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scatterer

Motivation Ei‘_"j I

107173

10714

|

DARM [m/vH

107194

* non-linear coupling

N « frequency up-conversion

* amplitude- and phase- modulation

10'

GW-signal  scatter signal

* sensitivity limited in low frequency range N ‘ . T
A A EY
. . . @ mmmm-
* scattered light is major factor here r ; :
: i GW-signal
* non-stationary noise =1, COINL L X
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Concept
 phase modulation at GHz EI'E
- _ PRN JU Ll 1
° "I’andom " noise as modulatlon Sequence @1 E r‘\S\S\, scatterer
- pseudo white-light-interferometer JU LT
- ULl
* chips of sequence c; generatedasOor 1 nn
- modulation of 0 or mt
Ez (t) — FE ez(wtt-—l—cl (ti)m) Cﬂ-(t%)Eoezwm
1 : l
T E(t)
%_ 0 - Cn(t)
e = Ec(t)
(o]
J LV VL V.
0.0

0.2 0.4 0.6 0.8 1.0
time [1/fseq]
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Concept
e pseudo-random-noise (PRN) sequence asinputc;

* m-—sequence of length lseq
A
...1011100101110010111001011100101...

"random"

* jdeal two-level autocorrelation function R(7)

B 1 if7=0 (mod ts,)
R(r) = { —L if 7 #£ 0 (mod t,)

lseq

1.0f | ' ' ' ' '

0.8r I
,_\0.6' /seq A
~ 3
L —— 31 chips
* 0.4 ‘ ' b . —— 127 chips 1

0.2

0.0 1

0 25 50 75 100 125 150 175 200
T [ns]
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Concept

Influence on the Michelson Output:

* small- and large-scale dependencies Loeq

dcoh ==
* large scale dependent on autocorrelation of PRN sequence \fmod
- tunable coherence

Pyt & %-(1+R(r) cos(wT))

C
dchip = f .
mo

0.002__0.004__0.006__0.008 _0.010__0.012__0.014__0.016
At [frep]
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Concept
laser frequency 1064 nm lseq 31 chips 16 383 chips 31 chips 16 383 chips
PRN chip Aenip — [cm] 29.9cm 29.9cm 2.99 cm 2.99 cm
@ PRN sequence  deon [m] 9.29m 4911.50m 0.93m 491.15m
1 ® 7
0 L
Tl 10~ 10713 108 1072 1077 197> 1073

time delay [s]
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Time-domain simulation
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Simulation
Setup A

optical demodulation

’[north for T, .= Teaet coherence loss
for T ,..tT

scatterer

@

—
east scatter PZT tt
scatter
| )
I:\?\.'es':. Ii‘?outh

* analytical expression for both output ports

— with and without modulation

* modulation following the m-sequence of an n-bit LFSR
lseq(n) = 2" — 1

* DC-readout for phase extraction

07.06.2022 | Daniel Voigt 11
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Simulation
. d.
* Model for scattered light delay: d., > f
4 s5C
b dsc,O + dsc ) Sin(2ﬂ-fsct) - - \E‘_@)
5e C tSC

* Analytical solutionsfor power at southport of IFO

— without modulation:

Pioutn = P; [(L = b)[1 + cos(2wA)] + b [cos(wts.) + cos(w(2AL + t.))] + b [1 — cos(wi)]]

— with modulation:

Pin

Ps imod == (1= b)[1 + cos(2wAt)] +.b°]
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Simulation

Simple example

dsc,0 = 0.50 m, dsc = 4.70 A, fsc = 10 Hz, bsc = 0.01 %

faa
- real signal
4
=
1:north 2
@ 100 Hz @ 10 Hz
= . = g 619_5 ' . '
w |_| [E — with scattered light
3 T L] 4
east scatter E
U >
P. P :
west south ; ) » .
0.00 0.02 0.04 0.06 0.08 0.10
time [s]
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Simulation

H . dsc,0 = 0.50 M, dsc = 4.70 A, fsc = 10 Hz, bsc = 0.01 %
Turning on modulation " ’

le—-5

scattered light —— real signal - with modulation

63 chips sequence at 1 GHz A

(0], st e W B, ¢ e BSOSy e B gy N WSS Uy I B e S S R D

EIE 0.00 0.02 0.04 0.06 0.08 0.10
time [s]

Tnorth 105+

2 pm 9.4 A
@ 100 Hz @ 10 Hz 107}
— § E

east scatter

P ; 10—13
outh

west
s 10715 1
—— noise and signal 7

10717 -=-=only noise
—— noisy signal with modulation d
10719 —— only noise with modulation

107 107 107
frequency [Hz]

o
X
=

7

=
i
o

4

fa
o
I

-

-

rad / vHz]

@

]
as
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Simulation
Parameter

* scattered light parameter:
— scattered light amplitude b,
— offset dy. o
— movement range d,,
— frequency f..

dSC
dsc,o = fsc
= —
tSC
07.06.2022 | Daniel Voigt

DN AV ‘ R

| |
r..u_.ﬂ ey "",Alhll

0.125 0.150 0.175

'I
lh masu
; ; ) ) max (;0
0.000 0.025 0.050 0.075 0.100
time [s]

10—5.

