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Uncertainty relation

2 Non-commuting observable do not admit common eigenvectors.
2 Non-commuting observables can not have definite values simultaneously.

9 Simultaneous measurement of non-commuting observables to an arbitrary degree
of accuracy is thus incompatible.

2 variance: AA2 = (U|(A — (A))2|0) = (V| A2| D) — (V| A|D)2.

AA2AB?

1V

where
[A,B]=iC, and F=AB+ BA—-2(A)(B).

9D Take the operators A = § (position) and B = p (momentum) for a free particle,

N ) K2
G, p] = ih — (AG*)(Ap?) >
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Uncertainty relation
9

if Re(\) = 0, A + iAB is a normal operator, which have orthonormal eigenstates.

the variances,

AA2 = _Z[(F C 32 — _ ___[{F) —i(C
Z[(F) +i(C)], [(F) —i(C))
D set A=\ + i),
AR = SIN(E) 4 A ()], AB? #M?, M (C) = A(F) = 0

if \| = 1, then AA2 = AB?2, equal variance minimum uncertainty states.

if [\| = 1 along with \; = 0, then AA%2 = AB? and (F) = 0, uncorrelated equal
variance minimum uncertainty states.

D ifA, #£0 then (F) = 2(0),  AA2=RT(ey,  AB2= ;1 (0).

If C is a positive operator then the minimum uncertainty states exist only if A, > 0.
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Minimum Uncertainty State

(@ = (@)P) = =iA(p — (B))[¥)

if we define A\ = e—27, then
(e"q+ie”"p)y) = (e"(q) +ie” " (D)) |Y),

the minimum uncertainty state is defined as an eigenstate of a non-Hermitian
operator e”§ + ie~"p with a c-number eigenvalue e” (¢) 4+ ie ™" (p).

the variances of ¢ and p are
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Quantization of EM fields

2 the Hamiltonian for EM fields becomes: H = > hwj(&j.&j + 1),

9 the electric and magnetic fields become,

R HEERG

Mational Tsing Hua University

Eo(z,t) = Z(Eo—é)l/?

— Z Cj [&U cosw;t + &23' sin th]uj (T>7

J

|

mode 2

v\

energy

Eﬁh
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Phase diagram for EM waves

Electromagnetic waves can be represented by

E(t) = Eo[X; sin(wt) — X5 cos(wt)]

where
X; = amplitude quadrature
X5 = phase quadrature
X % =% &
— &

g

2, it %
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Quadrature operators

9

O O VU vV

the electric and magnetic fields become,
r; hw; 1/274  —dwit | 2T dwit]
Ey(z,t) = Z(—) [aje™"7" 4 a;e’™ 3] sin(k; 2),

= Z cjla1; cosw;t 4+ agj sinw;tju;(r),
J
note that 4 and a' are not hermitian operators, but (a7)T = a.
a1 = 3(a+a') and a2 = 5-(a — a') are two Hermitian (quadrature) operators.
the commutation relation for & and a' is [a, 4] = 1,

the commutation relation for ¢ and a1 is [a1, 2] =

N

and (Aa?)(Aa3) > 1.
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Minimum Uncertainty State

D (a1 — (@) ) = —iA(az — (a2))¥)
if we define A\ = e =27, then (e"a1 + ie "a2)|Y) = (e"(a1) +ie " {a2))|vy),

the minimum uncertainty state is defined as an eigenstate of a non-Hermitian
operator e"a; + ie” "ag with a c-number eigenvalue e”{(a1) + ie” " (a2).

9 the variances of a1 and as are
1 1
(A&@ = Ze—2r7 (A&%) = Ze?7,

9 here r is referred as the squeezing parameter.

9 whenr = 0, the two quadrature amplitudes have identical variances,

9 inthis case, the non-Hermitian operator, e"a, + ie”"as = a1 + ia2 = a, and this
|nljg1um uncertainty state is termed a coherent state of the electromagnetic field, an
% i'ga{éeﬁstate of the annihilation operator, a|a) = a|a).
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Coherent States

9 in this case, the non-Hermitian operator, e"a; + ie~"a2 = a1 + a2 = a, and this
minimum uncertainty state is termed a coherent state of the electromagnetic field, an
eigenstate of the annihilation operator,

ala) = ala).
9 expand the coherent states in the basis of number states,

@) = ;Inﬂn\@:;ln)(m%lwzz .0|a>\n

n

2 imposing the normalization condition, («|a) = 1, we obtain,

1 = (a|a) = Zz<m|n>w — e|o‘|2‘<0|04>\2,

— vm!lvnl!
9 we have
s EY XN o) = 721" 37 “pm),
National Tsing Hua University n—0 n'
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Properties of Coherent States

