Noise and Control Issues
for
Filter Cavities




Outline

Part I: The need for Filter Cavities and their technical
requirements

* The impact of optical loss inside the filter cavities on the

* required baseline length

* resulting squeezing spectra

* Robustness of the filter cavity parameters
* a deviation of the targeted filter cavity bandwidth

» requirements for the coupling mirror reflectance

Part ll: Noise and control issues

* Consideration of phase noise in the squeezing path

* |deas and thoughts for the locking scheme
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&~ The need for filter cavities

Filter cavities are needed to
compensate the phase-space
rotation of light fields entering the

IFO at the output port.

The rotation is determined by the
IFO topology/configuration
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Filter cavities are needed to
compensate the phase-space

rotation of light fields entering the

IFO at the output port.

The rotation is determined by the
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Degrading of squeezing due to optical loss

At every open (lossy) port vacuum noise couples in
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Degrading of squeezing due to optical loss

At every open (lossy) port vacuum noise couples in

Lossy cavity
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Restrictions for the baseline length

|. The required coupling mirror reflectance can be calculated from
the round-trip loss, the baseline length and the targeted bandwidth

1 T

C N FSRfC B ./T"fc

P = —F——= [2 — cos(F') — v/cos?(F') — 4 cos(F') + 3] T 29l Vi

\/ 1 — ZIQ‘t,fC
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Restrictions for the baseline length

|. The required coupling mirror reflectance can be calculated from
the round-trip loss, the baseline length and the targeted bandwidth

1
{2 — cos(F') — v/cos2(F') — 4cos(F') + 3} F' = QWfZLfC - Fg;fc N -;fc

Pc = T,
\/ 1 — lrt,fc

2. For small bandwidths the formula yields non-physical solutions.
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Restrictions for the baseline length

|. The required coupling mirror reflectance can be calculated from
the round-trip loss, the baseline length and the targeted bandwidth

1
Pe = [2 — cos(F') — \/cos2(F') —4dcos(F)+ 3| F = 2elic _
\/ llgt fc C FSRfC

2. For small bandwidths the formula yields non-physical solutions.
There is a lower limit for the baseline length

C
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3. There exists a length L. at which the filter cavity becomes critical
coupled.
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HBW |1.44 Hz
tuning (6.63 Hz
s | 75 ppm
Lmin 619 m
Lec 1239m
sqz 10 dB
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&~ The impact of shortening the Filter Cavity

Squeezing [dB]

()
)
c
©
L
O
[}
=
()
(a's

A.Thuring

Noise and control issues for filter cavities

Length [km]

GEO sensing and control meeting, Hannover |4 December 2010 7



HBW |1.44 Hz
tuning (6.63 Hz
et | 75 ppm
Linin 619 m
Lcc 1239m
sqz 10 dB
anti-sqz | 10 dB

Squeezing [dB]

v
|9
C
(48]
+—
(9]
[}
=
()}
o

At Lec = 1239m the
cavity becomes impedance

-“:; The impact of shortening the Filter Cavity

matched

Length [km]

A.Thuring

Noise and control issues for filter cavities

GEO sensing and control meeting, Hannover

A Decermbera0l0 7.



.t; The impact of shortening the Filter Cavity

HBW (1.44 Hz| |
& " Atle = 1239m the
tane B te B  cavity becomes impedance
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The filtering fails for L < L.cas the “=

Sqz 10 dB phase-space rotation of an over-coupled
cavity is required
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Low bandwidths are challenging
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L 10 km

tuning 2 \
lesc? | 75 ppm
S

Reflectection Squeezing [dB]

vy =10HZ
F =749

Bandwidth Yy [HZz]
BINGMIQE A [HS]

R

C
coooo00o

~APOTONOO—= O X

100

A.Thuring Noise and control issues for filter cavities GEO sensing and control meeting, Hannover |4 December 2010 8



1)
=)
[0
>
Q0
o
g
N
)
o)
-
o
0p

Filters for the ET-C LF part
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Filters for the ET-C HF part
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What are the tolerances of the design parameters!?

Consider a deviation of the

* round-trip loss
e coupling mirror reflectance
* baseline length
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What are the tolerances of the design parameters!?

Consider a deviation of the




Robustness of the design parameters

What are the tolerances of the design parameters!?