10—7-

10—9-

10—11.

¢ [rad/vHz]

10—13.

10—15.

107 107 10°
frequency [Hz]

0.200

dSC

0.51 mm
53 um
5um
744 nm
50 nm

dsc

50 nm
477 nm
5um

53 um
0.51 mm
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Simulation

More complex example

le=5
6.
—— real signal
4.
E
S 2r
0
le—-5
6F v .
— with scattered light
E
S
0.00 0.02 0.04 0.06 0.08 0.10
time [s]
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e
Tnorth
200 fm
@ 100 Hz ZSC
9] [
iE i z ——ik
east scatter
Fv’vest south

fsc [HZ]

dsc,O [Cm]

dsc[A]

88.98 48.03 42.07 63.0
53.6

190.3 154.7 70.2 4.08
0.01%

6.0

182.06
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Simulation

More complex example

63 chips sequence at 1 GHz

le=5
6. T T T
scattered light real signal —— with modulation
4+
E
S 2f
0- - - e — e p— ——— e e S —
0.00 0.02 0.04 0.06 0.08 0.10
time [s]
107°F : % ]
_\/\//\/\«/WV\AWW
¥
-7
> 10 noise and signal -17.76 dB
° only noise
= noisy signal with modulation
@ only noise with modulation
S

10T 102
frequency [Hz]
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A
Tnorth
200 fm
@ 100 Hz ZSC
& [
8 E
f i Teast Tscatter

I:\‘?\J'oszs,t F:outh

88.98 48.03 42.07 63.0 6.0
53.6

190.3 154.7 70.2 4.08 182.06
0.01%
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Simulation

Achievable suppression

b

APS mod = - [R(7 # 0)|b [cos(wtse) + cos(w(2AL + ) + beos(wiye)] — b [R(2AL) cos(2wAt) + 1] + 7]

-> realisticallyin tabletop experiment: 1023 chips = -30 dB

-» realisticallyin GW - detector: 65 535 chips - -48 dB

dsc.o = 0.50 M, dsc = 470 A, foc = 10 Hz, bsc = 0.01 % oI5 & 255 90550 4005 16383 65535
: & simulated mean
seq -15 10 logio(R(T # 0)) 4
—— no mod "
— 2¢-1 —20t
25-1 _
26-1 S 25}
27-1 s
28-1 2 -30 b
391 & "
— 210_1 %-35' *®
S DN | 8
 sm g —a0f .
=i 21 45 »® ]
I . I — 214 =] i
10T 10° 107 10° —50—7 6 8 10 12 14 16
freq [Hz] n [bits]
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Outlook

Experimentalimplementation

* tabletop setup of simple Michelson interferometer

e add cavities = step by step towards dual-recycled enhanced Michelson interferometer

sequence length 2”7 — 1 [bits]
PZT 15 63 255 1023 4095 16383 65535 262143
scatter 7 1 2
[ ] o ] ¥ ]
scatter | €—— COherence loss )
for t _.+T 2 s ° -
_OEo north scatterer 104 7 ’
95% [ " &
E el o
= ] o
Trorth optical demodulation 5 101 L. % |
~ 9 P
PRN / for T,,.;= Teast z o . o
EEI © 25 i
(&} y o K2
y I:)ZTIock - fur = 1.25 GHz
E——— & - 100k 5 o~ 1
P @ fyr = 5.00 GHz
I o foit = 10.00 GHz
- foie = 15.00 GHz
~e- fyy = 20.00 GHz
1K L L i L i i
1074 6 8 10 12 14 16 18

LFSR length n
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|

scatterer

its

¢ asd [rad / VHz] E %
= =
C‘> o

—
15
Iy

— noise and signal

=== only noise

—— noisy signal with modulation
—— only noise with modulation

07.06.2022

107 107 107

frequency [Hz]

suppression [dB]

Iseg [bits]
6 15 63 255 1023 4095 16383 65535
 J & simulated mean
-15 ] * 10 lo0gio(R(T=0))
3
20|
-25 »
-30 3
=35 "
—40 »
3
—45 ®
= 3 ] 10 12 12 16
n [bits]

PZTscatter

<«— Coherence loss
for T, .t T.

‘north scatterer

Tscatter

~95% 1

optical demodulation

/ for Toortn™ Teast
PTIock

Thank you for your attention!
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Sources:
[1] Craig Cahillane; https://ccahilla.github.io/; visited: 10.03.2022
[2] Melanie Ast; Quantum-dense metrology for subtraction of back-scatter
disturbancesin gravitational-wave detection; 2017
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