
Lecture - 14 (varin Raghunathan
Topics which will be covered

1) From classive to quantum communication

(devices systems
-> M. Fox

, Quantum optics & lecture
notes

2) Basics ofCryptography and Guntum key distribution.
↳ Neilsen & Chung , guantum

3) guantum optical treatment light computation Book

↳ and quantization [Photon stateln) 7↳
quantization coherent state It

4) understanding how quantum states interact
with optical components
(beam splitter + Interferometer)
Carry and knight , intro to guantum optics.

Exami-one in class exam-3rd week of
October

. (3rd weightage)
↳ Why Guantum key distribution ?

Ans· most natured of the Quantum technologies
· strategies application in Gyptgraphy.
* -

-

an ?Photons are the carriers of guantum informati↳
They tend to have long Coherence time (advantag
-> its difficultto build quantum memories
↳ Cdisadvantage)
interaction with matter qubits (very nascent

field)
I can we use long length ofLiber (delay lines) to



store memory?
Ans No

, delay line memory arepromto lesses (drawback

But we cen do on thefly processing
This is pressible when photon sources and
detectors are efficient.

A Typical communication speeds Room tempcomm.

desirable (GRD Reyrates) Kbps-10s of Mbps
Cuiji speed)

-we can't use RFor infrared have lessenergy
the RT value is similar tohr then itmay
thermalised . So nota good idea touse it.

wavelength ranges usedfor guantum comm.

(1] visible : 400- zoomm resge for interfacing with
atems/NV-centers/ion trops etc

[2] shorter near IR : 700-1000mm-Free space
[3] Necr1R/Telecom : 1300 - 1600mm Communication.

↓ L ↓ I

Fiber-optic comm. entangled Si-SPADS needs
& leverage advancement photos with Strategies
telecom

↑

sources efficiently to
· In GaDs SPADs (700-800mm mitigate

-

super conducting range sunlight
nassocire single interference
photon detector
(SNPD)



Classical Optical Communication System

Transmitter ->Garl Receiver
1 ↳

data recover date

Lightsources : Bright Photons Cmean Photon no is
-> Laser much muchgreater
-> LED then one

modulation : Encede data into optical carrier
↳ direct modulation (of current to a laser)
↳ indirect modulation (External modulator)

-> electros optic modulator.
->modulate- light

depending on E Intensity (IM) modulator
state of light we Phase (PM) modulator

chocese accordingly. frequency (FM) modulator
Polarization modulator

Fibers
↳ Free space

-> in the context of GRDfree-space
is used typically for long distance communication
( > 1000 km)

x = 0.
2dB/km

↳ = 1000 km

10loy(f) = 0 .
2x200



Detectors

=>High speed photo detectorsoP-2- N dicdes
↳ Avalance photodetectors -> There are single
(photodiode with built in guin plection detector

based on it.

Noise and Signal to Noise ratio (SNR)
digital modulation onto the optical carrier
10 I

o
I

UUM Channel

↓

num mu nur

Mnun men men nu

=> O and I could be miss interpreted
- => little neise

Recovered digital signal with noise added
↳
Recover the signal at the output

Noise can introduce error in the measurement.

Sources of NoiseM

* shotnoss= occurs because of the shot-to-shot

(discretized) nature of pluton queentization/
-

absorption/detection. (quantum limited neuse)

* Thermal noise inherent noise due to the system
(devices) operating at the temp (T).



·

Thewayweguantify this is by using signala

Var(z) = 02 Aug Signal
1 current I

mmm2

>

SNR =n=
Variance SnotFreet ......

Noise power due to Anomal noise = 4kTB

EmeralB B= Bandwidth

R Resistance

The detection events or no.

* Understanding shot neeise of detectionperunit time

D1
- Avy response

in proportional to optical
-

#IIIIIIIIIII11, F....M IIIIII
t

Think of a hypothetical parameter with very high
temporal prection.

