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Low Frequency of Gravitational Waves

Low Frequency of Gravitational Waves
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Low frequency:

Bigger redshift -- earlier universe . . .
More massive binary systems Seismic noise

Longer time in the sensitive band Becomes dominant ~ THz



Seismic Noise: Tilt-Horizontal Coupling
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OmniSens: Inertial Isolation System

Passive isolation
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OmniSens: Inertial Isolation System
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OmniSens
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Displacement Sensors for Test Mass

Working Principle

Working
point
—1 Actuator "  System >
. HoQIs
fo p vertical
i L )
C CES | CPs
L. ] vertica horizontal
1 HoQIs

_ Sf‘j‘/ horizonal
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Displacement Sensors for Test Mass

Working Principle

Working
point
—1 Actuator "  System >
. HoQIs
= P - vertical J
i y N
= S:rtsical CPS
i, 'ﬁ l horizontal CPS HoQls
I o HoQIs (Differentiate) capacitor = homodyne quadrature
- = - 1H) m horizonal position sensors interferometer
| == Absolute position Relative movement
L @i@ Straight forwards, High fringe visibility, high
noise low enough sensitivity, compact...

Finding the working point Inertial movement
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Displacement Sensors for Test Mass

Working

Working Principle
point

—1 Actuator "  System
. HoQIs
= ¢l |~ vertical
i o ¢

CPS

\ 4

vertical CPS
l horizontal CPS HoQls
I HoQIs (Differentiate) capacitor = homodyne quadrature
- RHi b~ horizonal position sensors interferometer

E &= Absolute position Relative movement
Straight forwards, High fringe visibility, high

noise low enough sensitivity, compact...

Finding the working point Inertial movement

Set working to the centre of the sensing frame
« Zero output
* Small non-linearity
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Displacement Sensors for Test Mass

Mounting TL Tframe IR
plate Insulating — —
spacers - 151 TEM |$2 -
. HoQIs _ | al
= . ‘ .
:E‘b ol | vertical /: Connection || '2;_:'\$ o
= | CPS Electrod}' / spigot = = |:|_I A
ical SES Metal stop‘ T = || T )
N F . p— vertical_ porizontal \ & Frame y
: / | ZstopL TstopR L
HoQIs B

_ . horizonal Téamel, TframeR
i@ﬁ g Retro )
_ E reflector Mounting

Parameter Value (Measured) Value (Designed)

e e p

—

Tframe 131.99mm 132.00mm
Tframel 20.00mm 20.00mm
TframeR, 19.99mm 20.00mm
L, 29.83mm 30.00mm
o IR 29.87mm 30.00mm
TEM 69.99mm 70.00mm
Tmove 1.48mm 1.50mm
o 1.15mm 1.00mm
d 10.00mm 10.00mm
A 4.50cm? 4.50cm?
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Displacement Sensors for Test Mass

Setup | ? ......... =TT '

SR560 r
preamplifier \ HoQIs pre-

amplifiers

sl

P SR e

&~ Connection

® . Micrometer
= rail

*" Electronic
board
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Displacement Sensors for Test Mass

€A
DAQ i et
and Analytical mode
: €A
Analytical model Cru = Crp = Cr =
Tog— X
E Vacuum (apply to working environment) )
:- ____________________________________ T T T m T : E End mass
! RTPC ' Lab ] & theframe
: Generation (v) X : I
1 ' : i Vertical
: Demodulation &) VL , : R R Cn—( Ry
: . | |DAQBOX : N 4 .
! — | ! || e
. Jsampiing = 50kHz CPS_LINE | ' 11k B
. f=10kHz 6\— _ : : > DAC > : I _—E% Vi
|V =sin(2nft) X Vin ; A | g
: CPS_LINE_RAW | ' Vacuum | i 80w Continue in
: - - ! 1 Output " : ! e the board...
1 T . . " 0 W
' ' differential & : R
' CPS_REF :- e Cr Cr . - ! :
: & l amplification " p :
- b0 v ¢ CPS_1_H_ RAW | ' Vout Q EM : I ! |
1 Phase 1 1 o 1 1 '' Buffers 1
" - ADC € f Alternative 1 y b 1 C
\ tuning b " ' setup: shorter | | Input and - 1 1! (main board i 12| R
: 1 : 1 ' output cables | | output cables 1 E upgrade) ]
N : PN— : | without braid ' with braid e 1
i CPS_1_H_DEMOD 'l - : o Lo !
: - = oo oo ” v :: e :—-

