Title: The Entanglement Game and 21st-century applications of quantum theory including quantum computers
Date: Jul 12, 2006 10:45 AM
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Abstract: This presentation will introduce the counter-intuitive quantum concept of entanglement and help to explain it via the A‘entanglement
gameA’, a hands-on interactive activity that has been successfully tested with a number of Grade 12 classes. It will also introduce the emerging field
of quantum technology within which researchers are harnessing some of the strange features of quantum theory to build new powerful
21stA—century technologies such as quantum computers, quantum teleporters and quantum secret codes.
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« Let us think about, say, the 467" electron to pass
through wall A.

« Can we predict whether it will go through slit 1 or 27?
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* |mpossible to predict which slit the 467™" electron (or any other) will pass through.
»  50-50 probability that it will pass through each slit. Genuinely random event.

*  Another example nf% nuine randomness in quantum theory: We cannot predict with certainty
whether we WI|| see Schroedinger’'s cat as being dead or alive upon opening the box.

i

*« A more familiar example: An individual radioactive decay event. Eg. inside your smoke detector

*» Genuine randomness is core defining feature that runs throughout quantum theory.

*«  “The quantum casino.”

|w|? gives the probability (density)

wall B
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Practical applications?

« Commerically available quantum random number generators.
Genuinely random numbers.

« Idquantique, Geneva, Switzerland.
e http://www .idquantique.com

« “When random numbers cannot be left to chancel”

» Uses include “gambling, lotteries”

« Also quantum cryptography (tour of Institute for Quantum
Computing on Wednesday)
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» Deep philosophical consequences.
Is the world, fundamentally, one big casino?

» Hard to get one’s head around the idea of things just happening for no
reason whatsoever.

» Spontaneously occurrences (acausal)

» |s this really possible philosophically (metaphysically)?
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Who do you think is right?

DAVID: “Physics must be deterministic as it's impossible for things to just happen for
without any reason. There must be a deeper, hidden cause underlying why each
electron goes through the slit that it does that we haven't yet discovered.”

ANDREA: "We must take quantum theory at face value and trust what it seems to be
telling us because it's been proven by experiment after experiment. Therefore, we

should accept that electrons goes through the slit that it does in a fundamentally
random fashion.”

JOANNE: "Physics is just a collection of artificial models; a set of convenient fictions
that we use. Thus, it can never tell us whether or not the world is really random or
deterministic. Only philosophy or religion can answer such a question.”
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Core feature No. 4: Heisenberg's
uncertainty principle

= In Newtonian physics, can we can measure both the position and the

velocity of any object precisely. Eg. we can know exactly both the position
and the velocity of a speck of dust dnfting across a room.

» Not true for quantum entities. Heisenberg's uncertainty principle places a
fundamental, ‘hardwired’ limit on what how much we can simultaneously
know about these two properties.

» Let us consider the story of (Werner) Heisenberg trying to measure the
position and the velocity of an electron using his ‘gamma-ray microscope’
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» Heisenberg walked into his lab
one day and set up an idealized
MICroscope.

» He placed a single electron in the
viewing area and realized that to
see it, he needed to shine some
light on it.

eyepiece

X axis

light -
objective lens
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» As Heisenberg was intimately familiar with Einstein’s photon hypothesis, he
knew that he could think of the light as consisting of a large collection of
particle-like photons.

« He also knew that, as he had made sure that the light was travelling parallel
to the x axis, the momentum in the x direction p, of each photon was given
by the equation p,=h/A, where h is Planck’s constant (6.63 x 1034Js) and A is
the photon’s wavelength.

» Of course, because he was good friends with Compton, he knew that the
photons collided with the electron in particle-particle collisions modelled by
the Compton effect

»  While Heisenberg was fine-tuning his microscope, he suddenly thought
“Aha! | must ensure that at least one photon collides with the electron if the
rirsa: oso7o0ETICFOSCOpPE IS to be of any use.” page 19/55



 He then begin to visualize what would happen during and after each

collision.
before collision
N
photon electron
(7\—) objective lens
{
after <> scattered

b

collision S ohoton
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*» He realized that each photon could enter the objective lens at any
point along it but that, looking through his microscope, he could not
tell where the entry point was or what the angle between the
photon’s path and the x axis was.