P= nhr n= no · of photons in the measurement-

T time window
- measurement in time windw
hv= energy of the Photon



single photon detecter + Time Tazzer

what is the Prob of detecting n photon in a
measurement time window T

Carricer the mean Photons no = i

lin I I↳
2737 .....

divide the measurementtime window innsubbins

Prob . of detecting the photon in a sub bin p-
P(n) =It NCnYl-pNne

P(n) = ItCnPhD-p)N-n
N->

U(M sheet neise limit) = In Z SWRIsha
-

o (n shot naise limit) = i limit

current variance due to shat noise

=i(9/7) = Eng(s) (g1)) = [q(zB)

That = 2gIB and Shermal = 4 RTBIR
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SNR =)
3
=Popt)

?

RPopt = I
Snott Thermal 2gIB +R

2

! R-Responsitivity
of thephoto detector

detection without

gain (PIN)

SNR) withgrinCAPD)

Noisefiguregain in the => increase
&current variance neuse due to

Thegeries
process

G : gainfrom the APD

Receivers sensitivity
SNR = SNRo

Receivers sensitivity ryers to Popt required to achive
SNR = SNRo

SNR(dB) = 10 log10 (SNR
we can came up

with apower budgetfor the
communication link (Poptro & Popt() to
active specific SNRpeyonce

forfixed Popt1 we can determine the mase
length to support a reguried SNR



we can come up with a power budget for the
amm.

link to achive specific SNR pogarmance
orforfixed optical Poptl ex we can determine

the mor link length to support a marginal SNR.

SNR and BER are related SNRA then BERN
Bit errorrate

In Greentum key distribution we dont use SNR
but GBER. (guantum bit error rates

↳
↳ Fiber
↳ Free space

Impairment in the optical channel

FiberChannel : (1) optical losses (scattering absorption,
(2) dispersion
(3) optical non linearity

e.g P1 ----

I
S

single photon

MCyterpropagation through a lossy handa
1

Ceasily become Possion
distributed

Su
8 I



time encoding
optical jiber1--

--
F ↑

10) and / 1) overlap

* dispension can increase the error probability
to eliminate we use dispersion compensation
jiber (opposite (Rynactiv indes-

NON-Unear Ejects
* Intensity dependent optical responsefrom&

the medium for optical nenlnearity.

common nonlinear-wave mixing
=> classical and guantan channel can have

-

occess talk inyour wave mercury.
Raman Scattering

*

scattering ofbrightphotonsof theclassicsebandchannel

If the gentum channel overlaps with
the stokes and unti stakes band the guantum
info can be compromised.



Free Space Channel

· Refraction (beam spreading)
· scattering due to atmosphere

diffraction
DRX
=

- (park lass in comm.
)

↳ depends onaperture
at Rx (Receiver)
↳ also on wavelength

--

Tx
RX

* Friis formula for free space transmission

x Drx
,
Dry aperture size
d> distance
X-> wavelength.

To minimise path losses :
- D ,

Dax↑, XN, di

a scattering occurs due to difference in refraction
index in the communication wavelength

Particle size relative
to wordingth alse

influence the scattering.

ParticleSize XI) Results in significant
scattering.

scaturing results in less of spatial coherence



* satellite

sookm↓ I overall path less to↳ hom satellite band GRD to determine
Earth

by the initial atmosphere-

scllering.

The lesses for long distance FS-SKD is less

when compared toLiber ORD

It is essential to have negligible beam
tracking mechanism to ensure Tx-RX are
aingedpor long distance communication,
for a jiber channel with o . 2 dB/km

,
1000km

Liber will result in 200 dB of less

= 10-20

lang distance jiber comm . happen due to the
use of optical amplifiber.
↳ EDFA

↳ SOA

↳Raman Amplification

No doning therem in quantum mechanics
prevents the deplication of ageneralquarter
State

N
For Quantum Comm . one cannot use optical
amplifier

There is intrest in Quantum teleportation and
quantum optics technology as a way to
reproduce deplicate the quantum state



Different architecture for optical communication
link.

