozsa, A. Peres, W. Wootters
In this chapter I will discuss the article which was the direct cause of the invention of the teleportation process being used at present. The second article discussed is, as a consequence of the first,
the first theoretical description of a way to realize experimental teleportation of unknown quantum
states. At the end of the chapter I will make a practical observation concerning this teleportation
scheme in case of teleportation of human beings.

III. 1

O PTIMAL DETECTION

OF QUANTUM INFORMATION

At a conference in , William Wootters and Asher Peres described a ‘curious result’ they
found when considering two identical, disjoint, and unknown quantum states. It turned out that less
information can be gained by performing any number of separate - particle measurements than by
carrying out a combined measurement on the particle pair. They proposed a procedure that would
allow the observers to guess, in the case of two spin 1/2 particles, the particles’ original spin direction
with maximum confidence [39] . They had described their findings in an article in  called ‘Optimal
Detection of Quantum Information’ [40] .

III. 1. 1

M INIMIZING UNCERTAINTY

In this article, Wootters and Peres wonder whether separate - particle measurements on two identical parts of a composite system of which the constituent parts never have interacted could provide
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as much information as a combined measurement on the composite system. In the separate - particle
measurements separate measuring apparatuses would be used, and both quantum and classical information is transferred from one apparatus to the other, while the combined measurement is performed
using an apparatus interacting on both particles.
To examine this question, they used as an example two spin 1/2 particles, prepared at different
locations, and consequently never having interacted. The particles are prepared according to the same
set of instructions, which means that they are in the same quantum state insofar their internal variables
are concerned. Let there be exactly three possible states |ψi in which the two spin 1/2 particles are
being prepared, either both spins are directed along the z - axis, or both are in the x, z - plane, tilted
at 120◦ or −120◦ from the z - axis, these three directions are referred to as the ‘signal directions’.
Choosing this configuration, we see that
hψm | ψn i = − 21

for m 6= n.

(III. 1)

The question here is how to determine which of these three preparations was actually implemented.
Since the states are not orthogonal, in which case hψi | ψj i = 0 for i 6= j, the answer cannot be
unambiguous, probabilities have to be assigned to the various preparations. The problem coming
with the above question is how to design a measurement procedure which minimizes the unavoidable
uncertainties of the results.
In search for the answer whether there can be a separate - particle measurement which is as accurate as a combined measurement, the authors did not find a positive answer to that question, but they
did find a separate - particle measurement yielding more information that any such method hitherto
known.

III. 1. 2

Q UANTIFICATION OF INFORMATION

Using the standard method to measure information developed by Shannon [41] , with P (s) the
probabilities of the various possible states s, the information gained is assigned an entropy H, see
section II. 5, (II. 44),
X
H = −
P (s) 2 log P (s).
(III. 2)
s

Performing a measurement alters the values of the various P (s). The amount of information gained
from a measurement is I = Hinitial − Hf inal , and, some outcomes providing more information than
others, a measurement scheme is optimal if it maximizes the average information gain.
Assuming equal probabilities for the three possible signal directions mentioned above, in which
the two identical, disjoint particles forming a combined system are prepared, the initial entropy Hi is
Hi = − 3 ·

1 2
1
3 log 3

= 2 log 3 = 1.58496 bits.

(III. 3)

The conditional probability P (r|i), which is known from quantum mechanics, is the probability to obtain the measuring result r given preparation i, in this case the particles being prepared in
one of the i signal directions. With the probabilities for preparation i before the measurement, P (i),
assumed, as we did above, the probability before the measurement to obtain the result r is
X
P (r|i) P (i).
P (r) =
(III. 4)
i

III. 1. OPTIMAL DETECTION OF QUANTUM INFORMATION
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Now the probability to find after the measurement, where the result r is obtained, that the preparation
was i is given by Bayes’ theorem [42] ,
P (i|r) =

P (r|i) P (i)
.
P (r)

(III. 5)

The expected final entropy is thus
#
"
X
X
P (i|r) 2 log P (i|r)
hHf i = −
P (r)
r

(III. 6)

i

and the problem is to find a measurement procedure minimizing this expression, making the information gain as large as possible.
If the quantum information encoded in the two particles is treated in a global way, performing a
generalized Stern - Gerlach experiment [43] , the amount of information gained is 1.36907 bits. This is
what the authors call a ‘combined measurement’. Although in such a combined measurement the state
is factorizable, the two particles being disjoint, the operators coming with the measurement are not.
Now the question has become whether as much information as gained by this global strategy can
be gained by allowing for the transfer of both quantum and classical information, while performing a
separate - particle measurement.

III. 1. 3

M AXIMIZING THE INFORMATION GAIN

When performing separate Stern - Gerlach measurements on the particles, which is the simplest
strategy for minimizing (III. 6), if the first particle is positively tested to be along one of the signal
directions, the second particle is tested along the same direction. If the result is negative, it is tested in
the perpendicular direction. The resulting average information gain is 1.05228 bits. The results of the
tests on the first particle are simply classically communicated, as are the instructions for preparation
of the particles, which means that the laboratories where the measurements take place can be at any
location and the measurements on the second particle can be done at any time after the measurements
on the first.
To improve the information gain, the authors introduce the use of a known system, called ancilla,
which is combined with the system to be observed. Hereby a probability - operator measure, POM for
short, is used, a set of noncommuting positive 2 x 2 matrices An satisfying
X
An = 11,
(III. 7)
with which the probability of getting the nth outcome is hψ | An | ψi. According to Neumark’s
theorem [44] [45] , such a probability - operator measure is physically realizable, extending the Hilbert
state space H, in which the POM is defined, in such a way that there exists in the extended space K a
complete set of orthogonal projectors
X
Pn = |ni hn|,
|ni hn| = 11
(III. 8)
such that, with Π a projector from K into H, the POM is the set
An = Π Pn Π.

(III. 9)
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Calling the ancilla’s known initial state Φ, which has to be factorizable, a standard Von Neumann
measurement [46] is performed on the combined system, and the probability of getting the nth outcome
is now
hψ | An | ψi = hψ | Φ Pn Φ | ψi,

(III. 10)

where n can be larger than the dimension of H, the Pn being in the extended space K. In this way,
the amount of information gained about a physical system can be larger than through a Von Neumann
measurement without ancilla.
Let |ψn i with n = 1, 2, 3 denote three states of the spin 1/2 particle which are orthogonal to
the three preparation states. The arbitrary phases can be chosen such that (III. 1) remains valid. Let
the POM be
¡
¢
An = 23 11 − |ψn i hψn | ,
(III. 11)
forming a nonorthogonal resolution of the identity. With
3
X

|ψm i hψm | =

3
2

11,

(III. 12)

m=1

the An satisfy the condition (III. 7),
3
X
n=1

An =

2
3

3
X
¡

¢
11 − |ψn i hψn | =

2
3

¡
¢
11 3 − 32 = 11.

(III. 13)

n=1

Performing a POM on the first particle, if the signal state is |ψ1 i, we have for the probabilities of
the outcomes of the POM
hψ1 | A1 | ψ1 i = 0,

hψ1 | A2 | ψ1 i =

1
2,

hψ1 | A3 | ψ1 i =

1
2,

(III. 14)

and we see that one of the signal states is ruled out, resulting in equal probabilities for the two others.
Upon performing this POM, if for the first particle A1 is found, the direction |ψ1 i is ruled out. Next,
a Stern - Gerlach measurement is performed on the second particle along a direction perpendicular
to |ψ1 i, hereby again using, of course, a classical transfer of information. The information gain is
now 1.23038 bits, a substantial improvement over the first separate - particle measurement.
The final improvement comes from an iterative separate - particle measurement. Minimizing
the disturbance to the system under study, a sequence of ‘fuzzy’
Pmeasurements is performed using
mixed POMs, where a low - purity POM can be represented as
cn |un i hun | with all cn positive
and n À 1, contrary to n = 1 for a pure POM.
Upon performing a low - purity POM on the first particle, another low - purity POM is chosen for
the second particle. Through the outcomes it is known how to refine the first particle’s POM, and so
on. The measurements are so often repeated that finally there are two pure POMs, with angles α and β.
The final information gain only depends on these last outcomes and is maximal when α and β lie 60◦
and − 60◦ from a signal direction.
The authors describe how, simulating the outcomes by Monte Carlo methods, their best result
was an information gain of 1.26205 bits, with a standard deviation of 0.11748, and they conclude their
article remarking that they are doubtful whether, even with better algorithms, the obtained information
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gain of 1.36907 bits from a combined measurement can be approached by any variant of this POM
refining method. They believe that either a radically new separate - particle measurement has to be
invented, or the impossibility has to be formally proven.