DAQ and working scheme

¢ !
] Vo Rser = 0.10hm  From RTPC
] AC10 T SINE(0 4.2 10k)  and SR560

Free parameter

Description

1
Co
037 047 057 CG

Capacitance between the input electrode and testmass
Stray capacitance between the end mass and its surrounding
Capacitance between the output coaxial cables and the guard
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Displacement Sensors for Test Mass

Analytical Calculation

Parameter space

CPS calibration from different Cc values, C1 = 12pF, C2 = 60pF

Free Parameter  Discription 081 _e— cc=100nF
. K —— Cc = 100pF
1 Capacitance between the input electrode and end mass 05 | —& Cc=100fF
Cy Stray capacitance between the end mass and its surrounding ‘
Cs, C4, C5, Cg Capacitance between the output coaxial cables and the guard 0s
CPS calibration from different C1 values, C2 = 60pF, Cc = 100pF CPS calibration from different C2 values, C1 = 12pF, Cc = 100pF 0.2 1
0871 e c1=16pF 081 _o 2 =100pF
—e— C1=12pF —e— C2 = 80pF -
—e— C1=8pF —e— C2 = 60pF £
06 P 06 P E 0.0 1
x
04 04
-0.2
0.2 0.2
E 0.0 E 0.0
= = 04
-0.2 -0.2
oa os -0.6
-0.6 -0.6
-08
°* 15 10 5 0 5 10 15 e _10 _5 0 5 10
- - - -10 -5 [ 5 10
Voltage (V) Voltage (V) VOItage (V)

Gain is unrelated to output cables

in is rel 1 2
Gain is related to C1 and C CPS is stable in a sense of using different cables
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Displacement Sensors for Test Mass

Simulati
I m u atl o n CPS simulation from different C2 comparing, with cubic fitting for C2 = 60pF

08 1 —e— Cubic Fit, C2 = 60pF P>
= Analytical: C2 = 60pF
== Analytical: C2 = 80pF

0.6 1
LTS Pl CE —&— Simulation from LTspice: C2 = 60pF

Simulation from LTspice: C2 = 80pF

Use a 12pF capacitor for C1

Gain increases in simulation

‘f . .
* Losing signal from
components’ noise
W Can use cubit fit for the curve
amplifier
10 s 0 5 10
Voltage (V)

Use a 12pF capacitor for C1, cubic fit for C2 = 60pF
x[um] = 73.473[um /V|Veps[V] — 0.065[um / V3| Vipg[V]?
Linear behaviour when working around the centre
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Displacement Sensors for Test Mass

Analytical, Simulation and Measurement

X (mm)

0.8 A

0.6 A

0.4 A

0.2 A

0.0 1

—0.2 1

—0.4

—0.6 A

—0.8 A

CPS simulation from different C2 comparing, with HoQIs measurements, C1 = 12pF

—eo— HoQIs measurement

—— Analytical: C2 = 80pF

—— Simulation from LTspice: C2 = 60pF .
E
1
!
I
]
|
1

—-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0
Voltage (V)

Measurement
e
_- S
Model Simulation

CPS is working as we designed!
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Displacement Sensors for Test Mass

Noise Optimization and Board Upgrade

Acti Distance Add braid to Change cables to Upgrade board to Change cables to see CPS’

ction tuning reduce noise verify signal loss amplify signal independence of cables

