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E-TEST Cryogenic Prototype

From Concept, through Design, to Creation!!

The E-TEST project, supported by
Interreg EMR and ET2SME, uses CSL’s
existing infrastructure to build the
facility.
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Overview: Thermal Noise

Fluctuation-Dissipation Theorem

Relates noise spectrum + system’s linear responses to applied perturbations:
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Thermal Noise Reduction:

1. Lower Temperature

3. Increase Q factor to shift
7 noise above the signal

band

The mechanical Q-factor varies
with Temperature.

Some materials show a peakin
Q-factor at certain low
temperatures due to changes in
atomic lattice vibrations.



https://doi.org/10.1103/PhysRevD.42.2437

1. To reach a lower temperature

Radiative Cooling:

Interlacing fins to increase the radiative heat exchange area
(80m? for E-TEST, ~500m? for ET).

Thermo-mech. topology optimisation of fin geometry with radiation
Emissivity enhancement at low temperature (coating)

Cold platform
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1. To reach a lower temperature

Prototype assembly completed
Nov 2023

First Run (Vacuum)

Temperature [K]

Ist run at CSL 2023 ‘§SL
22K achieved in 18days !
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Note: Dummy Test Mass (Aluminium) was used. 4


https://doi.org/10.1016/j.cryogenics.2025.104057

2. TEST MASS (First Run:2023)

2023: 1st Run: Dummy Test mass

*CuCrZr Suspensions
*Aluminium ears attached to TM
*Black painted finish




2. TEST MASS (Second Run:2025)

* Monocrystaline (Silicon)
Magnetic Czochralski Process

* Diameter: 45 cm

* Mass: 90 kg

Additionally,

1. Mid-tier mass, Cylindrical,
@4.27cm,3cm,~100¢g

2. Intermediate mass, Cylindrical,
®10cm, 10 cm, ~1.83 kg

Meeting specific minimum
Requirements such as

Roughness <2 nm RMS, Flatness A/4,
Parallelism <30 prad, ROC o (Flat) etc.

Ref:SINGLE CRYSTAL Silicon database(ET_docs)

e Diameter: 45 cm
e Thickness ~ 17 cm


https://www.et-gw.eu/index.php/presentation/etmdb

3. Mechanical Loss Measurement

Why PLL?
Traditional Q- Measurement Method Challenges:
* Ring-d t low for Sili
Monocrystalline Si @ cryo - ultra-high Q, long ring-down! eSS Non-Contact Method
' ‘ . * Faster, Real-time tracking of
A(t) = Aoe™ - Resonance, Continuous « Development of ESD
- Q =mfor measurement, no waiting for )
5 decay. approach and analysis of
= Fost Mass —— Eddy current generation,
E (Silicon) =, Actuator unpredictable electric fringe
2 2\ interactions due to
< =\ semiconducting properties
— gprop
| ‘ 2 “ 1 v == * Integration with Phase-Locked
- i =
E-TEST Decay Period Loop (PLL)
I  Compatibility with cryogenic
High Q-Factor Silicon Resonator Setup operation

Phase Locked Loop (PLL)

Force the system at Resonance

Phase Estimation| ——— comtoller | Q V/S Temp relationship !!

» Minimal damping, Lower Thermal Noise!! Enables in-situ monitoring and automation

» Non- Contact Cool Down and Actuation
(@resonant frequency) of the Test Mass (Si)

@Francgois Winand 7
Ref: PLL: Nic Smith et al., ESD: John Miller Thesis, LIGO-T1700446, Challenges : LIGO-11400226/010 francois.winand@uliege.be


https://www.semanticscholar.org/paper/A-technique-for-continuous-measurement-of-the-of-Smith/621ef06d3c82d75ded9ee4f7f97f6f4afb4501cc
https://dcc.ligo.org/DocDB/0009/P1000032/004/MillerPhD_2010.pdf
https://dcc.ligo.org/LIGO-T1700446
https://dcc.ligo.org/LIGO-T1700446
https://dcc.ligo.org/LIGO-T1700446

Mechanical Loss Measurement

<40 K: Si(100) > Si(111) Q
Lower phonon scattering
Reduced dislocation mobility
Reduced internal friction
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Dependency on Crystal orientations

As Q vs T plot reveals mechanical behaviour
of Si Test Mass at negative CTE (~120K).!!