# - > Rx Point to point link

x -Rx/x- Relay based
point to point link

For GRD = Trusted Relay point to point link

Star network
central

TX/RX node

* RX Tx/Rx TxIRx

For GRD) entangled
pair of photen at the central med get distributed
to Alice-Bob (end to end)

MDI-GRD
measurement device independentSRD: States are

prepared atthe end node and transmitted
to the central node for measurement,

measurement outcomes are knowWho

transmitted what is not known. thatgarantees
security.



Ring Topokegy
mode-1

node-z Sy1Rx)
noche -n

Tx1RX Tx1RX

&
-

...
TIRX

node-3
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RAS proctored

Alice Bob

Ey .
Bank Individual

ecommer site

Public key distributed Bank can decode the
to the individual => message with a
Encrypted message gets private Rey
sent to the bank.

(Public and Private key
computational complexity-geurentes securityfor
public Rey Cryptography.

=> Oce
,
noof digits which

E(M) = MC (mod . n) makes up n = PXq

DLEIM) = E(M)d(mod .n)

* guantum key distribution

· its based on principle of SM with rigours
-

security proof to gaurentes security
* Subit States
For

ey
:-Hand v pol of photon in a single made

* Entangled photos
consider two modes a &b, 10a

, 11 & 10/17s



suppose 1Pb = 10n0b) + Ila1b) (just one
E Ex)

* Polarization states used to encode guantum
information
< In) , (v)3--Rectilineurt Pol . bases

3
↑

Basis 3 set's whichare netNID]
, 1A]3 ->diagonal Basis orthognat to

< 11)
,
IR)3--arcular

Basis other set.

antidiagonal
IP5 digal e

E
1c] = Inv)

IL) =I IR) =I
↳ ↳

left circular Right circular

wavelength is a degree of freedom :

& /1x
,

10 x]

21 17 x
,

10) 23

optical pulse in time can beused to exceede
quantum states : Early Late

& t

- LIE)
, 1233

&

IE) 14) <x/E)
, Beio ,3)->go or 270 phase delay .(might



· when we do this in time we call it
Time-bin encoding -suitable for multidimensional

↑

encoding
· Enceding in special neces of fiber or
free space

G1m ,<
,
(M2), . . . . , IMn)]

· orbital angularmomentum states are also
Musedper multi-dimensional encoding

↳ in slide -> Charlie entangled photon source

Alice Bob



consider an entangled photon source at the
central nore

(b) = 1000b) + 1191b)
E

basi33 States are

encoded
↓

single
Photos > Bases > guantum

source selection state encoding
AliceA

V

Bob will select

Basis to do
measurement

Bob's side I Detect the state

B .
S

In)
Detector

HWP

↓
-

IV)
used to

Detecter
select basis

* Original BBS4 protoced proposed the use of :-
&

& idealsingle photos source
· ideal basis) quantum states encodes
ideal basis decede



· ideal single photon electron

↓
in reality the above components end up being
non ideal

↳ implementation assumptionmade

↳ This opend side channel for
attacks

Ne
* Private key's are as long as the message
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Exam on 17th oct-10am

make up bee on
10th-IOAM

single photon source modulation to excode

weak coherent source
quantum states

Cattenuated laser source ↳
Electrer-optic
modulation

Entangled photon pair T
source

&
guantum light Encoding ->d
source quartisation

Fiber Freespace

detection S Quantums
· state manipulation

· single Photon &
-

detector
I

· Passive
↳ SPAD Beam splitter
↳ SCSPD Interferometer

· Active

Electrooptic modulator

* Also Note : leser is not a single photon
source even when we attenuate it gives
poissons distribution.



