Quantum optics + Atom optics

Atom

(thermal light—— Laser)

Classical optics — QED —— Quantum optics

|




Study quantum statistics

?
What ? —> (EM radiation (light) quantum nature)

+ Interaction of EM with matter

Why 2 After laser was invented, scientists
y: ' faced these guestions:
What is the nature of radiation (light)?
How many types of states does light have?

How does light <«—— matter?

How ? =——» | hope that the course will tell you something!

Theoretical methods
Experimental study



Where to start ?

1) Blackbody radiation spectrum (1889-19017?)
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2) Photoelectric effect

777 7 777 7 7Y 7 7 77 metal

a) Given metal —*>Critical frequency V,

v <V,

V>V, Y

b) Eeoo v Independent of light intensity |

c) V>V, Immediately emits electron (107°s)

Classical theory fails to explain !




3) Atomic “discrete” spectral lines

1 1
V= R(?—F) n :3,4,5...

Classical theory fails

4) Other problems: Stabllity of atoms or atomic nucleus;
Molar specific heat at constant V

Einstein C,,=3R (classical theory)
(Qquantum

statistics) .



Quantum theory (natural laws are not continuous)
must come up (microscopic world)

Historical events of QT development:

“particle”

1913 Bohr
(exploring period ---=2 searching for correct directions)

Atomic theory ——— H-atom discrete spectral lines

1923 Compton scattering ——  Confirms “photon”

1924 De braglie

Matter particle “wave” “wave-particle duality”

1923-1927 Quantum Mechanics




Later developments:

photon- > electron
interaction

Feymann et. al - > QED built up

How does atom emit radiation ?

Difference: Classical antenna «— MASER



Wigner-Weiskoff radiation theory

Einstein (phenomenological) theory:
Spontaneous Emission
Stimulated Emission

MASER — LASER

|

W. Lamb H. Haken
(UA) (German)

M. Lax
W. H. Louisell



W. Louisell
Lax school M. Lax > Mixing type (QT<——> ST)

D. F. Walls
‘ - R. Glauber (Harvard) __ (PHD with Glauber:
(Celzienl s postdoc with Haken)



Interference of photons (1973)

1 photon bunching, anti bunching (1976)

Squeezed state of light (1983)

. |

IBM M. Planck QO Inst.

(M. Lewenson) H. walther

Applications — Carl. Caves (gravitational wave detection)

L> Einstein models ===p Quantum optics



new development of optics

USA: _
India
M. Scully
_ Egypt
J. Kimble

South Africa

M. Lewenson _
Brazil

China

C. Caves

Pierre Meystre



Laser —> Trapping particles (Askin-19767?)

Laser cooling —= Schanlow Hansch Letkhor (1976-1977)

l

Laser manipulation of Atoms



PN

Applications of nonclassical light

Atom optics:
_ _ Coherent matter wave
Quantum information
Cold atoms

Quantum computation
BEC

~N

coherence

What Is next ?
atis next o Your task



1. contents: QO (3/4) + AOQO (1/4)

2. Methods : Teaching + discussions

3. exam : exercise, reading papers, final exam

4. emphasis : research (principle, methods, examples)
Introduction of frontier
Current state

5. Textbook :

o M Scully
—
Q M. Zubairy

AO — References +teaching — pgpers
materials






Chap. 1 Quantum theory of radiation

Classical ¢ 13 _9D . 5 (5_0 no current)
Maxwell-Eq ot
CE-_0B
ot
V-D=p (p=0, nocharge)
V-B=0

Physical Observables for EM:

(EM) classical Energy 10 1 - 1 -
H :_j[—DZ(F',t)+—BZ(F',t)]d?’F'
27 &, Ho



e.g. ID EM field in a cavity

-

Expansion: E(z',t1)=>"q,(tU,(2)x

xH=——"
ot
l H(Zt)=> qu’ A cosk,Z
L
1
H :Ez(m qJ J
j
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—lvtA

IVtA+

(m;v; q +|p ) — annihilation

‘/2m hv

H

|p ) — creation

‘/2m hv

J

:Z hv i (aja; +1/2)
J



cos.T mm)P | ) oo (Apply periodic boundary)

E(F,t) = Y & .6.d.e """ T 4+ H C.
k
- 1 EX@;{ A v t4 ik -F
TRUNIE) s ode T
Kk Mo Vo






EM —— Parallel components —— commute

Perpendicular —— not

(Ex, Hy)
(EX, Hy) —p NOT !






