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What’s Next
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Optomechanics and Electro-optics

Interaction Hamiltonian:

H = −φ

τ
a†a (1)

φ: optical phase shift per round trip

τ : optical round-trip time
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Quantizing Microwave Resonator

φ =
ωan3rl

cd
V, V =

„

~ωb

2C

«1/2 “

b + b†
”

, (2)

H = ~ωaa†a + ~ωbb
†b − ~g

“

b + b†
”

a†a, g ≡ ωan3rl

cτd

„

~ωb

2C

«1/2

. (3)
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Multiple Optical Modes

H = ~ωaa†a + ~(ωa − ∆ω)a†
1
a1 + ~(ωa + ∆ω)a†

2
a2

+ ~ωbb
†b − ~g(b + b†)(a + a1 + a2)†(a + a1 + a2). (4)
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Cooling

HC ≡ −~g
“

α−ã†b̃ + α†
−ãb̃†

”

, 〈b̃†b̃〉t→∞ =
N(ωb) + GN(ωa)

1 + G
, (5)

G ≡ G0

1 + (γb/γa)(1 + G0)
, G0 ≡ 4g2|α−|2

γaγb
. (6)

Potentially allows observation of QED phenomena at higher background temperatures
or lower microwave/radio frequencies.

Cavity Quantum Electro-optics – p.6/11



Parametric Amplification

HA ≡ −~g
“

α+ã†b̃† + α†
+

ãb̃
”

, Threshold : 4g2|α+|2/(γaγb) ≥ 1. (7)

can entangle optical and microwave modes and create entangled optical and
microwave photons.
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Effect of Parasitic Down Conversion on Cooling

〈b̃†b̃〉t→∞ ≈ N(ωb) + Γµ

1 + Γ
, Γ ≡ Γ0

1 + µ
, Γ0 ≡ 4g2|α0|2

γaγb
, µ ≡ γ2

a

16δ2
. (8)

Cavity Quantum Electro-optics – p.8/11



Back-Action-Evading Measurements

Defining θ ≡ θ++θ
−

2
, ν ≡ θ+−θ

−

2
,

Xa ≡ exp(−iθ)ã + exp(iθ)ã†, Ya≡ −i
h

exp(−iθ)ã − exp(iθ)ã†
i

, (9)

Xb≡ exp(−iν)b̃ + exp(iν)b̃†, Yb ≡ −i
h

exp(−iν)b̃ − exp(iν)b̃†
i

, (10)

ξ ≡ exp(−iθ)A + exp(iθ)A†, η ≡ −i
h

exp(−iθ)A − exp(iθ)A†
i

, (11)

dXa

dt
= −γa

2
Xa +

√
γaξ,

dYb

dt
= 2g|α|Xa, (12)

dXb

dt
= 0,

dYa

dt
= 2g|α|Xb − γa

2
Ya +

√
γaη. (13)

Efficient continuous QND, BAE measurements of a microwave quadrature
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Experimental Feasibility

For the EOM made by Ilchenko et al. [Ilchenko et al., JOSAB 20, 333 (2003)],

ωb ≈ 2π × 9 GHz, g ≈ 2π × 20 Hz, γa ≈ 2π × 40 MHz, γb ≈ 2π × 90 MHz. (14)

assume pump power P of 2 mW, λ0 ≡ 2πc/ωa = 1550 nm, and γ2
a/(16δ2) = 0.5,

|α−|2 =
γaP

~ωa(δ2 + γ2
a/4)

≈ 1.7 × 108, G ≈ 2 × 10−5. (15)

One can improve the g coefficient by reducing the size and capacitance of the
microwave resonator. n3r ∼ 300 pm/V in lithium niobate, make d ∼ 10 µm instead of
the 150 µm, and assume l/(cτ) ∼ 0.5 and C ∼ 1 pF, g can be as high as 2π × 5 kHz,
which would make G ∼ 0.3.

One can reduce γb if the microwave resonator is unloaded or made of a better
conductor. The quality factor of superconducting microwave resonators can be as high
as 2 × 106 to 3 × 108 and γb can then be reduced and G be enhanced by a factor of
104 to 106.
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Conclusion

Quantum electro-optics has the same dynamics as optomechanics.

Cooling

Parametric Amplification

BAE Measurements of Microwave Quadratures

Experimental implementation challenging but not impossible.

M. Tsang, Physical Review A 81, 063837 (2010).
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