Represent quantum States in Black Sphere

50
, 13

X : (10),
Y : Lill),i
14)= cos(10 +eidsine)

10) and 11) in light can representpoluisation
and time. Cone of the most imp)

Pv

Single Photon source
1
----

(Ref :-G Optic Mark ForCh-5) Photon no.

source which emits deterministically one photon
for every excitation

baser is not a single photon state even if
we attenuate

of we can
restric dos (density of state) available

through an in pulse functionthen only state
is available for excitation the population CeTaton)
and emit one photon

=> eggurentum dots, Diamond-Nitrogen Vacancy center
monoyer of 2D material

· in bulk there are somany state but I we
restric then we can get.



·

oftensinglephoton
emission is steda

How do
you represent these states ?

single photon states moreget ) (n)represented
10) = Vacuum State

117 =) single photos state
12)= two photon state

envits multiple photon in oneprocket

3 ata time
PN

↳
9. D in active region of PN suretion.
↳ quality depends on

the homogenity
andhetrogenity of the PN Junctions)

us br

> E
Di

Sur Coincidence measurement
is done

V

There is a metric called go.
Dz

gz(t) = (n, (t)nz(t
- E)

<n, It ,))(n , (t- e))

:
:



G2(z)
1 continous excitation

EtThis
width is related in the

radiative lip time.

↳ > x(delay)
↳
one photon at a time

G2 (0) should be as close tozero for agood
single photon source

other
, ge(0) <o . S has single photon properties.

G2(t) Pulsed excitation

Mil
-
257-it is lat

Popular example of this (SPE) is Random
photongenratr.

1N2) = 11 , 02) + 10 , 12) path entangled
E single photon

State.

Dz
----

I

I

↓
D ,



(2) Entangled Photon pair socores :
A multipartite state is said to be entangled
if it cannot be facterized into its individual
states

Bipartite extangled states between madeI
mode-z.

Bell States

If there is 50% Of!

141) = 100) #111) measuring the 1st
E part and 50%. chance

of
the andpart these are

14 =) = 101) + 110) maximally entangle-

E
State

↳ consider a bipartite system made of :

2102 , 113, 3 & 21022
,
11)

,
3

any general state of the bipartite states canbe
written as :

(a, 10) +b , 11)) ① (a21072 +beli2)

= a , d2 10 ,
027 + b , b2 /1 , 12) + Gibzl0 , 12)+ azb , 11 , 02)

consider : 10t = 1 (10 ,
02)+ 11 ,

(2))
E

for 1pt) to be a general state ofmodes 182:



a ,az
= YE b

, be = Y

a, bz = 0 02b i
= 0

This is not satified for Valid values of Az,9,
b
,, br.

=> 10) = cannot be separated to its individual
State .

To simultaneous genrate two photon with
strong correlation we make are of

spontaneous paramatoric down conversion
(SPDC)

-> signal
Reverse

&

Rp > prector process
Wp Wf should

pump photon Em alsoheld
swi

idle
photon

Non linear optical ↳ also consider

crystal phase orwave
-

-

vector matching
spontaneity splitting of one pumpphoton
to a signal and idler photon
For particular process :

Energy conversation among the photos
is required.

2) up = ws +wi



# wave vector matching or phase matching
= + E

Phase matching is achivedor
one combination op P, S, Isuch

->

that the direction of thephotos
Ki and energy of photon aree well dyined
>

Ep

ws=wi degenerate SPAC process

cup->p+ Whey are cerrelated↑

m E
,
t
, wave wecters

WstWi = Non degenerate SPDC process

The signal and idlen photon are highly correlated
in energy ,direction (wave vector)

time
,polarisationI

Clueto phase matching of the signal

Pump Do
=> SPDC ·s

Da
h =)

g2(t)1 maximum correlated

&a
zeredays



wave vector mismatch :

Ar = Ep - (Esti)

=

Mp.-Mss-wi
=> 25t

up Ep-ns-mil

considerthereprupogation of
the wais

An= 25p--
&

-

Energy conservation require:

T=si

Birgregene properties of theCrystal are
-used to satify the phase matching condition.