") ajn)=|n-1)

2

a"|n)=|n+1)

dlny=C, |n-1)
(nd*a|ny=(n-1|C,C |n-1)

n{n|ny=|C,|"{(n-1|n-1)

= =1 normalized

C_(real)=/n



> [n)(n] =1

(n |n> =6 . — orthognal

Physics: H |[E)=rnv(d"a+1/2)|E)
|[H N ]=0 &

[E) = [n)

Hln)=nav(n+1/2)|n)

Simutaneouly

Have the common

Eigenstates

t creation

- annthilation 1
: ‘O>—> E,=—nav




In Fock state:

0)=n=0
EO

—hv#0







Lamb shift;

First example of vacuum fluctuation

H-Atom

Dirac QT

effect !

(D

QED
D5/2

D3/2 I:)3/2
3P, (35y)

}_

degenerate

Lamb shift <«



Theory (QED)







Quantum beats: another example using Quantized EM field

1

[Tl

Note: Plank *quanta

/

instein’s *pnoton”
Vacuurm

Quantization of EM (lignt) s e
LI LUl CLL -

EM: - assical introducing *vacuum fluctuation”
‘ i e et uGLlual
Maxwell Eq. MO
—
Matter (Atom) Schredinger QM
~ [
Lamo

SCT (semiclassical tneory) —

(9



o
)
i

Three level atom

a) a)

A1 _/—lu type \/H type
Prepared in coherent superposition of states
. —lw,t —lopt —iot
lp)=C,e a)+C,e'™ |b)+C.e )

<J§”> =02°c.c e ) ¢ ce' ) 1 ¢

<UV("> = 0.°.c.e' )y q)°c.c.e'» ) ycc

[

V, = o, — o,
__________ v, =w,~o,] I\
Beat term _ .
Interference term <= V, = 0, — @, | \/
V, =0, — o

Ga

. | | | Intertference
oth ZA-type and v-type atoms haat

0

cl



Full quantum tneory:

)= (C,|a)+Cy |b)+C.|c))x|{0})
E(+)Ooae vyt E(+)Ooa e —ivyt E(+) E(+) + E(+)

Detectorool = (EEM) = (ECE )+ (ESVES )+ (EOES )+ cc

1 2

ViVo

<El(_)E2(+)> oo<gpv‘ 4, ‘%> (v=v2)t . Interference term
<El(—)E2(+)> o(p, |84, |p, ) =0

No peat for A-type atom, beat only for v-type atom

SCT cannot explain
ad to quanturmn measurement theory
Similar exam:

(D

—_—

‘

Young’s double-slit interference

Quantum beat



Wnat is lignt 7 onoton concept

Maxwell: light ——— EM wave
Planck: radiation — Use “quanta”

Einstein: photoemission — introduce “photon”

QED: quantization of EM — “wave-particle” duality



Quantization of EM field > State of EM field

Laser appears > Confirm existence of different
“state” of light

Other states: squeezed states, nonclassical states

2.1 coherent state
Quantum mechanics

Uncertainty of motion <+— Quantum fluctuation
(Heisenberg’s principle)

Point particle
SN Al —~ 070 o




@ssical >

E(r,t)oq(t)
H =(p°/2m)+ (1/2)mv?q?

= 4/

Find a state close to classical case










é‘a>:ae“a “a‘0>=a‘a>

!
e

- ala) ) = B(@)]0)—|a) = 3| )



|

Particle — harmonic oscillator analogy

(a|4]0) = (ala[ da|q‘)(q"|0) = [ dg’ q|a|q>¢o(q) 0

it ~ .