III. 1. 4

S ERENDIPITOUSLY DEVISING TELEPORTATION

Discussing their findings at the  conference and by email afterward, six researchers, including
Wootters and Peres, added a new twist to this scheme by devising a way to send an exact copy of a
quantum state from one place to another. According to Bennett [47] , also one of the writers of the 
article, it took still further thought to realize that they had serendipitously discovered something quite
unexpected which they then, following the science fiction writers, called teleportation.

III. 2

T HEORETICAL TELEPORTATION

After the conference, in , Bennett et al. published the results of their discussions in the
article ‘Teleporting an Unknown Quantum State via Dual Classical and Einstein - Podolsky - Rosen
Channels’ in the Physical Review Letters [48] . The abstract reads
An unknown quantum state φ can be disassembled into, then later reconstructed from,
purely classical information and purely nonclassical Einstein - Podolsky - Rosen (EPR)
correlations. To do so the sender, ‘Alice’, and the receiver, ‘Bob’, must prearrange the
sharing of an EPR - correlated pair of particles. Alice makes a joint measurement on
her EPR particle and the unknown quantum system, and sends Bob the classical result
of this measurement. Knowing this, Bob can convert the state of his EPR particle into an
exact replica of the unknown state φ which Alice destroyed.

III. 2. 1

EPR CORRELATIONS

In , Einstein, Podolsky and Rosen, abbreviated EPR, published a paper [49] in which they
sought to show that quantum mechanics was an incomplete theory. The paper gave rise to heavy
debate, countless experiments and eventually, ironically contrary to their goal, to the substantiation
of the existence of long range correlations between pairs of particles together forming a combined
system, now called EPR correlations. Einstein could not accept the nonlocality of the phenomenon
which he called “a spooky action at a distance”, and “telepathy”.
In the  article Bennet et al. describe how these EPR correlations can assist in the teleportation of a quantum state from one place to another by a sender who knows neither the quantum state to
be teleported nor the location of the intended receiver.
The authors start their article, using the well - known crypto - archetypes Alice and Bob [50] , with
shortly describing two ways in which Alice can let Bob retrieve the unknown state |φi of her particle,
where, although the state remains to be unknown, it is certain that Bob ends up with the same state.
One way is to simply send the particle to Bob, the other to let the particle interact unitarily with an
ancilla in some known state, and then send the ancilla to him, together with information about how the
interaction took place, so that Bob can reverse her actions to prepare a replica of the original state |φi.

26

CHAPTER III. THEORY OF TELEPORTATION

Sending an ancilla can be advantageous if, e.g., Alice and Bob are located far from each other and the
ancilla is a photon while the first particle is not.
In the article discussed in the previous section, there was no transfer of quantum mechanical
information between the two locations of the particles, only classical information was exchanged.
Since sending a particle is a classical action, while, if care is taken that during the transfer the unknown
quantum state remains the same, it is obviously accompanied by a transfer of quantum information, in
both processes described here the information transfer is a combination of classical and nonclassical
information.
The authors now show how Alice can divide the full information into two parts, one purely classical and one purely nonclassical, and send them to Bob through two different channels. And instead of
using a single particle as an ancilla, an ancillary pair of maximally entangled particles, from now on
called EPR particles, is used in the process which they then named ‘teleportation’, describing the word
as “a term from science fiction meaning to make a person or object disappear while an exact replica
appears somewhere else”.
In the article the authors show that for maximal fidelity of teleportation, maximal entanglement
of the ancillary particle pairs which will transfer the quantum information, therefore also maximal
violation of the Bell inequalities by their configuration, is necessary and sufficient. This is why only
this last process can be used for reliable teleportation.
While it is clear that in all three processes the transfer of all information is as fast as can be
achieved classically, in the second and third process the original state |φi is destroyed so that there is
no violation of the no - cloning theorem for single quanta [51] , and subsequently no contradiction with
the theoretical impossibility of a ‘multiplying device’ [52] . Consequently, contrary to some science
fictional ways to teleport, the teleportation process described here does not defy any physical laws.
To be able to teleport a macroscopic object it is a requisite to be able to store a large stockpile
of EPR particles for a longer time, the pairs being split up, where times in the order of seconds are
necessary, during which one half of the particles has to be sent to Bob, while Alice has the other
half of the particle pairs. Also, the measurements Alice has to perform with her half of the pairs
and the original particles will take time, extending the time the EPR particles have to be stored. This
is unfeasible today and could eventually be the largest threshold, the best laboratory results at the
moment being in the order of microseconds.
But if it would become feasible, Alice would be able to teleport quantum states to Bob, even if he
is at some remote location, by sending Bob’s half of the EPR particles to him, while for the classical
information transfer she can simply send him an email, or whatever is customary at the time. The
authors even discuss the possibility of Alice and Bob carrying the EPR particles around, thus being
able to teleport even if they do not know each other’s location, sending emails without knowing each
other’s location being no problem of course. For emergency transport this is a good idea, but in case
of regular traveling not really necessary, we usually want to know where we will go to and when.

III. 2. 2

T ELEPORTING THE STATE OF A SPIN 1/2 PARTICLE

The procedure to teleport a spin 1/2 particle is as follows. For the preparation of the ancillary EPR particles and the measurement Alice will perform on the system, the Bell operator basis (II. 43) is used, which was introduced in section II. 4. 3. 3.
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Following the notation used in this section, with |Ψij i and |Φij i the states of composite systems
of two spin 1/2 particles i and j, the Bell operator basis consists of
√ ¡
¢
|Ψij± i = 12 2 |↑ i i |↓ j i ± |↓ i i |↑ j i ,
√ ¡
¢
(III. 15)
|Φij± i = 21 2 |↑ i i |↑ j i ± |↓ i i |↓ j i ,
being the four possible maximally entangled states into which any state of two particles can be decomposed.
Calling Alice’s unknown state |φi particle 1, the EPR particles are designated 2 and 3. Particle 2 is
given to Alice and particle 3 to Bob. To perform the teleportation of the unknown state of particle 1,
the nonclassical part is transmitted first using the two ancillary spin 1/2 particles in the singlet state
|Ψ23− i =

1
2

√ ¡
2

¢
|↑ 2 i |↓ 3 i − |↓ 2 i |↑ 3 i .

(III. 16)

The entire system, which consists of Alice’s unknown particle 1 and the ancillary EPR pair, is
in a pure product state |φ 1 i |Ψ23− i, involving neither classical correlation nor quantum entanglement
between the unknown state |φ 1 i and the EPR pair. To bring about an entanglement between these
subsystems, Alice performs on the joint system of particles 1 and 2 a complete measurement of the
Von Neumann type, in the Bell operator basis (II. 43) which is, for the particles 1 and 2, completely
orthonormal. Writing the unknown state |φ 1 i,
|φ 1 i = a |↑ 1 i + b |↓ 1 i with | a |2 + | b |2 = 1,

(III. 17)

the complete state of the three particles before measurement is
´
√ ³
|Ψ123 i = 12 a 2 |↑ 1 i |↑ 2 i |↓ 3 i − |↑ 1 i |↓ 2 i |↑ 3 i
´
√ ³
+ 12 b 2 |↓ 1 i |↑ 2 i |↓ 3 i − |↓ 1 i |↓ 2 i |↑ 3 i .