Consider a deviation of the

* round-trip loss Result in a
e coupling mirror reflectance mismatched
* baseline length bandwidth

* resonance frequency

Deduce the tolerances for the
round-trip loss, coupling

Investigating the impact

of a mismatched
bandtwidth

mirror and the baseline length
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The impact of a mismatched bandwidth

Cavity reflection Phase shift in reflection Difference in phase shifts
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— required bandwidth
— Deviation by +30%
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- The impact of a mismatched bandwidth

Cavity reflection Phase shift in reflection Difference in phase shifts
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Around the resonance the
squeezing ellipse gets rotated towards the
anti-squeezed quadrature

Phase ¢ [¢
|

o))

(@)

0.984 : : : _20 : : : _5 : : :
-180-90 0 90 180 -180-90 O 90 180 -180 -90 0 90 180
Filter cavity tuning [deg] Filter cavity tuning [deg] Filter cavity tuning [deg]

— required bandwidth
— Deviation by +30%

MCAICIINLI DA L0000

A.Thuring Noise and control issues for filter cavities GEO sensing and control meeting, Hannover |4 December 2010 12



s Quadrature dependent squeezing levels

Assume 10 dB squeezing, but different anti-squeezing levels (
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&'~ Squeezing spectra for a mismatched bandwidth

Consider FCI for ET-C LF:
Required bandwidth 5.68 Hz
Required detuning -25.36 Hz
NO OPTICAL LOSS!

A pure squeezed state with
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&~ Squeezing spectra for a mismatched bandwidth

Consider FCI for ET-C LF:
Required bandwidth 5.68 Hz
Required detuning -25.36 Hz
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Deduced parameter tolerances

Assume 10dB squeezing and
20dB anti-squeezing

Account for 75 ppm rt-loss

ET-C LF with 10 km FCs:
A mismatched HBWV less
than 5 % requires:

R. = 0.995323 + 237ppm
I = 75ppm = 300ppm -
for FC | Frequency [Hz]

Rc = 0.998865 + 60ppm
> = 75ppm % |135ppm
for FC 2

o)
2,
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>
o
o
g
N
o)
o)
S
=3
w

Tolerance for L ~500m
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Deduced parameter tolerances

Assume 10dB squeezing and
20dB anti-squeezing
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Deduced parameter tolerances

As»sﬁme |0dB squeezing and
20dB anti-squeezing

Account for 75 ppm rt-loss

ET-C LF with 10 km FCs:
A mismatched HBWV less
than 5 % requires:

Re = 0.995323 + 237ppm
> = 75ppm % 300ppm
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100

for FC | Frequency [Hz]

Rc = 0.998865 + 60ppm The tolerances for L and /.2 are uncritcal.

> = 75ppm % |135ppm Matching the requirements for R seems possible
(o] ol S OW'

But what is the maximal achievable

Tolerance for L ~500m accuracy of these requirements

determined by measurements?
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Effect of phase noise in the squeezing path

Due to phase noise a fraction of the noise in the anti-squeezed
quadrature is mixed into the initially squeezed quadrature
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phase noise

Effect of phase noise in the squeezing path

The higher the anti-squeezing level, the higher the impact of

Pure 20dB squeezed state
+1% loss +3% loss
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Estimates for the allowed phase noise

Estimates for different values of optical loss in the squeezing path

optical loss [%] initial squeezing [dB] squeezing [dB] anti-squeezing [dB|  opax

-10.41 -10 10.37 0.049
-11.41 -10 11.29 0.044
-12.79 12.58 0.038
-19.59 19.19 0.018

OO

If 10dB of quantum-noise reduction by squeezed light injection is
targeted, the ultimate upper limit for the overall optical loss is 10%.
Additionally, no phase noise is allowed.
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Einstein Telescope
Xylophone option (ET-C)

Each detector (red, green and blue)
consists of twe Michelson inter-
ferometers, The HF detectors need
one filtercavity each, while the LF
detectors require 2 filter eavities
each due to the use of detuned
signal recyeling.
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o

[ Grn-LF

Number of 'long' suspensions = 21
(ITM, ETM, SRM, BS, PRM of LF-IFOs)
of which 12 are crogenic.

Number of 'normal’' suspensions
(PRM, BS, BD and FC) = 45 for
linerar filtercavities and 54 for

triangular filter cavities

Beams per tunnel =7

DOFs to be controlled in the squeezing path

A.Thuring
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Main Laser Source




j" DOFs to be controlled in the squeezing path
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(j‘ DOFs to be controlled in the squeezing path
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DOFs to be controlled in the squeezing path

Main Laser Source
MPR ITM ETM

—— | 7| |

Length (relative phase) and angular DOFs
of filtered SQZ related to IFO’s output mode
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Frequency of rotator INI v ' Filter Loyl l

SQZ-source \ Length and angular
R
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Filter Cavity | i )

Squeezed light source

A.Thuring Noise and control issues for filter cavities GEO sensing and control meeting, Hannover |4 December 2010 22



We need to develop a control scheme that fulfills
the following boundaries




We need to develop a control scheme that fulfills
the following boundaries

Detection ports for error signal
generation needs to be created w/o
introducing (too much) loss




We need to develop a control scheme that fulfills
the following boundaries

Detection ports for error signal
generation needs to be created w/o
introducing (too much) loss




~ Requirements for the FC's lenght control scheme
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How to lock a carrier-detuned cavity?

