" | UNIVERSITYOF
BIRMINGHAM

LSC  ESs
Scientific
Collaboration

Active opto-mechanical filter

Haixing Miao

Reporting joint research by:

Australian National University: Robert Ward

California Institute of Technology: Rana Adhikari, Yanbei Chen, Zach Korth
Louisiana State University: Thomas Corbitt

University of Birmingham: Andreas Freise, Haixing Miao, and Mengyao \Wang

University of Western Australia: David Blair, Stefan Danilishin, Yiqiu Ma, and
Chunnong Zhao

ET Symposium 2014 Lyon



Outline

¢ Background
Different filtering schemes
Passive filter cavity
 Active opto-mechanical filter
Case 1: Tunable bandwidth filter cavity
Case 2: Phase (in)sensitive parametric amplifier
Case 3: Unstable filter with “phase advance”
% Thermal noise issue
Thermal noise requirement

Optical dilution idea

ET Symposium 2014 Lyon



Outline

¢ Background

Different filtering schemes

ET Symposium 2014 Lyon



Frequency-dependent squeezing
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Reference: H. Kimble, Y. Levin, A. Matsko, K. Thorne, and S. Watchanin,

PRD 65, 022002 (2001)
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Frequency-dependent readout
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Reference: H. Kimble, Y. Levin, A. Matsko, K. Thorne, and S. Watchanin,
PRD 65, 022002 (2001).
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Intra-cavity filtering
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Reference: M. Wang, H. Miao, A. Freise, and Y. Chen, PRD 89, 062009 (2014)
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Passive filter cavity

Triangular cavity Linear cavity

Lf Ain
Gout Uout
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Input-output relation (for sideband):

tQ
o () iy — (Q— Af)(l Q) Bandwidth: v¢ = 4(L;/c)
out — = in
vr + (= Ay) Detuning: A = weay — wo

Order of magnitude:
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Active opto-mechanical filter

Introducing control laser & mechanical oscillator:

E(t) = E.e” ™! 4 a(t)e ™" +c.c

Control Signal
laser sidebands

r(t) = X(t)e “mt + X*(t)e“m?

Mechanical motion

Radiation pressure coupling:

P(t)

C

Hine(t) = (t) Efa(t)X*(t)elwemwotwm)t 4 ¢ ¢

o B2 (t)z(t) Efa(t) X (t)e”Hwemwomwm)t 4 ¢ ¢

Analogous to “three-wave mixing”
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Active opto-mechanical filter
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Efa(t) X*(t)e 2 4 cc Efa(t)X(t)e "™t 4 c.c

Input-output relation (w,, > ~;):

(iq/opt — Ym) — (2 — Af)
(j:f}/opt + me) + (Q - Af)

(
aout(Q) ~ i ain(Q)

> < 4P .w. Wi,

oscillator =
t p—
Top MWy, C2 t?c Im Qm
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 Active opto-mechanical filter

Case 1: Tunable bandwidth filter cavity
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Tunable bandwidth filter cavity

11

Wo Input-output relation (Yopt = Ym):
| oot — (21— A
We Uout (Q) ~ Z_FY pt (Q Af)ain(ﬂ)
wm—Af ' ZFyOpt—'_( o f)
i Equivalent cavity bandwidth:
rﬁl 4P.w..
Jopt = mmeZt?

Order of magnitude estimate:

Yopt/(27) = 50Hz (1§W> (1%%) (wij;[(};i )) (Fi?gjse>

Length can be tens of centimeter, as long as w., > 7.

Reference: Y. Ma, S. Danilishin, C. Zhao, H. Miao, W. Korth, Y. Chen,
R. Ward, and D. Blair, PRL 113, 151102 (2014)
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Case 2: Phase (in)sensitive parametric amplifier

ET Symposium 2014 Lyon

12



Phase (in)sensitive amplifier
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Case 3: Unstable filter with “phase advance™
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Unstable filter with phase advance

13
o Input-output relation (yopt > Yim):

a (Q) ~ _Z-ﬁ}/OPt - (Q - Af)
o —1Yopt + (2 — Ay)

ain(Q)

We
W — Ay

In contrast, for a passive cavity
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Unstable filter with phase advance
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Cancelling arm cavity propagation phase delay:

------ Advanced LIGO (QN only)
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Reference: H. Miao, Y. Ma, C. Zhao and Y. Chen (in preparation).
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Unstable filter with phase advance

14
Cancelling arm cavity propagation phase delay:

------ Advanced LIGO (QN only)
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Reference: H. Miao, Y. Ma, C. Zhao and Y. Chen (in preparation).
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Thermal noise requirement
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Nth Complete input-output relation:

_ {(EYopt — ¥m) — (2 = Ay)

(Erops £ ) T (2= B)
2Tt

th (€2)

<> + - n
Z(f}/opt —|_me) + (Q - Af)

Uout (Q)

ain(Q)

For thermal noise to be small (at the quantum level):

kgl
h’}/Opt Qm

Order of magnitude estimate:

T < 2mK (Q_m) (%pt/(zw)>

106 50Hz

<1
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Optical dilution idea
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Optical dilution idea
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e Optical spring effect:

PDH Feedbaﬁq—m 2 2

4%‘— Wi, — \/wopt —|_ wm
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-\_1 : : “ wOPt ~ 102 ~ 103
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@_’ Faraday—"

isolators

Suppressing radiation

i = \/4 Double wopt
L Y optical spring new .
q = \/2 cavity Qm ~~ > QTTL

RP Feedback Ym

New requirement using optical dilution idea:

@ Yopt/ (27) : :
T < ZK( 109 ) ( i Still challenging

Reference: Z. Korth, H. Miao, T. Corbitt, G. Cole, Y. Chen, and R. Adhikari
PRA 88, 033805 (2013)
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The end
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