(III. 18)

Each direct product | 1 i | 2 i in (III. 18) can be written in the Bell operator basis (II. 43), |Ψ12± i
and |Φ12± i, which yields
³
¡
¢
¡
¢´
|Ψ123 i = 12 |Ψ12− i − a |↑ 3 i − b |↓ 3 i + |Ψ12+ i − a |↑ 3 i + b |↓ 3 i
+

1
2

³
¡
¢
¡
¢´
|Φ12− i a |↓ 3 i + b |↑ 3 i + |Φ12+ i a |↓ 3 i − b |↑ 3 i . (III. 19)

Regardless of the unknown state |φ 1 i, each of the four measurement outcomes are equally probable.
But through Alice’s measurement, Bob’s particle, the EPR particle 3, is now projected, according to
the measurement outcome, into one of the four states which are superposed in (III. 19). Each of these
four possible pure states is related in a simple way to the original unknown state |φ 1 i.
To make this more obvious, a notation is used here which slightly differs from the notation the
authors use in their article. Apart from the
phase
„ irrelevant
«
„ « factor, since Bob only handles a single
particle, and using the basisvectors |↑i = 10 , |↓i = 01 , the four possible states of Bob’s particle
can be written as
µ ¶
µ ¶
µ ¶
µ ¶
a
−a
b
−b
(III. 20)
,
,
,
.
b
b
a
a
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Now Alice communicates, obviously classically, the outcome of her measurement to Bob, containing two bits of information, since there are four possible
outcomes. If Alice’s unknown state |φ 1 i is
„ «
a
written, with (III. 17) and using the basisvectors, as b , it is clear that in case of the first outcome, the
„ «

„ «

singlet state |Ψ12− i, the state ab of Bob’s particle 3 is the same as the original unknown state ab of
Alice’s particle 1. In the other three cases, Bob must apply a unitary operator to transform his particle
into a replica of Alice’s original particle’s state |φ 1 i.
With (II. 38), the unitary rotation operator written as the unitary matrix
i

~ ·~
σ)
U (m,
~ α) = e − 2 α (m
= cos 12 α 11 − i (m
~ · ~σ ) sin 12 α,

(III. 21)

any rotation around an axis ~ei over an angle α = π leads to
U (~ei , π) = − i (~ei · ~σ ).
Therefore, rotating for example a state

(III. 22)
„ «
m
n

around the x - axis over an angle α = π yields

µ ¶
µ
¶µ ¶
µ ¶
m
0 1
m
n
U (~ex , π)
= −i
= −i
,
n
1 0
n
m

(III. 23)

from which it can easily be seen that for the second outcome of Alice’s measurements, |Ψ12+ i, Bob
has to perform a rotation over an angle α = π around the z - axis, ignoring the phase factors again,
µ
¶µ ¶
µ ¶
1 0
−a
a
=
.
(III. 24)
0 −1
b
b
Likewise, for the third and fourth outcomes he has to perform rotations around the x and y - axes,
respectively.

Figure III. 1: Spacetime diagram, slightly modified from the diagram in the article, for quantum teleportation, time increases from the bottom up. The wavy line is Alice’s original particle in the unknown state |φi, the dashed lines an EPR pair of particles, and the solid lines a classical pair of bits.
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Alice’s unknown state |φi is now teleported to Bob, thereby remaining to be unknown, which
means that the Heisenberg uncertainties do not apply to the teleportation process insofar they concern
the arbitrary precision of measurements of internal variables.
Also, remaining to be unknown during the entire teleportation, Alice’s particle can easily have
been part of an entangled pair itself, not even having any well - defined properties of its own. Calling
Alice’s particles 0 and 1, if particle 1 then is used in the teleportation process being entangled with 2,
after teleportation the remaining particle 0 of this initial pair ends up being entangled with Bob’s EPR
particle 3 without ever having been in contact with it. This process is called ‘entanglement swapping’,
and has already been demonstrated in the laboratory. It will be a focus in the field of quantum information processing, “promising a number of applications, including secure communication, teleportation
and powerful quantum computation” [53] .
. Remark
In the articles discussed in this essay, most authors argue, in more or less the following phrases, that
“using coherent two - particle superpositions, the initial, unknown state of the particles 1 and after teleportation, particle 3, remains to be unknown, which is precisely the reason this teleportation scheme
works, while any one - particle measurements would fail because of the Von Neumann projection postulate”. Nevertheless, the projection postulate where in this argumentation is referred to, in its strong
form the ’wave function collapse’ as a result of a Von Neumann measurement, is debated regularly.
For instance, in  Park brings forward that |hα | φi|2 is not the probability that after the measurement act the system will be found in state α, which is its usual interpretation, but it should be
interpreted as the probability that an eigenvalue will emerge from a measurement act [54] .
De Muynck writes in  [55] ,
[ . . . ] I consider von Neumann’s projection postulate (either strong or weak) to be neither
a necessary (i) nor a useful (ii) property of a quantum mechanical measurement [ . . . ]
Although to a certain extent ‘weak projection’ can be justified by means of an explicit
account of the interaction of object and measuring instrument, it turns out that ‘weak von
Neumann projection’ is too restrictive to encompass even the most common measurement
procedures.
Still, this does not cut back any conclusions concerning the described teleportation process since
during teleportation the state does remain to be unknown, thereby making teleportation possible regardless of what would have happened in a single - particle measurement. /

III. 2. 3

T ELEPORTING N - STATE PARTICLES

The foregoing can be generalized to systems having N > 2 orthogonal states. Alice has to use
a pair of N - state particles which are completely entangled. With j = 0, 1, . . . , N − 1 labeling
the N - elements of an orthonormal basis for each of the N - state systems, this entangled state can be
written as
1 X
√
|ji ⊗ |ji.
N j

(III. 25)
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Now Alice performs a joint measurement on the particles 1 and 2. One such measurement having the
desired effect of entangling the particles is the one whose eigenstates are
1 X 2πijn
|φnm i = √
e N |ji ⊗ |(j + m) mod N i.
N j

(III. 26)

After receiving from Alice the outcome of her measurement, nm, Bob performs on his particle 3 the
unitary transformation
Unm =

X

e

2πikn
N

|ki h(k + m) mod N |,

(III. 27)

k

thereby completing the teleportation.

III. 3

A

PRACTICAL OBSERVATION

Now that we know how to teleport spin 1/2 particles, and even N - state particles, the theoretical
possibility of teleporting human beings comes within reach. It is clear that, in order to recover the
unknown state which Alice sought to teleport, Bob has to transform the state of his particle into a
replica of the state of Alice’s particle. But to successfully teleport an object we do not only want the
replicas to be in the state of the original particle, but also to be of the same nature as the original
particles. If the original particle is a certain atom, the replica should also be one.
For the teleportation process, also photons can be used as the ancillary particles, or pairs of both
photons and spin 1/2 particles, since the polarization degree of freedom has the same algebra as spin.
Therefore, in order to make teleportation more practical, EPR photons can be beamed to Bob instead
of letting him carry around his bunch of EPR particles with as much mass as the object to be teleported.
Assuming that by then it will be no problem, having decided to teleport on the atomic level, to
assemble atoms and ions from local electrons and nucleons as discussed in subsection I. 2. 2, what
Bob has to do after he arrives at the place where the teleportation will be completed, is to prepare in
advance a stockpile of photons, entangled in EPR singlet states with the kinds of particles Alice tells
him what the object to be teleported consists of, she was going to contact him anyway.
After Bob’s EPR photons are beamed to him and the teleportation process with Alice is finished,
Bob has the unknown states |φi Alice originally had, however stored in the states of the photons
Alice sent him, which are not entangled anymore. Now he has to perform a second teleportation,
locally teleporting the states of these former EPR photons to the local atoms and ions he prepared,
by entangling the photon parts of the prepared EPR pairs with the former EPR photons, and, after he
knows the outcomes of his measurements, transforming the atoms and ions into the replicas, so that
after this second teleportation process the particles not only have the same states, but are also of the
same nature as Alice’s original particles.
Finally, with Bob being a robot with built - in equipment capable of registrating the classical information, and with the ability to recognize life - forms, whether earthlike or alien, he can go to the
surface of some planet uninhabited by teleport users, prepare the EPR pairs from local particles without
accidentally disassembling life - forms, and perform the teleportation processes. And since sometimes
even archetypes like to travel, and robot Bob already did, Alice can be teleported herself to some
planet surface in the Star Trek way, or at least almost, not being beamed through subspace, of course.
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Concerning her safety, it is no problem if something goes wrong with the beaming of the EPR
particles to Bob, Scotty simply does not start the teleportation until enough EPR photons have arrived. In case the transfer of the classical information goes wrong, e.g. spacenet is down, while
Bob’s EPR particles are already collapsed into, or projected onto, the precursors of Alice’s states since
Scotty measured their counterparts on the transporter platform, they have to be stored in emergency
buffers in order to exactly maintain their quantum coherence, i.e. the interim Alice, until the classical
data arrives and Alice can be restored.
It is, using this kind of teleportation, not possible to teleport to uninhabited places in the exact way
the Star Trek inhabitants do, rematerializing on the planet surface without a device having been sent
ahead. But looking at the ever increasing speed of technological development, I am confident that will
be invented also, and until then this still is a rather practical way to teleport. Furthermore, sending
ahead a device, or robot Bob, does not cause Alice any inconvenience, and hopefully, he also built
some shelter already and cooked a local meal.