Q-factor
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Ref: R Nawrodt et al, ASchroeter et al. 8


https://iopscience.iop.org/article/10.1088/1742-6596/122/1/012008/pdf
https://iopscience.iop.org/article/10.1088/1742-6596/122/1/012008/pdf
https://dcc.ligo.org/public/0007/P070100/000/P070100-00.pdf

Development of Actuator

Non-contact Method

aLIGO
For 40 kg mass
Max force: 400 uN at 950 V

To achieve the same displacement
For 100 kg Test mass,
1000 uN Force required!!

Explored two candidates
(for E-TEST)

1. Photon Actuators (P~150kW)
2. Electrostatic Actuator (V~ 1kV)

Ref:LIGO-P1400177-v6

Resulting Force

Fgsp = 0’(AV)2,

a : ESD actuation coefficient,
depends on the separation,

material properties, and ESD
geometry.

a=2.95x10"1° N/V2

Four Quadrants
(DC +AC)

DC bias: creating a static charge environment

AC modulation: oscillating the force

Vertical
Isolation:
3 Stages of
Maraging
Steel Blade
Springs

"~ Steel suspension wires
leading to upper metal
suspension stages

Fused Silica
Penultimate
Mass [40 kg]

Silica fibers
7 between the

Ring Heater

Fused Silica
Input Test
Mass (ITM)

[40 kg] *
Metal
Compensation  “Catcher” W e
_Plate (CP) Structure
Electrostatic
Actuator

Figure 8 Quadruple pendulum suspension for the Input Test Mass (ITM) optic.
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Electrostatic Actuator

Preliminary
Findings

p—

i

V(t)

_

Force depends on:

* Voltage (V)

* Gapdistances

* Area of interaction
(Fringes)

1 /4
F=E€AE2,and E=E

Electrode

Width  Width Width

Gap Gap
W
Duty Cycle=——""—"_—
uty Ly W+G

Observations so far:

DC bias with AC bias produces better results.
Duty Cyle ~ 50% works better etc.
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Electrostatic Actuator

In Progress
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Temperature Measurement (Non- contact Method)
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Ref: ). Komma et al., CTE Silicon: Yu. M. kozlovskii et al. LIGO-T1400226, NIST Swenson etc.



https://doi.org/10.1063/1.4738989
https://doi.org/10.1134/S0869864324060210
https://docs.ligo.org/voyager/voyagerwhitepaper/main.pdf
https://docs.ligo.org/voyager/voyagerwhitepaper/main.pdf
https://docs.ligo.org/voyager/voyagerwhitepaper/main.pdf

Temperature Measurement (Non- contact Method)

Thermo-refractive Coefficient (B)

i. Silicon (monocrystalline Structure, Semiconductor)

-7

QfFC =

— Si—-0O-Si
— total

® measured data
phonon-phonon

10
Refractive Index —— > Electronic structure and
High (n)in IR polarizability.
ii. Heat Generation
T
Scatteringdueto 4+ Laser light §
Free carriers Absorption =
(unbound electrons and holes) O
T
S
, ¢ 107
1. Inter-band absorption
2. Two-photon absorption
N n 3. Free carrier absorption
= dreonc g (@NIR/IR wavelength) »
10 0

agc: Free carrier absorption coefficient |
e: Elementary charge

A: Wavelength of Light

€y: Vacuum permittivity

n: Refractive index

c: Speed of light in vacuum

n.: Free carrier concentration

m,: Effective mass of the carrier

y: Carrier mobility

Increases the phonon interactions (local heating)J

Ref: LIGO-T1400226/010, R Nawrodtetal, ASchroeteretal,

25 50 75 100 125 150 175 200 225 250 275 300

temperature (K)
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https://iopscience.iop.org/article/10.1088/1742-6596/122/1/012008/pdf
https://dcc.ligo.org/public/0007/P070100/000/P070100-00.pdf