X axis
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« Assuming that the objective lens is wide, Heisenberg could not even
distinguish between the two extreme possibilities of a photon travelling in
the negative x direction with momentum p,=-h/A (head-on collision) and one
travelling in the positive x direction with momentum p_=h/A (glancing
collision).

« Performing a quick mental calculation, Heisenberg realized that these two
extreme possibilities corresponded to electron momenta of, respectively
Px=Piniiat ¥ 20/A @nd p, = Pjisar

2\ A A

» As he looked out his lab’s window at the crowd of students scurrying in
different directions across the university courtyard, he reflected on the fact
that, at the quantum level, all measurements necessarily disturb the
quantum entities that they are trying to gain information about.

1( 2h h
- Therefore, he concluded, for the electron Ap_=— — =
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There are two ways to minimize (the electron’s) Ap,, he thought:

* 1. decrease intensity of the incident light so that just one photon hits
the electron.

» 2. decrease the electron’s momentum “kick” by increasing A

But, increasing A has flow-on implications ...
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« From his undergraduate days, Heisenberg knew that, as far as we know,
electrons are point particles.

« But, he also recalled from Optics 101, we do not see them (or other objects)
as point-like dots through a microscope.

« Rather (assuming a large number of photons are incident on the electron), we
see an electron as a smeared-out circle (Airy disk) due to the diffraction of the
light as it fravels from the electron to the (circular) objective lens.

« Diameter of disk roughly equal to A (given certain assumptions) /\

- Electron located at its centre (ignoring the effect of the collisions) < )
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 He also vaguely seemed to remember the professor telling him that
for each individual photon reaching the eyepiece, we detect it at a
random location within the circle

» There is no strict correlation between the photon’s position and
electron’s

« Therefore, Heisenberg surmised, if we try to find out electron’s

location using just one photon, we will always have an uncertainty of
at least Ax=A.
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« Combining this limit with Ap, = h/A, he arrived at:
Ax Ap= h
HEISENBERG’S UNCERTAINTY PRINCIPLE

. h
» More detailed arguments lead to AxAp > 5
h

2r

h

» Hardwired limit within nature (assuming quantum theory is true). Cannot
measure both x and p with arbitrary accuracy

(Note: The modern (statistical)
account of

Pirsa: 06070023

Heisenberg's uncertainf§@fiiciple

BEDRERE SRR R o U .



* nothing to do with imperfect equipment or unskilled physicists.

* Defining trait of quantum theory

* X and p do not simultaneously exist?

« N.B. As itis an inequality Ax Ap can be as large as we like

« Only certain states have Ax Ap =h (minimum uncertainty states)

« Eg. Gaussian states. w(x) = A exp (-x?), where A is a constant
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* nothing to do with imperfect equipment or unskilled physicists.

* Defining trait of quantum theory

* X and p do not simultaneously exist?

« N.B. As itis an inequality Ax Ap can be as large as we like

« Only certain states have Ax Ap =h (minimum uncertainty states)

« Eg. Gaussian states. w(x) = A exp (-x?), where A is a constant
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» application: quantum cryptography.

« Want to set up a secret string of numbers

« Called a cryptographic key

» Hide information in, say, the position and momentum of an electron.

» Any attempt to snoop or eavesdrop on the electron by way of measuring it, will
necessarily disturb in a noticeable way.

« Can always tell if someone is eavesdropping
» Commercial reality. Quantum intermet currently running in Boston.

« hitp://www.magigtech.com

« $US 50,000
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 quantum theory is hard because Iit’s difficult to get a picture of what's
going on.

» abstract rules for ‘turning the handle’
« A number of pictures have been proposed.

 More on this in Dr Hans Westman's keynote presentation Cats,
collapses and the nature of reality in quantum theory ...
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