CHAPTER IV

E XPERIMENTAL T ELEPORTATION
If God has made the world a perfect mechanism, He has at least conceded so much to our
imperfect intellect that in order to predict little parts of it, we need not solve innumerable
differential equations, but can use dice with fair success.
—Max Born
The laws of nature are constructed in such a way as to make the universe as interesting
as possible.
—Freeman Dyson
The dream of teleportation is to be able to travel by simply reappearing at some distant
location.
—D. Bouwmeester, J. - W. Pan, K. Mattle, M. Eibl, H. Weinfurter, A. Zeilinger
In this chapter the article describing the first actual teleportation using the teleportation scheme
of the previous chapter, or perhaps the first which was published, is discussed. The requirements
and experimental conditions needed for teleporting humans are defined, and an excerpt is given of
corresponding experimental accomplishments which already have been achieved.

IV. 1

T HE FIRST PUBLISHED EXPERIMENTAL TELEPORTATION

In , Bouwmeester, Pan, Mattle, Eible, Weinfurter and Zeilinger showed in an article
called ‘Experimental quantum teleportation’ [56] , how they used the teleportation scheme developed
by Bennett et al., described in chapter III, to accomplish ‘the first experimental verification of quantum teleportation’, which, in their experiment, is teleportation of the initial polarization state of one
photon to a photon at another location, whereby they remark that in principle this second photon can
be anywhere.
Following the teleportation scheme, and using horizontal and vertical polarization for the two
orthogonal basis states represented by |↔i and | l i, the initial polarization state of Alice’s particle 1 is
|ψ 1 i = α |↔ 1 i + β | l 1 i with | α |2 + | β |2 = 1.

(IV. 1)

. Remark by the authors
These polarization states can also be written in a more general way as |0i and |1i, instead of |↔i
and | l i, hereby referring to the states of any two - state system. Superpositions of |0i and |1i are
called ‘qubits’ to signify the possibilities introduced by quantum mechanics into information science. /
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Written in these basis states, the ancillary EPR particles shared by Alice and Bob are in the singlet
state
|ψ 23− i =

1
2

√ ¡
2

¢
|↔ 2 i | l 3 i − | l 2 i |↔ 3 i .

(IV. 2)

As before, since the states are orthogonal, if a measurement on one of the two ancillae 2 or 3 projects
that particle onto one of the states |↔i or | l i, the other one is determined to be in the opposite state.
Now a measurement in the Bell operator basis, the authors use the term ‘Bell - state measurement’,
has to be performed on particles 1 and 2, projecting them onto the entangled state |ψ 12− i, similar
to (IV. 2). This state, contrary to the other three Bell states, changes sign upon interchanging the
particles 1 and 2, which will play a role in the experimental identification later on. After completion
of the experiment, particle 3 will be in the state (IV. 1) particle 1 was in prior to the process, i.e., the
initial state of particle 1 is teleported to particle 3.
Before starting to describe the experiment itself, the authors emphasize the notion that even if only
one of the four possible Bell states is identified, ‘teleportation is successfully achieved, albeit in only
a quarter of the cases’.

IV. 1. 1

E XPERIMENTAL SETUP

At the time of the experiment, there was no experimentally realized procedure to identify all four
Bell states for quantum systems. But entangled pairs of photons could be projected onto at least two of
the four Bell states. To generate the entangled photon pairs, a type II parametric down - conversion was
used, see figure IV. 1, a powerful method to generate entangled photon pairs [57] . Inside a nonlinear
crystal, in which the polarization responds nonlinearly to the electric field of the light, an incoming
photon can decay into a pair of photons. A photon emerging on one circle is horizontally polarized
while its exactly opposite partner in the other circle is vertically polarized. At the intersection points
their polarizations are undefined, but they have to be different, which results in entanglement.

Figure IV. 1: Photons emerge in pairs from a type II down converter
To be able to project photons 1 and 2 into a Bell state, they have to be indistinguishable, which
means that they should, next to having the same wavelength, also not be able to be distinguished by
their arrival time. This is achieved by generating both photon pairs, i.e., the ancillary pair 2 and 3
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and the pair containing photon 1, its counterpart being designated 4, using a technique developed
in  by Zukowski et al. [58] . In  it was shown by Yurke and Stoler [59] , that entanglement
could be achieved between particles originating from independent sources. This was used to develop the  technique of generating two photon pairs within one pulse, leading to the desired
indistinguishability between the pairs, which in turn leads to the possibility of entanglement between
two photons of the separate pairs, in this case between photons 1 and 2. In this setup, photon 4, which
is generated together with photon 1, can be used as an indicator for the emission of the latter.
To actually bring photons 1 and 2 into a Bell state, the photons are superposed at a beam splitter, designated BS in figure IV. 2, where they would only end up both being at another side of the
beamsplitter if they are in the antisymmetric Bell state |ψ 12− i, which is the state sought after. Putting
detectors in the outputs of the beamsplitter, simultaneous detections, called ‘coincidences’, can be
registered, the detections are the photons 1 and 2 in the antisymmetric state. These coincidences are
the ’outcomes of measurement’ which Alice will communicate to Bob.

Figure IV. 2: The experimental setup for teleportation from Alice to Bob of the initial state of photon 1.
For clarity, the words ’polarizer’ and ’entangled pair’ are added to the figure
At the completion the experiment, a polarized beam splitter, PBS, is used to identify the teleported
photon. If a photon is in a state
|ψ 1 i = α |↔ 1 i + β | l 1 i,

(IV. 3)

upon passing through a polarized beamsplitter which reflects horizontally polarized photons and transmits vertically polarized ones, the photon will be found in the reflected beam with probability | a |2 or
in the transmitted beam with probability | b |2 .
Proving that teleportation works for a complete basis comprising of a set of known states, the basis
of horizontal and vertical polarization as emitted by the source, would not yet prove that it also works
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for any general superposition. Therefore, the authors choose as the basis for the first teleportation
experiment two states, linearly polarized at − 45◦ and + 45◦ , which are already superpositions of the
horizontal and vertical polarizations. Furthermore, to show that teleportation works for superpositions
of these basis states they also demonstrate teleportation for circular polarization.