Experimental Framework: Temperature Measurement

Step 02 Step 03 @Janis Wohler

Temperature
Oscilloscope
FSM
Test Mass FSM E

(Si) LASER
TM position
Considerations: ADC
p— » Effects of ground motion
H SR * LASER (Wavelengths: 1550 nm vs. 2000 nm)
u 2, p—l,s,-g,,a( * Scalability
silicon
testmass %
laser Small 100X Mid-tier 18.3X Intermediate Large
(1gm) (100 gm) (1.83 kg) (E-TEST)

OPL - AT » AL & An = Fringe shift
14



Supplementary Studies

e Laser Absorption
Spectra
* Free Carrier Absorption

¢ Birefringence in Test
Mass

e Parametric Instabilities

Optical Effect

Close Gap

¢ Charge Induction and

Trapped Air Interaction on surfaces
(Squeezed Film Damping) ° Reliability of ESD
1 ?,Ih;;gr?a? * Thermal Gradients in the
Energy loss (Thermal noise) Interaction Material
(Relevant even at low pressure) - ° EffeCtS Of |mpurities &
P Orientation on internal
‘ Same Noise Friction
Test Mass Electrostatic Approach Evaluation
(Bllicon Actuator * Ice formation during
Residual Gas Damping cooldown
In Cryostat Gap ‘ | c : « Impact on optical and
N J ’ » ryogenic .
r Consideration mechanical
performance

* Residual air squeezed
damping

15
Ref.:LIGO-T0900509-v1, T0900582



Quality Factor (Q) Measurement

] @ Study AC, DC, and AC+DC Current effects
er— = Ongoing 0 ESD designs: Duty Cycle impact on Fringe Generation

D o= BT Ongoing O Fused silica & Silicon samples
f | '+_m Q Apply Phase-Locked Loop

O Cryogenic testing

Temperature Measurement

Q Fringes — a & B (predict thermo-optic coefficients due to AOPL)

O Laser stabilization, Wavelength absorption & Thermal Gradient
(1550 nm vs 2000 nm)

Q Final Optical Setup

Ongoing

Integration O Real-time Q vs T monitoring > E-TEST
(2026)

16



E-Test: Experimental facility RoadMap

N2023, prototype assembled and tested:

Suspension for 100 kg

Instrumentation developed Chamerien
(traction tests + inspection)

Radiative cooling validated ET Fiber project

[ 2025: installation at CSL

Si suspension + surface treatment

O 2026: R&D @ Cryogenic Temperature
Active Isolation & control development
Silicon Test Mass Installation & ETFIBER
Inertial sensors development w

Newtonian Noise subtraction techniques

%i Test Mass
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Thank you!!




Additional

Silicon Mechanical Loss Map
Thermo Refractive
Noise

Carrier Density
Noise

Fermi Distribution ——

State Density of |

free(like) electron 1

Bandgap Energy f

>

Donor/Acceptor
Levels

Effictive Mass of
Electroncs and
Holes in a Crystal

I

Carrier Mobility
(T dependent)

(_J

Optical Phonon
Scattering

Acoustic Phonon
Scattering lonized Impurities

%(—J

Electron Scattering
(T dependent)

ST 57 Urbach Rule

Direct Transition
(dk=0)
Inter-band Transition

Carrier Effective Indirect Transition

Conductivity =
1/Resistivity

Wavelength (dk=/=0)

Mass (for
Dependence

conduction)

Carrier Density
calculation for
intrinsic and Doped
Semiconductors

Carrier Freezeout

y

Free carrier
absorption

H
—/

Intra-Valence band
transition

Lattice Defect
Absorption

—

Transition between
Impurity Levels and
Bands

wil

_j—>Sub-band Transistion

Absorption due to
Ligand Field
Transition in ionized
transition metals

Refractive Index

‘ Permittivity } Exciton Absorption
¢ Two Photon
Drude Model Absorption via

Lorentz Model Impurity Levels
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