To access birgrangene properties of the
Crystal , different polarisation and
Crysted nature are combined.

1Vp ~signal
S

Pumpa rip > idelar



Different Types of birgregent phase velocity
D Type-I signal and galler are of the same

poterisation orthogonal to promp

up UsVi

2) Type-I : signal and Idler cre of orthogonal
polarisation

Hporup- > UsVicer Usui

3) Type o : these poterisation are identical

Mp- > Hs
, Hi cer Up-Vs , Vi

=>Note : Not all types of phase matching or
polarisation combination will be satisfied.

jautput (4)
Pump C=-

PBS

=
saynae loop

14p) + |vp) >
#P
>

E -

IVSv,) 14p> imp
half wave V

-

Type =o
picte Tap

justhis kep crystal
-Y

PBS-> Polarisation Berm

Spittter .

At the output (Pump input port)

14) = IVsvi) + Insti)

E



check for type-I , where theoutput is mecesured.
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Entangled Photon sources (continued

up
>

> WS
spontaneous parmatric

S Wr
down convertion

Non linecer

optical crystal

1) Energy conversation : Wp = wstwi

->
(2) prese matching : Ep = is + R ;

Came vector matching
Technique to architecture phase matching

① Birgringent phase matching
↳
Anisotropic Crystal & chacese appropriate pol

can result in beam walk off between PS,
i

2) Gueri Phase matching#

DK = kp-ks-ki+=
=> poled domains

PPP) Periodically poled crystal to a achive phase
matching



PP-INe .g: -pp-repete. crystal ares is not rotated
to achive phase matching
up wsw; remain Collinear

3) waveguide -> Dispersion phase matching
eg LN waveguide.

Types of Phase matching

Type-0 : All 3 pol . States are identical

Type-1 : Pol
. of the pump is arthogonal to the

signal and idler.

Type-2 : Si are orthogonal pol.

1) = + [Insui) 1 IVsVi)] = Type - O

E or Type-1
Spac process

(4) = ClUSVi) [IVsUi] Type
SPDC process

PBS

14p)+ ilvp)->
Imp)

>EE
luser source

Hop(in Reality L Type - 1

PP-RTA
-Y
-

IMsHi) + ilVsVi)
E



Rs

-us
signal emission Gene

->
idler emission case

Swi

Type-2 SPDC

process

>
IUSVi) + IVsMil

E

overlap points of the two emission

come corresponds to the entangled
photon .

- E
NLGystall NLCrystal

Path1

- -

->
-

Type-1
Cop

>

im
-

Path2

11+ 101)

E

Isi , OS20iz) + 10s
, 0i

,
Iszliz) these states could also

beGreated.

i DD , g2(t) = (n
, (t)nz(t -2))

(n ,
(t)) <M2(t -e))

~ DD2



G2(z)

2
S

! Z

Heralde gz mecesurement

Mes DD if ws get deflected
what are the properties

wi

~ BS of Wi ?

1

X -pg-

Dez
D2, i

Se

weak coherent states/10photon-GodB-1 photo
-u= Du ·⑧ ·

laser =) ->

↳s
I - St
2737

P
Attenuates on an average get for

reduce ↳2 photon por
meanphotos measurement time window

I= PT *Laser source are modelled as
-

ha coherent states is guantum optics.

(x) E classical picture 11eit
in quadrature X, + ix2



Phase Space representation of 4 = X, + iXz

AXI

X31 ↳

Tax2 Short noise linked7

variation in X

]

①
>

X ,

distribution of Photon follows Poison distributio.

P(n)= is mean no of phoa

probability of having ! I photon
= 1- P(O) - P(1)= 1 -e

-
-ei = 1 -e (1+m)

N

P(n)i= 1 is
n

= 10

* Search :-

> Spre
States

1

1-eD+m)-

·
->M S

In

multiphaten 2

events are low here



· Multiphoton events result in photon no Splitting
attacks.