IV. 1. 2

T ELEPORTING ± 45◦

POLARIZED STATES

To detect teleportation of a photon which is polarized at + 45◦ , the state |ψ 12− i, occurring in 25%
of all possible cases, is identified by recording a coincidence between two detectors f 1 and f 2, placed
behind the beam splitter as can be seen in figure IV. 2.
A pulse of ultraviolet radiation passing through a nonlinear crystal creates the ancillary pair
of EPR photons 2 and 3. After retroflexion, upon passing the crystal for the second time, the pulse
creates another pair of photons, where one of the two is prepared to be photon 1 of which the initial
state is to be teleported, while the other, photon 4, upon detection by detector p, serves as a trigger
indicating that photon 1 is underway. In the beamsplitter BS photon 1 is superposed on the ancillary
photon 2, upon which Alice looks for coincidences in the detectors f 1 and f 2, and transmits that
information to Bob. Knowing the ‘outcome of measurement’ from Alice, i.e., she counted a coincidence identifying the Bell state |ψ 12− i, he now knows his photon 3 is in the initial state of photon 1,
polarized at + 45◦ , which he checks using polarization analysis with the polarizing beamsplitter PBS
and detectors d 1 and d 2.
. Remark
Although the state to be teleported is not unknown in this experiment, the teleportation process itself
does not reveal anything about the properties of photon 1. /
With the polarizing beamsplitter PBS selecting + 45◦ and − 45◦ polarization, teleportation is detected if both the detectors f 1 and f 2 and detector d 2 at the + 45◦ output register an incoming photon,
while detector d 1 at the − 45◦ output does not register anything. This is called a three - fold coincidence, and the occurrence of a d2 f1 f2 recording in combination with a d1 f1 f2 absence proves that
the polarization of photon 1 is teleported to photon 3.
The retroflexion of the pulse generating the two entangled photon pairs through down - conversion
is set up in such a way that, the path of photon 1 being slightly shorter that the path of photon 2,
both photons end up together at the beamsplitter BS, i.e., within a region of temporal overlap in which
entanglement can take place. Translation of the reflection mirror, see figure IV. 2, causes the photons
to arrive outside the region of temporal overlap, with either positive or negative delay times, thus
preventing them from entangling.
If the photons do not arrive within the region of temporal overlap, and do not entangle, they will
end up in the detectors f 1 and f 2 independently, leading to a coincidence probability of 50%, which
is twice as high as when they had been entangled. Photon 3, being entangled with photon 2, also has
a 50% probability to either end up in detector d 1 or d 2, yielding a 25% probability for both d1 f1 f2
or d2 f1 f2 detection, i.e. − 45◦ or + 45◦ polarization, respectively.
If photons 1 and 2 arrived within the region of temporal overlap and were entangled in the antisymmetric Bell state, but the polarization of photon 3 was not the teleported state of photon 1, and
was thus uncorrelated to the other photons, having a 50% probability for ending up in detectors d 1
and d 2, there would be, because of the 25% probability for entanglement in the antisymmetric Bell
state of photons 1 and 2, a probability of 12, 5% for a d1 f1 f2 or a d2 f1 f2 detection. This could be
seen in figure IV. 3 by a reduced dip.
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In case teleportation does take place, the probability for a d1 f1 f2, or − 45◦ , detection is reduced
to 0, while the probability for a d2 f1 f2, or + 45◦ , detection is 25%, since that was the probability of
finding a coincidence at the detectors f 1 and f 2, with a probability of unity at detector d 2, the state
having been teleported.
The theoretically predicted probabilities for a teleportation of a + 45◦ polarization, and the results
of experimentally teleporting initial states of + 45◦ and − 45◦ , can be seen in figure IV. 3. Since
equally likely two photon pairs can be created in one down - conversion, this can cause three - fold
coincidences which have nothing to do with teleportation. These spurious contributions to the three fold coincidences are, by blocking the path of photon 1, experimentally determined to be (68 ± 1)%
and have been subtracted from the data. To demonstrate that teleportation works for a complete basis
for polarization states, the experiment is repeated for teleportation of an initial − 45◦ polarization, of
which the data can be seen in the right - hand side of figure IV. 3.

Figure IV. 3: Theoretical predictions of finding three - fold coincidences and the results of measurements, corrected for the occurrence of three - fold coincidences resulting from the unwanted creation
of two entangled pairs during one single down - conversion

IV. 1. 3

T ELEPORTING VARIOUS POLARIZATION STATES

To rule out any classical explanation for the experimental results, the authors also teleported photons which were linearly polarized at 0◦ and 90◦ , and circularly polarized states.
The visibility of teleportation in three - fold coincidences, after correction for the spurious results
caused by the emission of more than one pair of EPR photons during one down - conversion, is shown
in figure IV. 4, table 1 in the article.
As mentioned above, values for the visibilities of the dip in the three - fold coincidences in figure IV. 3 are obtained after subtracting the offset caused by the spurious three - fold coincidences. To
completely exclude these coincidences, in the following experiments only four - fold coincidences are
included, where apart from the former three photons in the three - fold detection also the detection of
photon 4 is required.
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Figure IV. 4: Corrected visibility of teleportation in three - fold coincidences
. Remark
This has as an extra advantage that it will disentangle photon 1, which after detection of photon 4 is in
a single - particle state, of which we obviously also want to verify that its states can be teleported. /
This four - fold coincident measurement is performed for teleportation of the + 45◦ and 90◦ polarization states, of which the results can be seen in figure IV. 5. Visibilities of (70 ± 3)% are obtained
in these cases, which is a better result than any of the three - fold coincident measurements. Here
no corrections had to be made for any spurious events, and the results are directly the degree of
polarization of the teleported photon in the right state, proving that teleportation of the quantum state
of a single photon is demonstrated.

Figure IV. 5: Direct results of four - fold coincidence rates where the detection of photon 4 acts as
a detector for the emission of the intended EPR photon pairs 2 and 3, and 1 and 4, through pulsed
down - conversion

IV. 2

T ELEPORTING HUMANS

In order to consider the various requirements for teleportation, I will first summarize the scenario
described in III. 3. In this scenario five stockpiles of particles are used, and it is devised to teleport to
places where ‘no man has gone before’, assuming that indeed Bob is a robot.
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It begins with Bob going to the location of destination. There he entangles photons 4 with local
matter particles 5, where the nature of 5 depends on the object to be teleported. The particles 1 with
unknown states form the object to be teleported. Starting the actual teleportation process, two piles
of photons, 2 and 3, are being entangled, then 3 is beamed to Bob. Upon his signal that the photons
have arrived, Alice jointly measures 1 and 2. When Bob receives the vital classical information from
Alice and performs the necessary transformations on photons 3, they acquire the states of the object
particles 1.
Now Bob jointly measures photon piles 3 and 4 and performs the transformations on the matter
particles 5, through which they gain the states of the photons 3 which in turn had acquired their states
from the object to be teleported, the matter particles 1. Hereby the teleportation of object 1 to the
stockpile 5 is completed, 5 has now become the initial object, or human, since the original has gone,
being turned into a pile of matter particles, entangled with photons 2. But we can recycle them, of
course, putting the entangled pairs ready to use them as stockpiles 4 and 5 for someone or something
being teleported onto the transporter platform. Nature recycles all the time.

IV. 2. 1

S AFETY REQUIREMENTS

To actually execute the teleportation of a human being, there are some stringent requirements
which have to be satisfied.
First, we cannot implement the teleportation process before we achieve unitary fidelity. As described above, in beamed teleportation matter particles and photons have to be entangled, and since
quantum systems are fragile and very easily disturbed, the particle level of teleportation should be
as stable as possible. It seems that the safest procedure would be to teleport at the level of spin 1/2
particles, which leaves as few basis states as possible for each particle or particle pair involved. Taking
stability as our main objective, this could be a plea for teleportation on the electron and nucleon level.
Second, to keep the risk level as low as possible, the teleportation process should involve as little
particles as possible, making the calculations as simple as possible. The more strenuous the calculations involved, the larger the failure probability, thus the lower the fidelity. Also, the time needed for
calculations is a debit item, since part of it has to be done while the object is in a disassembled, and
therefore fragile, state. Fortunately, the development in teleportation is intertwined with the progress
in quantum computing, as mentioned by e.g. Olmschenk et al. in  [60] , writing in their abstract
how their achieved scheme of teleportation of quantum information may be used for scalable quantum
computation and quantum communication. Nevertheless, taking simplicity of the calculations as our
main objective, this could be a plea for teleportation at the atomic level.
Third, the teleportation process may not cause harm or pain. This requirement supposedly eliminates teleportation using complete ionization through electron depletion, which otherwise seemed to
be an attractive scheme. It has as an advantage that the object would be disassembled immediately
on an atomic level since the object is in fact transformed into a noble gas. But the depletion will also
affect the negative ions in the nervous system and the brain, thereby perhaps causing pain or harm,
or causing lost memories from the moments directly before disassembly. Consequently, an otherwise
inviting teleportation scheme as the one in the above mentioned experiment of Olmschenk et al., where
ion - photon entanglement is used over ‘a replete set of states’, can, presumably, not be implemented
to teleport living creatures. Working closely together with biologists, physicians and chemists on this
part of the process seems essential in deciding which is the best way to go.
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E XPERIMENTAL CONDITIONS

