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James Clerk Maxwell
(1864)

“This velocity is so nearly that of light
that it seems we have strong reason to
conclude that light itself is an electro-
magnetic disturbance in the form of
waves propagated through the electro-
magnetic field.”
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Special Relativity (1905)

m

<)

- the laws of physics look the same in any moving frame.
in any frame.
- the energy of a particle with rest mass /77, moving with

- light travels at the same speed

momentum p Is:

E = \(mc*)} +(cp)’

- for slow particles:
2

E=m®+2 4.
2m

POST 2002

M.G.Raymer_Tutorial5_V1
Page 3 of 24




Light

A Fhototube
Photoelectric effect (1900) - ", evEvasd)
Collector Hq"» o Metal plate
[positive), oy —hy . (negative)
."'/F \ % f-— ..H"'a_ﬁ 0
- hypothesized that light e SR :"_ B |
is made of particle-llke objects VA e A |
called quanta, and later ~ < Photoefectrons:
photons.” Each photon has —
energy E=hv. LN
ﬂ
&N
=i 2] .

Ammalar

(1924): “There are therefore now two theories of light, both
indispensable, and - as one must admit today despite twenty years of
tremendous effort on the part of theoretical physicists - without any
logical connection.”
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the modern view:

a photon 1s an excitation (that 1s, a state) of a quantum field.

still:

1t 1s tempting to think of a photon as a kind of particle.

question:

if a photon 1s a particle, what is its quantum wave function, and
what wave equation does it obey?
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What are the differences between electrons and photons?

é up down
Electron has: >

* NoONZero mass gV

e any speed <c

» Spin = 1/2 (two possible projections along any chosen axis, +1/2, -1/2)

» -> two-component P d 7?2
. . ih 2 p@® =_ " §go
obeying the Schrodinger equation: ot  2m
Photon has: right left
e ZEro mass
* speed = C

* Spin = 1 (two possible projections along propagation axis, +1, -1)

. obeying what equation? how many components?
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Paul Dirac (Cambridge, 1928)
-relativistic quantum theory of electron

_ Jmy ~| m=mass
w0 E=\me) +(p)l| p_momentum
B=1/2 v

ih%‘lf = Jm?) + P (—=ikV ) ¥

v

5 Dirac Equation
ih—Y=cmBY — ihc(é-ﬁ)‘l’

dt
V<<C l

Schrbdinger Equation
D 72 2 components

, —2
lhg‘{'m = _%V P (spin up, down)
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Derivation of Maxwell’s Equations momentum wave fn

Photon, m=o,

(cp) $=1, 3 components—» l//(p,E) (Wx’wy’w )
E&(E,E)ZCVE;{/\//(E,E) ‘// WT +WL N
N = ! — pxl//L:()a pr:O

AN AN~ —_ _ ~ _ —~~ —_ _ ~

00y, =ipx(ipxy,)=(p -pW, - p(p-w,)=({p pw,

Ey,(p,E)=cipxy,(p,E)

weight

/

v, (r.t)= [[dEdD 8(E-c|p)exp(~iEt I h+ip-T/h) f(E)y,(p.E)

l G
—B=-cVXE

o v G.)=E+iB<
atl,UT(rt)—cVXl//T(rt) Y1) = 5
—FE=cVXB

Riemann-Silberstein vector U ¢
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For a single-photon field, the complex
electromagnetic field (E+iB) is the quantum
wave function of the photon.
(E.(r)+iB,(r)
w(r)=| E,(r)+iB,(r)
KEZ(?)JF iB_(r) ,

Maxwell, in 1862, discovered a relativistic,
quantum mechanical theory of a single photon.
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added after the talk:

1. Scully’s student talk mentioned adding higher multipoles (but did not say it included magnetic poles, but it
could).

2. need to comment that psi”2 is not the prob. to find the photon at r, rather to find the energy at r.
3. even massive particles have this distinction with mass, charge, when relativistic.