Measurements 10m + old 10m + old board Sm + old 10m + new board Sm + new
board + braid board + braid board

Time stamps 21st Mar. 2025 10™ Apr. 2025 3rd May 2025 14 May 2025 15" May 2025

Gain 188um/V (xg~ 1.05mm)  480um/V 11Tpm/V 99um/V 96um/V

bm cables braid

10 m cables

@ & € & 8 8 LN e G
L

\ dy_zlin2_1891661_plots
File Edit View Options Tools

[ dataDisplay 11.1.0 : started by zlin2 on Mar 20 2025 17:15:43 UTC

CPS_1_H_DEMOD_i__TIME

-2

f

_IIIIIIIIIIIIIXTIII

I L L | n s |
15h27 15h28 15h29

1426519614.0000 Mar20 2025 15:26:36 UTC

Pad graphics frame TFrame 209,209 x=36.0074, y=1.9485

Step scanning with constant
distance

Gain measurement with
micrometric rail

Gain is stable indeed
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Displacement Sensors for Test Mass

Noise Analysis: Optimization of Board and Cabling

CPS noise preliminary test with HoQls noise

—— 1) 10m cables with braid, updated board
——— 2) 5m cables no braid, updated board nbrald
——— 3) 10m cables with braid, old board
——— 4) 10m cables no braid, old board

——— 5) 5m cables no braid, old board < nold board
.~ 6) HoQls 24

For the same cables

< Nyupdated board

¥
£ For the same board
()]
2 Nshort cables
=
g < Nlong cables with braid
[}
o
L] « Final decision:
v [l R e DX FEEEY e
a ,‘ Updated board short cables
| Vet S ) “ :Y;t‘ f;“, ol ,
1013 ; e ,‘ 55 Epes For all frequency
10_14 L ' ' LA | ' ' ' LN AL | ' ' ' LN LI | ' ' ' L B R A R | ' ' ‘ e/’%
102 1071 10° 10! 102 HoQIs
Frequency [HZz] < NCps
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Displacement Sensors for Test Mass

Possible Error: Centre Offset Check

xo: The geometric centre for surface of the electrodes on two sides.
xs: The sensing centre where the output voltage Vopg = 0V

o

e s e

HoQIs readout (um)

HoQIs vs CPS Readout with Cubic Fit Without HoQIs Correction 28-05-2025

—8— Measurement Right to Left
600 1" g~ Measurement Left to Right
== Fitting from Left to Right
a004=T Fitting from Right to Right
200 A
01 Biggest gradient
point X
—200 A
—400 A
—600 A
-8 -6 -4 -2 0 2 < 6 8

CPS readout (V)

Refit: left to right: 6um, right to left: 3um
Comparing with the z¢g = 1.15mm

% < 0.5% —> sensing noise < Miscalibration force

23
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Displacement Sensors for Test Mass

Relative Position Sensing: HoQls

PD1 QA
Fibre-coupled Polarisation Key
i < 2
laser input PES1 X-Arm <—>
'N‘N‘FE ) Y-Arm <—>
Mixed <—>

A. Mitchell. et. al. "Integration of high-performance
compact interferometric sensors in a suspended

interferometer”. Class. Quantum Grav. 42, 19 24



Displacement Sensors for Test Mass

Relative Position Sensing: HoQls

PD1 QA
Fibre-coupled Polarisation Key
i < 2
laser input PES1 X-Arm <—>
'N‘N‘FE ) Y-Arm <—>
Mixed <—>

A. Mitchell. et. al. "Integration of high-performance
compact interferometric sensors in a suspended
interferometer”. Class. Quantum Grav. 42, 19

arctan ((FB=FR3 ) = arctan (§) = 5 (Le — L) — 5

After alignment and ellipse fitting

3D Lissajous pattern for HoQIls fringe counting after ellipse fitting

—— Fringe Counting in 0.12s

0.12
0.10
0.07
0.05
0.02
0.00

t[s]