Apart from the practicality of the experimental setup, we still have more than a hundred years to
accomplish that, there are five basic experimental conditions which have to be fulfilled before being
able to teleport humans to places where “no one has gone before”, Picards version of the Star Trek
opening sentences.
First, entanglement between photons has to be maintained over distances in the order of kilometers.
Being in a synchronous position above some planet’s surface will simplify matters regarding undesirable Doppler effects, only having to take into account the effects caused by gravity. A geostationary
position above the Earth’s surface will ask for a distance maintenance of about 36000 kilometers, and,
having achieved that, planets habitable for, or visitable by, humans will not differ so largely from
Earth that we would encounter some fundamental problems at maintaining entanglement from their
geostationary orbits.
Second, entanglement between photons and matter particles has to be accomplished, for the part of
the teleportation process where on the transporter platform the particles of the object to be teleported
are being entangled with Alice’s part of the EPR photons, and for the part where Bob processes the
second teleportation, using the local matter particles 5 he put ready in advance by entangling them
with photons 4.
Third, entanglement between photons, or between photons and matter particles, has to be maintained over timescales in the order of seconds or even minutes, where, presumably, the longest timescales are needed for the calculations concerning the configuration of the object to be teleported, and
for collecting the outcomes of the Bell - state measurements. The timescales for the EPR photons and
the classical information to be beamed over to Bob will generally be in the order of tenths of seconds,
depending on the height of the orbit of synchronous position above the planet involved.
Fourth, in teleporting living creatures, it appears that we will also have to be able to teleport states
of particles that are entangled to begin with, due to various kinds of processes in our bodies. Although
we do not seem to need entanglement for our brain processes [61] as was previously argued [62] , it might
be ubiquitous in biological systems. In  Californian scientists discovered concerning dimerized
chromophores, two identical pigment molecules linked together, that ‘a small amount of long - range
and multipartite entanglement exists even at physiological temperatures, constituting the first rigorous
quantification of entanglement in a biological system [63] . This discovery was followed by heavy
debate about the amount with which entanglement will generally be existent in biological systems.
Finally, to teleport anything we want, it would surely simplify matters if we are able to teleport
any state, whether continuous or discrete, with continuous variables corresponding to states of infinite dimensional systems.

IV. 2. 3

ACCOMPLISHMENTS

All five conditions discussed above have already experimentally been achieved, at least to some
extent. The development in teleportation being dazzling, I will only mention some of the breakthroughs needed for the teleportation process described here, although the majority of the researchers
had quantum computation systems, cryptography or proofs concerning violations of Bell - inequalities,
as evidence of the quantum nature of some process, as their goal.
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Entanglement and distance
In , the same year the experiment by Bouwmeester et al., described in section IV. 1, was carried out, a group of the University of Geneva uploaded the first draft of an article [64] to the arXiv
describing an experiment in which EPR photons were sent over standard telecom fiber to two interferometers in nearby villages, separated from each other by 10, 9 kilometers, with an obtained visibility
after subtraction of the accidental counts, of (81.6 ± 1.1)%. In the abstract the authors write that
‘these strong nonlocal correlations [ . . . ] provide evidence that entanglement between photons can be
maintained over long distances’. Nowadays, distances of over 144 kilometers have been achieved, and
there is no reason to assume that upon further stretching this distance fundamental problems will be
encountered. Thus, the first requirement has been satisfied.
Photon - matter entanglement and teleportation
Meeting the second requirement is a different story. In , atom - photon entanglement was
achieved by a group from Germany and Singapore [65] . In their project they worked with single,
optically trapped Rubidium atoms whose spin is entangled with the spin of single photons.

Figure IV. 6: Picture of the experimental setup, laser beams are visualized in false - color
Their website reads ‘Entanglement is generated by exciting a short - lived upper state of the atom,
from where it decays back emitting a single photon. The coherent superposition of the two decay
channels provides an entangled state between the spin of the atom and the polarization of the emitted
photon. Characterization of the entangled state is performed by projective spin measurements on
the atom and the photon. Combining those measurements we can perform complete quantum state
tomography of the two - particle state. We obtain entanglement fidelity of 0.87 ± 0.9’.
For the second part of our teleportation scheme, Bob’s part, we also need teleportation from his
former EPR photons 3 to the matter particles 5 he prepared. In , in ‘Quantum state transfer
between light and matter via teleportation’ [66] by a group consisting of Danish and German physicists,
the authors report having achieved ‘[ . . . ] for the first time the teleportation from light to atoms. In
the experiment discussed, the quantum state of a light beam is transferred to an atomic ensemble. The
key element of light - atom entanglement created via a dispersive interaction lays the foundation for
the protocol’.
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Entanglement and timescales
The third requirement, maintaining entanglement over some period of time, has also seen interesting progress. In January  the article ‘Carbon Nanotubes as Cooper - Pair Beam Splitters’, by a
joint group from France, Spain and Germany [67] has been reviewed in the Physics Viewpoints of the
American Physical Society as ‘Carbon nanotubes help pairs survive a breakup’ [68] .
In case breakup does happen accidentally, in , in their article ‘Experimental Demonstration of
Photonic Entanglement Collapse and Revival’ [69] , a group from the University of Science and Technology of China describes ‘the collapse and revival features of the entanglement dynamics of different
polarization - entangled photon states in a non - Markovian environment’. Using an all - optical experimental setup, they show that entanglement can be revived even after it suffers from sudden death.
These kinds of experiments will undoubtedly lead to the possibility of maintaining entanglement
for longer periods of time.
Teleporting entangled states
Teleporting entangled states has been achieved in  by a joint group from Germany, China
and Austria [70] , reporting the teleportation of combined polarization states, including entanglement,
of two photons. They developed an efficient six - photon interferometer, and their success inspired an
artist to create illustration IV. 7, shown on the cover of the October  issue of Nature Physics.

Figure IV. 7: Artist’s impression of teleportation of entangled photons
Teleporting any state
In , in an article called ‘Unconditional quantum teleportation’ [71] , a group of scientists from
the California Institute of Technology, Aarhus University, and the University of Wales, writes how
‘to date, most attention has focused on teleporting the states of finite - dimensional systems, such
as the two polarizations of a photon or the discrete level structure of an atom. However, quantum
teleportation is also possible for continuous variables corresponding to states of infinite - dimensional
systems, such as optical fields or the motion of massive particles’. About the experiment itself they
write ‘This is the first realization of unconditional quantum teleportation where every state entering
the device is actually teleported’.
In , three - dimensional entanglement of orbital angular momentum states of an atomic qutrit
and a single photon qutrit has been observed [72] , a qutrit being a unit of quantum information in
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a 3 - level quantum system, having three basis states. Further, with qudit denoting a unit of quantum
information in a d - level quantum system, arbitrary qudits can be prepared by putting d - 1 identical
and independent photons into a single spatial and temporal mode, upon which, by using N such
qudits, linear optics, and proper projection measurements, quantum entangled states of N qudits can
be produced by adopting the polarization degree of freedom of photons [73] .

IV. 3

A

SERENDIPITOUS FRIDGE

Apart from the applications mentioned earlier such as quantum cryptography and quantum information systems, imagine the application of teleportation this Innsbruck group suggests, describing
in , in an article called ‘Establishing Einstein - Poldosky - Rosen Channels between Nanomechanics and Atomic Ensembles’ [74] how to project a coupled system, consisting of an atomic ensemble and
a nanomechanical resonator, into an entangled EPR state. In the conclusion of their article, the authors
make a remark about how this implies the intriguing possibility to cool a mechanical resonator by
teleporting the ground state onto it.
A lot is happening on the teleportation platform.

CHAPTER V

T ELEPORTATION AND THE FUTURE
Upon answering the question “How do the Heisenberg compensators work?”, “They
work just fine, thank you.”
— Mike Okuda
[ . . . ] the ever accelerating progress of technology and changes in the mode of human
life, which gives the appearance of approaching some essential singularity in the history
of the race beyond which human affairs, as we know them could not continue.
— John von Neumann
“Beam me up, Scotty”.
(After “Play it again, Sam” the most notorious quote that has never been uttered.)
— James T. Kirk
In this final chapter I investigate the possibility to teleport humans using brute computing force,
where, believing it will surely be possible sometime, I concentrate on the question when we will
be able to teleport. I try to answer that question, by comparing the early computers and their
capacities to what computers can do nowadays, then extrapolating to the conditions needed for
teleportation of humans. My conclusion is that we will succeed within the Star Trek timeline.
That is, if we overcome the complexity of storage of EPR particles for longer times and entangling
as many particles a human consists of in less than a few seconds. Which will take extensive
ingenuity.