Single Photon detector
* SPAD = semiconductor photo dicde which work

on the principle of Avalanch multiplication
* SNSPD = Any delection with butt in gain is

suitable for making Suitable single photomdetection.
San inpactionisation

Cet-A

-
absorption multiplication-

avalench process
cruttiplication
process)

·Cas they drift under the enyluence of tie
applied reverse bias they avelench dueto the

large E-field at reverse bias.

· Impact ionization results in 1-> ze

I holl

To keep the multiplication process under central
I carrier (e-hole) is presentially multipled.

↓

hood Avalanche electrons are chosen fer

single photon delection applicable.



After Pulsing
unwanted Pulses of

current detected after
the photon detection has happend.
creates echo kind

of signal H
The way this is prevented,

in the circuit a tatching
mechanism dis-arm the detector

↓

The time for this is called the dead time.

* 2 vs V 12

·o > v

B

A -> binspt of the detector

B -7 Pt .
where currentpulse is detected

-> latching pt to turn off
the multiplication

other than light there can be multiplication of
thermally excited Carriers (dark current)



keiger Counting mode

~ dead time
S·

>

d
St

Typical deadtime :

·H M

10 sec ofUse

>+

sitea
er digital counter
?

Iphoton
-> It/hole pair

efficiency of the detector (n)

↓

squivalent to the probability of detection.

For SPADs :

* Si-SPAD (400-1000mm wavelength)
my 50%



* InGaAs SPADs (800 - 2000mm wavelength)

n = 10 - 30 %

* Jitter 50-200 psec

↳ large Litter -> problem

Super Conducting nanowire (SPD) :

The state of the detector is changedfrom
superconducting to insulting with incident

photos
(transition edge sensor are

variants of SNspp)

meandering nanowire
of super conducting material

· NDN NbTiN wsi MeSi

Typical Tin 10R

· operating term of SNSPD :

0
. 8 to 2k

Incident photon break the cooper pair there

by disrupting the super conductivity.

After a finite time the SNLPD gets back to
-state.super conducting



Circuit representation of SNSPD

Kinetic

0
.8-2.

sm 295, 15

inductionandaInsecuting mode of

SC ! "rent law is

=> = through the circuit.



Some Typical peyeermance metrits of
1. High efficiency (90%)

2 . Low dark counts (1-100 counts)

3. Jitter (Clops]

4. Short dead time (40-100ns)

S
.
wide wavelength operation (visible/nearIR/mider,
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Reference (line to line) -

Gerry and knight
Chp-z

Com = CmIE to L

Resonent

opticalarity Frequency

consider TEM plane wave coupled into

~ Ex
Ex (g,+) = (2) g(t) sinly

>

S

weGreg
By v- volume of curity

Est free space permeability

makinguse ofEXBlosubsituting a
s

By = (2) 2(d)CtI
q(t) -> This

is

Equivalent to

the position variable in
a harmonic OSSC .

total energy of the TEM wave- Energy stared
in E field

-

Energy in B

field



H
=1)dv [SE(r, +) +1 BY(v

,
t)

Mo
&

= du EoE(2 ,
t
+By(zt

H =

+ (P+ waqz)

Replacing measurable variable by operators
Ex = (2) sir

By=2) (d)Pa

[,] = it

=[+]

# (4) = EIM)

diraus formalism of
the ladder operator

a = + ( +i)=Enw

at = 1 (c - i) P= nw(
-

Enc



Ex = Eg (a+t) sinkz to

ByceBoo↓
theslectric field camp.
corresponds to 1 Magnetic field
photon energy amplitude vorrespond

to sphckn energy
n = hu (ta +2)

[p] = in = [,+] = 1

(at),-tii

2[CataT] -Cat + (aya5] = i

[14) = El4)

In) = En (n)
energyeiyena
equation
g the eigenvalue En and
eigenjunctionIn).

holat + (2) (n) = En(u)
~
H

Number operator



= t = No .

of photos in the state

Inlata(n) = m

(n(n(n) = kw(n+)

712hw
(3) n = 3

12)
Sizti

n = 2

11)
312hw

n = 1

- wv2h n = 0

go
ws = wi (2)

zoro point energy .

