Quantum Electrodynamics and Quantum Optics:
Lecture 14

Fall 2022



Back-action evasion and quantum non-demolition *

A= ﬂsys + Hmeter + Hint
Equation of motion for system and meter operators As, Am:
ihatAs = [As/ Hsys + Hint]

ihatAm = [Am/ Hmeter + Hint]

Quantum non-demolition (QND) measurement

Repeated measurements of system yields the same results, i.e. no
back-action on the system.
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Formal definition of the QND measurement!

@ Since A is measured, Hiy must depend on As.
@ Meter cannot be a constant of motion. Hence: [Am,I:Iint] #0
@ Observable Ag should not be affected by coupling during

measurement (i.e. back-action evading): [As, Hine] = 0 (Eigenstate of
Ay is eigenstate of Hins. )

@ The unperturbed Hamiltonian Hg is not a function of Acon]

(Conjugate variable to A ).
0H,
0A,

=0
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Quantum non-demolition !
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Figure: QND measurement in Kerr medium
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The QND observable in this scheme is As = a'4ds, where « is the Kerr
coefficient. (Homodyne phase is the readout.)
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QND measurement!

atap = —ikAsdp

K ~
= - azap = —Asap

a(L) = exp (%As ~L>€l(0), (Asis constant of motion)
Output to homodyne:
¢ = \/Toy +i\/1— Toty, 8 = \/Tady +i\/1— Tody
fp = /Tib+i\/1—Tia,a, = /Tia +ir/1—Tib

The photo-current difference is 1,y = &6'¢ — d'd for T, = 1/2 and input b

in vacuum |0):
(g} = 20/To(1 = Ty a'20) S {AL)
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Back-action evasion measurement?
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Figure: Back-action evasion measurement in optomechanics

Optomechanical hamiltonian

Transforming operators (Hint — Hint):
a — aet | b — pelOmt
Xl — be+10mt + b’refzﬂmt , Xz — _b'l'eJermt 4 befz()mt

2Clerk, A. A., Florian Marquardt, and K. Jacobs. " Back-action evasion and squeezing of a mechanical resonator using a
cavity detector.” New Journal of Physics 10.9 (2008): 095010.
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BAE measurement

ES ~ A . w

Hine = ha'a(Xq cos(Qmt) +iX, sin(Qmt)) T
Note: In the rotating frame (w = ()y,), quadratures are constants of
motion unlike %, p. This is due to the fact that they are not coupled. Next
consider how to remove the dependence to both quadratures:

>

"2 oca’a cos?(Qmt) , @ — 20 cos(Qmt) 4 62 (Two-tone driving)

After linearizing the Hamiltonian and neglecting DC and second order
terms we find:

S

Hine = 2he (cos(Qumt) (0a + dat) (he™mf - g+e—iomt)g
N e’ L
%(eJrith_;'_efith)

After RWA:
Hiue=2ha  (0a+0oa")  (b+5)L « X%
Laron) L L
optical quadrature(X)

w
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BAE measurement

In this frame there is no oscillation at Q. This removes coupling of X;
and X».

Full Hamiltonian

A= Zhoc%XL(Xl(l +c085(20mt)) + Xz 5in(20mt))

Quadratures equation of motion ¢ = «

S

d &, r 2, N 2
5= —mel + VT X1 + 2¢ X sin(2Qmt)

d . T ¢ o 5
iXa = =K+ VT XY — 29K (14 cos(20mt))
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BAE measurement

Equations can be solved in Fourier domain:

Xi(w) = xa(@) (VI &P + ig(XL(w — 20m) — Xi (@ +20m)))
Xa(w) = xa(@) (VI &3 — ig (X1 (w) + Xi (@ = 20m) + Xi (@ +20m)))
Where x,(w) = m is quadrature susceptibility.

Spectrum at the mechanical resonance (w = 0)
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So back-action only appears in Sg ¢ not in Sg ¢ (BAE measurement)
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