A common procedure is to realize a PDH-locking
scheme with fimod = fres
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A.Thuring Noise and control issues for filter cavities GEO sensing and control meeting, Hannover |4 December 2010 24



How to lock a carrier-detuned cavity?

A common procedure is to realize a PDH-locking
scheme with fimod = fres

Error signal [a.u.]

Operating point

Tuning [deg]
1Lnuiud [ged]

Lock on the zero-crossing corresponding to the resonance of
one sideband. This works if fres is much bigger than the cavity's

half-bandwidth
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,Classical* PDH-scheme for FC, of ET-LF

Target resonance frequency fres = 6.628Hz
Half-band-width is HBW = |.444Hz
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Operating point
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&~ ,Classical“ PDH-scheme for FC, of ET-LF

Target resonance frequency fres = 6.628Hz
Half-band-width is HBW = |.444Hz

Error signal [a.u.]

Operating point

Tuning [deg]
1Lnuiud [ged]

The error signal requires an adaption of the modulation
frequency (fmod > fres) and demodulation phase
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&~ ,Classical“ PDH-scheme for FC; of ET-LF

Target resonance frequency fres = -25.359Hz
Half-band-width is HBW = 5.681Hz

Error signal [a.u.]

Operating Point

Tuning [deq]
Lnuiud [qed]

The erro;* signal requires an aciaption of t.he modula’éion
frequency (fmod > fres) and demodulation phase
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»,Classical® PDH-scheme for FC, of ET-HF

Target resonance frequency fres = 29.464Hz
Half-band-width is HBWV = 28.968Hz
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&~ ,Classical“ PDH-scheme for FC, of ET-HF

Target resonance frequency fres = 29.464Hz
Half-band-width is HBWV = 28.968Hz

o
—

Operating point

o
o
a

>
S,
g
2 0
w
—
O
Pt
=
L

0
Tuning [deg]

1nuiud [ged]

Standard PDH-scheme fails. DC-Lock? Sub-carrier? Double

demodulation?
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Main Laser Source




+ 1

Loss estimate for the squeezing path

MM-Efficiency to FCI m
MM-Efficiency to FCI m

[T\
MPR ITM

Main Laser Source

|
1\

MM-Efficiency to OMC m
MM-Efficiency to IFO m
Quantum efficiency of PDs

araday
otator

§ 1 $
N N
Filter Cavity |
Squeezed light source 0\ e s l
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Loss estimate for the squeezing path

Loss estimates

—— MM-Efficiency to FCI m
MM-Efficiency to FCI m
Rotator double pass

MSR

P , oc

MM-Efficiency to OMC

‘@ EEEErTarn
<>

araday I I 24 Quantum efficiency of PDs

otator N l

Overall propagation loss of 9.58% in the
squeezing path

— e
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Error signals for subsequent FCs from one port!?

~Save the squeezing: Create as less as possible additional
detection ports, reduce loss

Error Signal

FCi FC,

ERRFrc| 1 -0.018

©
c
QD
Vg
—
O
-
—
LL

ERRFc2 | 0.110 1
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Error signals for subsequent FCs from one port!?

~~Save the squeezing: Create as less as possible additional
detection ports, reduce loss

Error Signal

FC,

-0.018

Error Signal

. First snapshot investigation: At least error signals for the
longitudinal DOFs of the two subsequents FCs for ET LF

can be obtained from one detection port

A.Thuring Noise and control issues for filter cavities GEO sensing and control meeting, Hannover |4 December 2010 29



Main Laser Source




Main Laser Source




(5 |deas for creating an auxiliary carrier
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(j |deas for creating an auxiliary carrier

-!- ITM

MPR IT™ ETM

Main Laser Source

Use the
orthorgonal
polarisation




Main Laser Source




~ The FCs will be linear Fabry-Perot-Cavities

Main Laser Source = T
MPR IT™ ETM
|
e preete| |
MSR s No way to use
y orthorgaonal polarisation
N or counter prop. beams!?
Faraday I | Filter Cavit
y i
tat
rotator N ' . n l
7\ -
Filter Cavity |

Squeezed light source
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Evaluate the displacement noise requirements for the FCs

Investigate the locking scheme in more detail

Especially for the angular degrees of freedom
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~ Future Work

Evaluate the displacement noise requirements for the FCs
Investigate the locking scheme in more detail

Especially for the angular degrees of freedom
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