¢.(gq) — harmonic oscillator eigenfuctions

= [ ®,(@a®,(a)dg=0 (p)=0 <pz>=h"(”+%) <q2>:€(”+%)
o n=0 (ground state of _h
‘ EPET = {1 2)h harmonic oscillator) ApAq - E

Minimum uncertainty state 40=9.4p=0 o (jpse to classical

(in general state ApAqQ Zg )

We now see the time ,(q.0) = (_)% exp[__(q a,)°]
evolution of the state

 (q,0)
A A

ey - l% A

(VG Vgt
7 (0) = () exp(=— )




1) Mean photon number

2) Coherent state — minimum uncertainty state — close to classical

3) {|a)}—>Complete set

A) is not orthogonal

/

4) |a)












Parametric process and squeezed

- two photon

BPO
w, =0+, K =k+k,

H, =in[g(@")° —g'a’]

degenerate @ =0, ®,=20

(1) = e 0 - FE=5re” 0.£)=$()]0)

Squeezed vacuum state

S(©)=ep(Ea -24@)) §°()=5-£=57)
S*(£)aS(&) =Acoshr—a‘e“sinhr
S*(£)a'S(£)=4a"coshr —ae’sinhr
(e"Be* = B+[A, B]+%[A,[AB]] ...... )



Squeezed state —— AA=,/(AA)’ — (AB?)> 1\c\
2

AA? < Xo
. 2

ldeal case: AAAB=E|C| Minimum uncertainty state (coherent state)
Squeezed coherent state —— ideal squeezed state

Example: E=ce(@e™ +4'e") [a,87]=1
%= Zhgm"(a+a+) % P]= i
~ N2MAV . .,
p=— (a-a’)

Normalize X P ——dimensionless physical variable

In general

AR AX, z%
Squeezed if (aX,)? <%
. A ~ 1
ideal AXAX, = o






® R

Define: YAl + iYA2 = (XAl 4 ix"z)e—ie/z

SH(E)Y, +iY,)S(E) =Ye " +iYe'






Q pure
state

Wigner-distribution
P-distribution
Q-distribution

positive-P

/



H(N =a’
) HN =2 (el > 3P0

a>—>é‘a>:a‘a>

o O

Mixture state — ° must use density operator
(8),, = (v 81y > om

But the quantum system can experience all
different |y) [v) .......



>

Tr(Op) =Tr(p0)

) A= ZIBE M= 3 3 )]

(h=m) p,, — probabilty occupying |n) state
(n=m) p _ cross (nondiagonal) term
n = m transition "probability"



Example:
p=— Id a|a) Idﬂ B)(B

=Id2afd2ﬂpa*ﬁ\&><ﬂ\=.'dﬂafdﬂR( 22 eyl

T

~(af +l51)

Define  R(a’,B)=(a|p|B)e 2
If f=a = R(a¢",a) = P(e)

Consider an operator (EM) Normal order

~ : o et
O —— function 4 @ ——— Have two forms Antinarmal

order



























Example:
Squeezed coherent state ——— Q-representation




Photon distribution function

B[ > sinh?r 8" <sinh?r |8|=0 squeezed vacuum




Chap .4 field-field and photon-photon
Interferometry

Two type of interferometers:
1) Field (amplitude) correlation interferometry

2) Photon (intensity) correlation interferometry

Interferometry subjects: (application region)

MICro mMacrocosmos

! !

Quantum mechanics General relativity










4.1.1 Michelson interferometry and general relativity

(today, a type of Michelson interferometer is being
built to detect gravity waves)

Time-independent (Newtonian) gravity, the (scalar) potential @
VD =0
Time-independent (Einsteinian) metric gravity, the tensor

field @, (F,t) (u,v=1..4)

1 6° _
(Vz _C_ZF)(DUV(I. 1t) =0












b=1Im, Q, =10deg/h

AL =4x107%m » Seem too small

AO ~ very small

212
Nfums AL —> NAL Ag=SF 0 NQ

cA

Laser
medium















Two photo detectors at I,F, — joint counting

Observing 1 photoionization at F, between t, >, +dt, and
another one at f,t, >t +dt,

=7 = +) (¥ +) (¥ NE
W, (5,4, 5,t,) = [(f|[EX (5, 4, EC (T, 1)]i)
W, (.4, B, t,) =Tr(PE (£, 1) EC (1, t,)EX (7, ,)EV (R, 1,))

B


