9 the coherent state can be expressed using the photon number eigenstates,

9 the probability of finding the photon number n for the coherent state obeys the

Poisson distribution,
2
e—|oz| |a|2n

P(n) = [(n|a)|* =

n! ’

9 the mean and variance of the photon number for the coherent state |«) are,

(R) = > nP(n)=lal?,

(An%) = (3%) — (A)* = |al® = (n),

s il %:i_
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Poisson distribution

p(n)
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Photon number statistics

n—=6 n= n=>5s n=>5s

T T 0T

| .

time

9 For photons are independent of each other, the probability of occurrence of n
photons, or photoelectrons in a time interval T' is random. Divide T" into N
intervals, the probability to find one photon per interval is, p = n/N,

9 the probability to find no photon per interval is, 1 — p,

9 the probability to find n photons per interval is,

pn(]. . p)N—n7

which is a binomial distribution.

9 when N — oo,

P(n) — ﬁ”exs!(—ﬁ) |

TR EEARD

naional Teing Hua NG4S the Poisson distribution and the characteristics of coherent light.
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Real life Poisson distribution

measurements on a single organic molecule

in a polymer film (Ruben Schrudt, POM)

time lag between two photons
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YOO

Counts [1/100ms]

EL'IEI-I}I-

5000

4000

Mo, of Photons [1/60 5]

| Time [n5]

TR 32 Time [ms]
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Displacement operator

9 coherent states are generated by translating the vacuum state |0) to have a finite
excitation amplitude «,

1,2 = a” 142 = (aa®)®
o) = ezl Y ——n) =em2lel" Y 0),

2 since a|0) = 0, we have e—*"@|0) = 0 and

2 ~ ~
) = e~ 3lal®eadl c—a”ajgy

9 any two noncommuting operators A and B satisfy the Baker-Hausdorff relation,
eATB = eAeBe_%[A’B], provided [A, [A, B]] = 0,

9 using A = aat, B = —a*a, and [4, B] = |a|2, we have,
a —aal—a*a
o) = D()|0) = e 0),

FEE S 3 R: /A ] ) ) ) . .
A 5 ih % jﬁgfe D(«) is the displacement operator, which is physically realized by a classical

Mational Tsing Hua Univer
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Displacement operator

9 the coherent state is the displaced form of the harmonic oscillator ground state,
) = D(a)|0) = e~ =720,

where f)(a) is the displacement operator, which is physically realized by a classical
oscillating current,

9 the displacement operator D(«) is a unitary operator, i.e.

9 f)(a) acts as a displacement operator upon the amplitudes & and af, i.e.

D Y a)aD(a) = a+a,
D Y a)a'D(a) = a'+a*,

TEZAERES
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Radiation from a classical current

9 the Hamiltonian (p - A) that describes the interaction between the field and the
current is given by

V= / J(r,t) - A(r, t)d3r,

where J(r, t) is the classical current and A(r, t) is quantized vector potential,

A(r,t) = —i Z —Eka e Witk L e

Wi

9 the interaction picture Schrodinger equation obeys,
d i
—|W(t)) = —=V|P¥(1)),
= [W(0) = = V[(®)

9 the solution is ¥ (t)) = [1, explara’ — ajag]|0)x, where
ap = ﬁEk fg dt’ [ drd(r, t)etwt' —ik-r

9 this state of radiation field is called a coherent state,

sl - %é% &
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Properties of Coherent States

9 the probability of finding n photons in |«) is given by a Poisson distribution,
9 the coherent state is a minimum-uncertainty states,

9 the set of all coherent states |a) is a complete set,
2 1 2
a){ald?a = 7> n)inl, or = [ |a)(ald®a =1,
n T

9 two coherent states corresponding to different eigenstates o and  are not
orthogonal,

1 1
(a]6) = exp(~Jaf* +a*f — ~|5%) = exp(~ 2 ]a — 5%)

2 coherent states are approximately orthogonal only in the limit of large separation of
the two eigenvalues, |a — 8| — oo,

TEZAERES
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Properties of Coherent States

therefore, any coherent state can be expanded using other coherent state,
1 1 _13—ql2
—— [ @818)(Bla) = [ ¢*sem 3100,

this means that a coherent state forms an overcomplete Set,

the simultaneous measurement of a; and as, represented by the projection
operator |a)(«/, IS not an exact measurement but instead an approximate
measurement with a finite measurement error.