4. the Klein gordon eqn comes from EA2=pA2. scalar wv eqn, no vector properties.
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QUANTUM STATE TOMOGRAPHY

P sure
many
different
quantities

e ble of

7.
s

alblcldlel flol h| i1 il k| [{m

M.R., Contemp.
Physics 38, 343
(1997)

particles £~ A
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Wave-function Fronts (paraxial)

w(x)= ey(x)exp(ik_z)

X

p, =k,
Photon % Beam Axis
Source ))\ //%/
Near Field Far-Field Diffraction
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Wigner Function

a Quasi-joint probability function for X,k

—2ip. x/h '

W (p,.x)= [ w(x+x)y (x—x)e """ d

The Wigner Function 1s uniquely related to the
Wave Function, so its measurement reveals y(x)
not just ly(x)I?

for photon: y/(x) = E(Ex (x)+iB, (x))
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Parity-inverting
Sagnac Interferometer

Photon-counting

Top Mirror\ |

X
r—F B — &
Input  Steering * . Beam
Mirror Beam Top splitter
Diagram by Brian Smith splitter Mirror
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Parity-Inverting
Sagnac
Interferometer

Interference Pattern




b
.

w(x) =y, (x'+ x)eikxx'

Tilt Varies k,

cow | | 4
e

T

photomultiplier (detects single photons)

Shear Varies x

W, (x')

Diagram by Bryan e
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Output Field

E v (X) = By (X) + £y (X)
1

EOutput (x') = ﬁ

The average photon count rate equals the intensity
iIntegrated over the whole detector surface.

' —ik _x' ' ik x'
{E,(—x"+ Xx)e +E (x+x)e™ }

2 oo o
[ o< ”anpw dx'=C,+C,- JEo(x+x')E0*(x—x')e_2’kxx dx'
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Direct measurement of Wigner Function

The average photon count rate equals:
+oo
I=C +C. - (x+x"W. (x—x"e " dx'
R ) Y Yo

N _/
~

I=C +C, -W(x,k)
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Results — Gaussian Beam
photodiode detector

0.14; W(x,kx)
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Single Slit - photon-counting detector I
W(x,k ) o

X ()
: .4 4.2 ] 0.2 04

Measured Wigner function 5]
for ensemble of single -
photons. 5
. 0]

X = position o z
=¥

k.= transverse momentum 0]
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Double Slit - photon-counting detector

Wx,k ) |

04

Measured Wigner function
for ensemble of single

photons. -

X = position Lo
10

k. = transverse momentum 2] B

a
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Two-photon Maxwell’s equations
- two possible forms

| [ 0 — - - — - - —— -
One. —gl//(l"l,l"z t)— XY (11,12, t)+ V XY (ri,r2, t)
time: ¢ -
9
two- caz oL AGRIHENS! )=V Xl/l(rl,tl,rz,t )
. 1
time: .
[ 0 — - - -
l/j(’/‘17t17’/‘2 l )_ Xl//(r1,t1;r2,t2)
cot t, - -

These are equivalent under the measurement-collapse
hypothesis.
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one-time i _ _ _ ___ ___A
Max.Eqn. —gl//(m,rz =V XY (r1,ra2,t)+ V XY (ri,r2,t)
c
solution: J(;l,;z t)= ZC v (rl,t)®(p (r2,1)

at time 7,, measure ;1, obtain value R, l l

[ —

v(ri,r2,t) = WY(Ri,r2,t,) = 2[6}&#?1,7})]@@%?2,2‘2)

—_— —

J

same form as two-time wave function before measurement:

w(;l,l‘l;;z,l‘z) — chaj(;l,tl)®$j(;2,t2)
J
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Synopsis

D — oS
Wersity of OV¢Y

e Particle kinematics->Single-photon Maxwell Equation for

V-B=0

o VrE=-3
quantum wave function. b voe
e Direct measurement of Wigner distribution for transverse stc | !
of photon.

* Two-photon wave function. ?{ iy

e Application: characterization of © P

quantum channels and quantum logic gates
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