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|6.453 Quantum Optical Communication - Lecture 21

= Announcements
= Pick up lecture notes, slides

= Nonlinear Optics of X(z) Interactions
= Coupled-mode equations for parametric downconversion
= Phase-matching for efficient interactions
= Classical and quantum solutions
= Gaussian-state characterization

v

www.rle.mit.edu/goptics



www.rle.mit.edu/qoptics
www.rle.mit.edu/qoptics

Second-Order Nonlinear Optics

= Spontaneous Parametric Downconversion

(2) =) signal
pamP ‘ X = jdler

= Strong pump at frequency Wp = Wg + Wy

No input at signal frequency wg

No input at idler frequency Wy

= Nonlinear mixing in x(z) crystal produces signal and idler outputs
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]Coupled Equations for Plane-Wave Modes

= Monochromatic Pump, Signal, and Idler Electric Fields:

—

E(z,t) = (Ag(z)e 7 Wst=ks2) 4 ce)ig /2
(Ap(z)e I @rt=ki2) 4 cc)ip /2

(Ape @rt=kr2) 4 cc)ip /2
= Non-depleting pump
= Slowly-varying signal and idler complex amplitudes

+
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= Photon-Units Coupled-Mode Equations:

dAs(z . Ak
—dz( ) = jrA}(2)e?AF
dA;(2) s Ak
d—z( = jrAL(z)elAF

i 4



www.rle.mit.edu/qoptics
www.rle.mit.edu/qoptics

Type-ll Phase Matched Operation at Degeneracy

= Phase Matching for Efficient Coupling: Ak = ()

= Conservation of photon momentum: kp = kg + kj
= Type-ll system: ig = i,, if =1y

= Operation at Frequency Degeneracy: ws = wy = wp/2

= Classical Input-Output Relation:
Ag(l) = cosh(|k|l)As(0) + ji sinh(|x|l)A7(0)

I

Ar(l) = cosh(|k|l)A7(0) —I—jﬁ sinh(|x|l)A%(0)
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]Quantum Coupled-Mode Equations

= Strong, Monochromatic, Coherent-State Pump
= Positive-Frequency Signal and Idler Field Operators:

~ d R )
Eg+)(z’t) = /%As(z,u))e_][(‘”P/z"‘w)t—ks(wp/2+w)z]

R dw - '
E}‘*‘)(Z,t) = /2_(.0 A](Z,u))e_][(“’P/z_“’)t—kl(wP/Z—w)z]

™

= Quantum Coupled-Mode Equations:
0Ag(z,w)

5 = j/{fl}(z,w)ej‘”Aklz
z
dA;(z, X
Ia(z W) _ jKATS(Z,W)ej(JJAkZ
z
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]Quantum Input-Output Relation

= Two-Mode Bogoliubov Relation
As(lw) = p(w)As(0,w) +v(w)A]
Arlw) = p@)A1(0,w) +v(w)Af(0,w)

where
jwAK'l sinh(pl N
,U(W) _ (COSh(pl) N Jw S (p ))e]wAk /2
2 pl
I/(u)) — Kkl Slnh(pl) eju.;Ak:'l/Z7

p = VP - (wAK /2)?

Gaussian-State Characterization

= Signal and Idler at z = () are in Vacuum States
= Signal and Idlerat z = [ are in Zero-Mean Gaussian States

= Baseband Signal and Idler Field Operators:
EGO (1) = By (t)e 9 @rt/2knor/D0 - for m = 5, 1

= Non-Zero Covariance Functions:

n n dw TWT
K@) = KPen = [52 pwpe
dw e ’

KB = [ 52 nlwp(-w)eeror
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Operation in the Low-Gain Regime

= Low-Gain Regime: |k|l < 1
= Approximate Bogoliubov Parameters:
in(WAK'l/2) . ap
pw)~1 and v(w)= jﬁl%@”ﬂk 2

= Normally-Ordered and Phase-Sensitive Spectra:

n " sin(wAk'1/2)
SR = 8w = e ()

WAE'l/2
(p) sin(wAk'l/2) JwAk'l/2
Ssr (W) = wAK/2 €
GA i 0

Type-ll Optical Parametric Amplifier

= Doubly-Resonant Operation at Frequency Degeneracy

PUMP, W p +} X(2)

= Normally-Ordered and Phase-Sensitive Covariances:

IDLER, wp /2

SIGNAL, Wp /2

G [e—(1=O)TIr|  o=(14+G)|7| T

K™ — _
(7) o | 1-G 1+ G
GT Te-(1-OTlr|  o=(1+G)|r| 7
2 | 1-G 1+G
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]Quadrature Noise Squeezing

= Homodyne Detection of 45° Polarization (Signal + Idler)

i+ (1) n = 1

Ai(t) =iy () —i-(t)
signal + idler

+
»  spectrum output
ﬁ—» —_— D—f analyzer > SAZAZ(Q)
i(t)

50/50 A

local oscillator

Saini(2) —92j02
== 7 = IIM(Q) + I/(Q)e g |
Snini()| s
B 1+ G2 + Q212 _ 2G
M= TG e —gjayr MY = 1o e —gja)r
Iir "
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]Quadrature Noise Squeezing: Quantum Efficiency 1 \

= Homodyne Detection of 45° Polarization (Signal + Idler)
n=1

Semiclass.

Quantum

Homodyne Noise Spectrum (dBvacuum)

Zero-Frequency Homodyne Noise (dBvacuum)
\ | ) o
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]Coming Attractions: Lecture 22

= | ecture 22:

Quantum Signatures from Parametric Interactions
= Hong-Ou-Mandel dip produced by parametric downconversion
= Polarization entanglement produced by parametric downconversion
= Photon twins from parametric amplifiers
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