TAZEERS
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g-representation of the coherent state

D coherent state is defined as the eigenstate of the annihilation operator,

ala) = ala),

A 1 n N
where a = m(wq + ip),

9 the g-representation of the coherent state is,

(wq + h§q><q\a> — V2hwa(gla).

9 with the solution,

(D)

(gl = (— )1/4e><|0[——(q <>)2+Zh q + 0],

where 6 is an arbitrary real phase,

sl - %é
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Expectation value of the electric field

2 for a single mode electric field, polarized in the z-direction,

E, = Fola(t) + a' ()] sin kz,
9 the expectation value of the electric field operator,
(| E(t)|a) = Eolae™ ™ + a*e™?t|sin kz = 2Eg|a| cos(wt + ¢) sin kz,

2 similar,
(| E(t)?|) = E3[4]ar|? cos? (wt + ¢) + 1] sin? kz,

D the root-mean-square deviation int the electric field is,

A huw _
(AE()2)1/? = ,/2€0V|sm kz|,

2 (AE(t)2)1/2 is independent of the field strength |a

TEH 2 3 Zagratum noise becomes less important as |«|? increases, or why a highly excited
e e ¢ohiérent state |« > 1 can be treated as a classical EM field.
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Phase diagram for coherent states

mean numba‘qﬂf photons i ,
< N >=< a|N|a >=< ald'd|la >= |a|?

phase of the field

EZ o =|a|exp(if)
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Generation of Coherent States

9 |n classical mechanics we can excite a SHO into motion by, e.g. stretching the
spring to a new equilibrium position,

2
. P 1
H = — kx® — el
2m—|—2x erox,
2
P 1 eE 1 eFEp
= k@ S22 - (520
2m 2

2 upon turning off the dc field, i.e. Ey = 0, we will have a coherent state |«) which
oscillates without changing its shape,

2 applying the dc field to the SHO is mathematically equivalent to applying the
displacement operator to the state |0).

TEZAERES
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Generation of Coherent States

9 aclassical external force f(t) couples linearly to the generalized coordinate of the
harmonic oscillator,

A

A = ho(aal + )+ Bf (0 + £ (0)al),

2 for the initial state W (0)) = |0), the solution is
(1)) = exp[A(t) + C(t)a'] 0),

where

t ] ,
/ dt” f t”)/ dt'e = f(),  Ct) = —73/ dt'e™ (=) £ (),
0

2 When the classical driving force f(t) is resonant with the harmonic oscillator,
f(t) = foe't, we have

2
e~ fot = a, A(t):—%(fot)Qz—%, and  [¥(t)) = |o).

’3""@ %é% g)
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Attenuation of Coherent States

9 Glauber showed that a classical oscillating current in free space produces a
multimode coherent state of light.

9 The guantum noise of a laser operating at far above threshold is close to that of a
coherent state.

9 A coherent state does not change its quantum noise properties if it is attenuated,

9 abeam splitter with inputs combined by a coherent state and a vacuum state |0),
H; = hx(a'd + ab"),  interaction Hamiltonian
where « is a coupling constant between two modes,
9 the output state is, with 3 = VT and v = /1 — Ta,

[W)out = Ule)al0)s = [B)alv)p, With U = explir(alb+ ab")t],

9 The reservoirs consisting of ground state harmonic oscillators inject the vacuum
fluctuation and partially replace the original quantum noise of the coherent state.

] Al 'r:' -ﬁﬂ’ . . .
T H '?13% 3INCe the vacuum state is also a coherent state, the overall noise is unchanged.

Mationa
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Coherent and Squeezed States

Uncertainty Principle: AX;AX, > 1.

1. Coherent states: AX; = AXy = 1, Im AX, «cAG
2. Amplitude squeezed states: AX; < 1, \ ,;:!

CAX, o« An

4. Quadrature squeezed states.

Re

/
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Squeezed States and SHO

9 Suppose we again apply a dc field to SHO but with a wall which limits the SHO to a
finite region,

9 insucha case, it would be expected that the wave packet would be deformed or
'squeezed’ when it is pushed against the batrrier.

Similarly the quadratic displacement potential would be expected to produce a
squeezed wave packet,
~ p2

H=-—+ - ka;Q — eFo(ax — bx?),
2m 2

where the ax term will displace the oscillator and the b2 is added in order to give

us a barrier,

2
H = L + — (k + erEo)x —eaEyzx,
2m

9 we again have a displaced ground state, but with the larger effective spring
constant k¥’ = k + 2ebEy.