V. 1

T ELEPORTATION THRESHOLDS

The motivation for this last chapter was that I carried out a simple search because I was curious to
find out when we can have home teleporters, enabling us to really use them for our regular and convenient transport. Everyday use asks for teleporters being more in style of Asimov’s Door teleporters,
unfortunately without the instantaneousness, than of Captain Kirk’s beamed teleportation using a platform. If we have to go to some teleport station to be transported via platforms, we still could get cold
and wet underway, leaving the most inconvenient part of present traveling unchanged, while home
teleporters enable us to go directly from home to home, evading the cold, or the heat in case you are
living in the tropics.
In the meantime, this essay has largely become an attempt to show that teleportation is a subject so
appealing to fantasy that indeed captain Kirk is everywhere where teleportation is discussed, whether
the participants are scientists or not. The correlated convergence of theory and experiment is again
a beautiful example of how strange predictions from theory become reality as soon as experimental
setup can be implemented sufficing the arduous requirements needed to prove them.
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P RACTICALITIES

As mentioned in subsection III. 2. 1, the largest threshold seems to be the problem of storage
of EPR particles for longer times, which is of such complex nature that it would take another literature
search and a new essay to describe it properly. Numerous experiments are done and many theories
are discussed concerning quantum computing and the creation of data storage systems using particle communication which involves particles that can be entangled in time and space. Although these
experiments are not yet exactly what we need for teleportation, i.e. the storage of stockpiles of entangled particles for longer times, much work is done on the subject at large, which is the reason I am
confident that people will come up with solutions we can again modify to satisfy our requirements.
The next largest threshold will be the setup with which the Bell measurements and the final transformations have to be performed. Atomic configurations of large objects obviously include many
particles which have to be measured individually, and each atom has to undergo its own specific
transformation. The way in which teleportations are carried out today cannot simply be expanded
to teleporting so many particles at once. Also, storage of the measurement data and the subsequent
calculation of each individual transformation will ask for enormous computer power.
While I cannot say anything meaningful about the setup problems, apart from my confidence
that that will be solved in the way many apparent experimental thresholds were solved in unforeseen
ways, as the problem anticipated by the Club of Rome concerning the ever growing amounts of horse’s
manure in the cities was solved by the invention of automobiles, I can say something about the ongoing
developments in computer capacities.
V. 1. 1. 1

M OORE ’ S LAW OF COMPUTING

Moore’s law of computing [75] , coined in , states that the number of transistors that can be
placed inexpensively on an integrated circuit doubles approximately every two years. This ‘law’ is
accompanied by a joke about personal computers saying that ‘when you buy a new computer, just as
you finish unpacking it you see an advertisement for a new computer that makes yours obsolete’ [76] .

Figure V. 1: Moore’s law, calculations per second per $1000,Increase in transistor count is a rough measure of computer processing performance, since shrinking the size of transistors increases the speed at which they operate, therefore Moore’s law refers to
the advance in computing performance per unit cost.
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Figure V. 2: Moore’s law as seen in the evolution of Intel’s processors
In , I proudly bought my first computer, a 286 XT clone in tower version which was faster
than any computer in my neighbourhood. It comprised a 12 MHz processor [77] and a 40 MB hard
disk. Today, 21 years later, a standard computer comprises a 1.5 TB hard disk [78] , and a 2.8 GHz
quad - core processor, thus a processing speed of 11.2 GHz, where I chose a computer which is about
as expensive as my first computer was. That costed, monitor and keyboard included, about fl 2300, −,
corresponding to E 1044, −.

Figure V. 3: Grabbed from YouTube, the booting of a Spanish 286 XT. I remember my computer running
MS - DOS 4.01, but since MS - DOS 4.0 had been unstable, many users waited until MS - DOS 5.0
was released.
Comparing these two computers we can guess, extrapolating heavily of course, what computers
can do around , the year of the first professional operable teleporting device.
The increase in storage capacity from  until  means, with 40 MB × 2 21/x = 1.5 TB, that
it doubled every 1.38 years, while processing speed doubled every 2.13 years. The development in
processing speed is slightly slower than Moore’s law predicts, but both deviations can of course be due
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to a temporal deviation in acceleration, as evident in figure V. 2. Every now and again new ideas are
implemented, causing extra development speed beyond the process of the transistors growing smaller,
thereby maintaining Moore’s law. In the add, shown in figure V. 4, it can be seen that, for instance, a
cooperation between manufacturers can yield profit, both for them and for us.

Figure V. 4: Quad - and dual six - cores manufactured by AMD and SUN
The current Intel i7 chip has fewer but faster transistors, using a different connection between
processor and motherboard. But of course, the shrinking of transistors is ultimately constricted by the
physical limitations of how small a transistor can be in nano - technology manufacturing. Therefore,
perhaps more important is that graphics processors, developed for games like World of Warcraft,
boosted performance heavily. Last April NVIDIA claimed that “Moore’s law of CPU - scaling is
now dead, GPU parallel computing is the future”, and I would accordingly suggest that we translate
Moore’s law to how it is commonly used, as doubling performance every two years, leaving out the
shrinking transistors.

Figure V. 5: Processing flow on CUDA, Compute Unified Device Architecture and GeForce GPU
designed by NVIDIA
By adapting Moore’s law we can compare the performances of the new generation of quantum
computers which are, hopefully, soon manufactured and, even more important, affordable in the very
near future.
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C OMPUTER POWER REQUIRED FOR TELEPORTATION

In his  article ‘A fun talk on teleportation’ [79] , Braunstein calculates that it will take
about 1032 bits, i.e., 1.25 · 1031 bytes, to give the full three - dimensional details of a human being
down to a resolution of one - atomic length, which is about 10−10 m3 . He was afraid that would
be too much information to store, but he clearly did not pay enough attention to the exponentiality
of Moore’s law. Calculating storage capacities extrapolating from the storage capacity in ,we
have 40 MB × 2 x/1.38 = 1.25 · 1031 bytes, which means that around the year  a person’s complete configuration at an atomic scale can be stored on a simple home computer.
The time to process information at the moment is 4 clock cycles per byte, and it is safe to assume
that it will remain to be 1.5 clock cycles, since it surely can be speeded up, but the computer simply
needs some time to do something. Of course this holds unless something else is used by then, but I
will keep on the safe side since every invention beyond that will speed things up anyway.
Processing speed divided by clock cycles per byte equals bytes per second, thus calculating the
time in which a human being can be processed in , the year of the first professional teleportation,
we see that it will take (1.25 · 1031 ) / (12 · 106 · 2150/2.13 / 1.5) = 987 seconds, or 17 minutes.
That is, of course, not very practical, but surely also no insuperable problem, since the calculations
were done for homecomputers, and the then - known supercomputers will surely be able to work faster.
As can be seen in subsection V. 2. 1, supercomputers can easily make the first professional teleporters
possible, acquiring enough processing speed to reach the  goal. As to the storage, homecomputers
already being able to store the entire configuration of a human being in , supercomputers then
will surely have more than enough storage capacity to even teleport groups of people like Star Trek’s
away teams.
Taking a second for an acceptable processing time, quite like the time needed on the platform in
Star Trek, we have to wait for an extra 21 years for the appearance of affordable home teleporters, a
very acceptable timespan being shorter than the timespan between the first electronic digital computer
in , see section V. 2, and the first ‘real’ and affordable personal computer in , the Commodore
Personal Electronic Transactor, the PET 2001, called CBM 3000 in Europe [80] .
It can be concluded that computing power will not be the largest threshold, but also that Von Neumann’s technology singularity seems to come even closer then. By all appearances, we will again be
used to it.