HOQI_1_H_ ellipses

15 —

2 s
e Initial "
= Fitted

-10 -05 0.0 05 10 15
|

Umax = % x 10kHz = 1.25mm/s
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Combined Measurement

Left to Right Still

— =

HoQIs readout (mm)

—-0.2 4

—0.4 4

—-0.6

I:II]I:I

— 0l —
—y
— =
-

HoQIs vs CPS Readout one Return Path 28-05-2025

— I —

0.6

0.4

0.2 A

0.0

—a— CPS Left to Right
—e— CPS Right to Left

CPS readout (V)

HoQIs vs CPS
An offset for around 100um

Right to Left

1
i

— =
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I:ll]l:l

Combined Measurement

Still Right to Left

Left to Right Left to Right

Still

Right to Left

10 4 —— CPS (0.00s - 3660.00)
g s Shortcut
2
3 i
4
131 151 131 ] S s
Shortcut Shortcut
-10 r T T T T T T r
0 500 1000 1500 2000 2500 3000 3500
Time (s)
HoQIs vs CPS Readout one Return Path 28-05-2025
—— CPS Left to Right 0.751 —— HoQls (0.00s - 3660.005)
—e— CPS Right to Left T 0.50-
0.6 - £
= 025
=
(=}
B 0.00
0.4 v
2 -0.251
= £ _os0
= 0.
E o2
£ -0.75 I . . i : ; , ;
3 0 500 1000 1500 2000 2500 3000 3500
3 )
T 00 Time (s)
2 4
o
o
b =
-0.2 .
. "\ il ‘ " ' ’ |
° 'h
-0.4 S o0 y‘
) 1
-0.6 27 ’
=8 =8 —# 2 2 z 4 5 8 0 500 1000 1500 2000 2500 3000 3500
CPS readout (V) Time (s)

HoQIs vs CPS
An offset for around 100um
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Fitting: Linear or Cubic

HoQls readout (mm)

CPS vs HoQls Readout with Linear Fit

HoQIls vs CPS Readout with Cubic Fit

0.8 A

0.6

—a— CPS Left to Right
—@— CPS Right to Left

——=- Linear Fit Left to Right
——= Linear Fit Right to Left

Ve 0.6

HoQls readout (mm)

—a— CPS Left to Right
—@— CPS Right to Left
——=- Cubic Fit Left to Right
——= Cubic Fit Right to Left

-8 -6 —4 -2
CPS readout (V)

0 2 4 6 8

-8 —6 -4 -2 0 2 < 6
CPS readout (V)

Linear Fit: d(um) = 93.919(um/V) CPS(V)
Cubic Fit: d(um) = 92.605(um/V) CPS(V) — 0.215(um/V)*(CPS(V))?
Linear behaviour around centre position
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Distance(um)

200 1

—200 A

—400

—600 -

Offset Analysis: Functioning Well

HoQIls and CPS

PRI} o0 S (o) e I— .

HoQIs(0.00s - 800.00s)

CPS(0.00s - 800.00s) £

Time Range _J_ré‘

100 200 300 400 500 600 700 800
Time(s)

—— Fringe Counting in 0.20s

Position (mm)

—508 A

—510 A

=512 A

—514 A

—516 A

—518 1

CPS and HoQls Readout Comparison

——— (CPS(60.90s - 61.10s)
HoQIs(60.90s - 61.10s)

60.900 60.925

Continuous and smooth for HoQls

60.950

Less smooth for CPS

60.975

61.000
Time (s)

61.025

61.050

61.075

61.100
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Offset Analysis: Fringe Slipping