TEZAERES
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Squeezed Operator

2 To generate squeezed state, we need quadratic terms in x, i.e. terms of the form

(a+af)?,

9 forthe degenerate parametric process, i.e. two-photon, its Hamiltonian is
H = ih(ga' — g*a?),

where ¢ is a coupling constant.

9 the state of the field generated by this Hamiltonian is
w(1)) = expl(ga’” — g*a®)1][0),
> define the unitary squeeze operator
R 1 1
S(§) = exp[¢ra® — ~ga™?]
where £ = rexp(i0) is an arbitrary complex number.

i S i\
sl
ational Tsi a Universi
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Properties of Squeezed Operator

9 define the unitary squeeze operator

5(6) = expl €72 — S al?)

where £ = rexp(i0) is an arbitrary complex number.

9 squeeze operator is unitary, ST(&) = $-1(¢) = S(—¢) ,and the unitary
transformation of the squeeze operator,

ST(©)aS(¢) = acoshr —ale!sinhr,
ST©)atsE) = alcoshr —ae Y sinhr,
with the formula e Be=4 = B + [4, B] + L[4, (4, B]), ...

9 A squeezed coherent state |, &) is obtained by first acting with the displacement
operator D(c) on the vacuum followed by the squeezed operator S(¢), i.e.

o, §) = 5(6)D()0),
’ﬁhm %%\ﬁ’ehh |lor|exp(in).

al Tsing Hua Un
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Uncertainty relation
9

if Re(\) = 0, A + iAB is a normal operator, which have orthonormal eigenstates.

the variances,

A A A A A A A
AR =~ R + i), AB® = — [(F) —i(0))
D set A=\ + i),
12 1 r; = 22 1 12 ~ n
AAZ = SD(F) +A(C),  AB WAA C NG =M (FY=0

if \| = 1, then AA2 = AB?2, equal variance minimum uncertainty states.

if [\| = 1 along with \; = 0, then AA%2 = AB? and (F) = 0, uncorrelated equal
variance minimum uncertainty states.

D ifA, #£0 then (F) = 2(0),  AA2=RT(ey,  AB2= ;1 (0).

If C is a positive operator then the minimum uncertainty states exist only if A, > 0.
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Minimum Uncertainty State
9

(@1 — (a1))|v) = —iX(az — (a2))|¥)

if we define A = e—27, then
(e"a1 +ie "az)[y) = (e {a1) +ie” "{az))[y),

9 the minimum uncertainty state is defined as an eigenstate of a non-Hermitian
operator e"a; + ie” "ag with a c-number eigenvalue e”{(a1) + ie” " (a2).

9 the variances of a; and ao are

. 1 . . 1,
(Aa?) = ¢ 2, (Aa3) = =€,

R HEERG
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Squeezed State

9 define the squeezed state as

Ws) = 5(&)|0),
9 where the unitary squeeze operator
. 1 1
S(§) = exp[€ra? — ~ga™?]

where £ = rexp(i0) is an arbitrary complex number.

9 squeeze operator is unitary, ST(€) = $-1(¢) = S(—¢) ,and the unitary
transformation of the squeeze operator,

ST(©)aS(¢) = acoshr —ae!sinhr,
ST©)atsE) = alcoshr—ae ¥ sinhr,

2 for |\W) is the vacuum state |0), the | ;) state is the squeezed vacuum,

VA Sk ARG €) = 5(£)[0),
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Squeezed Vacuum State

2 for |\W) is the vacuum state |0), the | ,) state is the squeezed vacuum,
€) = 5(€)]0),

9 the variances for squeezed vacuum are

1
Aa? = 1 [cosh? 7 + sinh? r — 2sinh r cosh 7 cos 6],

1
Aai = 1 [cosh? r 4 sinh? 7 4+ 2 sinh 7 cosh r cos 6],

9 for 9 = 0, we have

1

1
Aa? = =-e %", and Aa3 = —e™?,
4 4

and squeezing exists in the a; quadrature.

9 forg = m, the squeezing will appear in the as quadrature.