V. 1. 2

T HE H EISENBERG UNCERTAINTY RELATIONS REVISITED

In III. 2. 2, I mentioned the non - applicability of the the Heisenberg uncertainties insofar they
concern the arbitrary precision of measurements of internal variables, since Alice’s unknown state |φi
remains to be unknown during the entire teleportation process. Still, it is of utmost importance that in
the reassembly process the particles ate being put in exactly the same configuration as the original, as
is illustrated in figure I. 5.
In the same ‘fun talk’ article as discussed in the previous section, Braunstein argues that the
Heisenberg uncertainties will not cause problems in the teleportation process. I will slightly modify his calculations but this does not change his conclusions.
According to the Heisenberg uncertainties, the precision with which we can measure position and
velocity of any particle is limited by ∆ x × mptcl ∆ v ≥ 12 ~ = 5.27 · 10−35 J · s, with mptcl the
mass of the particle involved. Taking the mass of the C - atom we are based upon, which is defined to
be 12 u, as some crude average, we have mptcl = 2 · 10−26 kg.
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Suppose that we need for the precision with which we have to know the atom’s locations a quarter
of the atom’s diameters, i.e. ∆ x = 2.5−11 m. This yields ∆ v = 105 m/s for the uncertainty in
the atom’s speeds. But, as Braunstein points out, the ‘ordinary jiggling’ of our atoms due to us being
at room temperature, which is about 1000 m/s, is much larger, meaning that the measurement of the
particles is accurate enough.
About the quantum states of the teleported atoms Braunstein argues
What about the ‘quantum state’ of those atoms? Does it matter what energy levels they
are all in? Do the chemical reactions need to have this information to work once we
reassemble the atoms to make a person? Well, my best guess is no! [ . . . ] what tends to
convince me that the detailed quantum state is not important to get right when you want
to copy a person and make a new one from the partial information is that people routinely
go to hospitals for NMR (nuclear magnetic resonance) and ESR (electron spin resonance)
scans to see inside them. These procedures mix up the quantum states of at least some
large number of atoms and nuclei of the people being scanned, yet it doesn’t seem to
disturb their appetites (that makes them still human in my book).
It can be concluded that if he is right, other certainty relations besides those between position and
momentum do not have to be satisfied since they do not have to be measured exactly. Even with
still stronger fields we indeed do not seem to suffer from them, of which a beautiful example is that
in , scientists at the University of Nottingham and the University of Nijmegen in the Netherlands
described making a frog float in mid - air, using strong magnetic fields. The frog survived [81] .

V. 2

F URTHER

V. 2. 1

DEVELOPMENTS

T HE FIRST, THE FASTEST, THE CHEAPEST

According to the reasonings in this essay, there are no fundamental obstacles preventing teleportation to be a reality in the foreseeable future under the condition that we still exist in a hundred years.
There is no need for spectacular inventions such as Heisenberg compensators. Still, we are left with
the thresholds first mentioned in this chapter. Yet the more I searched for developments in the various
fields of science we need for teleporting, the more hopeful I became. New ideas and implementations
often come unexpected, or solutions are found for problems we did not know existed.
The following very brief history of computing shows that, apart from the computers growing
bigger, or the transistors growing smaller, the previously mentioned new application of graphics processors developed for gaming is also giving an unexpected twist to processing speed of supercomputers. And I expect twists like that will happen more often, gamers influence the world by being the
big personal spenders.
The first
In , US Federal Judge E.R. Larson signed his decision following a lengthy court trial which
declared the ENIAC patent invalid and named J.V. Atanasoff the inventor of the electronic digital
computer, making the Atanasoff - Berry Computer, or the ABC, the world’s first electronic digital
computer as it was built during  -  [82] .
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Quoting Atanasoff,
I had made four decisions [ . . . ] : use electricity and electronics - that meant vacuum tubes
in those days; use base 2, in spite of custom, for economy; use condensers, but regenerate
to avoid lapses; compute by direct action, not by enumeration.
Indeed, after using vacuum tubes for the ABC, which were modern electronic devices then, this
became commonplace. In many stories written from the ’s until the ’s, Asimov depicted the
supercomputer Multivac, ‘Multiple vacuum tubes’, as an underground computer the size of a city, with
people in blue overalls programming it, feeding questions into it and interpreting its output given in
the form of punch cards. Nowadays, a transistor can consist of one atom.

Figure V. 6: A 1937 vacuum tube and an artists impression of a single atom transistor
The fastest
Not yet using single - atom transistors, the Cray XT5 scalable Linux supercomputer Jaguar has
a theoretical peak performance of 2.3 petaflops, thanks to its Six - Core AMD Opteron processors.
The number of processing cores having been increased to approximately a quarter of a million, in
November  Jaguar was named # 1 on the Top 500 list of the world’s most powerful computers [83] .

Figure V. 7: The first, the fastest, the cheapest
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The cheapest
In January  something entirely different was shown when the United States Air Force purchased more than 2000 Sony PlayStation consoles to build a supercomputer called ‘500 TeraFLOPS
Heterogeneous Cluster’ of which the computer in figure V. 7 is the beginning, containing 336 consoles [84] . Key to the whole idea is the console’s cell processor, which was designed to easily work in
concert with other cell processors to combine processing power and acclaimed for its number crunching ability. The price of performance just being $ 2 to $ 3 per gigaflops, when complete, the PlayStation 3 supercomputer will only cost $ 2 million.

V. 2. 2

Q UANTUM COMPUTING

It would not in the least surprise me if quantum computing will, as other inventions and technologies before it, change the world. A nice aspect is that teleportation will be important in quantum
computing as was mentioned earlier, so that teleportation will help itself to come to be reality. Much
work is done and progress is made. The Wikipedia page on quantum computers reads
Although quantum computing is still in its infancy, experiments have been carried out
in which quantum computational operations were executed on a very small number of
qubits (quantum bit). Both practical and theoretical research continues, and many national government and military funding agencies support quantum computing research
to develop quantum computers for both civilian and national security purposes, such as
cryptanalysis.
Since we know that as soon as national security is involved, money will be spent and, undoubtedly,
quantum computers will emerge. And as all military playthings, they will finally make it to the civilian
market.

V. 3

C ONCLUSIONS

In the first chapter I wondered if I could convince myself that we would eventually teleport. I did
indeed convince myself it can be realized if we keep pace in future years in the realm of computing,
and also in physics to overcome the thresholds which cannot be solved by brute computing power. But
it is still far away, and unless something utterly unexpected happens, I will regrettably not live to see
it.
This leaves us with some last considerations about cloning. In the teleportation scheme, the single
quanta are not cloned, which is proved to be quantum mechanically ‘forbidden’, since the exact details
of the quantum states remain unknown. But much work is done on imperfect cloning, which is not
forbidden, constructing optimal, but imperfect, quantum cloning machines [85] .
Suppose that the fidelity reaches some high percentage, and via this backdoor the cloning prohibition is, unexpectedly, tackled somewhere in the future, then we can perhaps also achieve that
teleportation can as easily transport us, in which case we are no longer at the place of departure after
the reassembly at our destination, as copy us, not in the philosophical sense of chapter I, but in the
sense that the original still is at the transporting device. This scenario asks for trouble, and Braunstein
asked himself in the ‘fun’ article “Would the copy still have to pay taxes if the original were still
around?”

V. 3. CONCLUSIONS
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The foregoing considerations are based on what we have so far reached scientifically, and therefore
seems to be even reasonable. But following the lines of reasoning in this essay also another, and to me
rather unsettling, situation can occur, in the spirit of Von Neumann’s technological singularity.
If Braunstein is right in saying that the quantum states of the particles we consist of are not essential
to who we are, this idea leads to a completely different conclusion, namely, that we do not have to
teleport at all. Rebuilding someone’s configuration solely using computing power would then be
sufficient. We could be cloned without problem, since the no - cloning theorem does not apply if
we simply assemble some atoms according to classical information. But who would we be then,
and what about our clones? And who will be cloned, and why? These are questions to answer for
future generations, and I do not envy them for it. Taking the risk of being outdated before anything
happens, I hope that ‘building’ someone in this way will turn out to be impossible for whatever reason.
Teleportation is a far more appealing concept.

Figure V. 8: Development, that is, in graphics
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