Heisenborg Equation:
For:=w (att,

It

=int

- iw'

(t)=(o)e-iwt similarly ;
+

(H) = a
+
(0) eict



Ex (3
,
+) = Eo (at first e-iwt) Sinkz

#(n) = En(n)

ho (at+2) (n) = Enin)

applying
a to both side

[
,
a+] = 1

u(t+m) = Emin)

↓co (at +1)(n) = Emin)

nw (1+ta + 1(2)a(n) = Enamm)

(a+ + 12) (n) = (En-aw)()

The
energy fora (n) state is En-tw

↳ anhilation operator

+1) State is at
energy Enthu

↳ Greation operator.

(m) = (n- ,(n - 1)

(nltin) = (n-1)(n-(n- 11m- 1) = a(n) em(n- 1

m = 1 cn- 112. 1

(n-1 = En

Similarly+In) = M(n+ 1)



+ 10) =E
. (1)

+ 10) = =(2)

+mijo) = n(m)

(n)=
10) = 0 -> Null vector.

P <n-11alm)

<n+ 11 n)

Hand ware hormation operator and+are

men hermitian operater.

Photon no . State are orthogonal (nn-1) =0

and they form a complete set

& In)n1 == identity operator
en

Expected value of Ex ByEx = Eo(++) sinkz jarin) = O

CMIEx(n) = Eosinky (n++n)

=

Eosinkz [un-1+
= (nIu-1) = 0

= O

1

[mIBy(u) = 0



Ex(z ,
+) = Eo (+eiwt+e iwt)sinks

Expected value feer E & B
[mlEln)

= Esinkz(n+t+ a++ (n))

= Esinkz [1 +2n]

Variance in Ex :

1

<DET = <MlEIn) -CrIExIn]
?

= Esinky (1 + 2n)

sta .
div = Eosinkz (1 + 2n)"2

Heisenberg uncerterity Principle
consider two operator which do not commute

[B] = Y

Product of the stand div in the measurement

of t
and B are never bound as follow

AAAB1 11/21 flook up the

2

proof!)



what is the product of DEx & DN ?

Ex
, n] = Eosinkz+at,t]

= Eoeinkz([,+] + [t,+])

=

Eosinkz (a-t)E

(5) = (nEosinkz(a-t) (n) = 0

DEzi ANDO for number state

minimum uncortunity in simultaneou
measurement g

Ex n = o

() = < PIT4)
↳

DEx ·

AN KNITINS

* This men zerre error is relatedbesimultaneous
measurement wave and particle property

* An
. API1



ecture -20

Quantum Optics (continued)

Guadrater Operators

·

W -

E = X , Lest + X 2 since coherent communicatio

to to T & detection
in phase quadrature phase

Ex = Eo (+t) sintz

alt)= (0) eiwt

+(t) = at(0) eiwt

Ex(t) = Es ((0) eiWt++
Co) etict) sintz

-> to (a(rescot-isincut)+ at (ewt + isinwt))sink
= Eo zeswt(t)+sinwt)since[

Guadrature operator : ,=
3

*z=
Ex(t)= 2 Eo (X, escut + : sinwt)sintz <



find the expectation value for& number

State (n)

(in) = (Mn) = 0

<nikz(n) = o

find <M , In) & <min)

+
= Citatin

= (2n +1]

(n(In) =

- ((
++ -at -at(n)

= 1(2n+ 1)
4

variunce of the quadrature operators
< DXY) = (n/ in) - Knix , (n) = (2n+ 1

<D*)= (2n+

For Voccumn State we get min value of variance
for , &* minimum uncertunity state



