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Dirac’s theory

Removed the paradox of particle-wave duality

If a particle was probed in a way that was meant to
demonstrate its particle like properties - it would
appear to be a particle

If it was probed in a way that was meant to
demonstrate its wave like properties - it would
appear to be a wave

It seems that it is our own inability to conjure up an
appropriate or adequate mental picture of photons,
atoms, electrons and other quantum particles that is
at the heart of the particle-wave duality paradox
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1929 : Dirac
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Relativistic quantum mechanics

Schrodinger’s wave equation + Einstein’s special
relativity
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|l= RS A
{_h_vz +V (r)}l’(r,t) = ih%‘lf(r,t)

P \

p%/2m a potential energy operator

TOTAL ENERGY th|s equation is

V= OOI [[Hol Al- iV Y(r, t)+|§\}’(r t)=0 a "non-relativistic"
approximation !

Relativistic correctlon

MAF =E=2F 0.01c
classical energy : E = mv4/2 = p?/2m
relativistic: E? = m?c* + p?c?



Dirac equation

iy 0, -

this is a 4-dimensional derivative:
space and time get same treatment
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Dirac 2{0f| M 2| 0L X| 5 A

Combining quantum mechanics with special relativity, and the wish to
linearize 6/0t leads Dirac to the equation

- [ iy”@ﬂw(x,t)—mgy(x,t)zO} Energy

A

for which solutions with negative energy appear +E’

Vacuum represents a “sea” of such negative-

O 4
energy particles (fully filled according to Pauli’s
principle) Me o g
“t Dirac identified holes in this sea as "antiparticles” So112 | 5oz

with opposite charge to particles ... (however, he
conjectured that these holes were protons, despite their large
difference in mass, because he thought “positrons” would have been
discovered already)

This picture fails for bosons |

7]
o

An electron with energy £ can fill this hole, emitting an energy 2£ and
leaving the vacuum (hence, the hole has effectively the charge +e and
positive energy).
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Casimir effect

7 Hendrick Casimir
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Hoverboard (reverse Casimir force)
oA A= nanomachine®| friction ZrA 0| A




Pair production

oty 2& YA
X7 TRHE M ASHH charge conservation(
o LTSHE K|l SE Y LAs{OF
y—>e +e
Anderson

23 M(cosmic radiation)O| A YHSHE K| Ll X} &
{4

Positrone 2 &



Pair production in empty space

SN A O] X]|(moment) EE

Empty space0f A 2| paper production0f C{3t Of
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hv=E +E_

LXHOf| CHE ™A O K| EP =ple*+m*c*  E, > p,c
Z[5t#|er: hv>pc+p.c

sa=dk hv = p_c cos(€_)+ p.c cos(b,)
M2 hv<pce+p,c

syeior 2set M= 85

Photon

Before



Pair production in matter

In the presence of

matter, the nucleus NN\~
Photon

absorbs some energy

and momentum Betore

(a) Free space (cannot occur)
The photon energy

required for pair
production in the
presence of matter is \NNNALKL

Photon

hv =E, +E_+K.E.(nucleus) @ O

€
Nucleus Nucleus

hv >2m_c* =1.022 MeV

Before After

(b) Beside nucleus



Pair annihilation

Paire| &1 M= 178 e
A positron \oassing through -
matter will likely annihilate T
with an electron mc?
The electron and positron can Positronium,
form an atom-like before decay

configuration first, called

positronium ,
: Qo hf;
Pair annihilation in empty ‘L’I’L-\
space produces two photons
to conserve momentum hfy
Annihilation near a nucleus

can result in a single photon After annihilation



Pair annihilation2| =stX 3}j M

Conservation of energy: 2meC2 =~ hv, +hv,

Conservation of momentum: — — O

So the two photons will have the same frequency: V; =V, =V

The two photons from positronium annihilation will move in
opposite directions with an energy:

hv =m_.? =0.511 MeV
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PET(Positron Emission Tomography)

iij.g'i*%-’é*%*(MRI i 43) 4ok
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Radioactive nuclei in a fluid are injected
into the subject.

The radioactive nuclei then emit
positrons at low velocities and these
then annihilate with nearby electrons.

The positrons and electrons are moving
slowly and don't have the energy
required to create a new pair of particle
and antiparticle. Instead, 2 gamma rays
are emitted and these are used to
actively scan the brain.
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