HoQls and CPS

800 1
H— CPS and HoQIs Readout Comparison
600 f { {
2 r { | 1 ~—— (CP5(846.60s - 847.00s)
5 w0 = { i 550 1
| | | HoQIs(846.60s - 847.00s)
: 200 ’_ i - :
[ [ Sepepe 500 1
0 }_4 I —— HoQIs(300.00s - 1100.00s)
CPS(300.00s - 1100.00s)
=== Time Range
Time(s) E 450 -
—— Fringe Counting in 0.50s g
c
S
= 400 1
&
350 A
300 -
846.60 846.65 846.70 846.75 846.80 846.85 846.90 846.95 847.00

Time (s)

HoQls levels out for a small range,
losing the record of the movement

100pm offset

v =67um/s
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Offset Analysis: Fringe Slipping

~— Fringe Counting in 0.25s

846.¢

846§

B4G £

Fringe Counting in 0.10s
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Offset (um)

Distance (um)

Zero Net Gross Offset

Distance Slipping of HoQIls

—— CPS - HoQls (0.00s - 3660.00s)

0 500

1000 1500 2000
Time (s)

HoQIls and CPS

2500

3000

3500

900 A
800 A
700 A
600 -
500 A
400
300 A
200 A
100 +
0 -
—100 A
—200 A
—300 A
—400 A
—500 -
—600 -

—700 A

T

— HoQIs (0.00s - 3660.00s)

~—— CPS (0.00s - 3660.00s)

T T T
1000 1500 2000
Time (s)

T
2500

T
3000

T
3500

Difference [mm]

HoQIl vs CPS readouts including short cut behaviour

0.8 7 —A— Measurement right to left
=== 0ld cubic Fit Right to Left -

0.6 1

0.4 4

0.2 1

0.0 ~

—0.2 1

HoQI readout [mm]

—0.4 1

—0.6 1

|

-10 -8 -6 -4 -2

T T T T T T

Fitting reconstruct
0O 2 4 6 8 10

(PS roadnur /1 smaller displacement

HoQI vs CPS readouts including short cut behaviour

near short cut point

0.100

0.075 A

0.050 A

0.025 A

0.000 ~

—0.025 A

—0.050 A

—0.075 +

—0.100

—A— HoQI - cubic fit CPS

0 2 4 6 8 10

CPS readout [V]
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Distance (um)

CPS Calibrating HoQls

HoQIls and CPS

900 A
800 +
700 +
600 A
500 +
400 A
300 A
200 +
100 A
O -
—100 4
—200 +
—300 4
—400 A
—500 A
—600
—700 4

-xi — HoQIs (0.00s - 3660.005s)

——— CPS (0.00s - 3660.00s)

0 500

2000 2500 3000 3500

Time (s)

1000 1500

Bouncing at the edge

Offset (um)

700 A
600 -
500 -
400 A
300 -
200 -
100 +

—100 A
—200 A
—300 A
—400 A
—500 A
—600 A
—700 A
—800 A
—900 A
—1000 A
—1100 A

[

Low fringe visibility
Lose interference

Distance Slipping of HoQls

—— CPS - HoQ!Is (0.00s - 3660.00s)
_———— _—Twm
&

7 e b | ’ = "
L4 ‘ ’_l' LA

\~~ _—’I s‘--...-h’l

0 500 1000 1500 2000 2500 3000 3500
Time (s)

Not the biggest worry,
can be avoid by working around the centre
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Result: a Functional Sensing System

For CPS:

* Model ~ Simulation ~ Measurement
* Independent of cables

* Small centre offset

For HoQls:

« High fringe visibility

« HoQls largely reduces the noise of inertial
moving readout

Working Condition:

« CPS and HoQl are helping each other
+ Slow moving

* Small dynamic range around centre

What it can be used for the OmniSens:

» Provide a sensitive inertial movement sensing for
drag-free control -- help to reach OmniSens’
sensitivity target

» Enable to find the new equilibrium (e.g. change in
buoyancy..)

« (Can use CPS to check HoQls fringe slipping
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