DC-readout with
tuned and detuned Signal-Recycling

Stefan Hild and Hartmut Grote for the GEO-team



ﬁ Definitions

Tuning/detuning of the Signal-Recycling cavity (microscopic length)

e tuned: carrier is resonant in SR-cavity

e detuned: carrier is off resonance in SR-cavity (550 Hz or 1 kHz)

Readout system

. LO from RF sidebands (Schnupp modulation)
. carrier from dark fringe offset serves as LO
Optical gain

Transfer function from differential displacement to signal at the
detection point.
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ﬁ Short reminder: Advantages of DC-readout

* Recduced shotnoise (no 2f-terms)

« Get rid of oscillator phase noise and oscillator amplitude noise (and buy
stronger laser intensity noise coupling)

« Simplify the GW detector
» easier calibration (GW-signal in a single data-stream, even for detuned SR)
» easier circuits for photodiodes and readout electronics
» Possibility to use photodiodes with larger area => reduced coupling of pointing
» reduced number of beating light fields => simpler noise couplings
» more intuitive thinking

* Requires less effort for injecting squeezed light (=> useful precursor for
GEO-HF)

« LO and GW see the same optical system (storage time, filtering, spatial profile).
=> This is advantage is especially important for detectors with arm cavities.

Stefan Hild 13th ILIAS WG1 meeting, Pisa, June 2007



Determine the optimal dark fringe offset

Dark fringe offset (MCE-MCN diff) [deqg]
Displacement [m/sqrt(Hz)]

400 600 800 1000 1200 1400 1600 1800 2000
Frequency [Hz]

§af = M Optimal offset: 0.036 deg (diff) => 104 pm

A 4t [deg] Nearly optimal already: 0.018 deg (diff) =>52 pm

Cqf | =
Eag [m] 360 deg

Stefan Hild 13th ILIAS WG1 meeting, Pisa, June 2007



Determine the optimal dark fringe offset
from NSNS-horizon

NSNS-horizon:

o sensitivity
weightened

by f-7/3

* Integrated over
frequencies up to
last stable orbit
(f = 1570 Hz)

cffective distance [MPcl

0.02 0.03 0.04
dark fringe offset [degl

Maximal Horizon for =0.032 deg
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DC-readout without OMC

e Turning down the RF-modulation (factor 10 is possible)
e Using an offset from dark fringe (of the order of 20pm)
— Dark port dominated by carrier light

contrast ~5e-6
o
\Y ‘ s

W s

Nominal heterodyne Heterodyne with only Offset to dark fringe
10% modulation

%
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nfft/fs =2.00 : navs =60 : enbw=0.75 : nsecs = 120

Optical power at the output port
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Output mode for

positive and negative dark fringe offset

positive dfo negative dfo

\J

Wave front radii of re-
turning beams @ BS:

dark fringe + offset

dark fringe

horizontal: north > east
vertical: north < east




Simulated output mode for

positive and negative dark fringe offset
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negative dfo dark fringe
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Simulated shotnoise heterodyne vs DC-
readout for various tunings.

= DC 550Hz
| Hetero 330Hz |
—DC 1000Hz
Hetero 1000Hz |
=—DC tuned
Hetero tuned

[ R
I

Frequency [Hz]
Shot noise in DC-readout smaller than in heterodyne readout

In detuned Signal-Recycling the shape of the detector response is different for
heterodyne and DC-readout => In DC-readout the shape rotated counterclockwise
around the peak sensitivity.
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1 KHz tuning
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Optical gain for heterodyne and DC
detection and 1kHz tuning

Optical gain = MIDVIS{MID_FBE_MCE-MCHN (for a time of injected noise) * MID¥IS_dewhitening ./ ESD_dewhitening { ESD_response

Optical Gain []

P Optical Gain, SR tuning = 1kHz
Q Optical Gain, SR tuning = 1kHz I

= 1—

Phase [deg]
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Rotation of optical gain (measurement)
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1 DC-readout
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Results from first Experiments

with DC-readout

Strain = MIDYIS *

i
l

= = e ———— |
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Frequency [Hz]

Above 1kHz a sensitivity competitive to heterodyne readout is

achieved.
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550 Hz tuning
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optical power vs measurement

nfft/fs = 2.00 : navs = 60 : enbw = 0.75 : nsecs = 120

10% MI midx + TEMOO carrier
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Heterodyne vs DC-readout for 550 Hz tuning

——Heterodyne, SR tuning = 550 Hz
——DC-readout, SR tuning = 550 Hz
I I I I I I

i

Strain [1/NHz
l [

—
10°
Frequency [HZ] ShOt noise
Laser intensity —Increased in

noise ? DC-readout
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—H

111 ——— MID AA FB Rot

Ll MID AA FB Tilt

SR longitudinal noise
Oscillator phase noise
Oscillator amplitude noise
Laser amplitude noise
PR error

ESD AA

Do MPR tilt

.3/ —— MPR ot

ffi.f — — — Dark noise

Model Shot 550Hz
Sum of the noise

Frequency (Hz)
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Noise projections: heterodyne 550 Hz

» Above 1kHz shot
noise limited.