R HEERG

Mational Tsing Hua University

IPT5340. Fall '06 — n. 32/F



Quadrature Operators

9 define a rotated complex amplitude at an angle 6/2

?1 + iYQ = (&1 + idg)e_w/Q — Ge10/2
where
Y1 B cosf/2  sin6/2 a1
Yo —sinf/2  cos6/2 a2

> then St (ﬁ)(f/l + 2?2)5’(6) = }716_r + iYge"",
9 the guadrature variance

1 oo 1 LAY, = -
—2r AY22 — Ze"‘QT, and AY1AY; = Za

9 inthe complex amplitude plane the coherent state error circle is squeezed into an

error ellipse Of the same area,

il A Fitle gegree of squeezing is determined by r = |£| which is called the squeezed

Mational Tsing Hua University
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Vacuum, Coherent, and Squeezed states
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Squeezed Coherent State

9 A squeezed coherent state |, &) is obtained by first acting with the displacement
operator D(c) on the vacuum followed by the squeezed operator S’(ﬁ), l.e.

o, €) = D(@)S5(6)]0),
where S(¢) = exp[3£*a? — 1¢at?],
9 for ¢ = 0, we obtain just a coherent state.
9 the expectation values,
(o, €lalo, &) = o, (a2%) = a® — e sinhrcoshr, and (a'a) = |a|? + sinh? r,

with helps of DT (a)aD(a) = 4 + o and Dt (a)atD(a) = 4t + o*,
2 for r — 0 we have coherent state, and o — 0 we have squeezed vacuum.
9 furthermore

~ ~ , A 1 ~ 1
(o, §V1 + iYalo, &) = ae /2, (AYP) = Z€_2r7 and  (AYF) = Z€+2T,

’3""@ %é% 2
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Squeezed State

2 from the vacuum state a|0) = 0, we have

S(£)asT(€)S(¢)|oy =0, or S(&)aST(&)[¢) =0,

A

9 since $(€)aSt(€) = acoshr + atel? sinhr = pa + val, we have,
(pa +val)lg) =0,

the squeezed vacuum state is an eigenstate of the operator pué + va' with
eigenvalue zero.

2 similarly,
D(a)S(£)aS"(§) DT () D()|¢) =0,

with the relation D(a)aDT (o) = @ — o, we have

(pa + val)|o, €) = (acoshr + a* sinhr)|a, £) = v|a, £),

sl - %é
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Squeezed State and Minimum Uncertainty State

9

write the eigenvalue problem for the squeezed state

(n + va')|a, &) = (acoshr + a” sinhr)|a, ) = la, &),

2 interms of in terms of & = (Y1 + i¥2)e®/2 we have

(Y1 + ie72"Y2) |, €) = B1|a, £),

where
B = ,Ye—r —i0/2 __ <}A/ > + i<Y2>€_2T,

2 in terms of a; and a> we have

(a1 +irad)|a, &) = Bala, £),

where
r=E""Y and g, =—T—.
pn+v pn+v

sl - %é
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Sqgueezed State in the basis of Number states

9 consider squeezed vacuum state first,

= > Chnln),
n=0

with the operator of (ua + va®)|€) = 0, we have

9 only the even photon states have the solutions,

(2m — 1)

1/2
(2m)!! 7" Co,

Copy = (—1)m(ei9 tanh r)"™|

where Cy can be determined from the normalization, i.e. Co = v/cosh r,

9 the squeezed vacuum state is

O

== Iﬂ |T%:.%—u \5)2\/@2—0(—1) 27(”—7:!)6 9 tanh r|2m),

IPT5340. Fall '06 — p. 38/F



Sqgueezed State in the basis of Number states

9 the squeezed vacuum state is

1 \/
( nm™ e'™% tanh™ r|2m),

&) = Vcoshr © Qmm'

9 the probability of detecting 2m photons in the field is

(2m)!  tanh?™r
22m (m!)2  coshr

Pom = |(2m|€)]? =

2 for detecting 2m + 1 states Ps,,+1 = 0,

D the photon probability distribution for a squeezed vacuum state is oscillatory,
vanishing for all odd photon numbers,

D the shape of the squeezed vacuum state resembles that of thermal radiation.

sl - %é
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Number distribution of the Squeezed State

0.4
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Number distribution of the Squeezed Coherent State

For a squeezed coherent state,

= |(n|a, 5)\ (ZT:Z:JT) exp[—\a\Q—%(a*Qew—l—a e '“9)taunh’/“]H%,('y(e'“9 sinh(ZT))_l/
0.1
0. 08
0. 06
0. 04
0. 02
Ref: - 30 40 50 60 70 80

b ol Iﬂ ,»Ch?ﬁ% n?n *%‘itroductory Quantum Optics,” by C. Gerry and P. Knight.
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Number distribution of the Squeezed Coherent State

9 A squeezed coherent state |, &) is obtained by first acting with the displacement
operator f)(a) on the vacuum followed by the squeezed operator S’(g), l.e.