PhaseSpace representation of the numera
Xz= Ym(E)

No . of states in)

X = Re(E)

> no. of states can be located anywhere
in the circumference of the wide

MX2

Phase space
x20 representation of

3 ,

vacrum State

<Axi= LAX"22

These pictures are qualitative in nature,good
for visualization of noise and the location

of the state

As quadrature states have no classical

anology this shouldmet be taken too literally.
coherent state

states which give the must sensible representation
of classical States

(laser Source

↳
Representation of the electric field evolving

in space and
time

E(2 , +) = Eolees(lt-kz)



Expectation values is a non zer0 quantity.
↳ Noise limited by shot-noise↳ calculated the uncertunity for X, GY2.

(4) =In) => ECEx) = E(X) = E(z) = 0

(4) = (n(n) + (n + 11n + 1)

ensures ECE) 0

(x)= (n(n)

consider the eigenvalue equationfor :

(x) = x(x)

< Eigen value

|x-> Sign State

(ala+
= x

+
(x)

(
n= 0

(in-1) =X

-& (nE(n-1) =C n- 1 = m

O

Smim)m



Xn = (n+i -> Recursive relationship

(n=

Relating Into Co

(a(x) = 1

1x)= Co Note : x can be complexe

=is

< ilj) = bij
A

=

is "Rico
Co = e

- |xP/2

(x)=
(x) = x(x)

[x+
= x

* (a)

what is the expectation value of Ex ?

<xIEx(x) = ? for propogating place wave



Ex = Es (giwtjikz + atpirtetikz)

This is slightly different from the standing-

wave Ex represented in the optical cavity
= Eo (xle-i(wt +2)++ eti(wt + kz)(x)

= Eo Xei(wt + (2)
+ x

+
g

+i (wt + kz)

X= I/gig

= ZEo1 los(wt+ kz+0) non zero expectation
value which is similar to classical Efield evolving
in space and time

<IEIx]

= E(4/2gzi (wt+ kz)+2+ zi(w++ kz)
+aa+

+ a+!x)

= E?[ji(wt + kz)
+ 2*2gzi(w+ +hz)

+ (21ztlx)]

= Es
,
[2 + 2161 les (2wA + 2kz + 2) + 2(xk)

.

41xles" (w+ + kz +5)

<DEx) = <NEIa) - (xExId) = Es

KINI) + ClatIx) = 19 = N -> Mean no of
photons

(Ina) = <alattl) = Ixi(X+1x)
= Ix12 <x11 +at(d)

=> Ix12 [lap+ 1]
= N[N+1]



<AN = N(N+ D - N2 = N

Mean and variance are identical = N

9 what is the probability of measuringn photon feer
a instance of the measurement ?

P(u) = kn1x71 = exen
which is the poisson distribution ↳

* signal to noise ratio (SNR)

mean
?

Mean--

variance Sta . dev

SNR =N, quantum limit ofmeasurement uncerturity
sheet noise limited
uncertanity.

Relative uncertanity ↓ or I
N

squeezed state of light achieve rule-sheetnoise performance.
*=

The variance in quadrature
meresurement ofcoherent

LAXY) = 1/4 ,
<B*) = 1/4 Y states is equal to the

voecum state.



PhaseSpace representation of coherent states

- < A*"2
= Y2

X2
↓

- - (DX) = Yz

↑
s squeezedstate

-

↑ Un ↳ less shot neisefork
>

XI and more than shot

noise for*,

* Displacement operator
10) = (x)

(a) = ex +
-x

Ryere to the proof in gerry and knight
Section 3

.
2

phase ShiftingOperator
(E) =ei

u(d)(n)= ()

expanding thisexponential
= gion (n) => no . State gets phrase shifted

by No.

v((x) = Nei -> coherent state getsphase
shifted by t

Ryere to gerry and knight Section ? 2