» Between 80 and
1000 Hz mystery
noise is dominant

e At 500 Hz the

gap between
projected noises
and h is about
sqrt(2).




Moise prcqechon to Mid vis (dark port) 2007-05-03 09:46:00

Mid vis
MID AA FBE Rot
MID AA FB Tilt

Laser amplitude noise (BS ar)
FR error

Dark noise

Maodelled shot noise

Signal recycling longitudinal noise (4

bum of the noise

ASD WisgrtiHz)]

Frequency (Hz)

Noise projections: DC-readout 550 Hz

» Above 2kHz
shot noise limited
(calculated from
DC power).

« Between 300
and 2000 Hz
mystery noise is
dominant

» At 500 Hz the
gap between
projected noises
and h is about
sqrt(2).
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DC-readout and Heterodyne for 550 Hz
Simulated shothoise vs measured H.

[ [ [ [HIN [ [ [ [ | [
- — e Simul ated shotnoise for DC 550Hz

— — — = ==Simulated shotnoise for heterodyne 550Hz E

B jr __| ——n550Hz heterodyne
i T [ ]

| e
H==1=
i | -

T hssonzoc
|
| | |

M

Strain [1/sqrt(Hz)]

Frequency [HZz]
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See Jerome's talk
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Frequency [Hz]

measurement
FINESSE simulation

Laser Intensity noise TF for 550 Hz DC
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Tuned SR

Stefan Hild 13th ILIAS WG1 meeting, Pisa, June 2007



Realisation of tuned signal recycling

* For tunings < 250 Hz we cannot achieve a reasonable control signal.

\EZ r s

SR Mod = 9016395 Hz,
\ tuning = 1000 Hz

/ SR Mod = 9017065 Hz,
tuning = 330 Hz

Signal amplitude [a.u.]

-2 -1 0 1 2 21 é 6
Position of MSR [nm]

h

L 4 1
SR Mod =9017065 Hz,
tuning = 330 Hz

/ SR Mod = 9017195 Hz,
tuning = 200 Hz
SR Mod = 9017395 Hz,
tuning =0 Hz

-1 0
Position of MSR [nm]

—
=3
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 Developed a new technique: We ‘kick MSR in a controlled way to jump to
tuned SR, where a reasonable control signal can be obtained again.

« MSR is caught at the tuned operating point again.
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2 different possibilities for going to
tuned signal recycling

SE Mod = 9017065 Hz,
tuning = 330 Hz
SK Mod = 9017195 Hz,
tuning = 200 Hz
SE Mod = 9017395 Hz,

tuning = %—Iz

3

signal amplitude [a.w.]

Position of MSE [nm]

Keep the modulation frequency and jump to center zerocrossing.

Change the modulation frequency (corresponding to O Hz tuning) =>
only a single zerocrossing exists.
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S

Simulated gain of Michelson differential

Michelson gain (overall and shape) depends on readout method and SR-

tuning.

Magnitude [dB]

Phase [Deg]
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Simulated M1 long gain
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== DC_readout, 550Hz
Heterodyne, 550 Hz

== Heterodyne, tuned
DC_readout, tuned

Y: 155

frequency [HZz]

Need to adjust the servo-filters on the fly
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Simulated Laser intensity noise coupling

[ [T T [ [
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For tuned SR Laser intensity noise might be a stronger problem.
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Optical gain of tuned
DC and 1kHZ DC 10%

—DC 0Hz

 H HHHE

Finally we were able to
realize tuned SR with DC-
readout.

Strain [1/sqrt(Hz)]

=
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T — - —]

H

[ [ [
DC-readout, SR = 1kHz ||
DC-readout, SR tuned H

Frequency [Hz]

Optical Gain []
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The optical gain for
1] tuned DC looks like
expected.

Phase [deg]

3
1
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Comparison of measured and simulated
optical transfer function

= Simulated shot noise, DC 1000Hz
1/Optical Gain, DC 1000Hz, measured

= Simulated shot noise, DC 0Hz
1/Optical Gain, DC 0Hz, measured

Strain sensitivity [1/sqrt(Hz)]
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Optical Gain []

Phase [deg]

o
o

—E=to=

~J—FF

S===n

Tuned DC, data set 3 E
Tuned DC, data set 2b ||
Tuned DC, data set4 H

Tuned DC, data set5 ||

ul
o

o

—EEFE
—oxd

Frequency [Hz]

Tuned DC with various dark fringe offsets

data set 2b:
small —dfo

data set 3:
—dfo

data set 4:
small +dfo

data set 5:
+dfo
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TUNED DC, data set 3 ||
TUNED DC, data set 2b

TUNED DC, data set 4
TUNED DC, data set 5

i E—

2
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E3S

STRAIN [L/sqrt(Hz)]

Hl I i

Frequency [Hz]
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Sensitivity of tuned DC with various dfo

For the dark
fringe offsets
that were
tested:

The
sensitivity
seems to be
iIndependent
from size and
sign of the
dark fringe
offset.