&) = D(a)S()]0),

9 the expectation values,
(aTa) = |a|? + sinh? r,
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Generations of Squeezed States

9 Generation of guadrature squeezed light are based on some sort of parametric
process utilizing various types of nonlinear optical devices.

9 for degenerate parametric down-conversion, the nonlinear medium is pumped by a
field of frequency w, and that field are converted into pairs of identical photons, of
frequency w = wy /2 each,

H = hwata + wybth + i@ (a2bt — at2p),

where b is the pump mode and a is the signal mode.

D assume that the field is in a coherent state |Be~*“rt) and approximate the
operators b and b' by classical amplitude Be~%»t and B*e‘wrt, respectively,

2 we have the interaction Hamiltonian for degenerate parametric down-conversion,
H; = ih(n*a? — na'?),
where n = x(2) 3.
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Generations of Squeezed States

2 we have the interaction Hamiltonian for degenerate parametric down-conversion,

Hy = ih(n*a® — na'?),
where n = x(2) 3, and the associated evolution operator,
U (t) = exp[—iH t/] = exp[(n*a® — na'?)t] = S(¢),

with & = 2nt.

2 for degenerate four-wave mixing, in which two pump photons are converted into
two signal photons of the same frequency,

H = hwa'a + hwbTd + ikix®) (42612 — at2p?),
9 the associated evolution operator,
Ur(t) = expl(n*a® — na'?)t] = S(9),

A 2% Awith% = 23 g2,
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Generations of Squeezed States

Nonlinear optics:

. second Harmonic Generation - Kerr Effect

- = F 3

El

Courtesy of P. K. Lam
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Generation and Detection of Squeezed Vacuum

1. Balanced Sagnac Loop (to cancel the mean field),

I
Mational Teing Hua University M. Rosenbluh and R. M. Shelby, Phys. Rev. Lett. 66, 153(1991).
|
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Beam Splitters

9 Wrong picture of beam splitters,
a2 = rai, as = tay,

where r and t are the complex reflectance and transmittance respectively which
require that |r|? + [t|? = 1.

> In this case,
2, a3) = |r|*[ag,a]] = |r?, [as,al] =|tI*[az, 4] = [¢°>, and [ag,al] = rt* #0,

this kind of the transformations do not preserve the commutation relations.

9 Correct transformations of beam splitters,
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Homodyne detection

9 the detectors measure the intensities I, = (¢té) and I; = (dfd), and the
difference in these intensities is,

I — I; = (heq) = (eTé — dTd) = i(aTh — abT),

2 assuming the b mode to be in the coherent state |Be ~*“t), where 8 = |B|e ™", we
have

(fica) = |Bl{ae’ e +ale™ " e},
where 6 = ¢ + /2,

9 assume that « mode light is also of frequency w (in practice both the a and b
modes derive from the same laser), i.e. @ = age~*“t, we have

(Rea) = 2|BI(X(9)),

where X (9) = %(&Oe—w + &gew) is the field quadrature operator at the angle 6,

9 by changing the phase 1 of the local oscillator, we can measure an arbitrary
@ 3 éq%a‘%{ature of the signal field.

Mational Tsing Hua University

IPT5340. Fall '06 — n. 48/F



Detection of Squeezed States
9

mode a contains the single field that is possibly squeezed,

mode b contains a strong coherent classical field, local oscillator, which may be taken
as coherent state of amplitude 3,

9 for a balanced homodyne detection, 50 : 50 beam splitter,
9 the relation between input (&, b) and output (¢, d) is,

~ 1 -
6= —(a+ib), d=—=(b+ia),
( ) \/5( )

9 the detectors measure the intensities I, = (¢Té) and I; = (d'd), and the
difference in these intensities is,

Ie — I; = (heq) = (eTé — dTd) = i(aTh — abT),
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Squeezed States in Quantum Optics

9 Generation of squeezed states:
2 nonlinear optics: x(2) or x(3) processes,
cavity-QED,
photon-atom interaction,
photonic crystals,

semiconductor, photon-electron/exciton/polariton interaction,

O O 0 0 ¢

9 Applications of squeezed states:
2 Gravitational Waves Detection,
Quantum Non-Demolition Measurement (QND),
Super-Resolved Images (Quantum Images),
Generation of EPR Pairs,
Quantum Informatio Processing, teleportation, cryptography, computing,

O 0O 0 U ¢
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