Sensitivity comparison for tuned DC

* Reducing the
- E‘)ER_DA"I'A_H (‘nomi‘néi éSz ‘550‘ Hz‘, heterodyne) H S R mOd u |atIOn
2007-05-16 03:20:30 - H c
TUNED SR, heterodyne readout (P-quad), (Sept 2006) || IndeX redUCeS
%EEB 22 [I)Dcérfea:(;)ou:t,(llrsez?ced SR modix (4501) Nl the peak at 800
e Hz, but also
Increases the
noisefloor at

high fregs.

i

[ [P []]
1 —

STRAIN [1/sgrt(Hz)]
[T

e Tuned with
heterodyne
(with not
optimized
demod phase)
seems to be
better than
tuned DC.
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&
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Frequency [Hz]
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Comapsrison of heterodyne 550 Hz, tuned
heterodyne and tuned DC

| T | | I]. T | | |
—— DER_DATA H (nominal S5= 550 Hz, heterodyne) H 2 .

2007-05-16 03:20:30 - i While in the
TUNED SR, heterodyne readout (P-quad), (Sept 2006) || tWO hetel’Odyne

TUNED SR, DC-readout (4513)

DC 0Hz (simulated shot noise) 1
= e e Hetero OHz (sintmlatedtshot noise) M Cases the
= = = Hetero 550Hz (‘simul‘ated‘iho‘t noise) se nS|t|V|ty iS
* = close to
| simulated shot

noise at 2 kHz,

this is not the
case for tuned
DC.

.
o '

STRAIN [1/sqrt(Hz)]

=

o
~
e

Frequency [Hz]
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DC-readout without OMC is possible !!

Stable operation with DC-readout and DC-lock In
tuned and detuned Signal-Recycling.

Best achieved DC-readout sensitivity about
2e-19m/sqrt(Hz).

At high frequency sensitivity achieved in DC-readout
IS not completely understood. => Ongoing
Investigations.
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Future
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What might be gained from DC-readout

| || =——DC 550Hz |
' Hetero 550Hz f
| =DC tuned
| — Ir(?) in S3

i —

Frequency [Hz]

Tuned DC-readout might be a useful precursor for GEO-HF
(option for squeeezed light input => no filter cavity necessary)
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Combination of tuned SR and squeezing—

an option for GEO HF?

» Squeezed light is available for injection

“Coherent Control of Vacuum Squeezing in the Gravitational-Wave
Detection Band**, Vahlbruch et al, PRL 97, 011101 (2006)

» Tuned Signal-Recycling operation was demonstrated

,,Demonstration and comparison of tuned and detuned Signal-Recycling in a large
scale gravitational wave detector** , S Hild et al, CQG. 24 No 6, 1513-1523.

= No need for long filter cavity !
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— GEO Design, 7KW ICP
— GEO HF, 70kW ICP, r_=0.88, SQZ=6dB s
— GEO HF, 70kW ICP, r_=0.80, tuned, SQZ=6dB ;.
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ﬁ Plans for the near future

« Noise projections for tuned DC

« Intensive noise hunting in tuned DC

« Figure out whether we miss signal amplitude
« Try alarger photodiode (5mm InGAS)

« Find/decide optimal detector configuration for 2008

ferero™™ - et
flnerd SB po
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Heterodyne vs DC-readout

« Local oscillator for heterodyne: RF sidebands (Schnupp modulation).
« Local oscillator for DC-readout: Carrier light from dark fringe offset.

DC readout:
Heterodyne readout: I::}.p_elral‘gmgﬁsl|ghtel';,-' off
Operating at dark fringe, dark fringe
B .. l

Differential Displacement [a.u.]

Light power at output port [a.u.]

It is a noteworthy fact, that in recent times the relative stability of the light in the
IFO is better than the relative phase noise achievable with excellent RF technique.
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Shot noise improvement from DC_readout

rs” J Harms, internal document, 2006

When going to DC-readout the signal to shotnoise ratio will be
Increased by a factor between sqrt(1.5) for balanced sidebands
and sqgrt(2) for completely unbalanced sidebands.

Measurements of the dark port
light field of GEO (TEMOO) using
a scanning Fabry-Perot cavity.

0.004 0.006 0. rms [l l]l 0.012 0.014 0.016
ov [a

We expect an increase roughly in the middle between balanced and unbalanced.
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